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Introduction

INTRODUCTION

The Max-Planck-Institut fir Plasmaphysik (IPP) investigates the two main types of fusion devices, namely the tokamak and the
stellarator. The aim of the ASDEX Upgrade divertor tokamak is to realise a reactor-compatible divertor and to study reactor-
relevant plasma edge physics as well as particle and energy transport in the bulk plasma. Experiments are strongly focused on
preparations for ITER: Originally mainly concerned with studies of divertor behaviour and control issues relating to ITER, ASDEX
Upgrade is now also contributing to the basic understanding of instabilities as well as of particle and energy transport in the plasma
core. Now that the properties of the plasma edge and core have been found to be strongly correlated, this extended research
programme has become even more important. In addition, ASDEX Upgrade has recently entered the field of so-called advanced
tokamak scenarios — one of the highlights of the last few years of tokamak research.

In 1999, ASDEX Upgrade was mainly concerned with investigating the advanced tokamak regime - which is characterised by
formation of a hollow or very flat plasma current profile - and the effect of increased plasma triangularity on confinement: The
advanced tokamak investigations with internal transport barriers cover discharges with both L-mode and H-mode signatures.
Remarkable success has been achieved by prolonging the phases of inverted current profiles and hence improved energy
confinement. In advanced scenarios equal ion and electron temperatures up to the reactor-relevant value of 10 keV have been
achieved, thus showing the compatibility of these regimes with both electron and ion heating. Operation with moderately increased
triangularity afforded a distinct improvement in the energy confinement and density operating space. Neoclassical tearing modes
have been successfully stabilised by electron cyclotron current drive. The driving mechanisms of the MHD instabilities observed in
advanced tokamak scenarios as well as the current and pressure profiles optimised with respect to these instabilities have been
identified. Besides limiting the operating regime, MHD phenomena have been shown to contribute to quasi-stationary discharge
conditions by limiting the central peaking of impurity and current density profiles. Last but not least, during 1999 ASDEX Upgrade
operated routinely with neutral beam heating power capabilities of more than 20 MW, thus achieving the highest characteristic
scaling power P/R in Europe.

In all areas the experimental work on ASDEX Upgrade is accompanied by a strong theoretical effort. In particular, divertor theory
activities constitute the main modelling input to the ITER design. The increasing importance of high-p scenarios for ASDEX
Upgrade and steady-state tokamak reactor operation has made first-principle-based fluid turbulence studies for clarifying transport
in the outer regions of the bulk plasma and the investigation of MHD stability phenomena further focal points of the theoretical
programme at IPP.

In preparation for the divertor experiments on the WENDELSTEIN 7-AS stellarator ten control coils were installed in 1998 in the
plasma vessel to control resonant field structures at the plasma edge. These modifications and subsequent tests were successfully
concluded in 1999. The effectiveness of the control coils could be demonstrated: They are able to enlarge, decrease or compensate
natural magnetic islands, can increase the plasma radius, and behaved during current ramp-up as predicted by vacuum field
calculations. The high recycling conditions achieved even with this very open divertor structure afford good prospects for successful
studies of a closed island divertor. Such investigations are scheduled for the second experimental campaign after installation of
divertor modules, titanium getter pumps and divertor diagnostics. These further modifications to WENDELSTEIN 7-AS are due to
be completed in mid-2000.

The new experiment for demonstrating the reactor relevance of the advanced stellarator principle, WENDELSTEIN 7-X, will be a
5-period Helias configuration with helical divertor and superconducting coil assembly. It is to be operated at the Greifswald Branch
Institute of IPP. In 1999, the DEMO coil, an original-sized superconducting magnet, was successfully tested in the TOSKA facility
at the Forschungszentrum Karlsruhe. The go-ahead for manufacture of the complete coil system for WENDELSTEIN 7-X was
subsequently given. The DEMO cryostat, a one-eighth sector of the device, was completed by the contractor and prepared for the
cryogenic tests to be conducted at IPP in Garching. Furthermore, in 1999 the detailed design of WENDELSTEIN 7-X was
continued, and further major components were ordered, such as the planar coils, the magnet support structure, the power supply for
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the magnets, and the high-voltage supply for the heating systems. The new building for the Greifswald Branch Institute of IPP was
almost compleled, both within schedule and budget.

Theoretical investigations in the Stellarator Theory Division formed at Greifswald are concerned with further development of the
stellarator concept, equilibrium and stability investigations with advanced computational tools, development of a stellarator-specific
basis of anomalous transport theory, and a three-dimensional plasma edge theory.

Since progress in plasma physics has now paved the way towards the use of fusion as an energy source, the development of
materials for fusion applications has become even more necessary. To contribute to this field the Materials Research Division of IPP
was newly founded in 1999, its work being complementary and closely linked to the activities of the Surface Physics Division of
IPP. The aim of the new division is to develop materials for plasma-facing components; its research programme will concentrate on
materials characterisation, elemental and structural analyses as well as on measurements of the thermal diffusivity of materials, thin-
film synthesis, on the development of low-Z coatings, and numerical analyses of the thermomechanical behaviour of plasma-facing
components.

On the national level, IPP coordinates its research effort with the Forschungszentrum Karlsruhe and the Forschungszentrum Tiilich
within the "Entwicklungsgemeinschaft Kernfusion", The Forschungszentrum Karlsruhe will contribute the complete ECR heating
system for WENDELSTEIN 7-X. IPP also closely cooperates with a number of German universities, the collaboration with the
University of Stuttgart being particularly intensive. Cooperation with the University of Greifswald is developing.

The research conducted at IPP is part of the European fusion programme: The ASDEX Upgrade tokamak and the stellarator concept
of the WENDELSTEIN experiments provide essential information for preparing the next steps in the overall European programme.
Furthermore, IPP hosts the European Fusion Development Agreement (EFDA) Close Support Unit, the successor of the NET group,
the European reactor study group, which has been working at Garching since 1983. IPP is also involved in JET, the joint European
experiment, cooperation in 1999 being organised within four Task Agreements on Pellet Injection, Plasma-Wall Interaction, H-
mode Transport Studies, and Advanced Tokamak Scenarios. The experimental activities are accompanied by MHD stability analysis
and modelling studies of plasma-edge-related issues. The close of 1999 saw the end of the JET activities as a Joint Undertaking: As
of January 2000 the JET facility will be run under the EFDA Agreement and operated by the UKAEA. Physics exploitation will be
handled by Task Forces from the various European Associations (Fusion Research Centres), coordinated by an EFDA JET Close
Support Unit.

Coordination of research is also world-wide in extent. IPP is party to two Implementing Agreements: the one - with the USA -
covering cooperation on the ASDEX Upgrade divertor tokamak; the other - with the USA, Japan, Australia, and Russia - regulating
cooperation in the joint stellarator programme, to which the WENDELSTEIN experiments make a major contribution. From 1988
IPP provided the technical site for the American-European-Japanese-Soviet group responsible for designing ITER, the International
Thermonuclear Experimental Reactor. After completion of the conceptual design, IPP was also chosen in 1992 - together with the
fusion laboratories in Naka and San Diego - as an ITER site during the Engineering Design Phase. When the ITER partners decided
to investigate a reduced-objective, reduced-cost version, IPP continued to be one of the hosts for the detailed technical design
activities scheduled for the three-year period from 1998 to 2001.

The outline design for the redesigned ITER device was presented to the ITER Council at the beginning of 2000. The device will
have an intermediate aspect ratio, a reduced plasma current of 15 MA, and a major torus radius reduced to 6.2 m. ITER-FEAT (the
new designation) is thus geared to a power amplification factor of about 10 at an expected cost reduction of approximately 50 per
cent. The device is also designed to study and exploit the regimes of improved tokamak confinement by internal transport barriers,
which promise to give even this reduced-size device a significant chance of full ignition. ITER-FEAT will, however, achieve its
base-line operating goal of Q = 10 without resort to advanced tokamak scenarios.

On behalf of the Directorate and Scientific Board T would like to take this opportunity of thanking all members of the institute for
their substantial contribution to the success of fusion research at IPP in the last year.

Alexander M. Bradshaw
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TOKAMAKS

A large part of the capacity at IPP is devoted to investigating plasma confinement in the tokamak configuration. IPP pioneered
the divertor principle with the ASDEX tokamak (1980 - 1990), which demonstrated the favourable impurity control capabilities of this
configuration and discovered the so-called H-regime characterized by markedly improved confinement. The divertor configuration
has also been adopted for ITER, and ASDEX Upgrade, IPP’s successor experiment to ASDEX, closely resembles a scaled-down
version of ITER.

As a consequence, experiments on ASDEX Upgrade are strongly focused on the critical R&D tasks for ITER. Originally,
this implied mainly studies of divertor behaviour and control issues relating to its ITER-like configuration. With the enhancement
and diversification of its heating and particle control systems and the extension of its diagnostic capabilities, ASDEX Upgrade is
now in addition also strongly contributing to the basic understanding of magnetohydrodynamic instabilities and particle and energy
transport in the plasma core. After detection of the strong correlation of the properties of the plasma edge and core this extension of
the research to core physics has become even more important. In addition, ASDEX Upgrade recently entered the field of so-called
“advanced tokamak” experiments, which are characterized by formation of a hollow or at least very flat plasma current profile.

In all areas the experimental work is accompanied by strong theoretical effort. In particular, IPP’s divertor theory effort also
constitutes the main modelling input to the ITER design. First-principle-based fluid turbulence studies for clarifying transport in
the outer regions of the bulk plasma are a further area of excellence of IPP. MHD stability phenomena have become a further
focal point of our theoretical efforts due to the increasing importance of high-# scenarios for ASDEX Upgrade and steady-state
tokamak reactor operation.

During 1999, ASDEX Upgrade operated routinely with the NBI heating power capability of Pypr < 20 MW, achieving the
highest characteristic scaling power P/R in Europe. One part of the system delivering 10 MW was upgraded to provide 100 kV
beams. ECR heating power was extended to about 1.2 MW. ICRH was operated up to 5.7 MW and extensive tests were conducted
on a set of new ferrite tuners (on loan from DIII-D) which have the potential to facilitate automatic matching for nearly all plasma
changes. Operation with the high-field-side pellet injector system at low injection velocities achieved further outstanding results.
The ASDEX Upgrade activities in 1999 were dominated by two focal points: (i) the extension of the advanced tokamak regime and
(i) the effect of increased plasma triangularity & on confinement. Qutstanding physics results of ASDEX Upgrade in 1999 were:

*  Remarkable success has been achieved by prolonging the phases of inverted q-profiles and related improved energy confinement.
The advanced tokamak investigations with internal transport barriers (ITB) cover discharges with L-mode as well as discharges
with H-mode signatures.

In advanced scenarios equal ion and electron temperatures up to a reactor-relevant 10 keV have been achieved with ctr-ECCD.
Operation with moderately enlarged triangularity showed clear impovements in the energy confinement and the density operating
space in both conventional ELM’y H-modes and ITB plasmas.

];COClﬂSst&l tearing modes have been successfully stabilized by DC ECCD in strongly NBI-heated discharges (Peccp <€
“NBI).

The driving mechanisms of the MHD instabilities observed in advanced tokamak scenarios as well as optimized current
and pressure profiles with respect to these instabilities have been identified. Besides limiting the operating regime, MHD
phenomena have been shown to contribute to quasi-stationary discharge conditions by limiting the central peaking of impurity
and current density profiles.

The existence of localized high- plasmoids during high-field-side pellet ablation and the correlated outward drifts have been
proved. Typical densities and temperatures of the plasmoids have been determined,

[“_ the Hear ﬁlt}lre, ASDEX Upgrade will adapt the divertor structure to maintain good divertor pumping properties during operation
with higher triangularities. Current drive experiments will be started with the ICRH system. In addition, the NBI system will
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be partly turned in the tangential direction to support current drive. The pellet-guiding system will be rebuilt to allow injection
velocities of up to 1.2 km/s for deep fuelling.

ASDEX Upgrade maintains fruitful collaborations with the following institutions:

Inst. fiir Plasmaforschung, University of Stuttgart; University of Kiel; University of Magdeburg; University of Diisseldorf; University
of Augsburg; University of Bayreuth; Culham Lab., Abingdon, UK; Centro de Fusdo Nuclear, Lisbon, Portugal; University College,
Cork, Ireland; Inst. Allgemeine Physik, TU Vienna, Austria; NCSR Demokritos, Athens, Greece; IESL-FoRTH, Heraklion, Greece;
CRPP, Ecole Polytechnique, Lausanne, Switzerland; CEA Cadarache, France; Istituto di Fisica del Plasma, CNR Milano, Italy;
CREATE Group, Naples, Italy; University of Strathclyde, Scotland; FOM-Inst. voor Plasmafysica, Rijnhuizen, Netherlands; VTT
Energy, Helsinki, Finland; Research Inst. for Particle and Nuclear Physics, Budapest, Hungary; Inst. of Applied Physics, Nizhni
Novgorod, Russia; 1.V.Kurchatov Institute of Atomic Energy, Moscow, Russia; Toffe Institute, St. Petersburg, Russia; Technical
University of Applied Physics, St. Petersburg, Russia; St.P.T.U., St. Petersburg, Russia; PPPL, Princeton, USA; GA, San Diego,
USA; MIT, Cambridge, USA; Oak Ridge National Lab., Oak Ridge, USA; Sandia Labs, Livermore and Albuquerque, USA; Courant
Institute, N.Y. University, USA; University of Toronto, Canada; Institute for Plasma Research, BHAT, Gandhinagar, India; Institute
of Plasma Physics, Hefei, China; Korea Basic Science Institute, Yusung, Korea; National Institute for Fusion Science, Nagoya,
Japan; University of Yokohama, Japan.

In 1998, the three remaining ITER partners (Japan, EURATOM, Russia) decided to design an experimental tokamak reactor
with reduced technical objectives and cost. The target envisaged was a device capable of reaching - according to the standard ITER
design rules - a value of the power amplification factor Q of 10, at an expected cost reduction of approximately 50 %. Various
design options, differing essentially in the plasma aspect ratio R/a, were initially considered. In 1999, the design focused on a
device with an intermediate aspect ratio and the following nominal parameters: (plasma current) I, = 15 MA, (toroidal field) B; =
5.3 T, (major torus radius) £ = 6.2 m, (half mid-plane plasma diameter) a = 2 m, (elongation of the 95 % flux surface) kg5 =1.7.
The device was labelled ITER-FEAT, and an outline design was presented to the ITER Council at the end of 1999. A first estimate
arrived at a construction cost of 55 % of that of the large ITER device, with the expectation of further cost reductions by enlisting
more effective manufacturing techniques identified as part of the preceding, extensive R&D work. Tokamak research during the
last few years has fortified the existing experimental data base. This was taken into account in the ITER FEAT design by remaining
at a more conservative ratio of plasma density to the so-called Greenwald density.

Highlight of the last few years of tokamak research was the discovery of internal transport barriers as a means of further
improving tokamak confinement. ASDEX Upgrade, in particular, has made crucial contributions to this field by demonstrating
the potential steady state of one kind of such scenarios, and by showing the compatibility of this regime with both electron and
ion heating. Nevertheless, the data base for this regime is at present very limited and will possibly need experimental data from
ITER itself to become a reliable design instrument. ITER FEAT is therefore designed to study and exploit this regime, which also
promises to give this reduced-size device a significant chance of full ignition, but it does not rely on its favourable properties to
achieve its base-line operating goal of @ = 10.

In parallel to the design work for ITER FEAT, a special working group has been set up to study the possible legal framework
for ITER construction and operation.

Besides operating ASDEX Upgrade, IPP has also been involved in JET, the Joint European Torus at Culham (UK), from the
outset. In 1999, JET operation was in two campaigns, divided by a summer shutdown during which the inboard track for high-
field-side (HFS) pellet launch was installed. This installation involved a combination of remote handling and manned intervention
in the vacuum vessel and demonstrated once again the possibility of successfully undertaking complicated operations in a tritiated
vessel. The experimental programme in both campaigns was divided into two task forces, one dealing with ELMy H-mode and
Divertor Physics for ITER and one concentrating on Performance Optimization and Confinement with ITBs.

Initial assessment of the new gas box divertor was completed. H-mode performance was shown to be largely independent of
divertor geometry as had been the case with previous divertor geometries. The septum dividing the two divertor legs, however,
provided interesting results: Balanced detachment was obtained in L-mode discharges, and easier H-mode access was demonstrated.
HEFS pellet fuelling was demonstrated to be an effective fuelling method even in a large machine such as JET. Improved edge and
SOL diagnosis allowed exploration of further physics issues. A novel technique using divertor tile thermocouples was used to
measure the SOL energy deposition width, which in L-mode plasmas is found to be 6 mm, while in ELMy H-mode plasmas it
is only 2-3 mm, integrated over the high-power heating phase of the pulse. This narrow SOL has important implications for the
design of a next-step machine.

The main priority for the second task force was to obtain quasi-steady-state internal barrier (ITB) discharges: In discharges
with an L-mode edge MHD events terminate the ITB due to excessive pressure peaking; in type I ELMy H-mode discharges, a high
edge density and the radial extent of the ELMs erode the ITB. However, argon dosing at the edge can reduce the ELMs to type
III. With argon dosing and optimum heating timing, 3y = 2.6 and Hgo = 2.2 at 2.5 MA/2.5 T were obtained for several seconds.
At 3.5 MA/3.45 T By was limited to 2.0 at 18 MW NBI + 10 MW ICRH, the maximum combined heating power available at
JET. IPP participates in scientific exploitation of the JET device and gives advice and support for the design and operation of many
plasma diagnostic systems on JET. The cooperation with JET is organized within four Task Agreements on Pellet Injection (TA 1),
Plasma-Wall Interaction (TF 2), H-Mode Transport Studies (TA 5), and Advanced Tokamak Scenarios (TA 8). These experimental
activities are accompanied by MHD stability analysis and modelling studies of plasma-edge-related issues.
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ASDEX UPGRADE PROJECT
(Head of Project: Dr. Otto Gruber)

Experimental Plasma Physics Division E1: C. Aubanel, H.
Bauer, K. Behler, M. Bessenrodt-Weberpals, H. Blank, H.-S.
Bosch, R. Briickner, B. Briischaber, A. Buhler, A. Carlson,
A. Cierpka, G. Conway, C. Dom, R. Drube, J. Emnesti, H.-
U. Fahrbach, J.C. Fuchs, K. Forster, O. Gehre, J. Gembhardt,
D. Gonda, O. Gruber, E. Gubanka, G. Haas, M. Hamau, G.
Herppich, A. Herrmann, J. Hobirk, H. Hohentcker, L. Horton,
G. Hussong, T. Hértl, D. Jacobi, S. Kamm, E. Kaplan, M.
Kaufmann, B. Kleinschwédrzer, H. Klement, S. Klenge, H.
Kollotzek, G. K&lbl, P.T. Lang, R.S. Lang, P. Leitenstern,
A. Lorenz, K.F. Mast, K. Mattes, D. Meisel, P. Meissner, R.
Merkel, V. Mertens, J.P. Meskat, HW. Miiller, G. Neu, J.
Neuhauser, E. Oberlander, M. Pflug, G. Prausner, G. Raupp,
G. Reichert, V. Rohde, H. Rohr, M. Sator, G. Schall, H.-
B. Schilling, G. Schramm, G. Schrembs, S. Schweizer, J.
Schweinzer, H.-P. Schweif}, U. Seidel, S. Sesnic, Ch. Sihler,
A. Sips, A. Stimmelmayr, J. Stober, B. Streibl, W. Suttrop, A.
Tanga, W. Treutterer, M. Troppmann, R. Wolf, D. Zasche, T.
Zehetbauer. '

Guests in Division El: S.M. Egorov, Technical University,
Plasma Physics Department, St. Petersburg, CIS;

P. Fu, L. Hu, Academia Sinica, Hefei, China;

A, Khudoleev, IOFFE, St. Petersburg, CIS;

H. Weitzner, N.Y. University, USA.

Tokamak Physics Division: R. Arslanbekov, G. Becker, A.
Bergmann, R. Bilato, D. Biskamp, K. Borrass, M. Brambilla,
K. Biichl, D. Correa-Restrepo, D. Coster, W. Feneberg, S.
Glinter, K. Hallatschek, B. Janauschek, F. Jenko, O. Kardaun,
R. Kochergov, K. Lackner, D. Lortz, P. Martin, R. Meyer-
Spasche, G. Pautasso, A.G. Peeters, S. Pinches, W. Sandmann,
S. Schade, R. Schneider, W. Schneider, E. Schwarz, B. Scott,
E. Strumberger, G. Tardini, H. Tasso, Ch. Tichmann, R.
Wunderlich, H.P. Zehrfeld, A. Zeiler.

Guests in Tokamak Physics Division: B. Braams, New York
University, N.Y., USA;

C. Atanasiu, Institute of Atomic Physics, Bucharest, Romania;
J. Bowman, University of Alberta, Alberta, Canada;

V. Rozhansky, A. Ushakov, S. Voskoboynikov, 1. Veselova,
LPIL, St. Petersburg, CIS;

O.D. Komarov, Kharkov Institute, Kharkov, Ukraine;

R. Brandenburg, H. Biirbaumer, IAP, Vienna, Austria;

J. Drake, Institute of Plasma Research, Maryland, USA;

Q. Yu, Academia Sinica, Hefei, China.

Experimental Plasma Physics Division E2: A. Gude, B.
Kurzan, M. Maraschek, R. Monk, H. Murmann, K.-H. Steuer,
H. Zohm.

Experimental Plasma Physies Division E4: A. Bard, K.
Behringer, D. Bolshukhin, R. Dux, W. Engelhardt, J. Fink,
J. Gafert, A. Geier, A. Kallenbach, H. Meister, R. Neu, R.
Pugno, H. Salzmann, D. Schlégl, K. Schmidtmann, W. Ullrich,
M. Zarrabian.

Technology Division: W. Becker, M. Beckmann, F. Braun, H.
Brinkschulte, M. Ciric, H. Faugel, R. Fritsch, D. Hartmann, B.
Heinemann, F. Hofmeister, K. Kirov, W. Kraus, F. Leuterer, F.
Meo, F. Monaco, M. Miinich, J.-M. Noterdaeme, S. Obermayer,
F. Probst, S. Puri, R. Riedl, F. Ryter, W. Schérich, E. Speth, A.
Stibler, O. Vollmer, F. Wesner, R. Wilhelm, K. Wittenbecher.

Berlin Division: M. Laux, U. Wenzel.

Garching Computer Centre: P. Heimann, S. Heinzel, J.
Maier, H. Reuter, A. Schott, M. Zilker.

Materials Research: H. Maier.
Surface Physics Division: K. Krieger, I. Roth, A. Tabasso.

Central Technical Services: R. Ammer, H. Eixenberger,
F. Gresser, E. Grois, M. Huart, C.-P. Kdsemann-Wilke, M.
Kluger, H. Kosniowski, J. Kutsch, R. Kutzner, S. Mukherjee.
J. Perchermeier, J. Stadelbauer, R. Zickert.

University of Cork, Ireland: M. Foley, P. McCarthy.

IPF University of Stuttgart: . Altmann, G. Dodel, L. Em-
pacher, W. Férster, G. Gantenbein, K. Hirsch, E. Holzhauer,
M. Letsch, B. Roth, U. Schumacher, K. Schwérer.

Centro de Fusio Nuclear, Lisbon, Portugal: L. Cupido,
V. Grossmann, M.-E. Manso, L. Meneses, I. Nunes, T. Ribeiro,
I. Santos, F. Serra, A. Silva, P. Varela, S. Vergamoto.
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P. Xantopoulos.

TEKES (HUT and VTT), Finland:
T. Kiviniemi, T. Kurki-Suonio, S. Saarelma.

J.A. Heikkinen,

University of Augsburg: B. Heger, H. Paulin, U. Fantz.
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1. OVERVIEW

1.1 Scientific Aims and Operation

The ASDEX Upgrade non-circular tokamak programme was
largely focused on (i) investigation of scenarios and physics
of advanced tokamak plasma concepts with internal transport
barriers leading to stationary operation and enhanced perfor-
mance, (ii) confinement and performance-related core physics
in the ITER base-line scenario, the ELMy H-mode, where close
interaction between the edge and core plasma was realized,
(iii) MHD stability and active stabilzation of beta-limiting in-
stabilities as well as avoidance and mitigation of disruptions.,
and (iv) edge and divertor physics in these high-power, high-
confinement regimes, with the aim of identifying and optimiz-
ing ways of reliable power exhaust and particle control (ash
removal).

The similarity of ASDEX Upgrade to ITER in the poloidal
field coil system and divertor configuration makes it particu-
larly suited to testing control strategies for shape, plasma per-
formance, and mode stabilization. Additionally, the similarity
in cross-section to other divertor tokamaks is important in deter-
mining size scalings for core and edge physics. This collabo-
rative work, including extrapolation to ITER parameters, has
continued and will even be enhanced in JET operation during
the next few years.

The 1999 physics programme was based on the conclusions and
findings of the last few years, ITER requirements, and tokamak
concept improvement. The present version of the closed Div
II, LYRE (with vertical target plates including a roof baffle in
between), which is rather similar to the present ITER FEAT
reference design, allows a strong reduction of the maximum
heat fiux to the target plates and is capable of handling heating
powers of up to 20 MW or P/R of 12 MW/m. Equilibria
with higher triangularities (§<0.35) have been run with the
outer strike point being located on the top of the roof baffle
or on the outer vertical target to get higher pumping speeds.
They showed strongly improved confinement, enhanced MHD
stability, and, therefore, higher plasma energies and values, and
extended density operational range in both conventional and
advanced scenarios.

The upgraded heating systems were extensively used for
physics studies. Neutral beam injection was available with
injection energies of 100 and 60 keV (both with 10 MW for
deuterium), which allowed further studies of the influence of
heat deposition on transport and fast-particle effects on MHD
instabilities. The ICRH system allowed coupling of the full
power of 5.7 MW for both on- and off-axis deposition in,
respectively, minority and mode conversion heating of ions or
electrons. The ECRH system consisted of three gyrotrons with
a coupled power of 1.2 MW for 2 s allowing feedback stabi-
lization of neoclassical tearing modes limiting the achievable
# in peaked plasma current density discharges with g, =~
1, transport studies, and on-axis heating and current drive in
advanced scenarios.

In advanced scenarios, characterized by a high fraction of boot-

strap current and external current drive, emphasis was placed
on performance enhancement and extension by using different
heating and current drive methods (NBI, ECRF), which resulted
in reactor-relevant temperatures of 7., T; > 10 keV. Alignment
of the internal transport barrier with the optimal magnetic shear
profile and simultaneous use of a cold divertor will be one of
the key elements of the ASDEX Upgrade programme. Finally,
the ASDEX Upgrade programme is embedded in a framework
of national (IPF Stuttgart, University of Augsburg, see also the
section on University contributions to the IPP programme) and
international collaborations (see section International Coope-
ration).

12 Summary of Main Results

The most important observation in the Div II geometry is a
strongly reduced, distributed power flux to the surrounding
structures during both ELMy and ELM-free phases, as already
reported last year. This result is in agreement with B2-Eirene
simulations, which were also used to establish the influence of
the divertor geometry and different plasma shapes. The studies
of reactor-compatible materials was continued by covering 1 m?
of inner heat shield in the main chamber with tungsten coating
to reduce carbon influx and test for possible large-area coating
of the vessel walls with this material. No tungsten impurities
were observed in the plasma.

The experiments with more triangular plasma shapes (6/0.15 to
0.35) showed strongly improved confinement behaviour of H-
mode discharges up to high densities of 80 % of the Greenwald
density compared with more elliptical plasma cross-sections.
Even when the Greenwald density itself is approached, the
confinement times are still around 80-90 % of the ITER H97-
P scaling despite deterioration due to the strong gas-puffing
needed. H-mode discharges could be sustained up to very high
densities, being 10 % above the Greenwald density without
HFS pellet injection. These beneficial effects even exceed
the values reported from the triangularity scans at JET and
allow the anticipated operational regime of the RC-ITER close
to the Greenwald density. The pressure at the H-mode edge
barrier increases with triangularity due to the higher pressure
gradients limited by edge MHD stability, and is directly coupled
with the plasma stored energy via the profile stiffness. The
energy losses by ELMs do not increase despite the rising
ELM amplitudes, since the ELM frequency correspondingly
decreases. At highest triangularities a regime with small high
frequency ELMs was found, which should facilitate divertor
operation in future devices.

Applications of the 100 keV neutral beam injection now avai-
lable concerned the influence of particle energies between 30
and 100 keV on MHD modes, such as fishbones and TAE
modes driven by fast particles, the energy transport for changed
fishbone behaviour and toroidal rotation velocities, and the
temperature profile resilience for quite different radial power
deposition profiles.

The advanced tokamak scenarios with an internal transport bar-
rier in combination with an H-mode edge barrier and low shear
with ¢min &1 were extended towards higher plasma densities
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close to half of the Greenwald density (to allow energy exhaust
in these scenarios) either by edge gas fuelling or by improved
core particle confinement with more triangular plasma shapes.
Gas fuelling causes an increase of the threshold power to sus-
tain an ITB, but on the other hand a decrease of 7, ¢ ; below two
was found. Higher plasma triangularities additionally allowed
a performance increase up to Hirgrr—sop X Sn =~ 7, but 3
is still limited by neoclassical tearing modes (see sections 6
and 7).

The physics programme placed further emphasis on utilization
of ECCD for control of 3-limiting neoclassical tearing modes
(achieving mode suppression also with unmodulated current
drive in the islands’ O-point) and on central heating and cur-
rent drive to established reversed-shear, internal transport bar-
rier discharges with ¢min = 2. Here a substantial effect on
MHD stability was found, affecting the passage of the q-profile
through ¢min ~ 2. A highlight was the achievement of si-
multaneous T, and 7} values in excess of 10 keV, with ECRF
counter current drive, where the performance of the ion chan-
nel was not reduced as in similar experiments at DIII-D and
JET (section 5). MHD instabilities limit the operational regime
in the advanced scenarios and the driving mechanisms have
been identified. But MHD phenomena have also been shown
to contribute to achieving quasi-stationary discharge conditions
by limiting central peaking of the current density profile.

1.3 ASDEX Upgrade Programme in 2000

Next year, core physics studies will continue with emphasis on
the improvement of plasma performance (energy and particle
transport, MHD stability and limits, mode stabilization using
ECRH and ECCD), on the influence of the plasma shape trian-
gularity on both "conventional" H-mode and "advanced" toka-
mak scenarios, and especially on the ELMy H-mode near oper-
ational limits. As regards energy transport, it is intended to con-
duct studies on the relation between the core and edge and their
reciprocal influence via transport, transport barrier physics, di-
mensionless scalings (mainly in connection with JET), and heat
waves. In the advanced scenarios main items will be heating
and momentum thresholds for internal barrier formation using
NBI and ICRH, current profile control with ECRF and ICRF,
and the influence of L- and H-mode edge controlled by limiter
and divertor configurations. Particle transport and density lim-
its remain a substantial part of our effort, including promising
refuelling by pellet injection from the high-field side, where
the existence of localized high-3 plasmoids and their toroidal
drift have been proved. A major step is expected from a high-
field side pellet launch capability with injection speeds of up
to 1000 m/s.

The provisions for current drive are being continued to sustain
and control flat or reversed-shear profiles in advanced mode
operation in addition to the internal driven bootstrap current.
This can be done in 2000 in a flexible way by means of 1.6
MW of already available coupled ECRF power with steerable
mirrors (>150 kA) and on-axis fast wave (150 kA) or off-axis
mode conversion current drive with the ICRF system. Major
enhancement will be effort by reorientation of one beam line for
more tangential injection starting in summer next year after a 9-

month shut down, which will provide 250 kA of off-axis current
drive. In parallel, adaptation of the divertor to the more highly
triangular plasma shapes is intended in 2000, as high-6 plasma
shapes now suffer from the more perpendicular inclination of
the SOL to the roof baffle and reduced pumping capability.
To get steady-state conditions not only on the transport and
MHD time scales but also on skin time, a I, flat-top time of
10 s should be sufficient and will be provided by upgrading the
power supply system. All three enhancements will be available
in spring 2001.

In sections 2-4 the progress in plasma configurations and ma-
chine equipment is described. Sections 5 and 6 deal with “ad-
vanced tokamak operation” and related MHD phenomena, sec-
tion 7 with the successful stabilization of neoclassical tearing
modes, and section 8 with operation at increased plasma trian-
gularity. Section 9 presents additional results concerning core
physics, section 10 ICRH results, while sections 11 and 12 are
particularly devoted to divertor and SOL physics.

2 ADVANCED PLASMA
CONFIGURATIONS

In the search for scenarios with improved energy confinement,
a number of discharge configurations with dedicated plasma
shapes were developed and tuned. Lower single-null shapes for
medium triangularity § were designed with the outer strike point
on top of the roof baffle (Fig. 2.1c)) or with both strike points
in the lower divertor throats b). They are characterized by a
top triangularity of 0.2 and a bottom § of 0.4 at a plasma cur-
rent of 1 MA. These shapes led to significantly improved con-
finement characteristics. Furthermore, high-triangularity shapes
were tuned to achieve the maximum possible top triangularity,
while the inner strike point was feedback-controlled to stay
in the divertor area. A maximum averaged ¢ of about 0.36
could be achieved d). However, a number of constraints such
as power supply limits, mechanical forces on the coil suspen-
sions and geometrical distances between plasma boundary and
limiters and baffles narrow severely the optimization window.
A special advanced-tokamak (ITB) plasma shape with an up-

a)/ﬁ b~ “d)/:\ c)@\
X Q 1?@%

5=0.18 8=027 5=028 §=0.35

FIG. 2.1; Conventional ASDEX Upgrade configuration a)
and recently developed ones b) - e).

per single-null configuration ) was designed to benefit from
the enlarged L.—H-mode transition threshold with ion VB drift
direction away from the active X-point. The configuration is
established at the earliest possible time instant in the discharge
while the plasma current is still low (0.2 MA) and is preserved
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as I, is ramped up to the final value of 1 MA. Owing to the
I, ramp, the early use of auxiliary NBI heating, and strong
changes of 3., [;, and vessel currents this scenario is domi-
nated by highly dynamic phases demanding high-quality posi-
tion control.

3 ECRH DEVELOPMENT

The ECRH system of ASDEX Upgrade was designed particu-
larly to achieve very localized electron heating and current drive
for studies relating to electron heat transport via heat waves,
to stabilization of neoclassical tearing modes, to transition of
confinement regimes, etc. The basic system parameters are

frequency 140 + 0.5 GHz, 2*! harmonic X-mode
power 2 MW (2.8 MW) in Gaussian beam
pulse length 2 sec (1 sec)

The power is generated by 4 diode-type gyrotrons (GYCOM,
Zodiak type) with a total efficiency of 30 %. They operate at
73.5 kV with beam currents of 25 to 30 A. The cavity magnetic
field of 6 T is provided by cryomagnets (Oxford Instruments).
The output power of the gyrotrons depends on the beam voltage.
An example is shown in Fig. 3.1. One of the gyrotrons is now
under repair and is expected to be returned in February 2000.

Ptot, kW
Gyrotron 4 ! o1
n i i :
00 nominal =reg me e
200 -
%s 62 66 70 74
Ubeam,kV

FIG. 3.1:  Total output power of gyrotron 4 Jor 2 sec pulses.

Two gyrotrons at a time are driven from one thyristor-controlled
power supply via one tetrode modulator (Thomson CQK 200-
4A). This is used not only to switch the power on and off, but
also to regulate the beam voltage to <0.5 %, and modulate the
RF power. By simply switching the high voltage on and off we
can achieve a modulation frequency of up to 1 kHz, but if the
high voltage is only reduced to such a level that the oscillation
just does not stop, we can achieve modulation frequencies of
up to 30 kHz. This mode of modulation leads, however, to
high loading of the tetrode and cannot be applied for the full
pulse duration.

In our installation the gyrotrons suffer from magnetic perturba-
tions. One source is the time-varying poloidal magnetic field
of ASDEX Upgrade. It distorts the electron beam deposition in
the collector and requires a reduced sweep amplitude across the
collector surface in order not to reach uncooled areas. It may
also influence the startup of the oscillation when the high volt-
age is switched on. This can be overcome by a slight correction
of the gun magnetic field. Another source of magnetic pertur-
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bation is the magnetic field of the cryomagnet of the adjacent
gyrotron. Although the distance between the tubes is 2.8 m and
the perturbing magnetic field is as low as 3.5 gauss, it leads to
an additional distortion of the electron beam deposition in the
collector. This was compensated by a pair of Helmholtz coils.

For each gyrotron there is one transmission line to the tokamak.
The lines operate under normal air pressure. A schematic of
such a line is shown in Fig. 3.2.
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FIG. 3.2:  Schematics of ECRH transmission line.

The output of the gyrotron is not a pure Gaussian mode and
requires beam correction mirrors in the matching optics unit
close to the gyroton window. The beams are then transmitted
via mirror lines (lengths from 6 m to 20 m) including 2 polarizer
mirrors and are finally, near the tokamak, fed into HE-11
corrugated wave guides 89 mm in diameter (lengths from 5
m to 15 m). At the end of these lines there is a mode-mixing
section generating a mixture of HE-11 and HE-12 modes, such
that we have a rectangular-like beam profile at the torus window
(boron nitride, edge cooled). In this way the window losses
occur closer to the cooled surface which is necessary to handle
a 2 sec pulse. Inside the torus there are a fixed focusing mirror
and a steerable plane mirror (metallized graphite) allowing the
beam to be scanned by +30° in both the poloidal and toroidal
directions. Near to the plasma centre the interference of the
two waveguide modes leads to a very narrow beam profile
of a full half-power width of 30 mm. This allows localized
deposition also with a poloidally deflected beam. The narrow
deposition profiles were confirmed by measurements of the
electron temperature rise on switch-on of the RF pulse.

The proper power transmission is monitored with two direc-
tional couplers at the input and output of the line, and with
several arc detectors surveying the whole transmission line from
the gyrotron window to the torus window.

The transmission losses were determined calorimetrically with
the directional coupler signal of mirror 2 being used as refer-
ence. Right after the MOU box we have a switchable mirror to
direct the RF beam into a calorimeter load. This point is taken
as the input of the transmission line for the Gaussian beam,
and the measured power is Prr;,. At the end of the wave-
guide section there is another switchable mirror to direct the
beam either into the plasma or into another calorimeter load.
This point is taken as the output of the transmission line, and
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the power is Priout-

In addition, we determine the losses in the gyrotron output
window which, with a factory-determined calibration factor,
give the total output power Py, of the gyrotron. These powers
are measured at different beam voltages and plotted in Fig. 3.3
as a function of the power measured at the directional coupler.

800

600

Gyrotron 3, Callbration

0 2 4 6
Detector power In mirror 2, mW

FIG. 3.3:  Calorimetric measurements of total gyrotron output
power, iransmission line input power and transmission line
output power.

The result of the three gyrotrons new operating is summarized
in Table 1. The average loss in a transmission line is 10 % in
agreement with theoretical estimates. A further loss of 6 % on
the way to the plasma is estimated for the torus window and
the internal mirrors.

Gyr. 2 | Gyr. 3 | Gyr4 | average
Prrin/ Prot 0.83 0.79 0.85 0.82
Prrout/Prrin 0.93 0.88 0.88 0.90
Pptasma/PrLin 0.88 0.84 0.84 0.85
Phrasiial Bise 0.74 0.66 0.71 0.70

Table 1 Power ratios determined along several transmission
lines.

There is a fairly high loss of 18 % between the gyrotron output
Pi,: and the transmission line input Prpi,. Of this loss 60
% is due to beam content which could not be recoverted into
a Gaussian beam, and 40 % to diffuse radiation leaving the
gyrotron at a steep angle and being absorbed in the beam tunnel
between the gyrotron and MOU box.

The system is working fairly satisfactory. However, there are
already prospects of improvement to be realized in a new sys-
tem. The most important of these are an increase of power and
pulse duration, increased efficiency with depressed collector,
better beam quality and reduced losses with diamond windows,
frequency tunability, and fast steerability of the launching mir-
rors.

4. TECHNICAL SYSTEMS

In 1999 the experiment was operating for 98 days and the
counter advanced by 1775 shots. Of this time 79 days were
dedicated to physics and the remaining 18 to technical commis-
sioning and servicing actions. The vacuum vessel was opened
from mid-August to late September for the regular servicing
operations and installation of two toroidal arrays of tungsten-
coated carbon tiles on the inner heat shield. The additional
heating systems of ICR and the second NB injector were pre-
pared for current drive.

Cryopump: The high-pressure He storage capacity and the He
recovery system were extended to an equivalent of 4200 litre
LHe and an average throughput of up to (100 Nm?/h), respec-
tively. The recovery capacity (5 g/s LHe) is now fully adequate
for the usual plasma discharge sequences with He glowing at
intervals (4 g/s average). However, for stable steady-state con-
ditions a capacity of 6 g/s would be required. Below 6 g/s the
cryo line is mildly unstable. The throughput drops in about 30
minutes to the critical throughput of below 2 g/s, where serious
flow instabilities then set in. By controlling the speed of the cir-
culating pump, which can adequately changed be within several
seconds, it was therefore possible to reduce the He throughput
to a level between 3 and 4 gfs.

New modular thyristor converter (Group No. 6): In late
1999 the manufacturing contract was signed with Vonk Systems
(NL) for this group. Its design is characterized by a high degree
of modularity to enlarge the flexibility in plasma shape control
and be able to replace or reinforce existing converters. Group
No. 6 has been specified with a nominal power of 135 MVA in
pulsed duty. To reduce the reactive power load in the flywheel
generator grid, Group No. 6 is to be equipped with a special
arrangement of freewheeling thyristors. All four modules of
group No. 6 can be controlled independently of each other or
jointly and operated with a fast response time in parallel, serial,
and anti-parallel (four-quadrant) configuration. There is fast
overcurrent protection by neutral thyristor freewheeling. The
modules are short-circuit proofed by current limitation (serial
chokes) and possess crowbar protection against overvoltage.
The commissioning of thyristor Group No. 6 is scheduled for
early 2001.

Extension of reactive power compensation (RPC); Having
gained operational experience in about 2000 switching oper-
ations with the first two RPC units, with 15 MVAr each, a
contract for another six similar RPC units was concluded with
SIEMENS. The commissioning of these units is scheduled for
April 2001. The new modules will again be based on phase-
synchronized vacuum switches. For compensating the reactive
power of the high-current converters during operation of AUG,
this technical solution proved to be very reliable and economic.
With all four modules (eight units) installed, a reactive power
of 120 MVAr can be compensated. This extension is one of
the technical requirements for long-pulse operation of AUG.

Paralleling of the flywheel generators EZ3 and EZ4: An-
other technical requirement for the long-pulse operation en-
visaged is parallel connection of the flywheel generators EZ3
and EZ4, which supply the PF coils and the additional heat-
ing systems. Stability analyses and parametrical studies have
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shown that the parallel-connected machines can under no cir-
cumstances lose synchronism. A robust multivariable controller
providing defined load sharing under all operating conditions
(fast load changes, active power oscillations, harmonics, faults
--.) has now been developed. A safety concept able to cope
with the increased short-circuit power of the two-machine sys-
tem has been elaborated. Details are to be resolved as part of
a study contract to be placed with industry.

4.1 Optimization of Operation Procedures
and Machine Protection

The highly flexible experiment operation scheme of a mid-size
device and operation close to the machine’s design limits makes
it necessary to optimize operation procedures continuously and
enhance machine protection capabilities. A number of features
have been added to the real-time controllers to facilitate exper-
imentation and guarantee the machine’s integrity:

The design of new scenarios (see section 2) is subject to a
large number of technical and geometrical constraints. Several
tools have been developed to facilitate the design process. An
equilibrium optimizer helps to attain target plasma shapes in-
side the ranges of power supply constraints, mechanical stress
limits and plasma geometry requirements, A dynamic simula-
tion model for magnetic plasma control is being developed to
address transient issues of a discharge scenario. Finally, a sce-
nario shot program editor was implemented to allow dedicated
programming of the large numbers of signals and values and
checking them against supervisory limits.

The real-time performance controller R4 is important for fine
tuning of bulk and divertor properties with fuelling and heat-
ing actuators. The built-in detection of physical instabilities
and activation of protection reflexes was improved for better
adaption to the discharge evolution. Locked-mode recognition
auto-starts when the plasma current and elapsed discharge time
exceed a minimum value. If automatic counteraction is en-
abled, then an alarm will activate gas puff for a pre set time
interval. Occurrence of the event is now broadcast to all other
systems via the timing system and may be used in parallel
by the killer pellet. The detachment state safety monitoring
is detected from D, and l; exceeding certain thresholds for a
minimum time. The resulting counteraction lasts for 300 ms
with increased NI power and gas puff suppressed. Repeated
occurrence of the detachment state during a discharge results
in an automatic stability loss request to the real-time discharge
supervision controller to initiate soft landing. A video-based
system to monitor the torus wall is being implemented, It will
get permission to limit the discharge duration in case of ex-
cessive temperature of mechanical structures. The position and
shape controller R2 was equipped with an additional oscillation
detector to protect the machine from exaggerated mechanical
vibrations due to marginal feedback-driven oscillations in the
control coils, The detector is robust to transients but sensitive
to permanent oscillations in a frequency band and alarms the
machine protection system if the oscillation amplitude exceeds
a threshold to terminate the discharge. The poloidal field coil
monitoring system R32 now also checks the thermal load in
the TF-coil power supplies. In case of an alarm, the pulse

is ramped down at maximum speed. An additional procedure
monitors all field coil currents after a pulse termination alarm
and activates power breakers in case of improper current decay.
All monitoring procedures were redesigned to adapt automat-
ically to the coil polarities set to have full protection for any
case of experiments.

4.2 Data Processing

The ASDEX Upgrade network is now in a transient state going
from FDDI to Gigabit- and Fast-Ethernet technology. Figure
4.1 gives a schematic view of the switches and server computers
involved, arranged around a central FDDI and Gigabit “wire
speed” router and switch configuration. The network structures
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FIG. 4.1:  ASDEX Upgrade Network has moved halfway from
an FDDI-Backbone to Gigabit-Ethernet.

renewed so far already have a significant performance impact
on the AFS file servers storing the ASDEX Upgrade shotfiles,
software, home directories, and the communication with the
computer centre servers and tape libraries. It was also possible
to speed up data collection and the time when first evaluation
results become visible after a shot.

As next step, FDDI and Ethernet in building L5 and in the
ASDEX Upgrade control room will be replaced by a Gigabit-
Fast-Ethernet installation. Other projects are the replacement of
CAMAC diagnostics with PCI-based DAQ systems acquiring
data direct into computer memories and introducing weak real-
time capabilities for selected diagnostics.

4.3 Neutral Beam Injection

The second injector was upgraded to an extraction voltage of
100 kV in 1998 and went into operation with 2.5 MW of in-
jected power per source in February 1999. The maximum beam
voltage is actually limited to 93 kV due to the power supplies
and the maximum possible power into the calorimeter. Further
regapping of the sources leading to lower extraction currents
for a given extraction voltage will increase the maximum beam
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voltage to 100 kV, as required for the NBI current drive ex-
periments.

The possibility of using Helium beams for plasma diagnostics
(in collaboration with the Technical University of Vienna), was
checked by performing simultaneous injection of Deuterium
and Helium beams. Whereas three of the four arc sources of
the first injector were still run with Deuterium beams at 60 kV,
the fourth source was operated with Helium at 30 keV, 22 A
for 300 ms. The pulse length is limited by the gas pressure
in the magnet because the Titanium getter pumps do not pump
Helium. The pulse length of Helium injection will be increased
in the near future by operating one arc source with a mixture
of 90 % Deuterium and 10 % Helium gas.

In contrast to arc sources, the RF sources of the second injector
react very fast to changes of the source input power. Hence,
active beam current control of the RF sources is possible. With
this possibility, the sources can be operated at the perveance
optimum and the sensitivity of the RF sources to the mangetic
stray field of the tokamak can be compensated, thereby in-
creasing the beam quality and reducing the beam losses in the
injector box.

Regarding the status of tangential NB injection for off-axis cur-
rent drive one can say that detailed design of the components
for the reoriented injector (see Annual Report 1997) has pro-
ceeded according to the foreseen time schedule. Major parts, e.
g. the ion source flange, have been ordered. The calculations
of the external magnetic screening and the field compensation
by iron yokes are finished. Dismantling and rebuilding of the
second injector will start on time at the end of the present series
of experiments in summer 2000.

4.4 Ion Cyclotron Resonance Heating

The RF technical system of ICRH was modified to allow
current drive in addition to pure plasma heating. This requires
toroidally asymmetric spectra of the launched waves, calling
for a phase difference of 90° between the two straps of an
antenna. At ASDEX Upgrade this is achieved by using the
outputs of the 3 dB power splitters showing this phasing. The
cross-coupling between the antenna straps must be compensated
for this asymmetric operation to avoid unequal power radiation.

Adequate antenna feeding lines and "compensation networks"
were installed, together with coaxial switches allowing a choice
between heating and current drive operation (see also Fig. 6.1
in Annual Report 1998). Since the additional line connections
result in large loops enclosing poloidal flux, DC breaks had to
be installed to prevent too large currents and forces from being
induced upon plasma disruption.

Test were conducted on a fast stub tuner matching system,
which uses premagnetized ferrites to adjust the electrical length
of the tuners. This special system, developed for DIII-D and
loaned to the IPP for testing is not applicable to ASDEX
Upgrade in this form, but the ferrite technology used proved to
be suitable for fast ICRH matching. Together with calculations
it was shown that trombone-stub combinations with ferrites
allow fast matching of the complex antenna impedance as

well as application of a relatively simple feedback principle.
Application of such automatic matching systems, which would
avoid power reductions due to plasma variations, is envisaged
for ASDEX Upgrade.

4.5 Siliconization

During the experimental campaign we used siliconization twice
to coat the vacuum vessel. The more robust layers provided
more constant conditions. In particular, it was possible to start
up plasma operation after 8 weeks of venting without applying
a new wall coating. This enables us to investigate tungsten-
coated tiles at the inner heat shield without modification by an
additional layer.

4.6 Carbon Flakes

The main disadvantage of carbon in a future fusion device is
the formation of carbon hydride layers which will contain a
significant amount of the Tritium inventory. As in JET, carbon
layers were found on the divertor structure in ASDEX Upgrade
at positions not in direct contact with the plasma. With long-
term probes two different types of layers were found in ASDEX
Upgrade. One type shows a ratio D/C= 0.4 which results in
hard, brownish layers, the other type (D/C = 1) being soft,
transparent layers. The hard layers flake off after venting.
Although the positions where the layers are found are influenced
by the complicated structure beyond the divertor, an asymmetry
of 1:3 of the amount of carbon at the outer and inner divertor
was determined. The positions where the layers are found can
be correleted with the mapping of hot ions generated near the
divertor slits. In laboratory experiments hot ions are required
to form brownish layers with the same properties as found.

3, ADVANCED TOKAMAK OPERATION

5.1 Improved Core Confinement
with H-mode Edge

In recent years fusion performance has been considerably im-
proved in advanced tokamak operating regimes, which through
optimization of the plasma shape and pressure and current pro-
files achieve enhanced energy and particle confinement in re-
lation to standard ELMy H-mode plasmas. Common to these
scenarios is a broad or even hollow current profile in the central
region of the plasma. On ASDEX Upgrade a stationary regime
of operation has been achieved which shows improved core
confinement in combination with a type-I ELMy H-mode edge.
Steady-state conditions are obtained by applying moderate neu-
tral beam heating in the [, ramp up in order to reduce current
diffusion and delay formation of a (m=I1,n=1) resonant sur-
face. Thus, when g=1 is reached strong (m=1, n=1) fishbones
driven by neutral beam injection occur, apparently preventing
sawtooth activity by clamping the g-profile at one, which is a
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prerequisite for good confinement properties. On the basis of
last year’s results, the confinement and stability properties of
such discharges with increased density and triangularity were
investigated.
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FIG. 5.1:  Typical time evolution of a discharge where the
density was increased by simultaneous gas fuelling and power
increase.

To obtain high electron temperatures and hence a large reduc-
tion of the current diffusion during the initial phase of the dis-
charge, the density is kept very low. However, for maximum
fusion reactivity a higher density is desirable. If the density is
raised by gas fuelling at the plasma edge at constant heating
power, the confinement deteriorates, this being accompanied
by a collapse of the density peaking, the almost complete loss
of fishbone activity, and the appearance of sawtooth oscilla-
tions when T; approaches T, finally leading to a sawtoothing
ELMy H-mode plasma. In contrast, by raising the density in
conjunction with a simultaneous power increase it is possible
to maintain the confinement properties. In Fig. 5.1 such a dis-
charge is shown where 77, was increased from 3.5x 109 m™ to
5.5%10" m™ 3, corresponding to an increase of the central den-
sity from 5.5x10" m™3 to 7.0x10' m™3, while the neutral
beam power has been raised by 50 %. Although density peaking
and central T; decrease somewhat, the peaking of the profiles
in general is sustained and Jy even increases to 2.1. Hirgrgo_p
stays constant, which means that the observed decrease of con-
finement time follows the power scaling (o< /P). Associated
with the increase of the edge density is an increase of the ELM
frequency and, more important, a substantial decrease of Zeg.
Generally, this can be explained by the dependence of Z.4 on
the edge density. At low edge density the impurity screening
is less effective, which leads to a higher impurity concentration
in the plasma core.

To investigate the effect of the triangularity a modified regime
of operation was developed. The initial phase of the discharge
is similar to those presented above. After reaching the sta-
tionary phase, the top triangularity (610p) 1s slowly increased
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from zero to 0.2, while the bottom one remains constant at 0.4.
The main plasma parameters of such a discharge are shown in
Fig. 5.2. Disregarding the initial overshooting of the plasma
energy when the beam power is switched from 2.5 to 5 MW,
the plasma energy increases by almost 30 % when 6y, reaches
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FIG. 5.2: TDypical time evolution of a discharge where the top
triangularity was increased. When 0, reached 0.2 the power
was increased to demonstrate the higher [3-limit.

0.2, which can be mainly attributed to a density rise, reaching a
central value of 7.5% 10" m™—>. The density increase at higher
triangularity occurs without gas fuelling, which can be seen on
the low divertor neutral particle flux. The density peaking is
unaffected by the change of §, while the central T; slightly de-
creases. After the maximum & was reached, the neutral beam
power was increased by 1.25 MW to demonstrate the improved
MHD stability. Compared with discharges with 6., = 0, the
maximum [y, limited by neoclassical tearing modes (NTM),
could be increased from about 2.4 to 2.6. In the discharge of
Fig. 5.2 the high-performance phase was, however, terminated
at a slightly lower Sy, this probably being induced by an un-
intentional drop of the toroidal magnetic field. In conjunction
with the triangularity and the corresponding energy increase, a
reduction of the ELM frequency can be observed, suggesting
the edge stability is also improved. In summary, this results in
the highest fusion product, np oT; ot = 0.9 x 102%eVsm=3,
and the highest simultaneously achieved values of Hirgpgop =
3.0 and Ay = 2.4 so far observed in ASDEX Upgrade.

3.2 Response of Internal Transport Barriers to
Central Electron Heating and Current Drive

Internal transport barriers (ITBs) have hitherto been success-
fully attained in two extreme regimes, either with strong ion
heating mostly by neutral beam injection (NBI), resulting in T;
> T,, or with pure electron heating and relatively cold ions.
In the first case the growth rate of ion temperature gradient
(ITG) driven modes, which are considered to be responsible
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for the anomalous transport in discharges with strong addi-
tional heating, are expected to be smaller than for T, ~ T; and
therefore these modes should be stabilized by rotational shear,
supplied for instance by NBI. In the DIII-D tokamak, degra-
dation of both ion and electron energy confinement has been
observed, following the onset of central electron cyclotron heat-
ing (ECRH) in ITB plasmas established by ion heating through
NBL Concerning the predicted destabilization of ITG modes by
increasing the ratio T./T;, this issue has to be viewed as very
critical for the prospects of a reactor based on ITB regimes.
On ASDEX Upgrade central electron cyclotron heating or cur-
rent drive (ECCD) was applied during neutral beam heated dis-
charges with controlled current ramp to achieve ITBs in com-
bination with negative central shear. In contrast to the results
from DIII-D, the ion and electron confinement appears to be un-
affected by the increase of T./T;. Due to the high power density
of ECRH, a central T, &~ T; > 10 keV could be reached with
an ECRH to NBI power ratio of only 0.25,

Internal transport barriers with negative central shear are estab-
lished by 5 MW of NBI in the current ramp-up phase, in order
to reduce current diffusion. To avoid a transition from an L-
to H-mode edge the discharges are in contact with the inner
wall at the high-field side of the plasma. The ECRH gyrotrons
operate at 140 GHz, requiring a toroidal magnetic field of 2.5
T for central power deposition. In the discharges presented,
three gyrotrons were used to launch an ECRH power of 1.2
MW in the second-harmonic X-mode. In the ASDEX Upgrade
ECRH system movable mirrors allow the poloidal and toroidal
launch angles of the focused ECRH waves to be changed on a
shot-to-shot basis. By varying the toroidal injection angle, in
addition to electron heating, it is possible to achieve co- and
counter current drive.

Starting from the reproducible regime of operation using NBI
only to establish strong 7; gradients combined with an L-
mode edge, we added ECRH power using different launch
configurations at a later phase of the discharge.

In Fig. 5.3 the time evolution of the central and minimum g-
values and of the central 7; and T, of three types of discharges
are compared. NBI starts at =~ 0.3 s. The reference case with
NBI alone shows strong negative central shear in the initial
phase of the discharge, finally reaching values of ¢, &= 1.5
and qp above 2. A central temperature of approximately 10
keV is only observed in the ions. Since the neutral beams
predominantly heat the ions and, in addition, the heating of
the electrons through the ions at low densities is rather low,
improved electron core confinement would not result in high
electron temperatures. The sharp drop of T; observed at 0.67 s
when qmin reaches 2 is caused by a (2,1) double tearing mode
(DTM) mode. However, following the drop of qmin below 2
the core temperatures again recover, exceeding their previous
levels. When counter-ECCD is added at 0.7 s, not only Tj,
but also T, reaches central values of 10 keV. The temperature
profiles show gradients of T, exceeding those of T;, which is
confirmed by Thomson scattering measurements (Fig. 5.5). As
central ECRH does not permit ECE measurements inside pior
= 0.2 and the Thomson scattering system cannot in principle
reach the plasma centre in the configurations discussed here, the
innermost T, measurement is located at py,r = 0.2. However, the

flattening of the T, profile indicates that the true central value
does not lie much above that. The fast, sawtooth-like events
observed on the core T, measurements are attributed to a (2,1)
ideal mode, which may also be responsible for the disruptive
termination of the discharge. The abrupt increase of the last T;
point before the disruption coincides with the trip of two of the
three gyrotrons and a T. gradient reaching an unstable value.
Due to the limited time resolution of the T; measurement, the
causality of this event remains unclear. The g-profiles of the
NBI only and counter-ECCD cases are not very different, both
showing freezing of the negative central shear after 0.8 s. For
¢o-ECCD the behaviour is different. The central co-current
drive leads to accelerated decay of the negative shear resulting
in a monotonic g-profile at about 1.05 s. As the toroidal
magnetic field had to be matched to the requirement of central
ECRH power deposition, the early appearance of a (2,1) DTM
could not be avoided. However, for NBI only and counter-
ECCD the mode again disappeared due to the stabilizing effects
of the decoupling of the resonant surfaces and, for counter-
ECCD, of the increased pressure in the negative shear region.
The latter mechanism is caused by the combined effects of
bootstrap current reduction in the island and negative magnetic
shear, which is the inverse process to the destabilization of
NTMs in positive shear regimes. Figure 5.5 shows that the
maximum of the temperature gradients are in fact located at
the inner q = 2 surface in the negative shear region, while at
the outer one the pressure gradient is comparatively small. In
contrast, co-ECCD results in a transition of the DTM in a (2,1)
and (3,1) tearing-like MHD activity which prevents recovery of
the confinement, resulting in relatively low central temperatures
of T, =~ T; < 6 keV.
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FIG. 5.3:  Comparison of three types of discharges: (a)
Reference case with NBI only, (b) combination of NBI and
counter-ECCD, and (c) NBI and co-ECCD. g-values are
inferred from equilibrium reconstructions with the CLISTE code
and measurements with the 10-channel MSE polarimeter, and
the central electron and ion temperatures (T,, T;) from electron
cyclotron emission (ECE) and CXRS, respectively. The time
points for the profiles in Figs. 5.4 and 5.5 are indicated by
vertical lines in (b).

The energy transport is analyzed with the 1-1/2—-dimensional
ASTRA code. The electron and ion thermal conductivities are
derived from the experimentally determined profiles of T, and
Ti, ne, and Z.;; and models for the power deposition of NBI
and ECRH. Ray-tracing calculations with the TORAY code
show an ECRH deposition within p, = 0.2. Measured T,
and n. at 0.9 s of co- and counter-current drive discharges are
used (12231 and 12229 in Fig. 5.3, respectively) to determine
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the power and current density distributions. For the time
dependence of the current density driven by ECCD

JECED [MFA/m_Q] =

Te[keV]
n.[101¥m=3]

is assumed, with the scaling factor of 0.52 inferred from the
TORAY results. Since T, =2 5 keV is much lower in the
co- than in the counter-ECCD discharge (T, ~ 10 keV), the
resulting current driven in the co-direction (+88 kA) is also
only about half of that in the counter-direction (—174 kA). These
currents represent stationary values, which are only reached in
a resistive equilibrium.
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FIG. 5.4:  Discharge 12229 at 0.62 s before ECRH has been
switched on. q derived from 10~channel MSE polarimeter using
CLISTE, thermal heat conductivities ., power deposition Py,
and total heat flux Q;. as calculated by ASTRA.

To study the effect of electron heating in discharge 12229, the
energy transport is evaluated before the onset of the (2,1) mode
at 0.62 s and after the ECRH power has been switched on at
0.95 s, when qu;, has already dropped below 2. The results are
shown in Figs. 5.4 and 5.5. Comparison of the two time points
shows, the ion temperature profiles to be similar, with an ITB
just inside the region of q = qpi,. In contrast, after is switched
on the ECRH the central T, more than doubles in the centre,
developing a high-gradient region at p;or &2 0.2. In the plasma
centre, neither the ion nor the electron thermal conductivity
changes significantly. The heat conductivities show y; < ye,
where y; is close to neoclassical values and y. < 1 m?/s.
In the outer plasma regions a drop of both can be observed.
This means that the confinement properties do not deteriorate,
despite the strong increase of the power going into the electrons.
Initially, the plasma is dominated by ion heating due to NBI,
with only a small fraction of the power going into the electrons,
while with ECRH electron heating even exceeds ion heating at
pror < 0.2, In terms of heat fluxes at py, = 0.2, Q. rises by
a factor of five from 0.21 to 1.20 MW, and Q; from 0.88 to
1.03 MW, the latter being mainly due to the change of the heat
flux from NBI into the ions (Q;ng;) which increases with rising
electron temperature. This reduced collisional energy transfer
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from the beam ions to the electrons may also be responsible for
the slight T; increase observed at 0.95 s. The line-integrated
density rises from 2 to 3x 10" m™, which is attributed to the
gas coming from the plasma limiting wall and also corresponds
to an increase of the density peaking. The central toroidal
rotational velocity is somewhat lower at 0.95 s than at 0.62 s.
However, comparison with reference discharge 12224 shows
that it finally reaches the level observed in 12224, which is close
to the peak value before the appearance of the (2,1) DTM.
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FIG. 5.5:  Discharge 12229 at 0.95 s after ECRH has been
switched on: In addition to the total heat fluxes shown in
Fig. 5.4, the contributions from the NBI heating separated into
electrons and ions is indicated (Qingrensr). For discussion of the
MHD stability the locations of the q=2 surfaces in the negative
and positive shear regions are indicated in the temperature plot.

6. MHD PHENOMENA IN REVERSED
SHEAR SCENARIOS

Flat and reversed g-profiles allow formation of internal trans-
port barriers and thus large pressure gradients since they per-
mit access to second stability with respect to ideal n — oo
ballooning modes. Reversed magnetic shear gives rise to ad-
ditional MHD instabilities, unknown in conventional scenarios.
Whereas in tokamaks, single tearing modes are expected to be
stable, resistive double tearing modes appear if a pair of ra-
tional surfaces with the same g-value are close to each other.
Large pressure gradients in the weak magnetic shear region
drive low-n ballooning modes, so-called infernal modes. Re-
sistive interchange modes can also be driven by a pressure gra-
dient in the negative magnetic shear region. The large pressure
gradient at the plasma edge, together with the resulting boot-
strap current, drives external kink modes unstable, especially in
H-mode discharges. Most of these instabilities have been ob-
served in ASDEX Upgrade reversed-shear discharges. Besides
limiting the normalized plasma pressure achievable in conven-
tional scenarios, MHD instabilities might be helpful for achiev-
ing quasi-stationary discharge conditions. As already observed
in improved confinement discharges with flat shear, fishbones
are able to clamp the current profile locally without any con-
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finement degradation, even in discharges with the minimum
g-value (¢min) above one.

6.1  Double Tearing Modes (DTM)

Figure 6.1 shows the time development of the g-value on axis
and of the minimum g-value for an ASDEX Upgrade reversed-
shear discharge. When the minimal g-value approaches two,
the onset of (m,n) = (2,1) MHD activity is observed. It
starts as fishbone activity, but at about 0.68 s a continuous
mode appears. Whereas the fishbone activity does not cause
any confinement degradation, as soon as the continuous mode
activity sets in, the ion transport barrier breaks down, and the
electron temperature decreases as well (Fig. 6.2). During
the mode activity, the current profile is clamped, at least in
the vicinity of ¢min. The end of the (2,1) activity coincides
with a sudden drop of g well below two. According to
stability analyses using the resistive MHD code CASTOR, the
most unstable mode during this time is a double tearing mode.
As shown in Fig. 6.3, the calculated eigenfunction of this
mode agrees well with that measured by electron cyclotron
emission (ECE). The eigenfunction has two phase jumps, as
expected for a DTM, and a phase shift of 180° between the
coupled islands. To explain the time development of the g-
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FIG. 6.1:  The time development of the g-value on axis (qo)
and the minimum g-value (q;m:n) are given for ASDEX Upgrade
discharge #12224. During the time in which ¢m;n is about 2, the
(2,1) activity measured by Mirnov coils is shown. Between 0.65
and 0.68 s, (2,1) fishbones are observed, whereas afterwards a
(2,1) continuous mode appears.

profile, non linear simulations were performed in cylindrical
geometry using the TM code. It was shown that the coupled
islands are able to flatten the current profile in between the two
rational surfaces. This may explain the local clamping of the
current profile during the time of the (2,1) DTM activity. About
70 ms after the onset of the (2,1) mode, the mode suddenly
disappears, followed by a jump of ¢n;, from 2 to about 1.7.
This is probably caused by the decoupling of the two tearing
modes. Although the minimum g-value does not change during
the time of (2,1) mode activity, global current diffusion lowers

the g-values everywhere else, resulting in an increasing distance
between the two ¢ = 2 surfaces. The growth rate of the DTM,
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FIG. 6.2:  Central electron (T,) and ion temperature (T}) for
the same discharge as in Fig. 6.1, measured by ECE and charge
exchange spectroscopy, respectively. The breakdown of the ion
transport barrier and decreased T, during the (2,1) continuous
mode are clearly seen.
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FIG. 6.3:  Eigenfunction of the (2,1) double tearing mode,
resulting from the stability analysis (a) compared with that
measured by ECE (b).

however, strongly depends on the distance between the two
rational surfaces. This dependence becomes even stronger if
the differential rotation of the two rational surfaces is taken
into account. Additional electron heating significantly changes
the MHD stability of the discharges considered. With central
electron heating applied, the DTM either does not appear if the
electron heating is provided before the expected onset of the
DTM, or disappears as soon as the ECRH is switched on. In
Fig. 6.4, the time evolution of the central electron temperature
is given for the discharge discussed above in comparison with
a discharge with ECRH applied after the onset of the DTM.
A few milliseconds after the ECRH has been switched on the
electron temperature strongly rises, this being accompanied by
the disappearance of the DTM. A tentative explanation for this
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FIG. 6.4:  Time development of the central electron tempera-
ture measured by ECE for a discharge with pure NBI heating
(#12224) and one with combined NBI and ECRH (#12229).
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effect could be the increased pressure gradient at the inner ¢ = 2
surface, giving rise — in contrast to the dynamics leading to
the neoclassical tearing modes in positive-shear regions — to
stabilization of the mode due to the combined effect of bootstrap
current reduction in the island and of the negative magnetic
shear.

6.2 Ideal Modes

Sudden drops of the electron temperature during a discharge
with combined NBI and EC heating (Fig. 6.4) indicate the
presence of an additional MHD instability. This mode is again a
(2,1) mode but grows on a much faster time scale and obviously
does not always destroy the internal transport barrier. The
evolution of the central electron temperature seems to be similar
to that of a sawtoothing discharge with (2,1) instead of (1,1)
mode activity limiting the peaking of the temperature profile.
According to the stability analysis, this mode is a (2,1) infernal
mode driven by the pressure gradient in the weak magnetic
shear region. Even without additional electron heating, ideal
modes often appear in reversed-shear discharges, primarily
causing disruptions. Characteristic of the g-profiles just before
the disruption is a low-order rational g-value at the plasma edge,
e.g. for the discharge shown in Fig. 6.1 ¢, = 4. It is obvious
that this rational g-value at the plasma edge allows coupling
of the (2,1) infernal mode to an external (4,1) kink mode. As
shown in Fig. 6.5, the eigenfunction resulting from the stability
analysis agrees well with the eigenfunction derived from the
ECE measurements. The resulting mode is very global, which
explains its disruptive character.
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FIG. 6.5: Calculated and measured (ECE) eigenfunctions for
the mode activity right before the disruption in #12224. The
mode has a large amplitude at the plasma edge, indicating
coupling of the (2,1) infernal mode to the (4,1) external kink.

6.3 Neoclassical Tearing Modes

In discharges with ¢, < 1.5 the maximum achievable Gy
value is limited by the onset of neoclassical tearing modes
(NTMs). In the improved confinement discharges with flat
shear (in H-mode) we again find the scaling law for collisionless
plasmas [y = ¢;p*, but the constant ¢; is smaller than that
in conventional-scenario discharges. The stabilizing effect of
triangularity increases the achievable G values by about 10 %.

6.4 Optimized g-profiles

The MHD instabilities described above appear to be due to
the occurrence of two low-order rational surfaces of the same
helicity (DTMs) or to a large pressure gradient within a weak-
shear region (infermal modes). An optimized g-profile with
respect to stability of core-localized modes therefore has to
avoid double rational surfaces. The shear at the low-order
rational surfaces should be as large as possible, especially in
regions with large pressure gradients. Furthermore, in order
to avoid the occurrence of neoclassical tearing modes, ¢min
should be larger than 1.5 and the pressure gradient at the ¢ = 2
surface should be small.

7 STABILIZATION OF NEOCLASSICAL
TEARING MODES

The studies of stabilization of Neoclassical Tearing Modes
(NTM) by Electron Cyclotron Current Drive (ECCD) were
continued. Here, the aim is to reduce or completely remove
the magnetic islands associated with an NTM and thus increase
the maximum £ achievable in steady state.

7.1 Experimental Results

Experiments were performed in lower single-null ELMy H-
mode discharges with a typical density of n, = 5 — 6 x
10" m~3, a range in which a (3,2) NTM is usually triggered
at By ~ 2.2 — 2.5 with 7.5-10 MW of NBI heating. A typical
plasma current was 800 kA and B; = 2.1 T, so that ¢, = 4.
We injected 2" harmonic X-mode at 140 GHz, so that the EC
resonance was on the high-field side. As a result of last year’s
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FIG. 7.1:  Complete stabilization of an NTM with ECCD.

finding that modulated injection was not more effective than
DC injection, we only focused on the DC scheme. In addition,
the stabilization scheme had been found to be very sensitive to
the radial positioning of the ECCD power, making reproducible
experiments rather difficult. This was overcome by using slow
scans of B; and hence of the deposition position. Typically
B, was scanned by about 5 % in 1.5 s, so that the deposition
radius changed by 8 cm during this time. This corresponds to
the saturated island width and to double the estimated depo-
sition profile width. The typical time scale for mode growth
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1s of the order of 100 ms, so that the scan is performed on a
much slower time scale. The initial deposition was at r > 7,5,
where r,..; denotes the radius of the resonant surface, and then
the EC resonance position was moved across r,..;. The ECCD
power deposited inside the island was thus effectively increased
more or less linearly. Figure 7.1 shows such an experiment.
It can be seen that full stabilization is achieved on the slow
time scale of the deposition scan. Note that the scale for the
ECCD power is 10 times that of the NBI power, so that the
injected ECCD power of 1.2 MW amounted to only 210 % of
the total heating power. ECCD is thus a very efficient tool to
stabilize NTMs. The driven current was estimated to be bet-
ween 12 and 17 kA, and so it is to roughly 2 % of the total
plasma current. In Fig. 7.1, it can be seen that 3 recovers dur-
ing stabilization of the mode. However, it does not reach the
value before mode onset. This is mainly due to a hitherto unre-
solved decrease of g during ECRH in these discharges, which
might be connected with the observation that with ECRH in
these discharges the density profile changes, leading to a lower
i, and a consequent increase of the gas puff. However, /5 re-
gains the value obtained in discharges with ECRH, but without
NTM: the 3-trace of such a discharge is shown for comparison
in Fig. 7.1, too. An interesting question is if the stabilization
is due to the ECCD current driven directly by the wave or to a
current driven by the local change of resistivity due to ECRH.
By reversing the ECCD toroidal injection angle, so that now a
ctr-current is driven with respect to I,, only small variations in
mode amplitude could be detected. It could thus be concluded
that the effect of ECCD is at least of the same order as that
of ECRH, which will always lead to stabilization, irrespective
of the injection angle. Further details are given in the section
of IPF, Stuttgart University. Figure 7.2 shows further details
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FIG. 7.2:  Temporal evolution of the mode amplitude.

of the mode stabilization process. Plotted is the temporal evo-
lution of the square root of the envelope of a combination of
magnetic pick-up coils sensitive to even toroidal mode num-
bers. This should be proportional to the island width W of the
NTM. The signal was smoothed to remove the n = 0 compo-
nent due to ELMs and integrated to exclude variations due to
variation of the mode frequency. It can be seen that, after on-
set of ECCD at 3.1 s, there is an almost linear decrease of the
island width until at W/W,,,., ~ 0.25 the time scale changes
and the island suddenly decays on a much faster time scale.
Our interpretation is that in the first phase we see the linear
increase of the ECCD current within the island due to the scan
of B; until the mode has reached such a small amplitude that #
drops below the seed island width. The plasma then no longer
supports the magnetic perturbation, and the stabilizing terms
that led to the existence of such a threshold island size rapidly
drive # to zero. From ECE measurements it can be estimated
that Wiar &= 8 cm, so that Wi..q = 2 cm is inferred. Fur-

thermore, these experiments can address the question of how
precise the positioning of the ECCD deposition has to be. This
is studied in discharges with lower ECCD power where only
partial stabilization occurs. Figure 7.3 shows such a discharge
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FIG. 7.3: Positioning requirements deduced from an experi-
ment with low ECCD power and partial stabilization.

with an ECCD power of only 400 kW. The shaded region in-
dicates the time during which there is a noticeable effect of
ECCD on the mode amplitude as manifested by constant 7 and
decreasing or constant mode amplitude. In contrast, the drop of
the mode amplitude in the time interval preceding the shaded
region coincides with the drop in 3 due to the mode. The time
interval can be related to a spatial region of 4 ¢cm in which
ECCD is effective. This roughly corresponds to the deposition
width, so that the required precision in positioning for stabi-
lization can be estimated to be of the order of the deposition
width. This cannot generally be achieved in ASDEX Upgrade
without a B, scan. However, this method is much too slow to
be used in a feedback control algorithm (and even impossible
in a future reactor-size machine with superconducting coils).
It follows that means of feedback control by either frequency
tuning of the gyrotron or fast variation of the poloidal launch
angle have to be explored if this method is to be regarded as
a serious candidate for mode stabilization in future machines.
The ASDEX Upgrade ECRH system will therefore be changed
during the next few years to match these requirements. (At
present, the gyrotrons operate at fixed frequency and the injec-
tion mirror that determines the launch angle is moveable only
on a slow (several seconds) time scale.)

g Modelling of Experimental Results

In order to extrapolate the experimental results presented above,
they are compared with those of a model describing stabiliza-
tion by ECCD. Here jpccp(r,t) is calculated by a quasilinear
Fokker-Planck code. This is taken as input to a cylindrical,
nonlinear tearing mode code that takes into account the equili-
bration of the current density and the heat flux on flux surfaces.
It is thus possible to model the effect of finite parallel heat con-
ductivity. In addition, the bootstrap drive of the neoclassical
island is incorporated into Ohm’s law via realistic pressure pro-
files. The temporal evolution can thus be modelled, as in the
example shown in Fig. 7.4. It can be seen that stabilization in-
deed occurs on the time scale of the deposition scan. It should
be pointed out that the only free parameter used in the code
is the initial current profile chosen to obtain the correct island
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width. The model can thus be used to extrapolate to future ma-
chines such as ITER. This is done in collaboration with CEA
Cadarache. In addition, Fig. 7.4 also shows that the two time
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FIG. 7.4:  Modelled temporal evolution of (3, 2) amplitude.

scales in the stabilization process that were observed in the ex-
periment (see Fig. 7.2) are also seen in the modelling, As
mentioned above, to date the seed island width is given by the
ratio of the parallel-to-perpendicular heat conductivities. In the
future, this will be extended to include also the polarization
current. The interpretation of stabilization experiments may
then in fact offer a new possibility of understanding the seed
island physics.

8. INCREASE OF TRIANGULARITY:
GOOD CONFINEMENT AT
HIGH DENSITY

Variations of the triangularity was one of the key issues of the
1999 campaign. Figure 2.1 shows the equilibria which were
run. The maximal value of § is 0.36, which is about twice
the old standard value. The figure shows that high bottom
triangularities (c,d) had to be run with the outer strike point on
the roof baffle, which resulted in a reduced compression rate
for the neutral flux and reduced pumping so that the densities
of steady-state phases were above 0.7 times the Greenwald
density. A taller configuration with § = 0.28 and both strike
points in the divertor (b) was developed later to obtain lower
densities. For all equilibria the major radius R and x were
kept constant within a few per cent, but the minor radius a is
about 10 % larger for configurations (c) and (d) compared to
(a) and (b).

8.1 Confinement and Density Limit

As reported earlier, increasing density in general reduces con-
finement in ASDEX Upgrade. An ordering parameter to de-
scribe the reduction with respect to the ITER scalings is the
ratio 7, /7", where nS% is the Greenwald density. Figure
8.1a) shows the confinement data for configurations a) to d) ver-
sus the ratio 71, /AS" . Data were taken only from stationary
phases or weak density ramps with NBI heating up to 15 MW.
For a given density, the confinement is better if § is higher.
It should be noted that we achieved good H-factors (viz. >1)
above the Greenwald density, which is very important for a

next-step device. Nevertheless, the confinement degrades for
all triangularities as the density increases. The upper limit to the
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FIG. 8.1: a): H-factor relative to the ITERH-98P scaling
vs. normalized n,. Letters in brackets behind the & values
correspond to the equilibria of Fig. 2.1. Dashed lines are
explained in the text. b): H— L transition at high density for two
values of 6: The grey-shaded area corresponds to the standard
low-6 configuration Fig.2.1a) (6 ~ 0.18). All data points refer
to the configuration of Fig. 2.1c) (6 == 0.3).

density range shown in Fig. 8.1a) is the H—L back-transition,
which occurs close to the Greenwald density. Figure 8.1b)
shows that the increase of 6§ from 0.2 to about 0.3 leads to a
gain in density operational space of up to 20 %. The inclined
solid line corresponds to the conventional H-mode threshold
power scaling Pipresn o< neB;. The figure also shows that the
experimental density limit is nearly independent of the heating
power supporting the Greenwald scaling dependence. The data
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FIG. 8.2:  Comparison of n, profiles (linear) and T, profiles
(logarithmic) of discharges with § = 0.18 (#11746, 3.75 5) and
5 =030 (#11783, 4.22 s5). The bar in the T, plot corresponds
to a constant ratio of 1.4 as determined from the W,,nq ratio.
In both cases: I, =1 MA, qos =4, Pvpr =5 MW.

base used for Fig. 8.1a) contains only Deuterium discharges.
o5 is centred around 4, varying mainly between 3 and 6, so
that there is also an overlap in B;. The most frequent plasma
current is 1 MA (additionally 0.8 MA and 1.2 MA for § = 0.18
and 0.6 MA for 6 = 0.30). The dashed lines in Fig. 8.la)
indicate the confinement reduction with density. The slopes
of the confinement degradation are very similar to recent JET
results and quantitative agreement is good for § = 0.18, but
the improvement of confinement with increasing 6 is larger for
ASDEX Upgrade.

Figure 8.2 shows the T, and n, profiles for two discharges with
different ¢ but similar 7.. (The 7; profiles match the 7 profiles
for this density within the experimental error.) The temperature
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profiles are self-similar, as can be seen by the roughly constant
shift on the logarithmic plot. The factor corresponding to
this shift is in good agreement with the ratio of the stored
energies, which is 1.4, corresponding to the vertical bars in
Fig. 8.2. Earlier, it had already been observed that such T-
profile similarity is a common feature of the low-6 H-modes,
which led to the conclusion that the plasma energy content is
determined by the pedestal pressure and shape of the density
profile. In fact, the confinement degradation with increasing n.
was explained by an increasing ratio n2°?/n(0) and a constant
or even decreasing pedestal pressure. This behaviour is also
found for higher values of 6. As T-profile similarity seems
to be independent of 6, the beneficial effect of é in Fig. 8.2
mainly originates from a higher pedestal pressure and, to a
lesser extent, slightly higher density peaking .

8.2 H-mode Pedestal Shape
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As discussed above, the triangularity modifies the pressure on
top of the pedestal. To understand this, it is necessary to mea-
sure the profiles in the steep gradient region very precisely.
With edge Thomson scattering and radial plasma movements
the spatial resolution of the 7, profiles reaches the millimetre
range. Further inside, they are continued with the ECE data.
Density profiles are obtained from a deconvolution of local
Lithium-beam data and several DCN interferometry channels.
These profiles are fitted with a 5 parameter function based on
a hyperbolic tangent. Figure 8.3 shows the results for the max-
imum gradient and the pedestal value of the electron pressure.
Increasing 6 increases the pressure gradient, which for constant
6 seems to follow a line of constant o« = —2p R(B2/q%)dp/dr,

the critical normalized pressure gradient from ideal ballooning
theory. In accordance with Fig. 8.2 the pressure on top of
the pedestal increases with bottom triangularity. Note that the
pressure is normalized to the I, dependence observed at low
6 and that the top triangularity assumes only two discrete val-
ues due to feedback control. Another interesting question in
this context is the scaling of the pedestal width. For the low-8
case, the width is almost unchanged for all type-I H-modes.
For increased ¢ the width seems to increase with density, but
the scatter in the high-resolution edge data is still too large to
deduce a scaling and this remains as an important issue for the
next campaign.

8.3 Influence of the Neutral Flux

It was checked that the scatter observed within the 6 = 0.3
data of Fig. 8.1a) is not due to variations in I,, B, or
gos. One reason for this scatter are oscillations of the neutral
gas flux outside the plasma Ty, which is closely related to
the average density in the scrape-off layer (ﬁfo‘r‘) ). These
oscillations occur since the discharges were run in 7. feedback
mode so that phases with increasing and decreasing 7. and
corresponding changes in the density peaking follow each other
during a nominally constant density phase. These oscillations
are especially strong for the increased-é cases since the density
feedback loop was not adapted to the longer time constants due
to the reduced pumping. To account for the effects of ﬁ(ESOL)
and of 6, a new scaling of the confinement time was proposed
which uses the engineering parameter nf &, in contrast to the
n. usually used:

scale _ D, ;=GWy-0.2570.82p~-0.5¢0.13pl.5
TE - 0'095(ne,sol/ﬂe ) Ip Ptot 6 Rgeo

where nPe ; 18 a SOL density deduced from a D, signal, and

2,50

units in MA, MW, m. The strong dependence on 6 is hidden in
the relation between 7. and nf_ &, or I'p. It can be expressed by
a scaling for the particle confinement time which also includes

the strong influence of impurities:
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FIG. 8.4: ELM behaviour in D, at high 6 = 0.36.

8.4 ELMs

A reduction of the type-I ELM frequency with increasing &
had been reported from other tokamaks. For lower densities,
especially in comparing equilibria of Fig. 2.1a) and b), we
observe in general a similar effect. Detailed interpretation
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turns out to be difficult since the neutral particle flux variations
described above influence the ELM frequency as well. In this
density range, the energy carried by a single ELM is inversely
proportional to [z, y. i.e. the average power carried by the
ELMs is roughly constant for a given input power. For higher
0 and higher densities, fry 4 is a not a well defined quantity,
since bursts of smaller ELMs occur in between the common
type-1 ELMs and tend to prolong the period between the latter.
An extreme example of this behaviour is the discharges at
highest & = 0.36, which show H-factors >1 at 1.1 x n&%W.
Figure 8.4 shows D®" traces at different densities. When
the density increases (a) — b)), the type-I ELMs disappear
as smaller ones come up. For the high density b) even the
remaining big spikes in the DX signal no longer show up
in the divertor infrared thermography. This means that these
H-modes not only have sufficiently good confinement above
the Greenwald density, but also show a quasi-steady heat flux
to the divertor, thereby combining three important goals of a
reactor-relevant plasma. It should be noted that the density
profile evolution with rising density appreciably differs from
the lower-é case: The profile peaks as the density increases.
This does not coincide with arise in Z. ;¢ (which stays at 21.7)
often observed together with density peaking. The nature of the
small ELMs is not yet clear. Figure 8.4c) shows a transition to
a type-IIl ELM regime, proving that the new type is different
from type III. Its connection with other H-modes with small
ELMs (type II at DITI-D and JT-60U or enhanced DD, at Alcator
C-mod) remains a topic of the next campaign.

9. CORE PHYSICS

9.1 "Non-local" Transport Studies

8.1 Cold pulses

A particular observation of electron transport is the so-called
"non-local" transport phenomenon. It is characterized by a fast
increase of the electron temperature in the plasma centre in re-
sponse to edge cooling pulses. In ASDEX Upgrade, the cold
pulses were produced by injection of C, Si or Fe via a repeti-
tive laser blow-off system (LBO) or by D-gas puffs, mostly in
ohmic plasmas. A rather strong enhancement of the central 7.
is observed as a reaction to the edge cooling which, however,
appears after at least 5 ms. The results are independent of the
injected species C, Si, Fe or D, indicating that the contribution
of radiation does not play a role. Stronger edge cooling yields
a larger enhancement in the centre. Repetitive pulses allow the
use of the Fourier transform of the 7. data (Fig. 9.1) to be
used to extract the radial propagation of the perturbation. The
inversion radius is clearly indicated at ppat = 0.5, where the
amplitudes of all harmonics decrease, correlated with a phase
Jump. The negative phase jump reflects the inversion of the
pulse and is not in contradiction with causality. Except for the
inversion region, the amplitude of the perturbation increases
towards the centre, which is in disagreement with diffusion.
As in other devices, the amplitude reversal is observed when
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n.(0)/\/T.(0) is low enough, shown by density ramps or with
central ECRH. Varying B; and /p indicates that the inversion
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FIG. 9.1:  Fourier data for harmonics 2, 5, and 8 of Fe-LBO
cold pulses showing amplitude reversal. The fundamental fie-
quency was 4 Hz. The inversion radius of the cold pulse is
clearly seen at pyq = 0.5 on both amplitude and phase.

radius of the cold pulse is always outside that of the sawteeth.
Its position is independent of the perturbation strength, injected
element, and density. Attempts to relate this behaviour to the
local electron temperature or its gradient did not yield good cor-
relation. These experiments were simulated with the IFS-PPPL
model in collaboration with J. Kinsey (GA, San Diego). The
calculated and experimental equilibrium temperature profiles
agree. Only qualitative agreement is achieved for the pulses:
the amplitude of the perturbation at the edge has to be assumed
to be much stronger in the model and the response in the cen-
tre is faster. The basic effect of the model is a fast increase
of the ion temperature in reaction to the edge perturbation.
This would lead to a substantial increase of the neutron pro-
duction rate, not observed in ASDEX Upgrade. Although the
IFS-PPPL model is the only one able to reproduce amplitude
reversal, several experimental observations are in disagreement
with the prediction.

9.1.2 Heat pulses with ECRH

To study possible symmetry of the physics mechanism involved
in the "non-local" effect of cold pulses, we applied short heat
pulse (5 ms, 400 kW) at the plasma edge with ECRH in simi-
lar discharges. The ECRH absorption is close to 100 %, has a
narrow width (about 5 ¢cm) and can be varied radially with the
mirror system. The comparison makes sense: the edge 7, per-
turbation by ECRH and LBO are nearly symmetrical. However,
the propagation of the ECRH pulses towards the plasma centre
differs from the above description. The amplitude of the tem-
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perature perturbation decreases with radius, in agreement with
diffusive propagation and no amplitude reversal is observed.
Instead, a delayed temperature increase is clearly visible, quite
similar to that observed following the cold pulses. By varying
the radial position of the ECRH deposition it could be shown
that this central positive temperature reaction is not related to
the original pulse but to its arrival close to the radius where
mversion of the cold pulses takes place in similar discharges.
Together with the absence of amplitude reversal with ECRH,
this supports the assumption that the IFS-PPPL model in its
present form is not able to reproduce our experiments.

9.2 Transport with ECRH Modulation

We have previously shown that off-axis (p = 0.5) ECRH causes
a transport step seen in both power balance analyses ("7 ) and
heat pulse propagation (Y7). The step is located at the de-
position of the ECRH, which is narrow (=5 cm) and such that
transport is low in the region between ECRH deposition and
the plasma centre, but high outside this region. With two (C)
of the recently available new gyrotrons we applied a constant
pulse (up to 850 kW) at mid-radius to create the transport step.
Launching heat waves with a modulated third gyrotron (M) de-
positing close to the plasma edge, we probed the radial trans-
port. The results of the heat wave analysis are shown in Fig.
9.2. It exhibits the expected behaviour: when gyrotrons (C) are
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FIG. 9.2:  Amplitude and phase of the T, modulation and
corresponding T . The blank/dashed symbols/lines without
gyrotrons (C), the solid ones in the presence of gyrotrons (C).

turned on, a high transport for heat waves (x 7 = 7—18 m”/s)
is observed in the region between the edge and deposition of
(C), whereas \ ¥ is low in the region between deposition of
(C) and the plasma centre. In the absence of gyrotrons (C),
the propagation does not exhibit this abrupt change. Note the
step at the deposition of (M), which is quite large when (C) are
on. In the absence of (C), one gets Y7 /y"# =1 —2. When
(C) are on, y7¥ /\ TP reaches 5 to 10 in the region between
(C) and the plasma edge, but x7¥ /PP is below 1 on the

other side of the deposition of (C). The changes in transport
caused by gyrotrons (C) increase with power and follow the
position of the deposition. We interpret this result as a con-
vincing indication of electron transport being determined by
critical gradient physics. In fact, in the central region the heat-
ing by gyrotrons (C) flattens the temperature profile and thus
drives it away from the critical gradient: transport is reduced.
In the region between (C) and the edge, the temperature profile
is pushed harder against the critical gradient, which is reflected
in higher transport, a stiffer profile, and thus higher values of
VP \PB and PP [\ PB.

9.3 Beam Heating Deposition and
Plasma Transport

On ASDEX Upgrade, a remarkable self-similarity of the 7.
and T; profiles in type-I ELMy H-mode discharges heated by
neutral beams with 60 kV (D°) was found over a large range
of plasma parameters up to rather high densities. This so-
called "profile stiffness" could be studied in more detail after
upgrading the second neutral beam injector to a higher beam
voltage of 93 kV. At high plasma densities (72, ~ 10%° m~3) 60
kV and 93 kV beams result in rather different beam deposition
profiles. The reaction of the plasma transport to these different
heating power profiles was investigated. Subsequent discharges
were heated with either 60 kV or 93 kV beams at otherwise
unchanged parameters with up to 7.5 MW of heating power.
This was done at low and medium triangularity (6 = 0.15
and 0.3) in type-1 ELMy H-mode plasmas with densities of
1x10%° m~2 and 1.2x10%% m~2 respectively. Independently of
triangularity, the measured temperature profiles are unaffected
by the change in beam energy. An example for 7, is shown
in Fig. 9.3, as well as the results from power balance analysis.
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FIG. 9.3: Profiles of n., T., heat flux, and effective heat
conductivity for 5 MW NBI at 60 kV (solid lines, #11805) and
93 kV (dashed lines, #11804); 1 MA, 2T, 6 = 0.3 .

Due to the deeper beam penetration the heat flux in the core
of the plasma is significantly higher for 93 kV than for 60 kV
beams. At p = 0.4 the difference amounts to factor of almost
2. This leads to effective heat conductivities which are rather
different: Across the whole plasma y.;; for 60 kV is below the
value for 93 kV beams by a factor of up to 2 despite the very
similar temperature profiles in the two cases. Obviously, the
heat conductivity adjusts itself to maintain the observed stiff
temperature profiles. These results are independent of 6. In
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order to describe the above experimental results with a physics-
based transport model, it is obvious that only models having
a strong tendency to maintain V7 /T will be adequate. First
simulations using the [FS-PPPL model, which is based on ion
temperature gradient physics, indicate rather stiff temperature
profiles but are not guite able to reproduce the experimental
results.

9.4 Transport Modeling

In recent years several theory-based transport models have be-
come available. These models potentially lead to far more
reliable extrapolation to larger devices than the empirical scal-
ings since they are based on the underlying physics. But even
if the agreement with experiment is too poor for such extrap-
olations, the models give a description of tokamak transport
which allows discussion in terms of the parameters relevant in
the theory. Potentially, comparison with experimental data will
give feedback to the theory. For these reasons a comparison
of ASDEX Upgrade data with the prediction of these models
was started in 1999,

The transport models are mostly based on the combination of
Ion Temperature Gradient (ITG) and Trapped Electron Modes
(TEM). Of these models the Weiland-Nordman and the IFS-
PPPL model have been used. An alternative model based
on the Current Diffusive Ballooning Mode (CDBM) has also
been investigated. Finally, one of the empirical models, the
so-called mixed-shear model, is used for reference. A few
discharges containing L- and H-mode as well as discharges
with Internal Transport Barriers (ITB) have been studied. The
electron and ion heat transport are modelled whereas the density
profile is taken from the experiment. Neoclassical ion heat
transport is added. The general trend of all models in L- and
H-mode is that they give good agreement in the outer region
(p > 0.5) but overpredict the transport in the central region of
the discharge. The Weiland model yields the most appropriate
fit to the data, whereas the CDBM model is in poor agreement
with the H-mode data. In the Weiland model the E xB shear has
a significant stabilizing effect on the instabilities in the H-mode,
whereas it is insignificant in the L-mode.

Of particular interest is the modelling of ITB discharges. The
Weiland model also gives reasonable agreement for these dis-
charges. The high ExB shearing rate leads to the disappear-
ance of the anomalous transport in a relatively large internal re-
gion. The ion neoclassical heat transport reasonably describes
the ion temperature profile in this region, whereas the electron
neoclassical heat transport is too small. This indicates that an
additional instability not included in the model persists, most
likely the Electron Temperature Gradient (ETG) mode. The
disappearance of anomalous transport in the core region has
also been studied by comparing the ExB shearing rates with
the growth rates obtained from a fully kinetic dispersion rela-
tion. The shearing rate exceeded the growth rate of the most
unstable mode in the central region of the discharge, and the
width of this region is in reasonable agreement with the exper-
iment. When electron heating is applied to a discharge with
negative central shear and an ITB, the electron temperature
was observed to increase by a factor 2 without any changes in
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the ion temperature. Although the electron-to-ion ratio makes
the modes more unstable, it turns out that the increase of the
Shafranov shift due to the increase in electron pressure can
compensate for this effect. The growth rates of the most un-
stable mode, therefore, did not significantly change when the
electron temperature was increased, and the ITG/TEM growth
rate remained close to the ExB shearing rate. This explains
the stationary ion temperature.
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FIG. 9.4:  Simulated and measured electron and ion tempera-
ture profiles of ASDEX Upgrade shot #11127.

9.5 Simulation of Gas Oscillation Experiments
with New Inward Drift Scaling

Discharges with modulated neutral gas inflow were modelled by
an old and a new scaling expression for the anomalous inward
drift velocity v;, by means of a special version of the 1 1/2-D
BALDUR transport code. The computed phase angles between
the oscillating electron density and the influx rate of Deuterium
atoms were compared with DCN interferometer measurements.
It was found that the new scaling v;, o ng with ng being
the neutral Deuterium density, yields the observed small phase
angles, whereas the old scaling independent of ng does not.

9.6 Scaling of the Separatrix to the Pedestal
Density Ratio in H-modes

Recently, there has been increased interest in the ratio
n_,.Fp/n,.(,d, where n,., and n,.4 are the separatrix and pedestal
densities, respectively. A semi-empirical model for this ratio
was developed which puts particular emphasis on the role of
edge physics. The empirical elements of the model and the
detailed comparison with data rely on the extensive edge den-
sity database established at ASDEX Upgrade. The derived
scaling can be cast into a form where n..p /np-q 1S essentially
determined by the proximity to the Greenwald limit.

9.7 Neoclassical Tearing Modes

The range of validity of the scaling law describing the onset
conditions of neoclassical tearing modes (NTM) (8n crit o< p7,
for the collisionless case) was extended to smaller gyroradii
by discharges with pellet injection. Fishbones were shown not
only to affect the fast particle population, but also to directly
influence the background plasma limiting the central peaking
of the electron temperature, impurity density, and current pro-
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files. Different types of fishbones have been observed when
using only either the more radial or the more tangential NBI.
In discharges with fast-particles provided by the more radial
beams, fishbones limit the achievable 7 values as soon as a
critical value of the fast particle pressure is reached. If only
the more tangential beam lines are used, no confinement degra-
dation due to fishbones is observed, although the amplitude of
the observed fishbones is even larger than in the radial-injection
case. The ability of these strong fishbones to affect the back-
ground plasma in a similar way to sawteeth, together with their
negligible effect on confinement, can help to achieve quasi-
stationary discharge conditions in advanced scenarios.

Fast particles also affect NTMs. The NTM frequency often
shows fast jumps to higher values followed by a frequency de-
crease accompanied by a (2,2) mode burst. These frequency
jumps very much resemble (1,1) fishbones in the time devel-
opment of the frequency and mode amplitude and therefore
indicate direct interaction of fast particles and the toroidally
coupled (2,2) component of the (3,2) NTM.

The effect of MHD instabilities on confinement in conventional
scenarios, was summarized to develop an operational diagram
in normalized space of density and heating power. The Gy val-
ues attainable in the absence of MHD phenomena were derived
by means of an empirical energy confinement scaling law for
ASDEX Upgrade type-I ELMy H-mode discharges.

For high heating powers/low densities the scaling law can only
be obtained with the more tangential beams (so far 10 MW
available), otherwise the 3 values are limited by fishbone ac-
tivity. Access to the second stable regime for NTMs due to the
stabilizing effect of collisionality at high densities was verified
by further experiments.
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FIG. 9.5:  Operational diagram for conventional discharges
with qos = 3.4, & = 0.14, Ip = 1 MA. Achievable 3 values
according to the confinement scaling are indicated by grey
scales. The NTM instability region is surrounded by a solid
line. In addition, experimental data for the NTM onset (solid
circles) as well as discharge conditions without NTM (blank
circles) are shown. The limits for fishbone instability and the
3 limit caused by fishbones in the case of radial injection are
indicated by dotted and dashed lines, respectively.

9.8 Observation of the High-/7 Plasmoid Drift

It was shown that pellet injection from the magnetic high-field

side (HFS), which is the torus inside, is preferable to low-field
side (LFS) pellet injection. It was postulated that this is caused
by a fast high-/7 plasmoid drift which is always directed to
the magnetic LFS independently of the direction of the pellet
motion. This drift leads to fast particle loss for LFS pellet
injection and material transport towards the plasma centre for
HFS. When a pellet is injected into a hot plasma it ablates
and a neutral gas cloud forms around the pellet. This ablation
cloud is heated by the incoming electron heat flux parallel to
the magnetic field lines. The heat flux causes ionization of the
ablated material (time scale <1 ps) and a cold, dense plasmoid
forms (Z; 1 = 1.6V, nepy=1..Tx 1023 m~3, Tpl, LB ™~ D
mm). The plasmoid spreads out along the magnetic field with
the ion acoustic speed of the cold plasmoid, while the electrons
of the hot background plasma carry energy with their thermal
velocity into the plasmoid. Strong 3,; enhancement inside the
plasmoid therefore takes place (typically Gpi/G0 ~ 10). This
causes a strong disturbance of the equilibrium and the diamag-
netic plasmoid is accelerated out of the magnetic field to the
LFS (apt = Tepi/(m;Rpr) with ion mass m; and major ra-
dius position of the plasmoid R,;). In ASDEX Upgrade an
optical diagnostic with high space and time resolution was in-
stalled to observe this drift directly. At each side, LFS and
HFS, the diagnostic has 10 lines of sight viewing toroidally
onto the pellet path and covering a radial distance of about
15 ¢cm. Simultaneous measurement at two wavelengths of the
emitted light gives information about the plasmoid tempera-
ture and density. Additionally a spectrometer was used to de-
termine n. p from Stark broadening. Acceleration of a se-
quence of discrete plasmoids to the torus outside independently
of the direction of pellet injection was observed. The mea-
sured acceleration ap; ~ 108...10° ms~? and velocities of up
to vpr ~ 10%...10* ms™! agree well with theoretical expecta-
tions. From density profile measurements a material shift of
about 0.1 m was determined. During the drift the plasmoid is
heated (about 10 eV in 5 ps). The formation of a sequence
of discrete plasmoids is correlated with the well-known stri-
ations. [J, radiation measurements in time and space show
nearly periodic modulation of the radiation intensity. This is
caused by modulation of the cloud density which surrounds
the pellet. Detailed analysis shows that the density modulation
of the ablation cloud is caused by the material removed from
the high-7 plasmoid by the drift and affects the shielding of
the pellet against the incoming heat flux. The ablation cloud
temperature stays nearly constant during this process.

9.9 Improved Performance with
HFS Pellet Injection

The application of HFS pellet injection allows efficient particle
fuelling especially in hot target plasmas. In previous experi-
ments density ramp-up far beyond the Greenwald limit could
easily be achieved without losing typical H-mode features.
However, some confinement degradation with increasing den-
sity is still faced. There are several potential limitations to per-
formance. For example, avoiding in ASDEX Upgrade the onset
of neoclassical tearing modes triggered by pellets needs oper-
ation at sufficiently high density. Since excessive confinement
degradation is observed in discharges with high edge density,
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sufficient pumping is essential to exhaust recycling particles.
In these optimized conditions the confinement limitation is due
to the occurrence of pellet-triggered ELM bursts. These ELM
bursts consist of several ELMs, each stronger and longer than
spontaneous ELM’s. The sequence of pellet-triggered E1Ms
lasts typically =10 ms. In coincidence with the sequence, the
plasma energy 1y, 1y p is observed to be reduced to an extent
consistent with the assumption of thermalized pellet particles
lost during the ELMs. Thus, it seems the pellet-induced ELM
burst creates a particle and energy loss channel, somewhat re-
ducing both the fuelling efficiency and the energy confinement.
Whereas the particle loss is not serious, since it can easily be
compensated by adapting the pellet particle flux, the additional
energy losses cause a drop in confinement. With termination
of the pellet train, this loss channel closes and the plasma can
recover 1ts initial energy content. Since usually the bulk par-
ticle confinement time exceeds the energy confinement time,
enhanced performance can be achieved transiently while high
densities are maintained and the energy has almost fully recov-
ered. Thus, density control by injection of pellet trains causes
a fuelling cycle achieving improved performance transiently
but repetitively. A typical pellet fuelling sequence is shown
in Fig. 9.6, where the evolution of f, vs. Wargp is given
and compared with a purely gas-puff-fuelled phase. Starting
from conditions achieved by moderate gas puffing (1), a string
of 6 pellets (PI - P6) results in significant density enhance-
ments (2). However, Wy ;7 p already drops after the 1st pellet.
After termination of the pellet train (dashed arrows), Wasup
recovers to its initial level while the pellet-induced density en-
hancement decays. However, Wy mp recovers faster than the
density decays, and transiently enhanced density at full inital
H-mode confinement is realized (3). Optimization of the pellet
fuelling cycle can be achieved by reducing the pellet flux and
thus the energy loss rate to a minimum.

Pellets

Gas puff

5 10 15
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FIG. 9.6:  Evolution of a pellet fuelling sequence consisting
of a string of 6 pellets.

9.10 Use of a Neural Network for Prediction of
Disruptions on ASDEX Upgrade

Most of the plasma disruptions in ASDEX Upgrade happen
in a plasma parameter regime far from the desired operational
space (H-mode, high ) and are usually announced by well-
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identified precursors. In this work we make use of the ex-
perience gathered in several years of operation and disruption
studies to train a neural network to recognize a forthcoming
disruption. An Artificial Neural Network implements a non-
linear function, mapping one multidimensional space I onto
another, z. This function contains several parameters, which
are to be determined during training. Training consists in evalu-
ating the parameters which minimize the difference between the
target output £ and network output Z. We use a so-called feed-
forward multilayer (two layers, in this work) perceptron. The
f?'h—component of the vector output (h = 1, nz) can be written
as zp = F(3 Y, WYhiy;), with y; = }'(Z;; WXijz;) and
F(a) = (1 4+ exp(—a))~!. For training the network needs a
large database of input vectors and associated outputs. The in-
put consists of the time histories of several plasma parameters;
the output of the network was chosen as the time interval up
to the disruption. The database used to train and validate the
network consists of shots in the range 10000 - 10800 (16398
data points from 106 shots), which ended with the disruption of
a lower-single-null plasma in flat-top. Only the pre-disruption
phase of these shots was selected as part of the input for the
network. Several networks with different numbers of hidden
neurons and different numbers of input data were trained and
tested. The performance of the best network was tested off-
line in the flat-top phase of 500 shots without disruption (in the
shot range 10000-10850) and 36 disruptive shots (in the range
10000-11300), which were not included in training. It must be
stated at this point that the performance of the neural network
outside its training space is not yet reliable. Since our net-
work was trained with only pre-disruption plasmas, the input
data for the feed-forward prediction of the time-to-disruption
has to be pre-processed to determine whether it belongs to the
training space (novelty detection). This is now being done by
modelling the unconditional distribution of the input with a his-
togram. The disruption alarm was defined as Aty < —50 ms
for 7.5 ms. The prediction of the disruption was defined to be
correct if the disruption alarm was activated in the time inter-
val [tgisr — 400 ms, t4isr — 5 ms]; a disruption alarm in shots
without disruption or more than 400 ms before a disruption was
considered a false alarm; a disruption was not recognized when
the disruption alarm was activated too late or not at all. The
results of the analysis were as follows:

(i) 97 % of the disruptions were recognized by the network,
but only 78 % by our novelty detection method;

(ii) the network produced at least one false alarm in 32 of the
500 shots (6.4 %).

The present work shows that a disruption recognition system
based on a neural network is feasible and relatively reliable (80
% predicted events and a few % false predictions) and encour-
ages further development of such systems and their application.
The feed-forward calculation of the output of a trained network
is in fact simple and fast, making it suitable for real-time ap-
plications.

9.11 CLISTE Interpretive Equilibrium Code

The "Fast Mode" linear least-squares algorithm for CLISTE
equilibrium interpretation, first developed towards the end of
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1998, was enhanced to (i) produce confidence bands for flux
surface profiles and (i1) accept MSE input data. The code was
parallelized to run concurently on an arbitrary number of work-
stations using the Message Passing Interface for inter-processor
communications. It is now running automatically after each
plasma shot, delivering about 50 timepoints within 3 minutes
of the FP results for the current shot being made available.
Flexible current profile parametrization is desirable to fully uti-
lize the information contained in the 10 MSE channels. To
reconcile this with the need for stability and a high success
rate in finding a well-converged solution to this ill-conditioned
inverse problem, a lot of attention has been paid to the ques-
tion of regularization.- The code was recently enhanced by a
dynamic regularization feature, involving both Tikhonov-like
regularization (where the modulus of the solution vector 1s pe-
nalized) and curvature damping of the current density source
profiles. The regularization parameters are progressively re-
laxed with progress towards convergence, but this relaxation is
conditional on the solution remaining well-behaved and may
be reversed. This feature has a computational price, however,
since the number of iterations roughly doubles. The ultimate
goal of this work is non-parametric representation of the current
profile, which in the present context means spline representa-
tion with a large number of knots.

10. ICRH RESULTS

The experiments concentrated on two aspects:

1. Checking how the changes to the antenna affected the cou-
pling. During the 1998 summer shutdown opening, the anten-
nae were reconfigured to allow plasmas with higher triangular-
ity. The consequence is that, in the equatorial plane, the antenna
is 2.5 ¢m further from the plasma. The depth of the antenna was
increased to compensate for the increase in antenna-plasma dis-
tance and avoid too large asymmetries between the two loops
of the antenna. For the low-triangularity single-null plasmas
(Fig. 2.1a)) the antenna coupling could be maintained, despite
the increased plasma-antenna distance at the same plasma po-
sition. In the case of high triangularity, the antenna coupling is

Sawtooth Frequency (1/s)

50 T T T T T T T

<
< g ICRF 2.5 MW
@®
L m NzsMw |
*
&
k3]
30 < 4
()
L o J
,,,,,,,,,,,,,,,,,,,,,,,, L] E
T
16 L ] u |
15 17 19 21 23 25

Toroidal Magnetic Field (T)

FIG. 10.1: Variation of the sawtooth frequency with the central
magnetic field. The ICRF frequency is 30 MHz. The ion
cyclotron resonance position is central for B = 2 T.

typically maintained because, for stability reasons, these plas-

mas are operated nearer to the antenna.

2. Influence of the location of the power depostion. At high
power, the influence of the location of the power deposition
was investigated by varying the position of the H-minority res-
onance layer in a D plasma. The application of the [CRF power
strongly increases the sawtooth frequency if the H resonance
layer is located on the high-field side of the plasma centre,
whereas it increases this frequency only slowly if it lies on
the low field side of the plasma center. Electron temperature
profiles are only marginally affected. Figure 10.1 shows this
variation of the sawtooth frequency as a function of the central
magnetic field for an ICRF frequency of 30 MHz.

Furthermore, it was shown that ICRF could be successfully and
beneficially applied quite early in the discharge: ICRF heating
assisted the plasma current start-up during a period when high
impurity concentration made this start-up difficult while the
plasma density was still too low to use NBL

11. THE ROLE OF MOLECULES
IN DIVERTORS

Detached divertor plasmas are characterized by a spatial pat-
tern of recombining and ionizing layers. Ho molecules (and
their isotopes) have recently been identified as important species
which may influence the energy balance and ionization degree.
Indeed, Molecularly Assisted Recombination (MAR) had been
suggested in this context, relying on significant vibrational ex-
citation of the electronic ground state molecules. It was spec-
ulated that, e.g. for an ITER-size machine, detachment of the
divertor plasma might be achievable under upstream conditions
somewhat relaxed as compared with what was predicted by the
usual divertor models. The chain of reactions which played
the key role in these arguments was vibrational excitation of
molecules by electron impact (through resonant H, levels),
then ion conversion, p+ Hy — H + HJ | followed by immedi-
ate dissociative recombination, e+ H;’ — H+ H*. The excited
atom decays by spontancous emission. At the end of this chain,
one electron-ion pair has recombined into an H atom, and the
H> molecule has dissociated into H + H. The ion conversion
part is resonant (comparable to resonant charge exchange be-
tween H atoms and protons) if the molecules are vibrationally
excited in the v = 4 level. Under typical high-recycling di-
vertor conditions, when molecules travel in a bath of 7-8 eV
(or hotter) electrons, the molecules are destroyed before they
reach such vibrational levels. Hence this chain of reactions is
irrelevant there. For detached divertor plasma conditions this
is not necessarily so. Inspection of the atomic database of the
EIRENE code, in particular its collisional radiative models for
molecules, showed that matters can be more complicated. The
relaxation time for establishing a vibrational distribution of the
ground-state molecule is comparable to the transport time of
the molecule, hence the applicability of local collisional radia-
tive approximations is questionable. Furthermore, one of the
two atoms created in dissociative recombination is electroni-
cally excited and, hence, can be ionized very effectively even
at low divertor plasma temperatures (instead of radiative de-
cay). In this case, the whole chain of reactions would be just
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enhanced ("molecularly activated") dissociation (MAD), rather
than recombination (MAR). Figure 11.1 illustrates this context,
taking into account the distinct dependences of MAR and MAD
on n.. In order to eliminate this uncertainty from current edge
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FIG. 11.1: Rate coefficients for molecularly activated recom-
bination and dissociation.

plasma models, an experimental campaign was carried out at
ASDEX Upgrade by using the divertor spectrometer. It was.ad-
Justed to measure lines of the molecular Fulcher band (an n=3
to n=2 transition in the molecular triplet system, in the visible
range, hence corresponding closely to the H,, line for atomic
Hydrogen). By this means, and in combination with an appro-

ASDEX Upgrade Lyra divertor

lines-of-sight

Z0Voo1

FIG. 11.2: Divertor geometry with the grid of B2-EIRENE and
lines-of-sight used in measurements.

priate model for electronic excitation of Hydrogen molecules
(e.g. as available in EIRENE), it has become possible to mea-
sure molecules directly, as distinct from various rather indirect
inferences from the Balmer spectrum carried out elsewhere.
The experimental setup is indicated in Fig. 11.2, also show-
ing various lines-of-sight. Fulcher photon fluxes were mea-
sured in three identical Hydrogen plasma shots which included
a transition from attachment to detachment. A series of shots
is necessary in order to obtain the vibrational population of
the molecules. The time-resolved and line-integrated measure-
ments were compared with space-resolved calculations. The
calculated results were obtained from a series of B2-EIRENE
runs. These calculations are based on conventional 2D plasma
edge models supplemented by a particular collisional radiative
(multistep) approximation for the molecules and with trans-
port parameters chosen from extensive code validation runs for
ASDEX Upgrade conditions. Both attached and detached con-
ditions were simulated and a series of different approximations
of the treatment of vibrationally excited molecules has been
tested. The experimentally derived vibrational polulations and
photon fluxes together with the various B2-EIRENE predictions

are shown in Figs. 11.3 and 11.4. The main results from com-
parison of predicted and measured molecular Fulcher photon
fluxes. with the other major diagnostical results more or less
reproduced by B2-EIRENE, are:

I.  In the detached case as well in the attached plasma the
molecules are significantly excited vibrationally. The rel-
ative population of the v = 4 level, being important for
the ion conversion chain, reaches several per cent.

2

The Fulcher intensities can be correctly matched, but only
if due consideration is given to the effect that not only
1s the upper level is largely populated and depopulated
from the ground state (and to the lower n=2 triplet state,
respectively), but also other states of the molecules are
heavily involved and the light emission is truly a multistep
process (the corona assumption has led to discrepancies
between modelling and measurement by a factor of more

than 20).

3. The modelling results can be grouped into two cases:
one with explicit treatment of the vibrationally excited
molecules (and the consequences thereof) and one without.
Agreement can only be achieved in the first case.

4. Within the first group, the various treatments of surface

effects on the establishment of the vibrational distribution

did not allow experimental verification of one of them

against the others. The results are robust to this detail of

the model.
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FIG. 11.3: Vibrational population in the ground state of Hy-
drogen in detached and attached plasmas.
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FIG. 11.4: Comparison of measured Fulcher photon fluxes
with B2-EIRENE calculations for various cases of molecular
effects.

5. Spatially resolved results demonstrate that molecular den-
sities are only comparable to atomic densities within a
small layer near the divertor walls, and much less so fur-
ther inside the divertor plasma.
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6. For ASDEX Upgrade, detachment is harder to achieve
with the presence of vibrationally excited molecules taken
into account than without. This result i1s exactly the
opposite of what would have been expected without such
detailed bookkeeping of the various competing processes
and forces as provided by the B2-EIRENE code. For pure
plasma conditions (no impurities were explicitly treated in
these simulations, but their effects were mmplicitly taken
into account, in the choice of boundary conditions), the
upstream density for the onset of detachment had to be
increased by a factor of 1.5 to 1.7 in order to recover those
divertor conditions with full treatment of the molecular
effect which would result with the simpler models hitherto
employed. The strength of the new molecular effects may
be somewhat weaker in simulations where full account is
taken of the impurities in the SOL as well. However,
the trends are very robust and the qualitative and even
quantitative agreement with the detailed spectroscopical
results are a further strong indication.

While these investigations afforded better qualitative under-
standing of the role of molecules in a divertor, it has to be kept
in mind that quantitative predictions may be different for Hy-
drogen and Deuterium. Concerning Deuterium, the vibrational
levels and some selected rate coefficients have to be replaced in
the codes and, in addition, the application of isotopic relations
has to be critically reviewed.

(In collaboration with Universities Augsburg and Diisseldorf.)

12, SOL AND DIVERTOR PHYSICS

12.1 Spectroscopic Investigations of
Volume Recombination

In order to obtain time-resolved recombination measurement
during the ELMy H-mode, highly time-resolved and spatially
resolved measurements of the ratio D, /D, were made (Fig.

12.1). In the outer divertor, two identical arrays with lines of

sight looking radially across the strike point are available in
two different toroidal positions. The lines of sight are coupled
to two photomultiplier systems with interference filters, per-
mitting measurement of the ratio with a time resolution of 100
ps. During a NI-heated H-mode density ramp with gas puffing
the confinement degradation begins at about 0.6 of the Green-
wald limit concurrently with the onset of volume recombination
and detachment at the outer divertor (at t=3.1 s). Above this
density there is full detachment and strong volume recombina-
tion alternating with phases, triggered by the heat fluxes due
to ELMs, of attached plasma and low volume recombination.
The recombination radiation was also used for determination
of the temperature under high-density, low-temperature diver-
tor conditions. There exist various spectroscopic methods for
measurement of the temperature. They rely on the observation
of bound-bound transitions and free-bound transitions in atomic
Hydrogen. The Boltzmann plot is based on the measurement
of the population of the Hydrogen levels above the collision
limit. Temperatures can also be derived from the ratio of Hy-

drogen continua; the application of the Balmer and Paschen
continuum is called the Balmer sprung method. It was found
that the two methods, Boltzmann plot and Balmer sprung, do
not yield the same result. Temperatures derived from the Boltz-
mann plot are significantly lower than those obtained from the
Balmer sprung method (Fig. 12.2). These discrepancies are
explained by taking into account the inhomogeneity of the di-
vertor plasma. The measured intensities are line-of-sight in-
tegrated along the density and temperature gradients. Due to
the different dependences of the Balmer and Paschen continua
and of the Balmer lines on T, there is a weighting effect of
emission which leads to deviations between the applied meth-
ods and the average temperature. The different spectroscopic
methods have been applied to synthetic measurements through
density and temperature profiles calculated with B2-EIRENE.
In accordance with the experimental observation, it could be
shown that temperatures determined by the spectroscopic meth-
ods of the Boltzmann plot and Balmer sprung tend to be lower
and upper bounds of the line-averaged T, when applied to an
imhomogeneous divertor plasma.
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FIG. 12.2: Temporal evolution of the temperature in the outer
divertor (from channel ROV10) during simultaneous ramp-up
of density and neutral beam power.

12.2 In-out Divertor Asymmetry

The experiment shows a fundamental in-out asymmetry of the
temperature in the divertor. In the standard configuration (sin-
gle X-point at bottom, ion VB drift to the X-point) the tem-
perature is almost constant in the inner divertor. A variation of
the power input influences mainly the temperature in the outer
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divertor. The asymmetry of the divertor temperature is mostly
pronounced at low line-averaged density. These experimen-
tal features were reproduced by a B2-Eirene simulation of the
edge plasma without inclusion of the drift terms. It shows a
transition from an almost symmetric to an asymmetric solution
already known from 1D-modeling (bifurcation). In the model
the symmetry is broken by geometric effects. In contrast, in the
tokamak plasma the symmetry breaking is due to ExB effects.
The asymmetry is then amplified by the bifurcation, which is
the result of the nonlinear interplay of heat conduction and
impurity radiation.

12.3 Heat Flux and Divertor Radiation Losses
for Difterent Divertor Geometries.

The lyre-shaped divertor (Div II) was used to run discharges in
a closed divertor geometry with the strike point at the vertical
target plates as well as in an open geometry comparable to the
Div I situation with the strike point at the top of the roof baffle.
It was shown that the open geometry in Div Il is comparable
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FiG. 12.3: Maximum parailel heat flux at the outer target plate
Jor different divertor geometries. The heat flux was normalized
to a density of 10*°m™% and a safety facior of 4.

with the Div I situation. The maximum heat flux at the outer
target is by a factor of about two increased in relation to the
closed-divertor situation (Fig. 12.3), whereas the radiation in
the divertor region decreases from about 40 % of the input
power to 20 %, as was also found in Div I (Fig. 12.4).
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FIG. 12.4: Fraction of the radiated power in the divertor as a
function of the input power for different divertor geometries.
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12.4 Divertor Compression Modelling

A wide range of parameters have been simulated for AUG. with
the emphasis on simulations with D+C+He and H+C-He. A
range of chemical sputtering coefficients were used to determine
self-consistently the C concentration in the plasma, and trace
amounts of He have been included in the simulation so that
He compression can be studied (see Fig.12.5). The transport
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FIG. 12.5: H compression and H enrichment as a function of
the H neutral flux density at the pumping duct for simulations
of ohmic shots. Some experimental results are also shown for
comparison.

coefficients and divertor geometry were varied, and the impact
of these changes on the peak power to the targets, impurity
radiation, and He compression were examined.

An interpretive version of the new B2 code is being developed
so that the underlying transport coefficients can be extracted
from the experimentally measured temperature and density pro-
files. So far it has been tested for a range of ASDEX Upgrade
shots.
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FIG. 12.6: Normalized thermal diffusivity versus Greenwald
densities.
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INTERNATIONAL COOPERATION

The collaboration with other international institutes and univer-
sities was considerably extended. Besides the below-mentioned
collaborations there was cooperation with the following insti-
tutions: Istituto de Fisica del Plasma, CNR (Italy); Ecole
Polytechnique Fédérale, Lausanne (Switzerland); University
of Strathclyde (Scotland); FOM-Institute voor Plasmafysica,
Rijnhuizen (Netherlands); University of Toronto (Canada); In-
stitute of Applied Physics, Nishni Novgorod (Russia); IV.
Kurchatov Institute of Atomic Energy, Moscow (Russia);
IOFFE Institute, St. Petersburg (Russia); Institute for Plasma
Research, Bhat, Gandhinagar (India); Southwestern Institute
of Physics, Chengdu (China); Institute of Plasma Physics,
Academia Sinica, Hefei (China); Korea Basic Science Insti-
tute, Yusung (Korea); NIFS, Nagoya (Japan); Kuo University,
Yokohama (Japan).

1. DOE - ASDEX Upgrade Activities

The 14th meeting of the Executive Committee (EC) was held
on September 29, 1999, at Oxford during the IAEA TCM on
H-mode and internal barriers. The current contract will end
in July 2000. By virtue of the fruitful collaboration during
the last 10 years, which was beneficial to both sides, the EC
proposes extension of the [IEA ASDEX Upgrade Implementing
Agreement (IA) for another 5-year period. Closer cooperation
with the EC of the IA on the Three Large Tokamaks should
be envisaged.

1.1 SOL and Divertor

B. Braams from NYU spent some weeks at IPP continuing
development of the B2.5 code.

The B2-EIRENE code package has been used at ORNL for a
number of years. The new B2.5 code, developed jointly by
NYU and IPP, was adapted there. On the other hand, IPP
benefited from ORNL’s experience in modelling JET with the
B2 package. A neutral model developed at PPPL includes
treatment for molecular hydrogen. It will be incorporated into
the IPP version of B2.5. Furthermore, the possibility of using
B2.5 in modelling NSTX was discussed.

1.2 Plasma Turbulence

There is already close collaboration between the University of
Maryland and IPP Garching focusing on the theory and nu-
merical simulation of plasma turbulence. To further refine the
description of collissionless and kinetic effects a longer stay of
an IPP scientist at Maryland is envisaged.

The work on electromagnetic drift wave turbulence was ex-
tended by incooperating trapped electron dynamics within a
gyrofluid model, and the model was extended to the regime

of arbitrarily strong disturbances of an inhomogeneous equi-
librium.

1.3 Impurity Transport

IPP’s STRAHL code together with the appropriate atomic data
basis was implemented at DIII-D, and collaboration on impu-
rity transport and radiation in tokamak plasmas was started.
Exchange of modelling and analysis techniques in this area is
envisaged.

1.4 MHD

In collaboration with PPPL fast-particle-driven MHD instabili-
ties were studied, and their NOVA-K code was installed at IPP.
Of main interest is the theory of the MHD at the plasma bound-
ary. The GATO code for studying the mode structure of ELM
precursors was therefore adapted. Collaboration with DIII-D
was started to derive scaling conditions for the occurence of
tearing modes in ITER from data gained by JET, DIII-D, and
ASDEX Upgrade.

1.5 Ion Cyclotron Resonance
Frequency Heating

A Memorandum of Understanding was written under the um-
brella of the IA with the goal of developing new ICRF antennas
for ASDEX Upgrade. The boundary conditions for these new
antennas were fixed. Tests of the ferrite tuners, borrowed from
DIII-D, during plasma operation in ASDEX Upgrade were per-
formed.

A new version of the TORIC code with an accurate evaluation
of ion Bernstein waves by the electrons had been installed at
MIT, and a few Alcator C-MOD shots with He3-D plasmas
in the mode conversion regime were simulated. The improved
code predicts the experimantal results more accurately. The
MIT routine for evaluating the steady-state current driven by
IC waves and an interface, also written by MIT, were adapted
to the code. This interface will increase the portability of the
code and, facilitate the task of keeping the versions used at
different labs the same, as new physics is added to the code.

1.6 Plasma-wall Interaction

The use of alkaline metals such as Li in fusion devices is
of interest since the low atomic number makes the impurity
problem of the central plasma unimportant. Furthermore, liquid
metals do not show damage, can survive disruptions, and allow
higher heat transfer. At Sandia Livermore measurements and
calculations regarding composition changes of Sn/Li alloys due
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to 1on bombardment were made.

At Oak Ridge the implantation of W ions (1 - 100 keV) and
their interaction with carbon surfaces due to erosion, diffusion,
and the carbidisation at temperatures up to 600 C were studied.

2. CEA, Cadarache

The six working groups established for collaboration between
ASDEX Upgrade, W7X, and CEA had a common meeting in
November 1999 to discuss special issues. A new working
group concerning heating and current drive with ICRF was
established.

3. University of Cork, Ireland

The collaboration with the University of Cork concerning MHD
equilibrium identification using magnetic measurements was
continued. The “CLISTE” interpretative equilibrium package
includes information from magnetic probes, MSE diagnostics
and rational q-values from SXR measurements. It was further
developed as described in Sec. 9.5, ASDEX Upgrade Project.

4, DEMOKRITOS, Greece

The reciprocating divertor Langmuir Probe System (LPS) con-
structed and operated by Demokritos was successfully applied
to a series of L- and H-mode plasmas up to medium heating
power levels. Depending on the mode of operation, the LPS
delivers spatial profiles of density, temperature, potential, cur-
rent, and Mach number for both divertor legs along a horizontal
line about 5 cm below the X-point. Beyond this routine oper-
ation there were two important discoveries in this period: (1)
the observation of high current and voltage spikes during Elms
at a position far from the separatrix, interpreted as unipolar
arcs, and (2) a surprisingly strong change in the H-mode Elm
behaviour when the active, small probe tips crossed the sepa-
ratrix (probe current about 1 ampere), while the massive probe
body obviously had no effect at the same posistion.

3. Centro de Fusdo Nuclear, EURATOM
IST Association, Lisbon, Portugal

This cooperation aims to investigate and exploit microwave re-
flectometry for profile and fluctuation measurements. In the
framework of this collaboration, a multi-band fast-sweeping
frequency modulation (FM) reflectometer is being operated on
ASDEX Upgrade.

Techniques for automatic evaluation of density profiles have
been further developed and are now being regularly used to
complement the data base with reflectometry data.
Fluctuation measurements were made during formation of the
H-mode (edge) transport barrier and internal transport barri-
ers (ITB). For example, the relative timing of H-mode barrier
and ITB formation was studied by making simultaneous mea-
surements at different microwave frequencies. It is planned
to extend this type of study and further develop the experi-
mental techniques to investigate transport-relevant fluctuation
properties.
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6. UKAEA, Culham, United Kingdom

The collaboration with UKAEA Culham was continued in 1999.
The main focus was discussion of neoclassical tearing mode sta-
bilization experiments performed with LHCD in COMPASS-D
as compared with those done with ECCD in ASDEX Upgrade.

L. Institut fir Allgemeine Physik of TU
Vienna and Friedrich Schiedel Foundation

In addition to the ongoing cooperation on tokamak edge di-
agnostics with lithium beams, first experiments were made on
ASDEX Upgrade (and in parallel at JET) on the possible use
of helium beams for plasma diagnostcs in fusion plasmas. In a
first step, one beam source of the ASDEX Upgrade neutral in-
jection heating system was operated with helium (30 keV) and
the visible line radiation was observed with an existing, though
not optimized, spectroscopic system (CXRS equipment). The
results were compared with numerical modelling based on the
ADAS spectroscopy data collection. The results are very en-
couraging and the experiments are to be continued. These activ-
ities are supported by the Austrian Friedrich Schiedel Stiftung
fiir Energietechnik.

8. TEKES (HUT and VTT), Finland

The collaboration between TEKES and IPP aims to use kinetic
modelling to investigate several effects in a fusion plasma: par-
ticle trajectories and ion distribution at the plasma edge, neo-
classical radial electric field and ion losses. Calculations were
made for real ASDEX Upgrade geometry to establish the effect
of the radial electric field on measured charge exchange neutral
particle spectra. In a further study, the neoclassical radial elec-
tric field is determined self-consistently in full geometry from
the balance of particle losses and neoclassical viscosity. It is
planned to continue and extend the studies on the L- mode to H-
mode transition, effects of non-thermal distribution functions,
and support of interpretation of neutral particle diagnostics. In
addition to this work, a Ph.D. thesis is devoted to investigation
of MHD instabilities leading to edge localized modes. A model
based on coupled kink-ballooning modes has been applied to
ASDEX Upgrade geometry. Regions of positive growth rates
were found in keeping with experimental conditions at the onset
of type I edge localized modes with realistic bootstrap current
profiles.

9. Cooperation with Russian Institutes

The impurity pellet injector was mounted in a new sector (n.5)
closer to the plasma. The development of a Simatic program
now allows use of the injector in triggered or feed-forward
mode. A differential pumping system for the impurity pellet
injector was built by S. Egorov from SPU and is to be installed
in the near future.

10. CREATE Group, Naples, Italy

Collaboration continued on the prediction of disruptivity using
neural networks.
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JET Cooperation Project
(Head of Project: Prof. Dr. Michael Kaufmann)

In 1999, JET operation was in two campaigns, divided by a summer shutdown during which the inboard track for high-field-side
(HES) pellet launch was installed. This installation involved a combination of remote handling and manned intervention into the
vacuum vessel and demonstrated once again the possibility of successfully undertaking complicated operations in a tritiated vessel.
The experimental programme in both campaigns was divided into two task forces: in the January-to-May experimental campaign
- Task Force A: ELMy H-mode Physics for ITER and Task Force B: Performance Optimization Physics for ITER and DTE2; in
the September-to-December campaign - Task Force P: Pellet Fuelling, ELMy H-mode and Divertor Physics and Task Force C:
Confinement with ITBs and Plasma Shaping in ELMy H-modes.

TFA/P Results: Initial assessment of the new gas box divertor was completed. H-mode performance was shown to be largely
independent of divertor geometry, as had been the case with previous divertor geometries. Exhaust of deuterium, impurities, and, in
particular, helium was shown to improve with divertor closure. The septum dividing the two divertor legs provided some interesting
new physics: balanced detachment was obtained in L-mode discharges, and easier H-mode access was demonstrated. HFS pellet
fuelling was demonstrated to be an effective fuelling method even in a large machine such as JET. Some confinement degradation
was observed with density increase in ELMy H-modes and experiments to minimize this degradation by careful programming of the
pellet size and timing were begun. Improved edge and SOL diagnosis allowed exploration of further physics issues. Unexpectedly
large SOL flows were measured at the top of the machine and their influence on impurity transport is being investigated. Fluctuation
measurements have begun which permitt exploration of the fundamental causes of edge and scrape-off layer transport.

TFB/C results: The main priority for this task force was to obtain quasi-steady-state internal barrier (ITB) discharges. In discharges
with an L-mode edge MHD events terminate the ITB due to excessive pressure peaking. In type I ELMy H-mode discharges, a
high edge density and the radial extent of the ELMs erode the ITB. However, argon dosing at the edge can reduce the ELMs to type
I1II. With argon dosing and optimum heating timing, 3y = 2.6 and H89 = 2.2 at 2.5MA/2.5T were obtained for several seconds.
At 3.5 MA/3.45 T fy was limited to 2.0 at 18 MW NBI + 10 MW ICRH, the maximum combined heating power available at
JET. Conditions for ITB formation concentrated on variations of the total heating power, q-profile, type of heating power (NBI or
ICRH), and shear in the centre. After the summer, priority was shifted to ITER shaping studies, in which plasmas with various
elongations (up to 1.9) and triangularities (up to 0.4) were checked against the existing scaling law in standard H-mode discharges.
The density scaling for the scaling laws does not agree with the observations in JET. In ITB discharges pellet fuelling during the
steady-state conditions show that the ITB goes away when pellets are injected due to loss density peaking.

The end of 1999 also saw the end of the JET Joint Undertaking. In 2000 a new structure in the framework of the European
Fusion Development Agreement (EFDA) will oversee the operation and exploitation of JET: The JET facility will be run by the
UKAEA under contract with the European Commission and the physics exploitation of JET will be done by task forces from the
Associations, coordinated by a small Central Support Unit under the direction of a new JET Associate Leader.

The IPP contributions to JET mostly concentrated on the four Task Agreements:

1 Task Agreement No. 1 working JET extruders, the stop cylinder approach developed
for the ASDEX Upgrade centrifuge had to be adapted accord-
ingly. An additional in-vessel track was incorporated to fa-
cilitate pellet launch from the inboard (high-field) side of the
magnetic axis. The launch point is approximately on the mid-
plane and the trajectory is tangential to the flux surface at a
normalized minor radius of about 0.5. A fast-acting selector
mechanism permits individual pellets or sequences to be di-

In 1999, IPP gave further advice for the design, commission-
ing, and operation of the injection system and supported the
physics program with respect to pellet injection. For the first
time, cooperation was performed by guiding experimental in-
vestigations online from the ASDEX Upgrade control room.

A number of mechanical design changes and improvements to ] . .
the control system were subsequently made in the pellet cen- verted to either the inboard or outboard track. The system is

trifuge injector to improve pellet parameters and reliability. To now capable of launching 4 mm cubic pellets with a maximum

realize sufficient pellet delivery efficiency with the continuously designbrepztition rate of 10 Hz from either the torus inboard
or outboard.
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Comparison of inboard and outboard launch readily confirmed
the superior fuelling efficiency of inboard pellets with heated
plasma targets at JET. The re-distribution of the pellet mass
due to the ablatant drift was identified from the response of the
density profile, measured promptly after injection of the pellet,
and comparison with the ablation profile computed with the
Neutral Gas Shielding (NGS) code and inferred from the exper-
imental 1), ablation light. A range of L-mode target conditions
was used to vary the parameters expected to influence the drift
process, such as the magnetic field, safety factor, and target
electron temperature. In the H-mode, the difference between
inboard and outboard launch was more pronounced; outboard
launch was found to be very ineffective for fueling, whilst av-
erage densities at or beyond the Greenwald limit were readily
obtained by using inboard launch.

However, a significant reduction in energy confinement was
observed with increasing density. This reduction was attributed
to the occurrence of pellet-triggered ELM bursts of about 100
ms duration. ELM bursts, as observed before in ASDEX
Upgrade, consist of several ELMs stronger and longer than
a spontaneous ELM. Optimization of the pellet fuelling cycle
was performed by adapting the pellet size and frequency as
well as interrupting the pellet sequence for an appropriate time
to allow energy recovery. In this way, a distinct improvement
of confinement at densities close to the Greenwald limit was
obtained in relation to data obtained when using gas fuelling
alone.

Pellet fuelling of a pre-existing Internal Transport Barrier (ITB)
discharge usually resulted in destruction of the barrier however
recovery of the barrier occurred faster than the pellet-induced
density enhancement decayed. Furthermore, with outboard
pellets of reduced size (50-70$\%$) it was possible to raise
the density within the ITB.

2 Task Agreement No. 2

Erosion, re-deposition, and hydrogen isotope accumulation at
the vessel walls of JET were also studied for the T-discharge
period by special Long Term Samples (LTS) with an area of
about 0.8 cm?. They had been mounted into the inner wall tiles
and could be removed remotely at the first vessel opening after
the T-discharge period. From the decrease in the thickness of
the metal markers which had been deposited on the samples
before installation at JET, it was confirmed that the inner wall
is erosion-dominated. The total of T accumulated in the carbon
LTS was found to be about 5 to 7 10'* T/em®, resulting
in low enough activity so that the LTS could be analyzed in
some detail. An AMS (accelerator mass spectrometry) analyses
performed at the Accelerator Laboratory, Technical University
of Munich, showed a depth profile for the T ranging up to
about 3 um at concentrations in the 10~ atom % range, with a
minimum at the surface and a peak at a depth of about 2.5 mm.
A measurement of the H and D accumulated in the LTS gave
much higher concentrations in the few % range which peak
closer to the surface at a depth <1 ym. The T may originate
partly from DD reactions before the DT-discharge period and
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partly from the DT-discharge period. The much lower T
and higher H and D concentrations in the near-surface region
indicate very effective T removal during the glow discharge
conditioning, as well during the D-discharge period after the
DT-discharge period.

3 Task Agreement No. 8

Stationary Advanced Tokamak operation was postulated as ul-
timate goal to achieve a steady-state fusion reactor with highest
performance. To combine the experience gained in experimen-
tal scenario development, MHD analysis, transport code mod-
elling, and turbulence studies both on JET and ASDEX Up-
grade, scientists from IPP participated in the JET experiments
and their analyses. The final aim, which will be further pursued
in Task Force S2 after 2000, is the development of Advanced
Tokamak scenarios with experimental tests on both devices and
derivation of scaling laws for power thresholds and confine-
ment by means of similarity experiments in these new fields.
Special attention was paid in 1999 to identification of limiting
MHD modes, core fuelling by pellet injection from the high-
field side, transport barrier control with edge radiation, current
density measurements by MSE, and developments of the AS-
TRA transport code (implementation of an X-point equilibrium
solver, comparisons with JETTO transport analyses).

4 Plasma-Edge Theory Contributions

In addition to the official Task Agreements, several collabo-
rations in the field of modelling of plasma-edge-related issues
were undertaken.

4.1 Isotope effect on the L-mode density limit

A systematic study of the mass dependence of the L-mode den-
sity limit was conducted in JET hydrogen, deuterium, and tri-
tium divertor plasmas [187]. A previously proposed edge-based
model for the density limit was revisited to include mass depen-
dence. The model predicts, in particular, coupling between the
power and mass dependences which is in quantitative agree-
ment with the JET data.

4.2 Modelling of the low-pressure boundary
of ELM cycles in JET

The trajectories of ELMy H-mode discharges in the pedestal
density - pedestal temperature plane form cycles characterized
by high-pressure and low-pressure boundaries. While at least
for type-I ELMs the high-pressure boundary seems to be as-
sociated with the ballooning limit in the pedestal, the low-
pressure boundary is poorly understood. The scaling of the
low-pressure boundary was assessed for JET Type-I H-modes.
Discussion is guided by a semi-empirical model emphasizing
the role of scrape-off layer physics. The results suggest that
the high-pressure and low-pressure boundaries are governed by
distinctly different physics mechanisms.
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ITER COOPERATION PROJECT
(Head of Project: Prof. Dr. Karl Lackner)

1. PERFORMANCE ANALYSIS

131 H-mode Energy Confinement and
Power Threshold Analysis

0. Kardaun (IPP Garching), in cooperation with the ITER
Global Database Working Group.

Practical and theoretical interval estimation of the prospective
energy confinement time in ITER has been described in some
detail in a PPCF contribution which was elected as featured
article. Salient aspects of this article, which concentrated on
the ITERH.DB2 database and the ITER FDR design param-
eters, are the following: five different ‘definitions” of a 95%
interval estimate, each describing a distinct feature of the over-
all definition; a discussion of ITERH-92P(y) in ‘dimensionless’
physics variables; robustness of log-linear scalings against var-
ious types of (modelling) imperfections (database condition,
sensitivity to systematically shifting the data of each tokamak,
analysis of jackknife procedures, which omit data from one
tokamak at a time, random coefficient models); systematic cur-
vatures as previously found by Dorland and Kotschenreuther
in relation to systematic differences in measuring the stored
energy (Waia, Winna); the influence of hitherto ‘hidden’ vari-
ables (such as g5/ and the definition of the elongation, as
mentioned in the Annual Report 1998); robustified version of
the traditional statistical interval estimate, which is too narrow
in practice; variation of the interval width with the actual op-
erating point; discussion of a number of embedding physical
aspects and effects not incorporated in the scalings. The meth-
ods from this study provided the basis for the technical 95%
interval estimate of the more recently designed ITER options,
such as ITER IAM and ITER FEAT (7¢ = 3.66 x 20%£1/25).
The point estimate of the latter is based on the ITERH-98P(y,2)
scaling, which can be considered as the successor of ITERH-
92P(y) in describing ELMy confinement. At the time of writing
the ITER physics basis document it was felt that the data did
not warrant a preferential recommendation between ITERH-
98P(y) and ITERH-98P(y.2). In the course of 1999, the data-
base was enlarged again (ITERH.DB3v8) with additional data

especially from JET and from ASDEX Upgrade, COMPASS-
D, TCV, and the Canadian Tokamak TdeV. Following the Ex-
pert Group Meeting in autumn, a careful check of the ITER
Physics Basis scalings against the evidence from the enlarged
dataset led to recommendation of the ITERH-98P(y,2) scal-
ing for ITER design purposes. During the year, the Threshold
Database (organized by F. Ryter) was significantly improved,
especially with respect to the edge data. A considerable amount
of low-threshold W-divertor data from JT60-U was added, and
closed divertor geometry was identified as one source of scat-
ter. The status of the work has been well summarized in a
joint PPCF article by J. Snipes et al. The interval estimate
for ITER FEAT (18-55 MW) is lower than those based on the
ITER Physics Basis (IAEA-1996) threshold scalings.

1.2 Study of Radiation Limits in
Fusion Reactor Scenarios

G. Becker

Radiative mantle scenarios of the ignited ITER FDR (Final
Design Report) with argon and neon seeding were explored by
self-consistent simulations with a special version of the 1 1/2-
D BALDUR predictive transport code. The calculations apply
empirical transport coefficients and are carried out in both the
bulk and scrape-off layer. Operation-relevant upper limits to
the radiative power losses from the main chamber, from closed
flux surfaces, and from the scrape-off layer were found. Both
simulations and an analytic study of power balances show that
these limits are set by the radiation profile and by the cross-
field heat conduction in the scrape-off layer. For given heating
power, the conductive heat flux across the separatrix and the
energy flow to the divertor are also restricted. With high edge
density, the required thermal energy confinement times at the
radiation limits were found to be 4.4 s in the argon and 4.0 s
in the neon scenario. The assumption of flat density profiles
and no inward pinch in the whole plasma is supported by
simulations using a new scaling relation for the anomalous
inward drift. The dependence of the radiation limits on the
separatrix density was investigated.
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Development of an RF Source
for Negative lons

P. Franzen, B. Heinemann, W. Kraus, P. McNeely, W.
Schaerich, E. Speth, O. Vollmer

The ITER R&D contract (within the frame of a collaboration
between CEA and IPP) for development of an RF source of neg-
ative ions was continued. The incentive is the anticipated su-
periority of RF sources — compared with arc discharge sources
— in respect of cost and maintenance. In the last year consider-
able progress was made by implementing magnetic confinement
(cusp magnets) in order to achieve lower pressure operation and
by using a suitably placed magnetic filter to achieve a lower
electron temperature. An H- yield of 15m.A4/cm? was reached
at 0.5Pa (target: 20m.A/cm? D, corresponding to 30m.A/em?
H at 0.4 Pa). The fact that the measures taken resulted in a
signigicant increase of the H yield indicates that some of the
physics phenomena involved in the formation of negative ions
were correctly assessed at least qualitatively. Further improve-
ments can be expected by lowering the caesiated surface work
function (heating the plasma grid up to 250°(").

Further experiments are planned to demonstrate the uniformity
over the full area and show the inherent long-pulse capability.

2.2 Design Study for an Alternative lon Dump

P. Franzen, B. Heinemann, W. Kraus, P. McNeely, W.
Schaerich, E. Speth, O. Vollmer
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A scoping study for an alternative concept of the residual ion
dump (RID) of the ITER NBI system has been started. The
incentive is to avoid the inherent risk of the in-line electrostatic
ion removal concept, presently envisaged in the NBI design. It
1s proposed to use conventional remote magnetic ion removal,
which avoids enhanced reionization losses and potential ampli-
fication of electron currents by electrostatic acceleration. This
type of RID has proved itself in almost all injection systems
world-wide over the last two decades.

In a first step the study has shown the basic feasibility of the
remote magnetic RID and its integration into the ITER NBI
system. 2 x 8 MW of residual 1 MeV (positive and negative)
deuterium ions are deflected by a horizontal magnetic field of
appr. 0.2T vertically upwards and downwards onto a water-
cooled ion dump. First results using a quasi-uniform model
field but 3D ion orbit tracking show that the power density
nowhere exceeds 150711/ m? perpendicular to the dump sur-
face even for the lowest divergence (0.3"). 3D magnetic field
calculations show that the stray field of the iron magnet at the
exit of the neutralizer is below the tolerable level (1 gauss).

It is planned to continue the study in the near future in order to
examine engineering details of the system (subdivision of the
ion dump into individual plates, 3D deflection field).

2.3 ICRH for ITER
F. Braun, J.-M. Noterdame

The ICRH group contributed to two ITER efforts: (i) A study
contract “ICRH Radio-Frequency Generator Design Study”
placed with industry in 1998. (ii) J. — M. Noterdaeme con-
tributed to the ICRH planning for ITER as a member of the
Coordinating Committee for ICRF Heating and Current Drive.
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STELLARATORS

In 1999, with Prof. Gunter Grieger, a pioneer of the stellarator development retired. The relevance of helical systems for future
fusion systems, as seen today, is demonstrated by the approval of the Wendelstein 7-X experiment realised in Greifswald. For
decades, Prot. Grieger was the motor behind the successful development of the Wendelstein stellarator line of IPP.

New technical elements in the programme were ten control coils to manipulate the edge island structure and a double-loop antenna
for ICRH heating.

The possibility of increasing the plasma radius was verified. The compensation of the natural islands in the case of += 1/2 through
the control coils allowed to increase the plasma radius. For the first time, a direct comparison of the energy content at equal plasma
radius between 4= 1/2 and + = 1/3 was possible.

Measurements with the poloidal Langmuir probe array showed that while ramping the control coil current the footprints of the
islands behaved as expected from vacuum field calculations.

The ratio of perpendicular to parallel transport within an island could be changed by a factor of 2 by means of the control coils.
A new H-mode window was found at + = 5/9, which is marked by for distinctive transitions and better confinement times.

Experiments on EC-heating and current drive were performed with 1.5 MW ECRH power, which corresponds to extremal power
densities of up to 50 MW/m™. The EC-driven loss of trapped particles generates radial electric fields, which lead to strongly
improved confinement. Experimental investigations of the wave-particle interaction in phase-space under high power conditions
were compared 10 nonlinear kinetic theory.

With the double-loop antenna better fitting to the plasma surface, significantly higher power could be coupled to the plasma. With
ICRH minority heating, the energy of an ECRH plasma could be increased from 10 to 15 kJ. With ICRH alone, a plasma with 10 kJ
was achieved.

In the middle of August 1999, the experiments on W7-AS was terminated to carry out the second step of the project "Divertor
Experiment at W7-AS involving the installation of divertor modules, titanium getter pumps and divertor diagnostics. It will be
completed end of June 2000.

The four counter injectors of the neutral injection heating system will be converted into co-injectors, so that after re-starting eight
injectors are at disposal for high-p studies. Considering the decisive role of the radial electrical field for the neoclassical transport, a
radial injector is added to the machine. The divertor development of W7-AS prohibited the use of a large ICRH antenna. The
successlul high power ICRH porgramme on W7-AS had to be finished.

Theoretical investigations in the Stellarator Theory Division being built up in Greifswald concern four major areas of research: (1)
further development of the stellarator concept. notably with respect to quasi-isodynamic and quasi-axisymmetric configurations: (ii)
cquilibrium and stahility investigations with advanced computational tools, in particular in the areas of the structure of magnetic
surfaces and islands at finite f as well as of Alfvén eigenmodes; (iii) development of a stellarator-specific basis ol anomalous
transport theory with nonlocal investigations of linear and nonlinear ion-temperature-gradient driven modes as well as resistive drift
mades; (iv) development of 3D plasma edge theory, specifically the 3D edge plasma transport code in magnetic coordinates.
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WENDELSTEIN 7-X Construction
(Head of Project: Dr. Manfred Wanner)

Members of the W7-X Construction Division and contributors
to the project: see section "Division and Groups,
WENDELSTEIN 7-X Construction”

1. INTRODUCTION

The W7-X Construction project is responsible for the design,
manufacture, and assembly of the W7-X stellarator, the
heating systems, the power supplies, the cooling system, and
the control system. Since March 1999 the division has been
operating in Greifswald.

The main components of the stellarator are the
superconducting magnet system to confine the plasma, the
cryostat to enclose and insulate the cryogenic parts, the ports
to observe and heat the plasma, and the plasma-facing
components to control the energy and particle exhaust.
Steady-state plasma heating is based on powerful ECR
sources. In addition, the plasma temperature and density can
be increased by ICR and NBI heating. The superconducting
coils are energised with high current by dedicated supplies
and kept at a temperature close to absolute zero by a helium
refrigeration plant. The heating systems are supplied with
high voltage. A total input power of about 48 MW is required
to operate the magnet system and supply the heating systems
and the cryogenic refrigeration. Waste heat is removed by
circulating water which is re-cooled by cooling towers.

Major R & D activities have meanwhile been completed. The
DEMO coil, an original-sized superconducting magnet, which
was manufactured by industry, was successfully tested under
nominal and overload conditions in the TOSKA facility at
Forschungszentrum Karlsruhe (FZK). With this positive
result, manufacture of the coil system for W7-X was released.

The DEMO cryostat, a '/y sector of the W7-X stellarator, was
completed by the contractor. The feasibility of manufacturing
the unconventionally shaped plasma vessel and other critical
components of the cryostat was demonstrated. The know-how
acquired will be considered in the specification of the W7-X
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cryostat. The DEMO cryostat was prepared for the cryogenic
tests to be conducted at IPP in Garching,.

The lining of the inner wall of the plasma vessel calls for
cooled panels covered with low-Z material. Prototypes of
water-cooled steel panels coated with boron carbide were
ordered.

In 1999, design of the machine was detailed and a number of
major components were ordered, such as the planar coils, the
magnet support structure, the power supply for the magnets,
and the high-voltage supply for the heating systems.

FZK contributes the complete ECRH system for W7-X. Joint
development of a continuously working 140 GHz gyrotron by
FZK, Thomson Tubes Electroniques (TTE), and CRPP
Lausanne led to a first prototype, which will be tested at the
facilities of FZK. Design of the microwave transmission line
is handled by IPF Stuttgart.

The Low Temperature Laboratory of Commissariat a
L'Energie Atomique (CEA) at Saclay is preparing the test
facilities for the cryogenic acceptance tests of all
superconducting coils.

The critical path for the project is determined by delivery and
testing of the superconducting coils. The project schedule
aims to commission W7-X and map the magnetic field by
spring 2006.

2 R&D ACTIVITIES

2.1 DEMO Coil

The cryogenic tests of the DEMO coil were performed in the
TOSKA test facility at FZK. To simulate the electromagnetic
conditions in W7-X, the DEMO coil was installed in the test
cryostat and mounted on the European LCT (Large Coil
Task) coil, which provided the necessary background field.
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Mounting of the DEMO coil in TOSKA was completed in
spring 1999. A series of pre-tests at ambient temperature was
performed to check the hydraulic performance of the helium
cooling loops as well as the integrity of the electrical circuits.
After closure and evacuation of the TOSKA cryostat an
integral leak test and further electrical tests were performed.
Cool-down of the DEMO coil started in May at a rate of
approx. 1K/h. The superconducting state was reached during
the first week of June.

The functional testing of the DEMO coil entailed no major
problems and was divided into three different phases.

During the first test period the coil was operated in its self-
field up to the maximum possible current. The critical
currents observed have to be related to the operation
temperature of the conductor, agreeing well with the expected
values. Quenches could be detected within fractions of a
second by the quench protection system. Ramp-down of the
current during rapid shutdown happened safely within 5 s.
The effective forces on the coil during these first tests were
well below the design limits.

During the next phase the coil was operated in the
background field of the LCT coil up to the nominal current of
14.7 kA. The superposition of the magnetic fields of the two
coils resulted in a maximum magnetic induction of 6.8 tesla at
the DEMO coil and a corresponding force between the two
coils of about 10 MN. This force causes stress and strain
conditions in the winding package of the DEMO coil which
are similar to those acting in the W7-X magnet system.

Finally, the DEMO coil was subjected to overload conditions
to explore the margins of operation. Due to some unexpected
limitations of the facility only 114 % of the nominal load
could be reached. Detailed analysis revealed that additional
heat was transported to the coil casing through heat
conduction of residual gas in the TOSKA facility. Since the
cooling on the casing of the DEMO coil was not designed for
this heat load, the casing warmed up to 11 K locally instead of
staying at a temperature of 4.2 K. Due to the tight mechanical
embedding of the winding pack within the casing the
temperature of the superconductor increased accordingly,
which explains the lower critical current observed. The values
for the deflections and stresses in the casing increased linearly
with the magnetic force and indicated elastic behaviour. This
confirmed the design of the winding pack embedding using a
glass-resin compound pre-stressed during manufacture. The
different thermal contraction of the conductor and the steel
casing causes the pre-stress to be released at cryogenic
temperature.  During warm-up the stress re-appeared
reversibly.

Successful testing of the DEMO coil was an essential
milestone for the project. It confirmed the design of the W7-X
coils and allowed to release the manufacture of the coil
system in industry.

After successful testing the DEMO coil was dismantled and
dispatched to the Low Temperature Laboratory of CEA at

Saclay, where it will be used to gain experience with the test
facilities for the series tests.

2.2, DEMO Cryostat

The DEMO cryostat comprises prototypes of original-sized
components, except for the coils, which are replaced by
dummies. Construction of the DEMO cryostat was completed
in August with considerable delay. The assembly consisting
of dummy coils and support structure was inserted into the
lower half of the vacuum vessel. In a next step the dummy
coils were electrically connected with lengths of the original-
type conductor. All electrical connections were insulated with
epoxy-impregnated glass fibre tapes against high voltage,
which can be induced during rapid shutdown.

Heat conduction and heat radiation to the cold parts are
minimised by high-vacuum radiation shields at 80 K, and
multilayer insulation. The multilayer insulation was applied
by means of pre-fabricated packages. In order to minimise
heat leaks, the transition between the packages as well as the
insulation of the transition areas to the domes and supports
had to be very carefully executed. This work was performed
manually and turned out to be very time consuming. Sections
of the helium pipes were successively leak-tested after being
mounted. During assembly, precise orientation of all
components was continuously controlled by optical
measurements.

After the upper half of the vacuum vessel was mounted, the
ports were welded to it and to the plasma vessel. Horizontal
and vertical supports were mounted to maintain the plasma
vessel in a well-defined position. Glass fibre composites were
used for the coil supports to reduce the heat conduction to the
cryogenic parts. Temperature, pressure and strain sensors
were installed to control the components during cool-down
and operation. After the bulkheads of the vacuum vessel were
closed, the cryostat was connected to the refrigeration system
(see Fig. 1).

FIG I: W7-X DEMQO cryostat during final assembly.
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Testing of the DEMO cryostat started in September with
movement and adjustment of the plasma vessel supports and
coil support structure. The horizontal and vertical sliding
plasma vessel supports allow to compensate for movements
during bake-out. The coil support structure can be
independently displaced to compensate for thermal
contraction during cool-down. Minor design problems have
been encountered with the bearings, which, however, are of
no significance for the W7-X cryostat, Deformations of the
plasma vessel and the outer vessel under vacuum conditions
were measured and turned out to be as predicted by
calculations.

Outgassing of impurities, mainly water, was performed by
bake-out of the plasma vessel and ports at 150° C by
electrical heaters. After a thorough integral leak test the
DEMO cryostat will be ready for the cryogenic tests at the
beginning of 2000.

3. BASIC MACHINE

3.1 Magnet System

The detail design of the magnet system was continued
according to schedule. The design was supported by the
engineering groups of the central technical services (ZTE) of
IPP at Garching. To co-ordinate and supervise the increasing
number of contracts with industry additional team members
were employed. Exchange of data and CAD-drawings
between Garching, Greifswald and the partners in industry is
performed electronically.

301 Coil system

The NOELL/Ansaldo consortium has made significant
progress on the fifty non-planar coils, ordered in December
1998. Since assembly of the non-planar coils represents the
critical path of the project, their timely delivery is of great
importance for the project. In 1999, design of the coil casings
was worked out in detail and preparatory work for
manufacture of the casings and winding tools was carried out.
As indicated by refined structural calculation of the coil
support structure, the coil casings had to be modified and
stiffened locally. After some trials conducted by the
contractor each coil casing will now be combined from two
cast half-shells. This technique eliminates complicated
welding of several segments for each half-shell and still
allows adherence to the specified tolerances.

The superconducting cable is composed of 243 strands
enclosed by an aluminium jacket. Pre-tests of the jacketing
were performed and development of electrical joints with a
resistance of less than I nQ2 showed promising results. Joints
with such a low resistance are necessary to keep the ohmic
heat losses at cryogenic temperatures low.

The order for the twenty planar coils was placed with the
British company, TESLA Engineering, in March 1999. Major
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milestones for the detailed design, conductor development,
and preparation of the tools have been met. The first coils will
be delivered in September 2000 to be tested in the facilities of
CEA at Saclay.

312 Coil support structure

Another major activity was the design of the central support
structure, which has to keep the coils at their precise position.
A CAD view of the coil system and support structure is given
in Fig. 2. The support structure is composed of 10 identical
sectors spanning a central ring with a total weight of 72 t. The
design had to cater for local forces of up to 3.6 MN on the
individual coils which are a result of the electromagnetic
action of all other coils in a central field of 3 tesla. A detailed
structural calculation of the magnet system and central
support structure using finite-element techniques was made at
IPP. The model took into account nonlinear transmission of
the forces from the winding to the casing through elastic
embedding.

Each coll is bolted to this ring at two reference planes.
Additional mechanical connections are arranged between the
coil casings to take up the residual compressive forces
between the coils.

FIG 2: CAD view of the coil system.

The massive central support structure needs to be kept at the
temperature of liquid helium to avoid heat conduction to the
superconducting coils. To ensure a uniform temperature of the
structure its surface will be covered by copper sheets and
cooling pipes for liquid helium. On the basis of a call for
European tenders, the contract for the support structure was
placed with the Spanish company, Equipos Nucleares, S.A.,
in December 1999.

3.1.3  Magnet current supply

The superconducting magnets have to be energised by direct
currents of up to 20 kA at a voltage of less than 30 V. Each of
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the five groups of non-planar coils and the two groups of
planar coils will be independently powered. The current has
to be stabilised to an accuracy of 10™ to achieve the predicted
good confinement of the plasma.

Another essential requirement for the power supplies is fast
and reliable discharge of the magnets in case of a quench in
the superconductor. Vacuum switches and a pyro-breaker are
used to interrupt the electric circuit safely. The energy stored
in the magnets amounts to approx. 620 MJ and will be
dumped to resistors with a high heat capacity. At the end of
1999 the Swiss company, ABB, was awarded a contract for
the power supply and protection system. System assembly
will be performed by the local subsidiary of ABB at Rostock,
close to the site of W7-X.

314 Control coil power supply

Ten copper coils will be installed in the plasma vessel behind
the baffle plates. These coils will increase experimental
flexibility in several respects: They can be used to correct any
minor field errors, influence the extent and location of the
magnetic islands, and allow the power deposition area to be
swept across the target plates. The ten power supplies for
these coils will each consist of a transformer, a rectifier, and a
four-quadrant controller to provide a direct current of 3 kA at
a voltage of 30 V. The output can be modulated at
frequencies of up to 20 Hz. The order was placed at the end
of 1999 with the Spanish company, JEMA.

3.2 Cryostat

In 1999, design concentrated on the plasma vessel, ports,
supports, and outer vessel.

The design of the plasma vessel had to maximise its volume
within the space limitations given by the casings of the
magnet coils and the necessary clearance for the thermal
insulation. This made it necessary to reduce the
manufacturing tolerances of the vessel in critical areas and
decrease the thickness of the insulation at the expense of
slightly higher cryogenic losses.

The structural design and buckling analysis of the plasma
vessel were contracted to industry and performed by finite-
element modelling with the ANSYS® numerical code. Static
pressure loads and transient electromagnetic forces occurring
during rapid shutdown of the magnet system were considered.
The calculations where meanwhile verified at IPP by means
of another ADINA® code. The wall thickness obtained from
the calculations is 15-20 mm, being similar to the thickness of
the sheet material used at the DEMO cryostat.

The design of the adjustable horizontal and vertical supports
for the plasma vessel was also verified by a structural analysis
at IPP.

The 309 ports were specified and the interfaces to the
diagnostic installations and heating units were clarified,
Tenders have been received and the order will be placed at
the beginning of 2000.

Numerical methods were also applied to investigate the forces
on the radiation shields caused by eddy currents in the case of
rapid shutdown of the magnetic field. In such a case forces
equivalent to a pressure of 0.5 bar may occur. To limit the
eddy currents the large metallic areas of the shields need to be
subdivided.

Design of the outer vessel is almost complete and the call for
tender will be issued at the beginning of 2000. Appropriate
openings for the ports, domes, and manholes as well as space
for supports and supply lines and aspects of assembly, testing,
and inspection have been considered.

The use of high-temperature superconductor material is
beeing considered for the current leads of the superconducting
coils. For economic reasons, the current leads will be cooled
only when the magnets are excited, whereas during stand-by
they are allowed to warm up. For that reason, thermal ageing
tests of several samples of high-temperature superconductor
were conducted. Samples were periodically cooled to liquid-
nitrogen temperature and warmed to ambient temperature.
Although some degradation was observed after several
thousand cycles, the samples turned out to be sufficiently
robust for application in W7-X .

3.3 In-vessel Components
3.3.1  Divertor engineering

To protect the wall of the plasma vessel from the hot plasma
and the plasma from wall impurities, all plasma-facing
surfaces have to be covered with low-Z material, e.g. carbon
or boron carbide. Three different types of surfaces can be
distinguished in W7-X: The divertor target plates are hit by
hot particles from the plasma and have to withstand high heat
loads of up to 10 MW/m?. Baffles which influence the neutral
particle fluxes and density need to be designed for heat loads
of 0.5 MW/m?. The inner surface of the plasma vessel is hit
by neutral particles and radiation and needs to withstand heat
loads of up to 0.1 MW/m? For each of these areas specific
components need to be developed. For conditioning the in-
vessel components will be baked at a temperature of 150° C.

To remove the neutralised particles from the divertor, vacuum
pumps are installed outside the machine. Additionally, cryo-
pumps are installed inside the divertor units.

Experience with tokamak divertors indicates that the divertor
for W7-X can be designed with due allowance for the special
geometry of the magnetic configuration. The W7-X divertor
takes advantage of this magnetic configuration which confines
the plasma in a natural way. This means that the confinement
region is either defined by the separatrix, i.e. the last closed
magnetic surface of magnetic islands, or by an ergodised
boundary with remnants of islands. Appropriate positioning of
target plates relative to the magnetic field lines allows the
particle and energy flow from the plasma to be controlled.
Investigation of the interaction of the plasma with the divertor
is an essential part of the scientific programme of W7-X.
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Design of the in-vessel components therefore needs to be
flexible for further modifications, The basic installation will
be an "open divertor" capable of continuously handling the
full power of 10 MW,

3.3.2. Target plates

With two target plates per divertor unit, a total of twenty
target plates will be arranged along the plasma column to
cover an area of 22 m? Their exact position and shape were
chosen to intercept the particle flow from the plasma along
the open flux bundles at the boundary at a maximum distance
from the confinement region.

To limit the heat load to below 10 MW/m? the focus area is
adjusted to achieve a small incidence angle of 1-3° at the
target plates. In addition, the size of the target area must be
large enough to allow operation of W7-X throughout the full
magnetic configuration within the range of the rotational
transform from 5/6 to 5/4.

The 3D-shaped surfaces of the target plates are approximated
and composed of five standardised plane elements with
dimensions ranging from 55x270 mm? to 55x500 mm?. Flat
carbon fibre composite (CFC) tiles are brazed or welded to a
cooled support structure. Different cooling concepts and
material combinations have already been manufactured and
successfully tested ata stationary power load of up to
12 MW/m”.

The surface temperature of CFC must be limited to 12007 C.
This temperature is determined by the thermal conductivity of
the CFC material and cooling structure. So far, titanium
zirconium molybdenum (TZM) and copper alloys (CuCrZr
and glidcop) have been tested as structural material for the
water-cooled support of the tiles. For TZM the thickness of
the CFC tiles is limited to 5-6 mm. The better thermal
conductivity of the copper alloy would allow the CFC
thickness to be increased up to 10 mm, giving a greater safety
margin against erosion. The test results of two prototypes
using the CFC material SEPNII agree with thermal
calculations. Tests with a third sample using a CFC material
from a different source could not confirm the higher thermal
conductivity quoted by the manufacturer. Further prototypes
were manufactured with four parallel swirl-cooling channels.

The water cooling of each divertor unit is divided into 5
circuits to reduce the diameter of the pipes and allow
economic distribution of the cooling water according to the
actual heat load. In order to remove a total heating power of
15 MW a water flow of up to 3000 m’/h is required. The
pressure in the water cycle was optimised to have sufficient
heat transfer in the cooling channels of the support structure
and suppress boiling at temperatures of up to 150° C. As a
result the water will enter the divertor at a pressure of 24 bar
and leave it at 10 bar.

To verify the thermodynamic calculations and get

experimental data in the highly turbulent flow regime, a test
arrangement reproducing the flow channels of the target
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elements and a representative manifold for the water
distribution was manufactured and tested.

The thermodynamic and hydraulic design of the target
elements and the test results are now being discussed with
members of the divertor group of TORE SUPRA at CEA,
Cadarache. As next step, construction and testing of a
prototype target module consisting of 10-15 target elements
are planned.

3.33  Baffle and wall

To control the neutral particle flux and avoid back-diffusion
of neutralised particles, baffles are installed in front of the
target plates. The baffle elements cover a total area of 30 m*.
The wall of the vessel spans a total area of approx. 150 m* In
principle, the baffle plates and wall protection will be based
on a similar design. The conventional concept uses flat carbon
tiles clamped on a water-cooled structure. To reduce the
number of tiles and simplify mounting within the plasma
vessel an alternative concept is favoured. Panels with a larger
area, integrated cooling circuits, and a surface coating of
low-Z material are now under development. With this
approach 1,500 elements are sufficient to cover the wall.

Larger prototype panels with integrated water cooling and
surface layers of B,C have been ordered from industry. The
coating will be applied by vacuum or atmospheric plasma
spray techniques. In a supporting test programme the
Materials Research Division of IPP will analyse the physical
properties of the plasma-facing surfaces.

Depending on the local requirements and constraints within
the vessel and to protect specific areas which may be hit by
the beams of the ECR, NBI and ICR heating systems, the final
design will apply a combination of these concepts.

3.3.4.  Pumping

Vacuum pumps are required to evacuate the plasma vessel to
a level of less than 10™® mbar before plasma operation, to
pump out neutral particles from the divertor chamber, and to
control the density of auxiliary gases injected into the divertor
chamber. For that purpose, the pumps must be able to produce
the high vacuum and have a high pumping capacity at
intermediate pressures. Additional cryo-pumps behind the
divertor allow the pumping capacity to be increased during
high-density plasma discharges, e.g. during injection of
neutral beams or pellets. In such cases particle fluxes of
5x10%" 5! have to be handled at pressures of about 107 mbar.

Turbomolecular pumps (TMP) and corresponding backing
pumps will be connected to the 10 divertors and will
continuously provide the basic vacuum. Each pumping set
will consist of a TMP with an effective pumping speed of
4200 I/s for H, backed by a Roots pump with a capacity of
1000 m*/h and a rotary pump with a capacity of 65 m*/h. The
rotary pumps and the Roots pumps have already been
delivered.
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The gas flow from the divertor chamber will be directed to the
TMPs by two symmetrically arranged pumping ducts and can
be controlled by butterfly valves. The stray field of the W7-X
magnets imposes restrictions on the positioning of the TMPs
and the routing of the pumping ducts. For that reason, a test
programme was run with TMPs from three manufacturers.
When a magnetic induction of only 5mT was applied, the
induced eddy currents in the rotating parts already resulted in
unacceptable degradation of the pumping capacity and
excessive overheating. Eventually, further tests or magnetic
screening of the pumps will be necessary.

The cryo-pumps consist of four cryo-panels per divertor and
will be positioned between the diagnostic ports. The cryo-
pump system will be designed for a total pumping capacity of
150,000 I/s for a duration of 2 hours and is to be recoverable
within a short time. Freezing argon onto the cryo-panels or
coating them with activated carbon allows helium to be
pumped.

3.3.5.  Mounting of in-vessel components

Mounting of the in-vessel components at the wall of the
plasma vessel was studied in detail. Precise orientation of the
target plates with respect to the plasma calls for tolerances of
less than 0.5° and radial displacements of below 2 cm. In
addition, misalignment of the in-vessel components due to
deformations of the plasma vessel by thermal contraction
must be avoided. The temperature of the plasma vessel will
therefore be stabilised. This is done by a water-cooling circuit
on the outside of the vessel wall. The cooling cycle is
designed to keep the wall below 60° C and remove up to
300 kW of heat which may be conducted to the wall from the
hot in-vessel components. This installation also allows the
wall protection to be operated at a temperature of 150° C,
which may be favourable for physical reasons.

3.3.6. Divertor diagnostics

The diagnostics required to operate and protect the divertor
are designed by the Plasma Diagnostics Division, Berlin.
These include facilities for thermography, thermometry, water
flow control, and measurement of thermo-currents.
Supplementary diagnostics, described in detail in the section
W7-X Diagnostics, will be used to provide physical data on
the plasma boundary and interacting areas.

Thermographic observation of the target plates is to be done
with uncooled bolometer arrays with sensors operating in the
micrometer-wavelength region. Such sensors were recently
developed. In contrast to ordinary CCD cameras, they allow
temperature changes to be detected already at lower
temperatures, First experiments with a commercially available
infrared camera were conducted in order to examine the
spatial and temporal resolution of such uncooled bolometer
arrays and check operation at higher temperatures and in a
magnetic field.

In particular, operation of the camera in a magnetic field is
critical and needs further development of the electronics. At

present, the locations of the cameras are being considered in
view of the costs of necessary accessories. Further activities
focus on data storage and processing in real-time. Hardware
and software components considered as candidates using the
windows NT and LINUX PC operating systems will be
tested.

To control the cooling water and make the calorimetric
measurements, a conceptual design including the architecture
of the data acquisition system has been proposed. The
technical components of the proposed PROFI bus system will
be ordered and tested. This system is regarded as a mode! for
real-time processing of diagnostic data with the possibility of
data visualisation.

There are several options for measuring the currents to and
the electrical potential of the insulated target plates. The
preferred solution is to use the resistance of the cooling-water
pipe connection to measure the current to the target module.
The conductivity of the cooling water as a resistance parallel
to the pipe needs to be considered to correct the
measurements. A high-current generator was developed and
built to simulate the expected currents to a target module.

3.4  Control System

The W7-X experiment will be controlled by a master control
system with local controllers for all subsystems such as
magnets, cryogenics, heating units, diagnostics, and data
acquisition. The local controllers will run automatically
according to predefined routines and parameters, which will
be set either locally during commissioning and testing or from
the master control system during the individual experiment.

W7-X allows plasma discharges with a duration of up to
30 min. A large number of different scientific measurements
will therefore be made during one discharge. In order to
structure the experiment, plasma discharges will be divided
into experimental segments of variable duration. A "segment
programme” defines the rules and parameters which
determine the state of each unit as far as it is relevant.
During each of the segments these rules and parameters
of the system will be kept constant.

The segment concept will also be extended to other W7-X
operations such as conditioning and calibration of diagnostics.
An additional control level will be introduced to manage the
sequence of segments during different phases of the
experiment.

Programmable Logic Controllers (PLCs) will be used mainly
to control those machine components and diagnostic systems
which do not require short response times. Segment
processing and fast feedback control, which require data
processing in real time, will be performed by PCs running the
VxWorks operation system. Standard PCs running general-
purpose operating systems, e.g. Windows NT, will be used to
provide the man-machine interface for commissioning,
testing, programming the segments, and supervising and
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controlling automatic operations and discharges. Hard wiring
will be used for interlocks with high safety relevance. A
simple prototype featuring basic functions of the control
system was constructed to develop and test the concept and
components and identify areas which need further
development.

Internet methods, particularly the TCP/IP protocol on
Ethernet, are widely used by industry for different control
purposes. It is intended to use this type of network also to
exchange data between real-time computers and the PLCs on
W7-X. Trials showed that data can be successfully exchanged
via the Internet between a Siemens §7 PLC and a PC running
VxWorks and using the UDP protocol. With UDP on a
dedicated fast Ethernet it is possible to exchange data
between two PCs under VxWorks with a time-lag of the order
of 100 us only. It is also planned to use this technique for an
event-messaging system and periodic distribution of measured
data to controllers.

The development of the control system has to take into
account the long construction period and lifetime of W7-X
and hence react flexibly to the rapid progress in computer
technology. To allow easy extension and updating of the
system by replacement or addition of components, a
mechanism has been developed for installing driver software
in VxWorks. Object-oriented software development using the
StP computer-aided software engineering tool and the C++
programming language has been started.

Precise timing and synchronisation of all actions on a time
scale of microseconds are essential for operation of W7-X.
The concept of a Trigger-Timing-Event system with a central
clock, a message manager, and signal distribution along glass
fibres has been specified. In co-operation with the university
of Rostock a prototype unit is to be developed.

3.5 W7-X Assembly

An essential feature of W7-X is its modular design, which
could be adopted for a later reactor. Basically, the assembly
of the cryostat is performed by joining five prefabricated
modules to a torus, Each module is composed of two half-
modules which are symmetric to each other. The specific
arrangement of the coils only allows the modules to be moved
radially towards their final positions in the torus.

The concept of the assembly is currently being studied in
detail. A paramount necessity for W7-X is to ensure the
required accuracy of the magnetic field. As a consequence, an
accuracy of the order of 0.1 mm/m has to be achieved for the
positions of the individual coils. This requirement calls for
precision machining of the interfaces of the coil casings as
well as of the supporting structure and for control of the
assembly by computer-controlled theodolites.

The small clearance between the coils and the plasma vessel
means that the plasma vessel of each half-module has to be
divided to allow the coils to be strung across the vessel,
A CAD study is being performed to model the mounting
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sequence and define the optimum size of the plasma vessel
segments and thermal insulation.

Specific mounting platforms and handling devices are being
designed to assemble the half-modules and modules.

The present assembly sequence is as follows: First the coils of
one half-module are pre-mounted and adjusted to the coil
support structure, dismantled again, and strung across the
plasma vessel. After the coils are again attached to the support
structure, the thermal protection is mounted and the coils are
electrically connected.

Next, two prefabricated half-modules are joined. Finally, the
assembly is lifted into the outer vessel, the cryostat is closed,
the ports are welded, and the thermal protection is completed.
After a leak test, the divertor and other in-vessel components
are installed. Fully equipped and tested modules are
transported to their final position on the steel foundation in
the experimental hall,

4. HEATING SYSTEMS

4.1. ECRH

ECRH is the main heating system for start-up and during the
initial operation phase of W7-X. ECRH will provide 10 MW
of heating power continuously at 140 GHz. The ECRH
system is being developed and provided by FZK as a joint
project with IPP, IPF Stuttgart, CRPP Lausanne, involving
strong industrial participation. The “Projekt Mikrowellen-
heizung fir W7-X" (PMW) at FZK co-ordinates all
engineering and scientific activities in the laboratories and
industry.

The microwave power is generated by 10 gyrotrons with
I MW of output power each. Gyrotrons with the required
performance are being developed in Europe, the US, and
Russia. The European R&D programme started in 1998 and
combines the expertise of European industry and the research
laboratories. The design of the first prototype gyrotron was
completed. The gyrotron operates with a TEygy cavity mode
converted to the required Gaussian output mode by an
advanced quasi-optical converter. The tests of the different
components at low RF power showed good agreement with
the design.

The gyrotron incorporates a depressed collector for energy
recovery which increases the efficiency to approx. 45%. The
RF microwave beam is extracted from the gyrotron
horizontally through an edge-cooled diamond window. Its
excellent heat conduction and low microwave losses make
diamond particularly suited to transmission of microwaves.

A first prototype gyrotron (Maquette, see Fig. 3) was built by
TTE and delivered to FZK in autumn 1999 for conditioning
and tests.
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FIG. 3: First prototype gyrotron, "Magquette”,

The test facility at FZK was upgraded to allow testing of the
gyrotron for 3 min at a power of 1 MW. The test stand is also
used for stationary tests of auxiliary systems such as the water
cooling, the HV installation, a dummy load, and different RF
techniques. Although most of these components are
prototypes, they are designed for their nominal operation in
the final installation at Greifswald. After successful testing of
the prototypes series production of these components will be
contracted out. The water cooling, high-voltage installation,
and power supply for operation of the depressed collector
have already been successfully tested. Work on the hardware
and software of the protection system will be continued. A
breadboard version is ready for test measurements with
Magquette.

Testing of the gyrotron is now postponed because the
superconducting magnet for it was damaged during transport
to FZK and needs major repair,

IPF  Stuttgart is responsible for the conceptual and
engineering design and supervision of the construction of the
transmission system as well as for the ECRH-specific HV
system. The conceptual design of the quasi-optical
transmission system was completed on schedule and the
detailed design phase has started. A full-scale prototype
transmission line is being built up at IPF. Major components
were fabricated. Low power testing of the mirror components
was very promising. All mirrors have to be water-cooled. The
finite-element investigations on thermomechanical properties
of the mirrors were finalised and an optimum concept with
respect to mechanical rigidity under steady-state thermal
loading and acceptable fabrication costs was found. First
samples of full-sized water-cooled mirrors are under
construction. Positive results were also obtained with a self-

check system for alignment and positioning of the individual
mirrors.

Work on the high-voltage supply for the depressed collector,
the cathode heater, and the protection system was continued
and a first prototype of the power supply was installed at the
FZK test stand and successfully tested.

At IPP, ECRH work concentrated on design of the in-vessel
components such as the quasi-optical launcher, imaging
mirrors, and the appropriate plasma diagnostics. The different
alternatives studied have to consider the special shape of the
plasma vessel and the limited space for protection of the first
wall.

42 ICRH

The design of ICRH for W7-X has not yet started. Major
interfaces to the machine, the high-voltage power supply, and
the building were defined to allow later installation of the
ICRH components. As a basis for the application of ICRH, a
contract was placed to develop a 3-dimensional ICRH code
for the non-axisymmetric stellarator geometry of W7-X.

4.3  Neutral Beam Injection

Neutral beam injection is envisaged in W7-X for bulk heating
of the plasma in the high-density, high- regime. A neutral
beam power of up to 20 MW will be delivered by two injector
boxes of the ASDEX Upgrade type for pulse lengths of up to
10 seconds. The beam lines will be equipped with RF sources,
developed for and recently put into operation on the second
injector of ASDEX Upgrade.

In 1999, the first two PINI (including extraction grids and
main insulators) were delivered. In addition, the cooling-
water pipes between the NBI building and torus hall have
been installed. The detailed design of the portholes for
stage 1/1 NBI has been finalised. Some recent modifications
have improved beam transmission through the ports, now
making it comparable to that in ASDEX Upgrade.

Furthermore agreement has been reached for the design of the
tangential ports in order to allow for a later accommodation of
high energy neutral beam heating.

5 AUXILIARY SYSTEMS
5.1 Refrigeration System

Manufacture of the storage vessels for gaseous helium
proceeded as scheduled. Liquid-nitrogen and liquid-helium
storage tanks with capacities of 30,000 | and 10,000 | were
ordered. Alternative thermodynamic studies were performed
to supply the approx. 430 cooling circuits of the magnet
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system with liquid helium. These concepts will now be
evaluated in respect of economy, operation, and assembly.

5.2 HV Power Supply

The power requirements of Greifswald Branch of IPP amount
to approx. 48 MW and will be provided by the local 20 kV
grid and a dedicated 110 kV junction of the Mecklenburg-
Vorpommern grid. The ECRH, ICRH, and NBI heating
systems will be powered by a DC high voltage. For that
purpose, power from the main 110 kV supply will be
transformed and rectified to the required DC voltage and
distributed by a switchgear to the different users.

The different power requirements of the heating systems call
for a modular design of the DC high-voltage power supply.
Eight modules are designed for a DC voltage of 65 kV to
supply gyrotrons continuously with a current of 50 A.
Alternatively, always two units can be connected in series to
deliver current pulses of 130 A at a voltage of 130 kV for the
NBI injectors.

The two generators for ICRH are supplied by two additional
power supply units, These units are designed for a voltage of
32.5kV and 160 A pulses with a length of 15 s every 3 min.
These units can alternatively be connected in series to provide
65 kV, 100A to operate the remaining two gyrotrons
continuously. The Thomcast/Siemens consortium will deliver
the high-voltage power supply, which uses the advanced pulse
step modulation (PSM) technique. This technique uses up to
84 voltage stages of approx. 0.8 kV height and variable pulse
length to adjust and control the output voltage.

In the switchgear, the high voltage from the ten power
supplies is distributed to the different users, which are
connected by tri-axial cables with appropriate damping
elements at both ends. To allow for the different switching
combinations of the units, polarities and grounding of
individual units need to be changed.

5.3 Cooling-water System

The power which needs to be removed from the gyrotrons,
NBI injectors, and ICRH sources depends mainly on the
efficiency of the gyrotrons and will amount to some 28 MW
during a pulse length of 30 min. This pulse length far exceeds
all relevant time constants of the plasma experiment and
hence is sufficient to demonstrate steady-state performance of
W7-X. The technical solution consists of two reservoirs of
1200 m® each which are re-cooled by cooling towers. During
long-pulse operation cooling water is circulated from the cold
reservoir through the experiment and back to the second
reservoir with a temperature rise of up to 15° C. Between the
experimental phases the water reservoir is re-cooled at a rate
of 5.5 MW, This arrangement allows two full-power pulses of
30 min duration twice a day and pulses of 10 s every 5 min in
between. Additional water cooling circuits are provided for
the auxiliary systems.
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W7-X DIAGNOSTICS
(Head of Project: Dr. Hans-Jiirgen Hartfuf3)

Experimental Division 3: M. Anton, R. Brakel,

M. Endler, S. Fiedler, C. Fuchs, J. Geiger, L. Giannone,
P. Grigull, H. Hartful3, M. Hirsch, R. Jaenicke, M. Kick,
S. Klose!, K. Knauer!, G. Kithner, K. McCormick,

A. Weller, C. Wendlandt!, A. Werner, E. Wiirsching

Experimental Division 4: J. Baldzuhn, R. Burhenn,
R. Konig

Plasma Diagnostics Division: C. Biedermann,
D. Hildebrandt, M. Laux, D. Naujoks, R. Radtke, U. Wenzel

FZ Jiilich: W. Biel, G. Bertschinger, P. Mertens,
A. Pospieszczyk, B. Schweer

1. OVERVIEW

The work concentrated on the definition of a diagnostics set
with sufficient redundancy and complementarity and its proper
positioning at the machine. The port design of the 160 ports
foreseen considers the needs and demands of the diagnosticians.
Search for standardized solutions of the diagnostic electronics
and the computer control has been started. The work is docu-
mented in the KRONODOC system accessible via the internet
and the IPP home page. The following chapters summarize the
work of the projects nine subgroups in brief status reports.

[Ne]

. STATUS REPORTS OF SUBGROUPS
2.1 Fluctuations

A large number of the proposed diagnostics for W7-X are
capable of delivering data on plasma turbulence. The most
important amongst them are Langmuir probe arrays, magnetic
Mirnov probes, Hg detectors, reflectometry, ECE and SX
diagnostics, and some spectroscopic and atomic beam
diagnostics. While the individual diagnostics are designed in the
specialists groups, the fluctuations subgroup defines the
requirements on the background of turbulence theory and
proposed possible experimental programs. A catalogue of
physics questions has been formulated starting with topics of
interest for all types of fusion experiments and ending up with
W7-X specific ones. Answers to these questions are important

for the description of turbulent transport in edge transport codes
which in turn are crucial to understand and to model the edge
and divertor physics in W7-X. It is being discussed whether the
proposed set of fluctuation diagnostics can provide the
experimental information to answer the questions.

24 Plasma Edge

The subgroup coordinates the development of a large number of
diagnostics able to collect information about the polymorphic
plasma edge of W7-X. The aim is to get the necessary
redundancy and complementarity in information to describe
adequately the 3D SOL and the 2D deposition zones at the
targets. Again, most of the diagnostics, i.e. Thomson scatter-
ing, bolometry, spectroscopic diagnostics are developed in the
specialists groups while the Langmuir probes standard edge
diagnostics are acquired by this group as well as atomic beam
and high resolution divertor spectroscopic methods. The
problem to describe the plasma edge in non-axisymmetric
stellarators is very complex. Nevertheless, an interplay of
various diagnostics at different magnetic field periods but at
topologically equivalent positions allows to do it with a certain
degree of redundancy if stellarator symmetry is preserved. With
the symmetry broken due to misalignement of targets, SOL
bifurcation etc. it becomes impossible. This underlines the
importance of tools for supervision and control of the SOL
symmetry. In the conceptual design of the edge diagnostics it is
foreseen that the SOL symmetry is supervised by 2D imaging
cameras (thermography, spectroscopy) viewing the targets in
each divertor module. Target integrated pop-up probe arrays and
various Hg diagnostics will allow for the comparison of
different divertor modules. The other edge diagnostics,
Thomson scattering, fast reciprocating Langmuir probes,
divertor bolometry, SOL and divertor spectroscopy and atomic
beam spectroscopy are distributed around the torus according to
available ports and space. Full stellarator symmetry supposed,
the set-up is rather comprehensive but complementarity as well
as redundancy of single module diagnostics is not yet
satisfactory. Due to access limitations only little chance is seen
to completely overcome the shortcomings but gradual
improvement seems possible by sharing ports for different
complementary diagnostics.
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2.3 Microwave Diagnostics

The subgroup develops the diagnostics in the mm-, the sub-
mm and the IR wavelength regions. It is foreseen to install a
ten-channel IR laser interferometer, a combined single channel
submillimeter interfero-polarimeter, an ECE radiometer, and
various mm-wave reflectometers. Later extensions of the ECE
radiometric systems to correlation radiometers and extremely
fast swept reflectometers will especially concentrate on
fluctuation measurements. The CO2 laser interferometer works
at 10.6 um which makes refraction negligible. The moderate
phase shift requires highly sensitive phase measurements but
reduces fringe jump perturbations. The total round trip phase
shift through the plasma might be comparable to phase
changes from mechanical vibrations, which makes compen-
sation with a two-colour scheme necessary. Long pulse
operation requires a robust measurement of the line-integrated
density for discharge control purposes. A Cotton-Mouton
polarimeter operating at a probing beam frequency of about 1
THz can provide it. An ammonia twin laser system generating
also the elliptical modulation necessary for the planned
detection scheme is foreseen. The multichannel ECE radio-
meters will be extremely wideband heterodyne systems. A
prototype covering the full temperature profile with 32
channels has already been built up. As a feature, 16 narrow
spaced channels can be shifted to any radial position allowing
for measurements with maximum radial resolution. Concerning
the reflectometers sightlines have been defined both for high
field side and low field side launch chosen to complement
profile information as obtained by the Li-beam diagnostic.
Probably heterodyne reflectometers operating in X-mode
polarization will be designed. It has not been decided yet which
type of reflectometer will be used, AM, FM CW etc. Because
of the progress both in mm-wave technology and reflectometer
development, it will be decided as close as possible to the
experimental start-up of W7-X.

2.4 Charge Exchange Diagnostics

The energy spectrum of plasma ions neutralised by charge
exchange will be measured with a number of neutral particle
energy analysers to determine the ion temperature and generally
the ion energy distribution function especially during NBI and
ICRH heating where strong deviations from a Maxwellian are
expected. A diagnostic neutral beam injector will be used to
increase the neutral particle density allowing for local
measurements i.e. the ion temperature profile. Five lines of
sight are planned with five individual analyzers for a
simultaneous measurement. With long pulse operation this
multilocal measurement can be replaced by moving the lines of
sight along the beam axis viewing it from nearly perpendicular
to the magnetic field. It is planned to operate the analyzers with
parallel electric and magnetic fields for a simultaneous
measurement of hydrogen and deuterium. The upper energy
limit will be in the order of some 100 keV. It is being
discussed whether a modification of the extraction grid system
of the W7-AS power injectors can meet the requirements of the
diagnostic beam injection system especially with respect to
smaller beam divergence.
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2.5 Spectroscopy

The extensive number of spectroscopic diagnostics foreseen
can roughly be split into two groups, one mainly dealing with
the investigation of the core plasma, the second one concentra-
ting on the plasma edge. For local measurements several active
diagnostics will be available on both regimes. A CXRS
system with a dedicated diagnostic neutral beam will be
employed for the determination of ion temperature, low-7
impurity density, and poloidal and toroidal rotation velocity
profiles. The attenuation of the diagnostic neutral beam and the
composition ot the energy fractions in the beam will be
determined experimentally via beam emission spectroscopy.
From visible bremsstrahlung observations in a tangential line
of sight Zeff will be deduced. For an investigation of particu-
larly the medium and high-Z impurities in the bulk plasma, a
number of VUV spectrometers is proposed. A bor, carbon,
oxygen monitor and two low resolution SPRED systems,
covering the wavelength range from about 10 to 200 nm, will
serve as impurity monitors and for transport studies. These are
complemented by two high resolution grazing incidence
spectrometers allowing for detailed studies in the range from 1
to 250 nm. A high spectral resolution X-ray imaging crystal
spectrometer will provide information on impurity content and
impurity transport as well as on electron and ion temperatures
and on plasma rotation, while a ten-channel Bragg spectrometer
fan will be utilized to measure radial density profile evolutions
of different ionisation states of various impurity species with
high time resolution and sufficient spatial resolution for Abel
inversion. The island divertor plasma will spectroscopically be
diagnosed mainly in the visible. Initially a number of imaging
systems consisting of 2D CCD-cameras equipped with Hg
filters will be used to look for possible toroidal asymmetries.
Some of these systems will later be equipped with beam
splitters and further interference filters for CII and/or CIII and
Hy allowing to determine simultaneously the local hydrogen
and carbon influx with high spatial resolution and also to
derive locally the degree of detachment from the intensity ratio
of Hy/Hy across target plates. High spectral and spatial
resolution of the visible spectroscopy will give detailed
information on the processes at the interaction zones of the
islands with the target plates. These will be complemented by
active divertor diagnostics like the thermal He-beam and laser
induced fluorescence. A large number of video cameras
distributed around the machine are proposed mainly for
operational purposes, i.e. to get immediate information on
plasma position, configuration and possibly interaction with
in-vessel components. The total radiated power will be
measured by two bolometer arrays probably on the basis of
metal resistor detectors. Development of the bolometer electro-
nics and tests of alternative detectors are already in progress.

2.6 Thomson Scattering

Three different Thomson scattering systems are being planned
for W7-X. For the bulk plasma, as the robust standard
diagnostic, a Nd-YAG laser system is foreseen to measure the
electron temperature and density profiles. The set-up is planned
to deliver profiles in real time to allow for online plasma
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monitoring and profile shape event recognition. A second
system is especially dedicated to the divertor region. The laser
beam will be movable in radial direction to investigate 2D
structures in front of the divertor surlaces i.e. island structures
in the divertor region. Experimentally the idea is to employ a
[requency doubled Nd-YAG laser to avoid interference with the
blackbody radiation of the divertor plates. The third system
uses a ruby laser. It will be placed in a local minimum of the
B-field close to the ECRH deposition planes. The scattering
distribution function will be measured with high spectral and
spatial resolution. The motivation is to look for small spatial
structures as well as for distortions in the electron distribution
function. The high resolution system employs CCD-cameras
operating in the visible, it is being discussed whether the
experimental set-up can be used as well to measure the dye
laser excited Hg, resonance fluorescence to determine the neutral
hydrogen density at the plasma edge.

24 Soft X-Ray and Electromagnetic Dignostics

The X-ray measurements will basically provide information on
plasma equilibrium, MHD instabilities, electron temperature,
impurity content, and impurity transport. To achieve images of
the 2D X-ray emissivity and hence the magnetic topology, a
multi-camera tomography system is proposed installed inside
the vacuum vessel. This sets constraints on the usage of detec-
tors and in particular on changing filters. A second conven-
tional flexible camera system is proposed with the possibility
to adjust the spectral range by interchangeable energy filters
enhancing the sensitivity for particular impurity species to
tailor the radial emissivity profile for equilibrium and MHD
mode analysis and to derive the electron temperature according
to the 2-foil absorption method. In addition pulse height analy-
sis systems are being planned to investigate the X-ray spectra
in various energy bands providing necessary data for the inter-
pretation of the radiation profiles obtained with the camera
systems. Electromagnetic diagnostics measure the magnetic
fields produced by currents inside the plasma. The standard
method to do this is to use coils or loops outside the plasma
and integrate the induced voltage to obtain the magnetic flux
through the coil. Various types of coil arrangements like
Rogowski coils, diamagnetic loop, saddle coils, flux loops, and
poloidal magnetic field coils exist to measure different aspects
of the plasma current distribution such as total current,
diamagnetic current, or dipole moment of the parallel currents.
The whole set of measurements will be used for equilibrium
identification. In addition Mirnov coils will be installed to
investigate instabilities. Challenges due to properties of W7-X
are the reduced parallel currents and the planned long-time
discharges which require electronic integration of extremely
small signals. The most severe restrictions are imposed by the
limited space available inside the vacuum vessel.

2.8 Heavy [on Beam Probe

The heavy ion beam probe is a unique diagnostic to measure
the local plasma potential. On the basis of 3D orbit
calculations, the port geometry of the beam injection and
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detector ports has been determined for a primary beam species
of CsT ions with 3 MeV energy. An optimization with respect
to best access, minimum necessary beam energy, and maxi-
mum detectable plasma region has been performed. Three ports
at W7-X are modified to meet the demands. An alternative use
of the accelarator for basic research is being discussed.

i Neutron Diagnostics

W7-X deuterium plasmas are estimated to generate 1012 10
1016 neutrons per second depending on the heating scenarios
allowing to evaluate information on plasma parameters like ion
velocity distribution, deuterium density as well as MHD
activity and the thermal reaction fractional contribution in the
neutron emission rate and the energy distribution. The time
dependent total reaction yield will be measured with various
neutron counters and time integrated with an activation system.
Time-of-flight spectrometry will be used to evaluate the central
ion temperature, high energy tails, and thermal reaction
fractions. A fast profile camera is planned to measure neutron
emission profiles. Provisions are suggested for measurements
of gamma radiation and charge fusion products.

3 DATA ACQUISITION AND CONTROL

The operation of a diagnostic system requires an exchange of
information between a variety of logic units amongst which
the specific components of an individual diagnostic, the data
acquisition system and the central machine control system are
the most important ones. Strongly supported by the groups
responsible for experiment control and data acquisition,
discussion started to define the individual requirements to these
logic units for each diagnostic as a first step towards the design
of the interfaces. The control signals between the units
including their properties with respect to speed and security
will have to be defined in the next step. An important point in
the discussion is, how responsibilities should be distributed
amongst the diagnosticians, the control, and data acquisition
groups. Since W7-X will be operated in continuous mode, all
diagnostic systems must be able to acquire and to store data
continuously. A common clock will be used to synchronize
data taking and provide time stamps for data samples. The
complete history of all acquired data and control parameters will
be stored in an appropriate central data server. A significant
effort is necessary to reduce the streams of data at the sources to
a relevant portion. The strategy is to fraction the data streams
by multiple buffering into time intervals having physical
significance and to decide by pattern recognition methods which
intervals to keep or discard. The pattern recognition possi-
bilities shall be used too for advanced feedback facilities. In
order to provide an overview of the discharge history as well as
a possiblity for data base searches, a continuous but strongly
reduced stream of data will be stored independently of the above
mentioned selection procedure. This reduced stream is intended
as the basis for on-line monitoring of the experiments for the
general user. The latter is viewed at as being principally remote
which has consequences for the possibilities of participating in
the experiment planning, monitoring and off-line data analysis.
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WENDELSTEIN 7-AS
(Head of Project: Dr. Rolf Jaenicke)

Members of the W7-AS group: see section "Divisions and
Groups, Experimental Plasma Physics Division 3".

L. OVERVIEW

The experiments in W7-AS with 10 control coils, which were
installed during 1998 as the first step to the future island
divertor, were concluded. The effectiveness of the control
coils could be demonstrated in various important fields:

e The possibility of increasing the plasma radius was
verified. The compensation of the natural islands in the
‘case of iota = 1/2 through the control coils and thereby
the extension of the undisturbed flux surfaces up to the
limiter allow for the first time a direct comparison of the
energy content at equal plasma radius between iota = 1/2
and iota = 1/3. As a result, a better extrapolation is
possible to the conditions in W7-X.

e  Measurements with the poloidal Langmuir probe array
showed that while ramping the control coil current the
footprints of the islands behaved as expected from
vacuum field calculations.

¢ By means of the control coils the ratio of perpendicular
to parallel transport within an island could be changed by
a factor of 2.

e The high recycling conditions achieved in the first
experimental campaign with its very open "divertor
structure” showed that there are good prospects for a
large range of conditions for successful studies of a
closed island divertor in the second experimental
campaign.

In the middle of August 1999 the experiments on W7-AS

were shut down as planned and the machine was opened.

This was done to carry out the second step of the project

"Divertor Experiment at W7-AS", which involves the

installation of divertor modules, titanium getter pumps and

divertor diagnostics. It will be completed at the end of June

2000. With this divertor a better density control is expected

as well as a reduced impurity content and the ability to

control larger heating power, that can lead to higher B values
and a higher density limit.
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Attainment of higher B values is also the reason, why the four
counter injectors of the neutral injection heating system will
be converted into co-injectors, so that after re-starting eight
injectors are at disposal which inject all in the same direction
tangentially to the magnetic field. Considering the decisive
role of the radial electrical field for the neoclassical transport,
a radial injector is added to the machine. This permits both to
modify the radial electrical field inside the plasma and
measure - as a diagnostic injector - the radial electrical field
in the plasma centre.

A new H-mode window was found at iota = 5/9, which is
marked by for distinctive transitions and better confinement
times. With a new high spatial resolution Ruby Thomson
scattering system, unexpectedly steep density gradients at the
edge during the H-mode were measured.

The ECRH and ECCD experiments mainly concentrated on
the phase space interaction of electrons with high power
ECRH. In particular, different launch scenarios and non-
linear effects were investigated.

With the double-loop antenna better fitting to the plasma
surface significantly higher power could be coupled to the
plasma. With ICRH minority heating, the energy of an ECRH
plasma could be increased from 10 to 15 kI. With ICRH
alone, a plasma with 10 kJ was achieved.

2, EXPERIMENTAL AND
THEORETICAL RESULTS

2.1 Boundary Layer Studies

2.0 Effects of the new control coils

In preparation for divertor operation starting next year, a set
of 10 control coils was installed inside the machine, giving
ample control on critical aspects of the island geometry,
albeit still using the set of 10 inboard sector limiters instead
of the real divertor.

First tests with the control coils proved their ability to
influence the plasma edge. Vacuum field predictions of
effective plasma radius changes as a function of the control
coil currents were roughly validated via the W, ~ a
scaling (Fig. 1).
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FIG. I: Stored energy W, versus the square of the
plasma minor radius a. The latter was varied by the control
coil currents 1.

The ability to vary the plasma radius via the control coils is
also clearly visible in the radial electron temperature profiles
(plotted as a function of frequency) measured by the ECE
diagnostic (Fig. 2a). If particle and momentum transport are
assumed to be governed by parallel classical convection with
sound speed c, and perpendicular anomalous diffusion
described by a diffusion coefficient D, then the parallel and
perpendicular transport time scales can be roughly estimated
as Ty=L./c, andTl = 2r / D, with r, being the island radius,
L. = Rm/Ay, the field line connection length measured from
the stagnation point to the target, and Ay, the internal
rotational transform within an island. With the control coils it
was possible to change the ratio of parallel to cross-field
transport T / 7, ~L. / r? by a factor of 1.8 by increasing the
connection length L, (averaged over the strike point region)
from 60 m to 110 m by reducing the control coil current from
I..=-3.5 kA to O kA at a fixed X-point height of 3 cm above
the inner limiters. The longer L. resulted, as required for the
proper functioning of the island divertor, in a broadening of
the power deposition profile (Fig. 2b), and a widening of the
H, emission profiles (not shown) by a factor of 1.6+0.1 and
~1.3 respectively.
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FIG. 2: a) Radial temperature profiles from ECE at
the two extreme control coil currents, and b) broadening

of the power deposition (from IR camera viewing an
inboard limiter) with increasing connection lengths.

2.1.2 A new H-mode operational range

In W7-AS, the occurrence of the quiescent H-mode (H*) is
restricted to narrow ranges of the rotational transform. In
addition to the already known windows at the edge rotational
transforms ¢, = 0.48 and 0.52, a new H*-mode range was
found in the vicinity of , = 0.56, where the configuration is
bounded by large magnetic islands of symmetry n/m = 5/9
(Fig. 3). The three windows have in common that the edge
region inside the separatrix, which is relevant for transport
barrier formation, is free of low-order rationals.

In NBI (0.4 MW) heated discharges with density ramps, the
L-H* transition occurs at line-averaged densities n"* >
10®m™. The gain in the energy confinement time T within
the H* phases is maximum for the high + window (up to
% = 2). Threshold densities as well as 7
enhancements in ECRH (140 GHz) discharges are generally
lower.
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FIG. 3: Threshold densities for transition to the
quiescent H-mode (H*) for NBI and ECR (140 GHz) heated
discharges with density ramps. Outside the shaded ranges,
discharges stayed at the L-mode or showed dithering and/or
ELMy phases in some cases.

In contrast to tokamaks, the threshold densities increase with
heating power, 1™ o P, (and not the reverse!), for both NBI
and ECR heated discharges. The L-H* transitions show well-
known signatures indicating rapid establishment of a negative
radial electric field and formation of an edge transport barrier
extending to about 3 cm inside the separatrix. At fixed
heating power, threshold n, and T, values measured at about
2 cm inside the separatrix lie approximately on a T n, = const.
curve, In general, the H* phases are preceded by dynamic
phenomena (dithering, ELMs). In contrast to these latter
scenarios, which could be stably maintained over many
confinement times, H* phases are generally transient: the
improved particle confinement leads to a loss of density
control, rapidly increasing impurity radiation (mainly from
carbon), and subsequent radiative collapse (H*-mode induced
radiative density limit).

213 Edge plasma conditions for boundary island
configurations at +, ~5/9

Plasma-wall interactions are minimized within a divertor
when T,, at the target plate falls to values well below 10 eV.
This is consonant with attaining high upstream separatrix
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densities n.. and still higher target plate densities n,. The
values and relationships among these quantities as a function
of heating power have been studied in a preliminary sense
using the inner sector limiters, in preparation for the
upcoming divertor phase.

Density ramp discharges for ¢, ~ 5/9 at B, ~ 0.4 MW
invariably effect a transition into H* long before n,, has
reached a level consistent with effective divertor operation.
Moreover, n,, decreases at the transition, and the core plasma
generally proceeds towards radiation collapse — rendering
ELM-free plasmas suitable for neither steady-state core
confinement nor acceptable divertor conditions.

Increasing the heating power P, not only leads to an increase
in n,™ but also in n,. An example is the comparative
behaviour of n,, vs. the line-averaged density n, for two
levels of P,.. We find: n, (10" m?) = 0.083 n, + 0.33
(n, £8x 10” m?3 04 MW) and n, = 0.15 n, + 0.6
(n,< 10*° m™ 0.8 MW). For P, ~ 0.8 MW, due to ELMing
activity at higher densities (n, > 10 m™), n,, intermittently
drops below the indicated characteristic. Nevertheless,
whereas n,, (~ 2 x 10" m™ for P, ~ 0.8MW and n,~
10%° m™ is still far below that predicted necessary by EMC3
calculations to consummate divertor detachment, such
ELMing discharges are of potential interest:
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FIG 4: n, for two discharges (#47128, 47129) with gas
programme as indicated. n,, from Li beam (traces), RCP
(dots), and edge Thomson (squares). n," and T."™ at lower
limiter from a Langmuir probe. P, = 2MW, P, ~ I.8MW.
Electron fuelling rate from NBI is ~2.5 x 10°° 5. H*->D*.

They may afford the possibility of avoiding core impurity
accumulation and a possible density limit predicted on
radiation collapse of the core.

To maximize n, it is essential to suppress the H-mode
completely, which at P, ~ 2 MW is the case. Figure 4 depicts
features of two density-ramp discharges with the difference
being that the 2™ discharge (#47129) had a still stronger gas
puff — about 20 times higher than the beam fuelling rate. The
consequence of the heavy putf is to enhance significantly n,,
for otherwise the same line density. n_, approaching 9 x 10"
m™ is achieved for n,~ 2.5 x 10 m™. At the limiter n /™
exceeds 1.5 x 10* m™, with T.< 10 eV. n/™ follows the
characteristic n,"™ ~ n,.’, which is weaker than that expected
from the 2-point model (n,"™ ~ n,’) for high recycling. The
peak density actually achieved cannot be determined since
the interaction zone shifted away from the Langmuir probe at
higher n, (verified by H,), causing the rollover in n,™
manifest in Fig. 4.

2.2. Transport and Confinement
2.2.1 Physics of the density limit in the W7-AS
stellarator

Density limit discharges in the W7-AS stellarator, with
constant line-integrated density and a duration of up to 2
seconds, were studied at three values of the toroidal magnetic
field ( B =0.8, 1.25 and 2.5 T ). The central factor governing
the physics of the density limit in stellarators was
demonstrated to be the decreasing net power to the plasma
when the radiated power density profile exceeds that of the
deposited power density. The peaking of the electron density
under these conditions further accelerated the process. In
discharges with B = 2.5 T, simulations of the centrally peaked
radiation power density profiles could be shown to be due to
peaked impurity density profiles which is supported by
transport coefficients devived from Laser blow-off
measurements. These discharges had the electron density
profile form found in the improved confinement H-NBI mode
on W7-AS. A comparison of ECRH, NBI and combined
ECRH and NBI heating highlights the need to control
impurity sources and choose electron densities well below the
density limit in order that steady-state operation can be
attempted in discharges without ELM's.

A simple model of bulk radiation predicted that the limiting
density should depend on the square root of the heating power
and this was experimentally confirmed. The magnetic field
scaling of the limiting density found experimentally can be
recovered when the magnetic field scaling of the thermal
conductivity is included in this simple model. The power law
fit of n, with the volume - averaged absorbed power and
magnetic field for density limit discharges in W7-AS is
shown in Fig. 5.
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2.2.2 Particle transport studies

Previously, radially peaked density profiles were found in
ECRH discharges in W7-AS. Changes in the central particle
source were not significant and do not explain the density
peaking. This is evidence for inward particle convection.

A nmew experiment campaign was carried out in order to
further study the peaked density profiles. The ECRH
deposition position was scanned from the plasma centre
towards the edge. The peaking increases continuously as the
deposition position is moved radially outwards. There is no
evidence of a critical value of the deposition position close to
which the density peaking would be especially sensitive. The
plasma density and the ECRH power were varied in order to
find parameter dependences of the density peaking. The
density profile peaking parameter was found to decrease with
increasing heating power. No clear density dependence was
found. Strong gas puffing or the connected higher edge
density prevents the formation of the peaked profiles. This
effect was revealed by an experiment with three different
density plateaus (see Fig. 6). The dependence of the density
peaking on the gas puff is similar to the reheat effect
observed in CHS.
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FIG. 6 The line averaged density (upper frame), the
average peaking parameter, n'/n (middle frame) and the rotal
particle source from the gas puff S, (lower frame) in
discharge #46282. The peaking parameter drops rapidly
after gas puffing has been started and increases after the gas
puffing has been ended.

2.2.3 Impurity transport

The derived impurity diffusion coefficients in W7-AS were
found to be large in the plasma centre and rather small at the
plasma periphery for ECR heated plasmas. The latter
determine the impurity influx and consequently the time
constant for approaching equilibrium density profiles, being
consistent with the observed slow increase of intrinsic
impurity radiation (e.g. chlorine) during the discharge on the
assumption of a constant impurity source at the plasma edge.
In order to confirm the derived transport coefficients at high
density and exclude a possible effect of increasing impurity
sources with time due to the thermal load to inboard tiles, the
transport behaviour of fluorine was investigated in an
identical discharge but with a constant external fluorine
influx. A similar increase of fluorine radiation during the
pulse duration was observed, supporting the earlier statement
that transport rather than variations in the impurity source is
responsible for the radiation increase. Also the soft-X-ray
radiation profiles were fairly well simulated with the
experimental transport coefficients.

Furthermore, the dependence of impurity transport on the
toroidal magnetic field strength was studied in NBI heated
discharges by means of transport analysis of aluminium
injection experiments. Investigations at toroidal magnetic
field of 1.25 tesla and 2.5 tesla revealed indications of higher
diffusion coefficient values at smaller field strengths than
expected from theory.

224 Confinement bifurcation by the bootstrap current

Confinement in ECR-heated discharges in W7-AS can be
well described by a model which assumes enhanced electron
energy transport in the presence of rational surfaces and a
reduction of enhanced transport with increasing magnetic
shear. The model, originally derived from experiments with
inductive net current control, has now been applied to
scenarios without external loop voltage ("true" stellarator
operation) where the plasma current equals the bootstrap
current. This introduces an additional degree of freedom,
leading to a confinement bifurcation for identical external
control parameters. Depending on the initial conditions, the
close coupling of transport, bootstrap current and rotational
transform profile may shift from unfavourable vacuum field
values with densely spaced rational surfaces upwards into the
next resonance-free region (high-confinement branch) or not
(low-confinement branch).

The basic features of this prediction could be demonstrated
experimentally at a rotational transform of the vacuum field
of 0.45, with an inductively driven current being applied in
the start-up phase as the bifurcation parameter (B = 2.5 T,
Peery = 400 kW). When the external loop voltage is switched
off the plasma current evolves freely according to the L/R
time and to temporal changes in confinement. At a critical
initial current between 1.5 and 2 kA bifurcation occurs to
final states of low (W, = 3.3 kJ and I = 1.0 kA) or high
confinement (W, = 7.5 kJ, Iys = 8.0 kA). The experimental
plasma profiles of the bifurcated steady states are in rather
good agreement with those calculated from the model
(Fig. 7).
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FIG. 7: Radial profiles for the low and high-confinement
states. Dashed lines: model. Solid lines and data points: from
Thomson scattering (¥, from power balance, + from
bootstrap current normalized to plasma current). The
assumed power density profile is indicated. Horizontal lines:
rational +values up to m = 20.

2.2.5 Dependence of transport on +

With regard to W7-X, which will operate at a rotational
transform close to 1, a favourable dependence of the energy
confinement time on ¢ is indicated by the W7-AS energy
confinement time scaling (e<#). In order to elucidate the
origin of the dependence in more detail, local transport
coefficients were derived for both optimum confinement
close to += 1/2 and 1/3 in ECR-heated discharges (B = 2.5 T,
Peer = 400 kW, n,(0) = 4.7 x 10" m”, a,= 16 cm). The
particle diffusion coefficients, as measured by gas-
modulation experiments, and the impurity diffusion
coefficients, as measured by analysis of aluminum injection
experiments, show no clear difference within their available
accuracy. The heat diffusivity ¥., as derived from power
balance analysis, is similar in the outer region of the plasma,
where transport is assumed to be anomalous (r > 10 cm,
deviations arise from variations in the plasma aperture and
uncertainties in the gradient region). Despite of large
experimental scatter in ), even for comparable discharges,
there seems to be evidence of a reduction of the heat
diffusivity in the central part of the plasma (r < 8 cm) of
approximately 20 % for the case of += 1/2 compared with
+ = 1/3. The corresponding increase in electron temperature is
restricted to the central region and should not substantially
contribute to the total plasma energy. This is consistent with
the small enhancement of the diamagnetic energy for += 1/2
compared with 1/3 of the order of 10 %, half of it being due
to slight differences in density and heating power. Code
calculations for the two cases in order to prove the
consistency of the observed difference in the central radial
profiles of y. with neoclassical predictions are the next step
in the ongoing investigations.
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23 Ion Cyclotron Resonance Heating
231 lon cyelotron resonance heating (ICRH)

During the 1999 experimental campaign the heating
performance of the high-field side double-strap antenna was
investigated. This antenna had been installed during the
preceding torus opening and replaced the broad antenna. It
differed from the broad antenna by a better fit to the three-
dimensional plasma contour and by a discontinuous
distribution of the poloidal antenna currents.

Due to the better fit the coupling efficiency of the double
strap antenna was about twice that of the broad antenna; thus
the maximum launched RF power also doubled and reached
1 MW. The heating efficiencies were comparable for the
heating schemes: minority hydrogen in deuterium, hydrogen
in deuterium mode conversion and second-harmonic
hydrogen. The increase in the bolometric radiation with
launched RF power was also comparable. The wall recycling,
however, was considerably stronger, particularily for second-
harmonic heating, so that density control was not possible in
such discharges. It can thus be concluded that for high-field-
side launch and good fit of the antenna to the plasma and a
boronized plasma vessel careful toroidal shaping of the
poloidal RF currents - as was done with the broad antenna - is
not necessary for good antenna performance.

At high RF powers a decrease of the efficiency of hydrogen
minority heating was observed. This was probably due to
enhanced particle loss as indicated by the lost-particle
analyzer and indirectly confirmed by the observed saturation
of the hydrogen tail temperature.

A new heating scenario reminiscent of magnetic beach
heating was investigated. The magnetic configuration was
chosen such that the field was highest in front of the antenna
and decreased toroidally. The generator frequency was
chosen such that the resonance for hydrogen was located on
the low-field side outside the plasma but entered the plasma
at a different toroidal angle due to the decreasing magnetic
field. Only if the hydrogen concentration was such that the
two ion hybrid layer was located in the bulk plasma (ny/n, =
20 — 40 %), was a fast hydrogen tail observed. It is believed
that since the group velocity perpendicular to the two-ion
hybrid layer approaches zero, a wave propagating along the
layer is mode-converted either into an ion Bernstein wave
that damps on electrons or, if the layer crosses the cyclotron
resonance, a slow wave that damps on the resonant ions. This
is experimentally observed: decreasing the magnetic mirror
ratio had little effect on the overall heating efficiency, but
changed the temperature ratio of electrons to ions in favour of
the electrons since ion Bernstein wave damping becomes
dominant. For the standard magnetic configuration, where
the hydrogen resonance nowhere entered the plasma, no fast
hydrogen was observed.

2,32 ICRF wall-conditioning experiments

Conditioning in the presence of a strong magnetic field is
mandatory for W7-X. ICRF-assisted wall conditioning and
coating (ICC) has recently been established at the Tore Supra
and TEXTOR tokamaks. Experiments have been started at
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W7-AS to investigate the potential of ICC in a stellarator,
The magnetic field was operated upto B =125 T att=04
with pulse lengths ranging from steady state at B < 0.3 T to
5 s at 1.25 T. ICRF was applied by the two poloidal strap
antennas, Al with a Faraday screen (74 MHz, pulse length
between 3 min at P < 12 kW and 2 s at P = 120 kW), A2
without (37 MHz, P £ 2 kW). The working gas was helium at
a pressure from 3107 to 3-10'mbar. Breakdown was
possible only with A2, but after breakdown the discharges
could be sustained and heated by Al.

The electron density profiles of the ICRF discharges,
measured by multichannel interferometry, were centrally
peaked and symmetric with respect to the minor radius. The
mean density (Fig. 8) strongly increases with ICRF power,
moderately increases with the gas pressure, and is rather
insensitive to B. The electron temperature measured by a
Langmuir probe near the last closed magnetic surface ranged
from 15 to 30 eV, increasing with power. Mass spectroscopy
indicates that the amount of desorbed and pumped hydrogen
isotopes increases with the power density, Pcre/Phe
saturating at about P = 50 kW (also Fig. 8). This dependence
is reciprocal to the tokamak results and its significance has to
be checked in another campaign. The effect on stellarator
performance was comparable for both 9 min He-ICC (3 x 3
minutes, Pjcge = 12 kW) and He-GDC. After conditioning
density control was significantly improved for both ECRF
and NBI heated discharges. This is attributed to enhanced
wall pumping.
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FIG. §8: Line-averaged electron density of the ICRF
plasma and increase of the D2 partial pressure after 10 s
ICRF pulses as a function of ICRF power at different He
pressures (B=04T).

2.4 Electron Cyclotron Resonance Heating
The ECRH and ECCD experiments mainly concentrated on
the phase space interaction of eclectrons with high-power
ECRH. In particular, different launch scenarios and nonlinear
effects were investigated.

2.4.1 Experiments on ECRH heating

To investigate the influence of the electron distribution
function on the stellarator confinement, high-field launch and
low-field launch were compared for different magnetic field

configurations. Two 140 GHz beams with up to 0.8 MW
power in the second harmonic X-mode (X2) polarisation
were launched from the low-field side, which couples to the
thermal electrons, and from the high-field side with preferred
coupling to high-energetic electrons. For the high-field
launch a strong increase of the suprathermal electron
population was observed by the vertical ECE diagnostic
compared with the standard low-field launch scenario. In the
"standard" magnetic configuration with local magnetic
minimum and trapped particles at the ECRH launch position,
the central confinement could be improved by high-field
launch, as shown in Fig. 9. This can be explained by an
enhanced radial electric field driven by ECRH-generated
suprathermal trapped electrons. Consistently, in the
"maximum B" configuration with few trapped particles at the
ECRH launch position, the high-field launch is less
advantageous than the low-field launch.

High Field -Low Field Launch
Standard Configuration

5|—'—'—"|*"\ L L L | e

Temperture [keV]

effective radius [em]

FIG. 9: Electron temperature profiles of a low-field
launch (LFL) and high-field launch (HFL) heated ECRH
plasma in the “standard” configuration with trapped
particles at the ECRH power deposition zone. The second
peak at the right plasma edge is due to suprathermal
emission from the plasma centre and does not represent the
edge temperature.

242 Nonlinear absorption

At high-power ECRH flux densities the validity conditions
for the quasilinear description of the EC absorption may be
violated and as a result the optical depth is reduced. This was
investigated by transmission measurements. Two 140 GHz
beams with maximum power of 0.4 MW each and with
second-harmonic extraordinary (X2-mode) polarisation were
launched from the low-field side at different toroidal
positions into the target plasma with central densities
2.5x 10" m™ and 4.5 x 10" m™. The beams were modulated
linearly in power from 0.01 to 0.4 MW with a phase shift of
180° between each other. This made sure that the total
absorbed power and thus the electron temperature remained
constant, while the local power flux density was varied
between 8 and 320 MW/m? (spot size 4 cm). The transmitted
power was measured by a pick-up wave guide at the torus
inner wall. To achieve a measurable amount of non-absorbed
power, the EC resonance was shifted towards the plasma
edge, where the optical depth was about 3. Since for ordinary
polarisation (O2-mode) the absorption was low, it was
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ensured that the input polarisation was completely X2-mode.
Nevertheless, at the high density the transmitted power could
not be reduced to zero, although in this case the plasma
should be optically thick. Since the transmitted power was
linearly increased with the input power, conversion from X2-
to O2-mode by density fluctuations is assumed to explain the
results.

For the lower density this effect was much less and the
transmitted power is mainly dominated by the optical depth
of the plasma. Here the transmitted power nonlinearly
increases with the input power as shown in Fig 10. As
expected the optical thickness is thus reduced. The results are
used to test codes for the nonlinear EC absorption which are
currently under development.
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FIG. 10:  Non-absorbed ECRH power versus input power
of one beam. The straight line is the expected linear power
transmission from ray-tracing calculation.

243 High power EC current drive experiments

In the experiments described here, 2nd harmonic X-modes at
140 GHz (corresponding to B = < 2.5 T) with a power level
of up to 1.3 MW (3 gyrotrons) were launched. For the
"standard" configuration, a significant amount of trapped
particles exists in the ECRH launching plane. By increasing
the current in the coils at the "elliptical" plane, a "maximum-
B" scenario without trapped particles in the ECRH launching
plane can be realised. No direct access to the ECCD densities
is experimentally available, and estimates from the current
balance must rely on accurate calculation of both the
bootstrap and the inductive current densities, which depend
on the n,, T, and Z,; profiles. In addition, an estimate of the
ECCD density from linear theory is obtained from the adjoint
approach with trapped particles included' (implemented in
the ray tracing code) and compared with the current balance.
ECCD currents of up to 20 kA are obtained from the current
balance of bootstrap (I,,) and ohmic currents (Ig;), 1.e. Igeep +
I,+Iy; = 0, in the net-current-free discharges. For the
"standard" configuration at low density (n, = 2.5 10" m™), the
launching-angle scan yields significantly smaller ECCD
currents from the current balance than the linear prediction;
(see Annual Report 1998). Especially for co-ECCD, the
"experimentally" observed current was reduced by a factor
of more than 2. At higher density (n, = 6 10" m™), however,

' M. Romé et al., Plas. Phys. Contr. Fusion 40 (1998) 511

56

fairly good agreement between the current balance and the
linear prediction was found. These results were confirmed by
density scans at fixed launching angles (phi,, =+ 13° co- and
—~13% cir-ECCD). For an equivalent density scan in a
"maximum-B" configuration (without trapped electrons in the
launching plane), where the linear theory predicts a 50 %
higher ECCD efficiency, at low density the EC-driven current
from the current balance is increased by that factor, but the
discrepancy between the experimental value and linear
prediction remains. At high density good agreement was
again found. For very low densities (n,= 1 10" m™), however,
the evaluation is affected by a fairly strong uncertainty of the
Z . values.

The reduced ECCD efficiency at low densities cannot be
explained by the nonlinear Fokker-Planck simulations with
the "convective" power loss model (see 2.7.5 W7-AS
Theory). The assumption of a kinetic instability driven by the
strong gradient (with respect to v,u.) of the distribution
function close to the loss-cone boundary (see Fig. 12, Section
2.7.5) needs further investigation.

2.5 Neutral beam injection
2.5.1 Deposition profiles

Experiments on measuring the deposition profile of the
heating power via modulation techniques have been
continued. At low power (400 kW), the measured deposition
power agrees reasonably with the theoretical expectation
(FAFNER code). At higher power (800 kW, either one
continuous beam and one modulated beam or one ECRH
gyrotron continuous and one beam modulated), there are
characteristic deviations from theory which are not yet
understood. A cause of the deviation may be the effect on
fast-ion orbits of Global Alfvén Eigenmodes (GAEs) which
are observed in phase with the modulated beam.

2.5.2  Plasma ignition solely by NBI

Ignition and build-up of a plasma in W7-AS by NBI alone
has been reexamined. In this campaign of experiments some
efforts were undertaken to reduce the starting neutral gas
pressure in the torus. Consequently, the plasma has been
ignited solely by NBI within a time constant of 50 to 100 ms
and built up to quite respectable parameters (5 kI). More
experiments are planned in the future in order to optimize the
method for a reliable and reproducible means for plasma
build-up.

2.6. Stability and Fluctuations
2.6.1 Stability with net toroidal currents

Recent design activities on compact stellarator devices that
utilize the bootstrap current to create sufficent total rotational
transform have initiated studies with significant toroidal
plasma currents in W7-AS in order to assess operational
limits imposed by current driven instabilities. Previous
experiments in W7-A with ohmic heating showed that large
tearing modes causing major disruptions could be avoided in
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the presence of a modest external rotational transform
provided by the helical windings®. This effect was attributed
to the improved positional stability and the shift of the
relevant rational surface away from the steep current gradient
region. The OH transformer system of W7-AS was used to
drive toroidal currents under various heating conditions
(ECRH or NBI, combined ECRH and NBI). The external
rotational transform was varied in the accessible range
0.3 € 1, £ 0.57, in order to involve different low order
rational surfaces at different levels of toroidal current. The
most significant effects are associated with the rational
surface + = 1/2, where disruption-like events frequently
prevent the edge rotational transform to be raised above
t (a) = 1/2 with currents exceeding about 10 kA at 2.5 T
(te < 04, £, /4,(a) < 0.65). In the phase preceding the
thermal collapse (2,1)-tearing modes are identified by various
diagnostics. The magnetic perturbations reach

B, /By|,_,> 1107,

their radial extent covers up to 1/3 of the plasma radius, and
effects of mode locking are frequently observed. Even at
higher external rotational transform (z,, > 0.5) tearing mode
activity and partial energy and current collapses are observed.
However, the effects are not as severe as in the + = 1/2 case,
and the discharges are only transiently affected. The
experimentally observed stability behaviour is consistent with
predictions as assessed by a delta-prime code (in cylindrical
approximation). This analysis also yields estimates of the
saturated mode amplitudes and island widths which are in
rough agreement with the experimental data. The fact that the
stability behaviour found in W7-AS, where the ohmic heating
power can be neglected, is different to the W7-A case with
ohmic heating can only be explained by broader current
density profiles due to different power deposition profiles and
the increases contribution of the bootstrap current in W7-AS.

r=a

2.6.2  Plasma edge fluctuations and transport

The radial particle and energy fluxes induced by correlated
fluctuations of the plasma density, temperature, and poloidal
electric field ("electrostatic fluctuations”) in the edge plasma
of toroidal confinement devices have been considered as a
significant contribution to or even the main cause of the
anomalous transport derived from radial density and
temperature profiles. This idea has been confirmed, at least
for the particle transport in most devices, by direct
comparison of the radial particle flux across the last closed
magnetic surface (LCMS), calculated from fluctuations of the
ion saturation current, and the poloidal gradient of the
floating potential, with the global particle confinement time.
In W7-AS, fast-swept Langmuir probe measurements had
given information on the relation between the electron
temperature, density and electric potential fluctuations in the
edge plasma (see Annual Report 1997, p. 61-62). This
information was combined with ion saturation current and
floating potential measurements for a large variety of
discharges to create a database of the radial energy flux
across the LCMS of W7-AS. For a series of discharges with

2 W7-A Team, Nuclear Fusion 20 (1980) 1093

different plasma density and heating power, energy
confinement times were calculated from these fluxes and
compared with the global energy confinement times
calculated from diamagnetic plasma energy, heating power
and radiation losses. Although various uncertainties are
introduced into this comparison by the assumptions which
had to be made (e. g. the same behaviour of electron
temperature fluctuations across the whole edge plasma or
extrapolation of local flux measurements to the whole flux
surface), the order of magnitude of the energy confinement
times calculated in the two different ways are in good
agreement. The general tendency of increasing global energy
confinement time with increasing plasma density is
reproduced by the values calculated from the fluctuation-
induced fluxes as well as the confinement degradation with
increasing heating power. This is the first time that such a
comprehensive comparison between fluctuation-induced
fluxes and global confinement time has been made in a
stellarator. Nevertheless, the fluctuation measurements still
require some improvements to reduce the uncertainties and
identify deviations between anomalous and fluctuation-
induced transport if these should exist.

2.7 W7-AS Theory

2.7.1 Fast equilibrium reconstruction

Work continued by investigating the possibility of pressure
profile reconstruction based on magnetic measurements only.
A database of ca. 400 net-toroidal-current-free NEMEC-
equilibria of W7-AS was used to analyze a dense set of
magnetic point measurements. To avoid false optimism, the
simulated measurements were placed just outside the vacuum
vessel. A principal component analysis showed that, in
general, the average pressure (i.e. the kinetic energy) together
with a peaking factor for the profile can be recovered fairly
well. However, further details of the profile seem to be
beyond the resolution of magnetic diagnostics. If one aims at
equilibrium reconstruction, further information has to enter in
the form of profile measurements of temperature and/or
density. This is especially the case since current density
profiles have to be taken into account and are not included in
the current database if magnetic measurements are to be
utilized in the experiment.

272 Kinetic energy from magnetic signals

Installation of the control coils in 1998 for the upcoming
divertor experiments forced the fast diamagnetic coil system
to move to a different location. On this background, the
calculation of the kinetic energy from the diamagnetic coils
on the basis of the large-aspect-ratio approximation was
revised. A database of ca. 280 NEMEC free-boundary
equilibria for which the magnetic signals had been calculated
with the Diagno package was investigated. The result of the
analysis was cast into new formulas for the fast diamagnetic
coil located near the ¢ = 15° plane, the slow diamagnetic coil
in the ¢ = 36° plane, and the signal arising from 2 saddle
coils measuring the vertical field component generated by the
Pfirsch-Schlueter currents. The new signals show generally
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good agreement for pure ECRH discharges. For discharges
with NBI the signal derived from the saddle coils is higher
for lower densities, which could indicate an anisotropic
pressure component {from the parallel NBI.

2.7.3 EMC3/EIRENE code

Code development: The EMC3 code has been benchmarked
with the B2 code, the main purpose being a comparison of
the two completely different algorithms used to solve the
plasma fluid equations, namely a Monte Carlo technique and
a finite-difference method. The island SOL geometry is
simplified by a 2D slab model, the particle source is
approximated by an exponential decay function. In a first step
the energy equations for ions and electrons are solved for T,
and T; with a 200 kW power flux through the separatrix and a
constant density of 2 x 10" ¢m™, then the particle and
momentum balance equations are solved for n, and v, with
the temperature profiles given by the solution of the first step.
The results are compared in Fig, 11, showing an excellent
agreement of the relevant plasma parameter profiles.
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FIG. 11:  Comparison of the EMC3 and B2 Codes on a 2D
slab model of the island SOL.

Code application: Both the small field line pitch and small
island size of island divertors imply a higher weight of the
cross-field transport with respect to comparable tokamaks.
Major consequences, clearly evidenced by a comparison of
EMC3 simulations for the SOL geometry of W7-AS with the
predictions of the two-point model, are:

* drop of the upstream temperature due to L heat transport,
* momentum loss even at low densities due to L particle

transport,
* smooth transition from low to high recycling conditions.
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A further consequence is a broadening of the power
deposition profiles on the targets.

2.74 Effect of 3-D geometry on mode structure

[n axisymmetric plasmas, a characteristic feature of modes in
the MHD Alfven continuum is that they become singular at a
resonant magnetic surface. The theory of continuum modes
was extended to the general nonaxisymmetric case and a
singularity was recovered. It was found that the form of the
singularity close to the singular layer is qualitatively the same
as in the axisymmetric case, namely a power law, d°, at the
distance d to the singular layer, and with an imaginary value
of ¢. This corresponds to an oscillatory singularity. In special
cases the oscillatory singularity is replaced by a logarithmic
one. This result endures, provided the nonaxisymmetry of the
configuration is not too large. The opposite case needs further
analysis (in collaboration with J. Tataronis, University of
Wisconsin, Madison).

2 T8 Bounce-averaged Fokker-Planck code

The bounce-averaged Fokker-Planck code (FPTM) is
reformulated in a fully relativistic form. In order to provide a
consistent interface with ray-tracing codes (a new one is
needed for W7-X) to describe the ECRH absorption as well
as the electron cyclotron emission (ECE) also for non-
Maxwellian distributions, this relativistic formulation is
needed. This work is not yet finished (WTZ collaboration
with N. Marushchenko, Kharkov).

2.7.6 FPTM modelling of high power ECCD discharges

The high-power ECCD scenarios with highly localized power
deposition close to the axis are analyzed with the FPTM
code. The radial energy transport is formulated in convective
form by the grad B drift of suprathermal ripple-trapped
electrons generated by the ECRH. For these discharges in the

Imfp regime, both the "diffusive” neoclassical transport (1/v
regime) and the "convective” Monte Carlo simulation are
confirmed by the experimental findings.’

FIG. 12:  Contour levels of the electron distribution
function in the ECRH launching plane from Fokker-Planck
modelling, and contour levels of the quasi linear diffusion
coefficient, Q ,, from ray-tracing: n,= 2.5 10" m”, T,=3 keV
and 50 W/em' absorbed power density.

2 Maassberg et al., Phys. Plasma 7 (2000) 295.
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In the simulation of Fig.12, the collisional power transfer to
the ions as well as radiative losses are small, and the "energy
sink" in the loss-cone is very close to the absorbed power
density (corresponding to 1.2 MW ECRH power). The steep
gradients in the electron distribution function drive the strong
collisional power flux from the heating zone into the loss-
cone. Nonlinear absorption effects are negligible for this
scenario. With this "convective" loss-cone modelling, the
ECCD efficiency slightly increases with power. Furthermore,
the electrical conductivity is nearly unaffected (WTZ
collaboration with N. Marushchenko, Kharkov).

2.7.7 Kinetic stability analysis of distribution functions

The complete dielectric tensor for arbitrary distribution
functions (given numerically on a cylindrical velocity space
grid) was implemented in a nonrelativistic formulation and
tested. Using the Cauchy root-finding algorithm for the
dispersion relation together with mode tracing in k-space
provides the main numerical tools for kinetic stability
analysis of distribution functions. A preliminary stability
analysis of a high power ECCD scenario with strongly
positive gradients at the loss cone boundary (with respect to
Vo) yields marginal stability even in the nonrelativistic
case. For these scenarios, a relativistic formulation of the
dielectric tensor in the limit of small k, with respect to the
gyro-radius is needed (proposed WTZ collaboration with
E. Suvorov, Nizhny Novgorod).

2.7.8 Estimation of polarization currents in "electron-
root" scenarios

The transient evolution of the central T, profile in "electron-
root" discharges after switch-off of gyrotrons was analyzed.
The electron power balance equation with purely neoclassical
transport coefficients was integrated, and the radial electric
field profile was modelled to fit the experimental T, profile.
Within the "electron-root” region the strongly positive E,
decays with a time constant well below 1 ms (there is no
damping in the electron power balance). Estimating from the
E, decay the radial polarization current (in an axisymmetric
approximation) leads to electron particle fluxes which are
well consistent with the ripple-trapped suprathermal fluxes
calculated by the 5D Monte Carlo simulation. This result
confirms the essential role of the ECRH-driven particle
fluxes for establishing the "electron-root" feature at W7-AS
(in collaboration with S. Murakami, NIFS, Japan).

3 DIAGNOSTIC DEVELOPMENT

3.1 Ruby Thomson Scattering System with
High Spatial Resolution

The new Thomson scattering diagnostic with enhanced
spatial resolution for plasma edge and gradient investigation
on the high-field side in the triangular plane is in operation.
The detection system combines a self-developed Littrow-type
spectrometer and an intensified CCD camera. Depending on
the installed diffraction grating (600 or 1800 lines/mm), a
total wavelength range of 80 nm (suitable for plasma edge
investigations) or 320 nm (suitable for gradient

investigations) can be surveyed. Absolute sensitivity
calibration for the system is implemented with Raman
scattered light (723.8 nm) by means of hydrogen gas filled in
the vacuum vessel. Thomson profiles in the centre and low-
field region of the plasma were still determined by means of
15 interference filter polychromators, already in operation for
years. Complete spatial electron density and temperature
profiles can therefore be derived.’

The measured profiles are in good agreement with results
from other profile diagnostics (time-resolved Nd:YAG
Thomson scattering, ECE), but the new system offers a
higher spatial resolution (up to 4 mm). Because of this
improvement, steep gradients in the electron density profile
during "H-mode"-like discharge phases could be detected
(Fig. 13). Due to modifications of the NBI heating equipment
of W7-AS, the interference filter polychromators have to be
replaced by a space saving CCD-based system in 2000.
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FIG. 13:  Electron density profile with steep gradient
during an "H-mode" discharge. Measured by the ruby
Thomson scattering system.

3.2 High-resolution Extreme-bandwidth ECE
Radiometer

Broadband multichannel heterodyne radiometers have now
been established for many years as a standard diagnostic tool
for time and space-resolved electron temperature measure-
ments. Technical improvement especially in mm-wave mixer
design now allows for extreme broadband mixers with an
instantaneous RF-input and IF-output bandwidth of more
than 40 GHz. Such a mixer was used to develop 48 channel
ECE radiometer for W7-AS covering the full 2" harmonic
ECE spectrum at 2,5 T, which ranges from 120 to 160 GHz.
The IF and filter bank parts of the system are formally as
realized in many other systems, but, in contrast, the IF-
amplifiers and filters used cover the frequency range to
40 GHz, being twice as wide as existing systems. As a novel
feature a second down-conversion step with variable local
oscillator frequency was included. In this part of the
radiometer, 16 additional channels are generated with high
space/frequency resolution and with narrow channel
separation. The position of these additional channels in the
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ECE spectrum and the corresponding electron temperature
profile respectively is variable and can be shifted from the
centre to the edge, depending on the experimental
requirements, e.g. for ECRH power deposition profile
analysis or steep temperature gradient investigations during
H-mode discharges.

33 Development of an ECE Imaging System

To get a deeper insight in the physics of plasma turbulence,
especially temperature fluctuations here, it is essential to have
two-dimensional information about the fluctuating structures,
their size, and velocity fields. For the two-dimensional
characterization of temperature fluctuations in the core of the
W7-AS plasma an ECE imaging system is being developed.
As a first step an array of four poloidal sightlines is planned
with eight radial channels along each sightline.

The mm-wave detector array acting as the front end of a
multichannel heterodyne radiometer consists of four
channels, each comprising an antenna, a mixer, filters, and
the on-chip local oscillator power distribution. This high-
frequency part is being developed in collaboration with TU
Darmstadt. All components are fully integrated on a single of
48 mm® substrate. The array will be illuminated by the
electron cyclotron emission (ECE) using Gaussian beam
optics with a lens and an elliptical mirror. Simulations
showed that the use of a substrate lens is necessary to realize
the desired nonoverlapping Gaussian beams in the plasma
core. The detector array and the lens will be placed outside
the vessel, the mirror inside the vessel.

An alternative approach is being installed which uses four
conventional, separated mm-wave mixers, allowing
preliminary experiments using the same intermediate
frequency filter banks as the final design.

34 Measurements and Simulations of Electron
Bernstein Wave Emission

A new diagnostic based on radiometry of mode-converted
thermal emission of electron Bernstein waves (EBWs), to
measure the electron temperature profile at densities higher
than the ECE cut off, is under development at W7-AS.

The key feature is that EBWs propagate without upper
density limit. Although they cannot leave the plasma directly,
they can be detected after conversion into electromagnetic
waves, polarized at first in extraordinary (X) and finally in
ordinary (O) mode (so-called BXO process). In order for XO
conversion to occur, the sightline has to form oblique
"optimal angles" with respect to the magnetic field and
plasma cutoff layer, polarization of the detected O-mode
therefore being elliptical.

Special attention was devoted to the new requirements arising
with respect to traditional ECE radiometry. First, a quarter-
wave phase shifter is necessary to convert the polarization
from elliptical to linear, in the broad frequency range f = 60 —
90 GHz. After comparison of several devices, a waveguide
with elliptical cross-section satisfies best the diagnostic
requirements. Secondly, to convert the experimental spectra
into temperature profiles, it is necessary to reconstruct the
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complicated mode-converted ray-paths in the plasma. For this
purpose, a new 3D ray-tracing code for EBWs in full
stellarator geometry was developed (Fig.14, top). Good
agreement was found between simulations and measurements
performed within a temporary experimental set-up (Fig.14,
bottom) using an ECRH antenna as receiving antenna. At the
moment a dedicated antenna for EBW diagnostics, optimized
by means of ray-tracing calculations, is under construction.
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Fig. 14:  EBWs ray tracing for B= 24 Tandn = 1.7 10"
cm” at centre, f = 67-9 GHz with step | GHz. The grey scale
refers to density making evident the overdense plasma core.
The parts of the rays where the signals originate are also
shown (top). Experimental (circles) and simulated (solid line)
EBE spectrum, shot 45077 (bottom).

3.5 Detection of Fast Ion Losses with a
Scintillator Base Probe

A new probe, based on the concept of the alpha particle loss
diagnostic in TFTR, was used to measure fast ion losses in
W7-AS. This probe, which is capable of resolving fast ion
losses in pitch angle and gyroradius, consists of an aperture
system and a scintillator plate behind. In principle, the
detector is a magnetic spectrometer, i. e. the gyrating fast ions
have to pass a pinhole followed by a slit before they strike the
scintillator plate. The subsequently emitted light is detected
by an optical system equipped with a CCD camera for
sufficient spatial resolution and, additionally, with 15
photomultipliers for sufficient temporal resolution. A new
feature of this probe is simultaneous detection of both co- and
counter-moving ions, which was achieved by integrating two
aperture systems into one casing and with a scintillator layout
with two separate domains. Between these domains of
sedimented ZnS and the glass substrate of the scintillator
plate a thin Cr layer was applied, also well separated into two
domains, which allows measurement of the ion loss current
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necessary for absolute calibration of the loss rates. The probe
was designed for detection of ions with pitch angles between
15° and 85° and for gyroradii, derived from the full kinetic
energy. between 5 mm to 50 mm. This new diagnostic was
first become operational in March 1999. Fast-ion losses were
detected in many discharges under various plasma conditions.
The main results were obtained from discharges with neutral
beam injection, where perpendicular and tangential injection
was studied by utilizing diagnostic and heating beams, and
from ICR-heated discharges, where the second-harmonic,
minority, and the so-called magnetic-beach heating scenarios
were applied. The observed loss rates can be explained in
terms of the fast ion confinement properties of the magnetic
field configuration and in terms of slowing-down processes
of the fast ions. Additionally, effects of H-mode transitions
and interaction between particles and MHD instabilities on
fast-ion losses are found, including losses during tearing
modes and intermittent Alfvén eigenmodes.

3.6 Magnetic Equilibrium Diagnostics

Four coils placed at a poloidal circumference of W7-AS were
used to measure the poloidal magnetic flux induced by the
toroidal plasma current distribution. Linear combinations of
the four raw signals are formed which can be related to
moments of the current density distribution. The sum is
proportional to the total current. Other linear combinations
reflect the dipole moment and a second moment of the
current distribution which is formally analogous to the
moment of inertia of a planar mass distribution. Measured
signals were compared with the magnetic flux calculated
from current distributions obtained from neoclassical theory
and experimental profile data.

3 PC-controlled Bolometer Amplifiers

Bolometer amplifiers with remote control operation and in-
situ calibration of the bolometer foils were developed. A 16-
channel 16-bit 100-kHz ADC with 8 DIO lines for setting
gains and controlling the measurement and calibration
function of each board was used. Prior to each measurement,
the Wheatstone bridge of the bolometer foil is balanced. A
first stage amplification of 40 allows a noise level of 3mV
at the output for an amplification factor of 1000 to be
achieved. A proposal to reduce the noise level further by a
factor of 3 and so approach the thermal noise of the
bolometer meander resistors is currently being investigated.
With this noise level, the operation of bolometers with
beryllium filters could be extended beyond the present 2 m
thickness currently in operation on W7-AS. This possibility
would be of particular interest in discharges where high
neutron fluxes prevent operation of conventional soft X-ray
diodes.

Data acquisition and control of the bolometer amplifiers with
a PC using Windows NT 4.0 and LabView 5.1 are currently
being prepared for evaluation on W7-AS. A test of data
streaming to disk of 16 channels for 30 s was successful.
Of particular interest will be the performance of the Bittware
16-bit 32-channel ADC with integrated DSP (Analog Devices
21060 40 MHz 120 Mflops), which is presently being put

into operation.

3.8 Divertor Diagnostics for W7-AS

The primary plasma quantities and associated diagnostic
systems being developed for the divertors consist of: a) T,
and I, at the target plates from arrays of Langmuir probes,
four rows each in an up-down module pair, with nine probes
per row yielding a poloidal spatial resolution of 7.5 mm for
two adjacent rows (8t ~ 2ms). b) 2D power flux to the same
up-down module pair from two IR cameras (8r ~ 3 mm,
ot = 2 ms); ¢) particle flux to these modules via 2D H, CCD
cameras (8r ~ 1 mm, 6t ~ 16 ms); d) carbon flux from one
target plate via a 2D CIT CCD camera (8r ~ 1 mm, 8t ~
16 ms); e) mapping of regions with T, < 2 eV (divertor
detachment) via the ratio of H/H,, with H, being monitored
at one divertor via a 2D CCD camera; f) T, and I, along a
line extending from the target plate towards the core plasma
by means of a reciprocating Langmuir probe. h) T, and n,
along a similar chord, derived using a thermal helium beam
in conjunction with a spectrometer viewing characteristic
lines along the beam; i) plasma radiation in a poloidal plane
intersecting one divertor via three bolometer cameras
arranged as: 12 channels looking through the target plate into
the core plasma, 20 channels opposite and viewing the same
cross section, 8 channels parallel to the target plates; j)
integral power flux to the target plates via 100 thermocouples
covering the target plates of six modules, with two
thermocouples each for the remaining four modules; h) five
gauges in the main vessel and four behind the target plates to
measure the neutral pressure.

4 MACHINE OPERATION AND
TECHNICAL ACTIVITIES OF W7-AS

4.1 Main Activities of W7-AS

In 1999, the W7-AS experiment was operational for about
3500 pulses mainly at 2.5 T. In August, the torus was opened
for installing the divertor modules and the necessary divertor
diagnostics. Other in-vessel components have to be modified
to make room for the rather large divertor modules, and the
ICRH antenna had to be removed.

Preparations for installing a divertor in W7-AS began in
1995. Ten divertor modules at the top and bottom of the
plasma close to the "elliptic" symmetry planes of the
configuration will replace the two old top-bottom limiters.
The topology is similar to the W7-X divertors; details of the
geometry were optimized by methods similar to those applied
to the W7-X divertor. Peak power densities under worst
conditions of 15 MW/m" are expected. Inertia cooling of the
CFC target plates and graphite baffles will be sufficient for
the relatively short heating pulses of W7-AS even at high
heating power. Getter pumps with Mo-Ti filaments similar to
those used in the former ASDEX divertor will be placed
behind the baffle plates.

Each divertor module consists of two parts. One part bears a
toroidal row of target tiles and a poloidally adjacent row of
baffle plates. The other part bears a row of baffle plates and
houses the getter pump behind the baffle plates. 11 helically
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wound filaments of Mo-Ti sublimator wire are connected in
parallel by two copper bars cxtending in the toroidal
direction. While the filaments are directly heated by electric
current, Ti is sublimated from the wires and deposited on
corrugated aluminium plates surrounding the sublimators. An
original divertor getter module was technically tested in a
vacuum tank. The lifetime of the filaments will probably be
sufficient for all the divertor discharges to be performed if
brittling is avoided by proper operation. The pumping speed
is limited by the relatively narrow entrance slit. The value
measured for cold molecular hydrogen would be marginally
sufficient for density control, but higher values are expected
with plasma operation.

Many target tiles are instrumented with Langmuir probes or
thermocouples. In two modules there are 4 arrays of 9 flush
probes each for electron density and temperature profile
measurements. About 100 thermocouples will permit
measurement of the heat load distribution on the target plates.

Meanwhile, about one-third of all components have been
installed inside the discharge vessel and completion of the
assembly is expected in summer 2000.

4.2 140 GHz ECRH System

During the experimental campaign, a third 140 GHz gyrotron
was installed. Therefore, at the end up to 1.5 MW 140 GHz
ECRH power was available. After machine shut down the
repaired new technology 140 GHz, 0.8 MW gyrotron with
voltage depression was brought again into operation. Inside
the vacuum vessel a grooved graphite reflector was installed
at the inner wall of the torus for the high field launch
experiments. It provides a 90° polarisation rotation of second
harmonic ordinary wave, which is only weekly absorbed at
the usual electron temperatures. The reflected extraordinary
wave is then fully absorbed at the EC-resonance.

4.3 Neutral beam injection
4.3.1

The preparations for installing an additional radial injector
are well advanced. In order to allow beam injection close to
perpendicular (for generation of an electric field via fast ion
orbit losses), a porthole was modified. Due to the restricted
cross-section of this port, a transmitted neutral power of 500
kW only is expected from two ion sources (cf. 750 kW
standard). Both sources (of the new circular RF type) were
conditioned to full power. The new support structure for the
injector box was installed. Further installation work is in
progress.

Radial injector

4.3.2

Change-over of the former East injector to its new position
(North-East) and new orientation is largely completed. The
revised injector box is assembled, mounted on the new
support, and connected to the W7-AS torus. The control and
supply connections to the box are installed. Still outstanding
are installation of the four ion sources (Periplasmatrons) and
their connection to the high-voltage multifilament cables. It is

Additional co-injector
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expected that the co-injector will be available in time for the
re-start of W7-AS in early summer.
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L INTRODUCTION

In 1999, the work of the Stellarator Theory Division
Physics Group was concentrated on widening the scope of
the theoretical work /645, 646/ at the Greifswald Branch
Institute and on further development of the stellarator con-
cept /281, 431, 225/, notably for quasi-axisymmetric /469,
630, 677/ and quasi-isodynamic configurations. /93, 645/.

2. CONFIGURATION STUDIES

It was shown that quasi-axially symmetric finite-g stel-
larators can siimltaneously exhibit good collisionless a-
particle confinement and ballooning-stability properties.
An example of a configuration with 3 periods, aspect ratio
~ 6, and (F) = 0.035 is shown in Fig. 1.

3. EQUILIBRIUM CALCULATIONS
WITH ISLANDS

In collaboration with the theory division at PPPL
(D. Monticello, A. Reiman) improvements were made to
the PIES code. In particular, the graphics capabilities were
extended and the code was ported to SUPER-UX (NEC).
Sections of the code critical to performance were optimized
for greater efficiency on this platform.

The revised code was used in fixed boundary calculations
of equilibria of the HELIAS class. Capitalizing on the
increased vector power available, these calculations were
taken to very large numbers of iterations (several 102),
resulting in a high degree of convergence (changes con-
sistently smaller than 104 between iterations). Special
attention was paid to the evolution of islands at finite 3.
In several computations it was observed that large islands
occurring at the beginning of the computation diminish to

1) Columbia U., 2) NYU, 3) Kurchatov 1., ) NIFS
5) Chalmers U.,ﬁ] U. Diisseldorf, ) FZJ
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FIG. 1: Top part: Collisionless a-particle losses in the
configuration shown in the bottom part as a function of the
time of flight. Particles are started at sstare = 0.0625 (O)
and sgare = 0.24 (3) (= V4 and 1z of the plasma radius);
the dashed lines show the fractions of reflected particles;
each symbol indicates the loss of one particle. Bottom part:
Flux surface cross-sections of this quasi-axisymmetric stel-
larator. Shown are sections at the beginning, quarter of
and half a period.

FIG. 2: Poincaré plot of the magnetic field in a W7-X type
equilibrium at {§) = 5%. In contrast to the design con-
figuration, which avoids this resonance, ¢ = 5/5 is located
inside the plasma volume.

very small size after a sufficiently large number of itera-
tions. An example is shown in Fig. 2.

A new iteration technique was explored, blending the new
current density with that from the previous iteration in-
stead of blending the magnetic fields. This technique was
shown to avoid the initial growth of islands and to arrive
at the final solution more rapidly.

4. IDEAL MHD STABILITY

In 1999, applications of the cAs3Dp stability code to (i)
existing stellarator experiments (W7-AS at IPP Garch-
ing /222, 223, 224, 763/, LHD at NIFS Toki®), and CHS

8) Chen et al., Phys. Plasmas 6 (1999) 1562
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at NIFS Nagoya)), to (i) stellarator experiments in the
construction phase (W7-X at IPP Greifswald /221/), and
to (i1i) stellarator experiments in the design phase (QAS
at PPPL /676, 245, 244 675, 677, 630/ and HSR at
IPP Garching /280/) set the tone in ideal MHD work
and helped to continue the collaborations with PPPL and
NIFS. cas3p proved to be a versatile MHD stability tool
for straight cylindrical, straight helical, 2D, and 3D plasma
configurations, and helped to deepen understanding of the
ideal MHD spectrum, gap formation, and gap modes, i.e.
GAEs, f-induced AEs, geometry-induced AEs, with both
even and odd parity. Figure 3 shows that the cylindrical
GAEs have their 3D analog. In the WT7-AS case shown
here, the required flatness of the continuum frequency
minimum results from a lelicity-induced and, therefore,
stellarator-type coupling.

300

250

.)} f
o

FIG. 3:  cas3p for W7-AS #41618 (frequencies [kHz]
versus normalized flux-label in the upper frame; normal-
displacement harmonics in the lower frames; compare
/222/): The Sturmian discrete Alfvén spectrum (¢; num-
ber of radial nodes in the perturbation harmonics increases
with the frequency) clusters from below at the minimum
of the corresponding Alfvén continuum branch (O).

5. MHD STABILITY WITH KINETIC
EFFECTS

The recent observations of Alfvén wave excitations in stel-
larator geometry and their successful description by the
global MHD stability code CAS3D, have raised the ques-
tion of destabilization of such modes by a fast-particle
population. A linearized drift kinetic equation has been
solved in three dimensions for electromagnetic perturba-
tions where the radial drifts have been neglected. There-
fore the flux surface is a constant of the particle motion and
approximates the drift surface given by a constant second
adiabatic invariant. This approximation is in particular
suitable in the W7-X case. A propagator technique devel-
oped by Brunner and Vaclavik is used to perform the inte-
gration of the particle orbits, and the integration along the
particle trajectory is approximated by an integration along
afield line. The perturbed pressure can easily be expressed
in terms of the perturbed distribution function. Then, a
generalized energy integral can be obtained from the force

9 collaboration N. Nakajima (NIFS), C. Nithrenberg
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balance equation if MHD-like perturbations are assumed.
As the perturbed pressure depends on the mode frequency
w itself, the associated eigenvalue problem becomes com-
plex and nonlinear. The relevant matrix elements have to
be calculated by performing a fivefold integration. The
numerical implementation of the theory has been started.

6. ION-TEMPERATURE-GRADIENT-
DRIVEN (ITG) INSTABILITIES

ITG instabilities are now comrmonly held responsible for
turbulence giving rise to anomalous ion heat transport in
the core of tokamaks. ITG turbulence could become the
dominant mechanism of W7-X as collisional transport has
been optimized in this stellarator. Therefore, in collabora-
tion with CRPP, a non linear global gyrokinetic simulation
code for W7-X is being developed /501, 502/. Although
the most realistic physical choice, global non linear cal-
culations are numerically very demanding concerning the
numerical methods and computational effort. Even for the
geometrically easy configuration of a #-pinch, which was
investigated here, the achieved numerical results in the sat-
uration phase are not yet satisfactory. Although the un-
derlying set of gyrokinetic equations is energy-conserving,
energy conservation is lost in the saturation phase. Fig-
ure 4 shows a particularly pronounced example. The rea-
son seems not to be a convergence problem of particle num-
ber but to be associated with the gyro-averaging.
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FIG. 4: Potential energy (solid line) and kinetic energy
(dashed line) as a function of time for a non linear 8-pinch
calculation of 33,554,432 tracers.

i DRIFT WAVES IN STELLARATORS

The code for calculating global linear resistive electrostatic
drift instabilities in general geometry 1 was applied to a se-
quence of VMEC-generated (=2-stellarator equilibria (the
major radius was used as the sequence parameter) in which
the aspect-ratio per topological period (5 field period) and
the ¢-profile remain fixed. In this sequence unstable modes
near the outer boundary (see the figure for a typical mode
spectrum) were found whose growth rates diminish if the

1)l\'l<ai|:)431" R.: Proc. of the 25th EPS Conf. Control. Fu-
sion and Plasma Phys., Prague 1998, 1753-1756
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FIG. G: Island flux tube in real space and magnetic coor-
dinates.

sequence parameter is deecreased. Also, the spatial struc-
ture of the modes is not correlated with the normal cur-
vature but appears (at least for the straight stellarator)
to be determined by the metric component ¢°?, which is
connected to the local shear /558/.

Application of this code to purely curvature-driven modes
in stellarator configurations was also started. For tests a
simple tokamak model was employed to establish the rela-
tion between the global eigenmodes and the modes from a
ballooning analysis of the equations.

The above sequence of stellarator equilibria was also used
to derive flux tubes with imprinted stellarator geometry.
These were utilized in turbulence calculations with the
DALF3 nonlinear code developed by B.Scott.

In collaboration with M.Nadeem and M.Persson, their pre-
vious studies ol drift waves in stellarators, which are based
on the ballooning formalism, are being extended to a more
complete set ol equations and applied to W7-X.

Nn=-10 n=-5 n=0 Nn=5 Nn=10

FIG. 5: Fourier spectra of modes with phase factor Mp =
651, Np = —277 in {=2-stellarator equilibria with major
radii & = 80,20 (dashed, solid lines); m and n the Fourier
indices relative to those of the phase factor.

8. PLASMA EDGE THEORY

For the W7-X stellarator a divertor is planned that uses the
existing island topology of the magnetic field, where con-
figurations with and without strong stochastic effects are
péssil)le. Comparison of stellarator and tokamak results
/117, 25, 45, 46, 69, 85, 87, 142, 162, 183, 213, 215, 228,
250, 259, 277, 314/ shows the latter case to be of partic-
ular interest. For this situation a 3D SOL transport code
(BoRiS, abbrev. authors) is under development /22/ to
solve the strongly anisotropic transport equations in mag-
netic coordinates, thus taking account of full 3D geome-
try. This ansatz allows standard discretization methods
with higher-order schemes retaining full geometric flexibil-
ity. BoRiS is based on the same plasma fluid approach as

used for B2-Eirene, and experience from 2D SOL modelling
can be directly adapted, including extension to multi-fluid
formulation and coupling with neutral transport models.

With the magnetic coordinates chosen and stochastic ef-
fects being assumed to be negligible, the entire computa-
tional domain can be described as a conjunction of unique
coordinate cubes (see Fig. 6 ), each of them corresponding
to a different region of the original plasma. The general
design of the code enables local grid refinement by indirect
addressing of the computational cells, which are assumed
to be convex polyhedrons.

The equations to be considered are obtained from the orig-
inal multi-fluid Braginskii equations. These equations can
be written in magnetic coordinates (s, 4, ¢) by introducing
the representation of the elementary differential operator
@ with respect to the left-handed orthogonal system E,
Vs, Vs x B (||, L1, Lo respectively).

In a first step the anisotropic Laplace equation for the elec-
tron temperature T, was solved for several sitnations serv-
ing as a test case for the general concept. Subsequently,
this scheme was generalized by invelving the ion tempera-
ture T3 and coupling with 7.

The equations are integrated applying Gauss’, theorem and
discretized with the finite-volume (FV) method, leading
to a system of non linear equations. Upon linearization
the Jacobian is determined numerically and the system is
solved via a Newton method, i.e. by approximating the
total Aux balance for each cell successively, using a direct
sparse matrix solver. Intermediate point properties are de-
rived from grid point properties by an interpolation scheme
capable of considering up to 3rd order neighbours, thus re-
sulting in different computational molecules to be used.

FIG. 7: One period of a W7-X plasma in real space.

Figure 7 shows one period of a W7-X plasma with the five
flux tubes winding around the core. The shading indicates
the temperature on the outermost radial grid position s =
0.95. This result is obtained either by modelling a single
flux tube in a 10 % 10 x 50 grid (s, 0, ¢) or by following five
separate flux tubes over one period in a 5 x (10 x 10 x 10)
grid taking advantage of the five fold periodicity.

Specific areas of interest for the numerical development are
upwind schemes, optimization introducing other solvers,
esp. matrix-free methods (collaboration with UEDGE
group), and parallelization.
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(Head of Project: Dr. Horst Wobig)

T. Amano*, C.D. Beidler, E. Harmeyer, F. Herrnegger, O.
Jandl**, A. Kendl, J. Kisslinger, [.LN. Sidorenko, E.
Strumberger, H. Wobig

*Guest from NIFS, Japan, ** MF Division

OVERVIEW

A great part of the activity was related to the magnet system of
a Helias reactor and to the adaption of various blanket concepts,
which have been developed for tokamaks. Physics studies were
focussed on plasma equilibrium, MHD-stability, neoclassical
transport, confinement of alpha-particles and anomalous
transport induced by drift waves. First steps were also
undertaken to explore the 4- and 3-period Helias configurations.

2. WENDELSTEIN 7X STUDIES

In 1999 several computations were carried out for the
Wendelstein 7-X project. The maximum magnetic field on
the superconductors and the stray field in the vicinity of the
machine were calculated. For the test arrangement at Euratom
Association CEA-DAPNIA in Saclay, where the
manufactured W 7-X coils will be tested, some calculations
were done, e.g. the magnetic stray fields and the inductance
matrix. The forces on the coils during a fast deloading phase
were also considered. Furthermore, the magnetic field on the
conductors for the different load cases of the W7-X-Demo-
Coil was recalculated in detail in order to interpret the
measured data collected during the test phase in 1999 in the
TOSKA test arrangement in Karlsruhe. The results of all
these computations are stored at an ftp-site, which is
accessible to the members of the working groups for the
Wendelstein 7-X device. Further computations were made
with respect to the optimisation of the vacuum vessel.

3 HELIAS REACTOR STUDIES

Investigations on a Helias Reactor (HSR) were continued.
Particular attention was devoted to the structural analysis of
the coil system, the alpha-particle behaviour, the plasma drift
waves, the design of the blanket elements, and the energy
balance in such a device. The results of the investigations
were presented at the EPS Conference in Maastricht, at the
Jahrestagung Kerntechnik in Karlsruhe, at the 12th Stellarator
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Workshop in Madison, Wisconsin, and at the 15th
Conference on Computational Mechanics in Nectiny, Czech
Republic.

31 Coil system of HSR

The cross-section of the HSR modular coils, which are an
upgrade of the Wendelstein 7-X system, has been modified.
In this new version, called HSR-D, the winding pack of the
five different coil types was subdivided into 8 pancakes and
arranged trapezoidally over the coil cross-section, as shown
in Fig.1.

.229178
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72.566
108,734
144,302
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Fig. I: Coil cross-section of the HSR-D configuration:
The 8 pancakes of the winding pack and the surrounding coil
housing are shown. The radial stainless steel webs between
the pancakes are subjected to maximum equivalent stress
values of 290 MPa in this cross-section, far below the limits.

This arrangement serves to diminish the current density at the
location of maximum magnetic field and to stiffen the coil
winding pack. As a result of this geometry the maximum
magnetic field could be reduced to 10 T, while the field at the
magnetic axis is 5 T. Thus NbTi-technology at a coolant
temperature of 1.8 K can be applied. In the configuration
HSR-D, the 8 pancakes of the coil winding pack contain
18 x 2 = 36 turns per pancake. The coil pancakes are
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embedded in the coil housing with a layer of epoxy
inbetween. Finite element computations were done for coil |
of the HSR-D configuration in its own magnetic field. The
8 pancakes of the winding pack were subdivided into 3072
elements, surrounded by 7680 elements of the epoxy layer,
and 8352 elements of the coil housing, resulting in a total
number of 19104 elements with 21504 nodes for one coil.
The epoxy layer between the pancakes of the winding pack
and the coil housing was modelled such that the expected
nonlinear behaviour of the arrangement is approximated. The
results of these computations, as shown in Fig. 1, indicate
that the radial webs of stainless steel between the pancakes
are not overloaded. Furthermore, the maximum compression
stress values of the winding pack in HSR-D are lower than in
the former HSR-B configuration.

3.2 Blanket in HSR

The dimensions of the Helias reactor are mainly determined
by the need to accommodate a breeding blanket and a shield.
In the narrowest region on the inboard side the distance
between plasma surface and coil casing is 1.5 m, which
leaves a gap of 1.3 m for blanket and shield. In other places
around the torus the gap is wider, reaching as much as 2 m. In
the frame of the NET-ITER activity, several blanket concepts
have been developed and one of the goals in Helias reactor
studies was to transfer these concepts to the Helias reactor
and to make a critical assessment of the advantages and
disadvantages of the various concepts. The options in the
Helias reactor are:

e Helium-cooled solid breeder blanket (HCPB)
e  Water-cooled Li-Pb blanket (WCLL)

The implications of these concepts on the Helias reactor have
been investigated and the procedure of maintenance has been
analysed.

A Alpha-particle orbits in a Helias reactor

It is shown that in the equilibrium magnetic field of the
Helias configuration with <beta> = 5% and without
perturbations all trapped particles form only poloidally
passing bananas. The banana center orbits are closed inside
the plasma column, which provides absolute confinement of
trapped particles. Due to electromagnetic perturbations the
poloidal drift can be suppressed and superbanana orbits can
appear in the configuration as a result of the poloidal trapping
of the banana orbit center. The poloidal size of superbanana
orbits depends on the poloidal mode number m, while the
deviation from the original orbit and the width of the
superbanana in the radial direction depend on the radial
profile and amplitude of the perturbations. If the perturbation
does not go to zero on the plasma edge, particles with such
orbits can be easily lost. The effect of electric perturbation is
strongly selective in particle energy, which can be useful for
helium ash removal. Electrostatic perturbations with a
maximum value 30 V/cm, which is less then 1/5 of the
ambipolar electric field, do not effect trapped hot alpha-
particles, slightly change the trajectory of cold alpha-
particles, and significantly perturb orbits of “ash” alpha-

particles. The same effect can be expected for thermal
deuterium and tritium particles. The influence of time
independent magnetic perturbation does not depend on
particle energy.

Applying the mapping technique, the long-term confinement
of circulating alpha-particles has been analysed. Since under
time-dependent perturbations the energy of particles is not
conserved, resonant phenomena can arise and anomalous
losses of particles can occur due to the effect of Arnold
diffusion.

3.4 Drift waves in Helias configurations

The implications of Helias magnetic field geometry for drift
wave stability and plasma edge turbulence have been studied
by linear and nonlinear simulations in local field-aligned
models of the metric. Three-dimensional electromagnetic
fluid and gyrofluid drift-Alfvén turbulence codes have been
applied to the equilibrium of Wendelstein 7-X and other non-
axisymmetric model geometries in close collaboration with
the Tokamak Theory Division. By variation of the
configuration or flux tube alignement it has been found that
the local metric has significant influence on instability and
transport in stellarators. In cold-ion fluid models local shear
contributes as the principal damping mechanism in low-
global-shear stellarators. For a series of finite beta HSR
equilibria, the reduction of unfavourable helical normal
curvature with increasing beta was shown to result in less
unstable linear ion-temperature-gradient driven gyrokinetic
modes.

3.5 Low Aspect Ratio Helias Configurations

The magnetic field properties of the high iota version with 4
field periods (Fig. 2) is most similar to the current con-
figuration. Fig. 3 shows Poincare® plots of an equilibrium of
this configuration with <beta> = 4%.

The configuration currently considered for the Helias reactor
is similar to the Wendelstein 7-X configuration and has five
field periods and an aspect ratio of 11. A lower aspect ratio
would allow one to reduce the major radius of the reactor
and/or to enlarge the space between plasma and coils needed
for blanket and shield. One way to lower the aspect ratio is to
reduce the number of field periods. An easy procedure to get
a configuration similar to W7-X is to take the coil description
of W7-X in angle co-ordinates, reduce the major radius so
that the coil size is unchanged, and arrange the toroidal coil
system with the desired number of field periods. The main
difference of the magnetic fields obtained this way is:

e the rotational transform is reduced because it is nearly
constant per field period,

e the ratio of the helical field component to the axi-
symmetric By, component is also reduced because the
B, component increases with the reduction of the
plasma aspect ratio,

e the magnetic well is deepened.

Following this procedure two configurations with 4 and one
with 3 periods have been derived.
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First calculations of the neoclassical transport coefficient €,
show for the case with 4 periods values of less then 1% in the
core region and an increase to about 1.5% towards the edge; in
the case with 3 periods €. in the core is about 1.5% increasing
towards the edge to 3.7%. The increase of g, towards the edge
has the advantage of counteracting the formation of hollow
density profiles.

Fig. 2: Coil system and magnetic surface of a 4-period
Helias configuration

2200.0

Fig. 3: Poincaré plots of the 4-period configuration and
1, = 4/4 at the symmetric planes (<f3> = 4%).
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TABLE 1. Main data of the Helias configurations with variou
aspect ratios (8U/U = magnetic well, M = number of fiel
periods)

M[R[m] |a[m] |Ra |v, L SU/U
15 226 |66 |063 |34 |4%
18 212 [85 o83 |44 [25%
18 [210 [85 o069 |45 [1%

22 2.05 |10.7 |0.87 |5/5 0.7%

(%]

th un| =&

The disadvantage of the low aspect ratio configurations is th
larger ratio of magnetic field strength on the coils to th
average field strength on the magnetic axis due to the lowe
coil aspect ratio leading to larger forces on the coils. If the fiel
strength on the coils is a limiting value, a reduction of the fiel:
strength in the plasma region results. However, if the lov
aspect ratio configurations would allow stable operations witl
higher beta values, this disadvantage can be compensated. /
second possibility for compensation is an increase of th
plasma volume.

Configurations with a lower number of field periods relative t
the current Helias reactor would allow one to reduce the majc
radius to 18 m (4 periods) or 15 m (3 periods) if stabl
operation at high beta (4 to 5%) is possible and th
confinement of the o-particles sufficient.

3.6 Adaption of TOTAL_P code for inter-
active modelling of transport phenomena

The interactive transport code TOTAL_P (Toroidal Transport
Analysis Linkage) with graphical interface is being further
developed and applied to predict plasma parameters in the
Helias reactor. The report [PP I11/246 gives a manual for
using this code package and describes the underlying
physical models. The three-dimensional nature of the
stellarator equilibria are taken into account. The transport
equations solved in TOTAL_P are the time-dependent one-
dimensional density and energy continuity equations with
source terms. The particle diffusion fluxes and the thermal
energy fluxes are written as a sum of neoclassical and
anomalous fluxes. The particle source consists of the sources
by pellet injection, recycling gas puffing neutrals, neutral
beam injection, deletion of fuel Deuterium and Tritium and
creation of He ions for D, T burning plasmas. The electron
density is obtained from the charge neutrality condition. To
describe the neoclassical diffusion flux, we follow Beidler's
formulation of the neoclassical transport in stellarators. The
radial electric field is determined from the ambipolar
diffusion condition. A typical result for the Helias reactor
with major radius R = 22 m, minor radius a = 1.8 m, average
beta = 3.6%, beta(0) = 11% are shown in the Figures for
electron density, temperatures and the fusion output. The
simulation runs for 200 seconds physical time.
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IEA IMPLEMENTING AGREEMENT
for Cooperation in Development of the Stellarator Concept

L OBJECTIVES OF THE AGREEMENT

The objective of the Implementing Agreement, first concluded
in 1985, is to "improve the physics base of the Stellarator
concept and to enhance the effectiveness and productivity of
research and development efforts relating to the Stellarator
concept by strengthening co-operation among Agency member
countries”. To achieve this, it was agreed to exchange
information, conduct workshops, exchange scientists, do joint
theoretical, design and system studies, coordinate experimental
programmes in selected areas, exchange computer codes, and
perform joint experiments. In 1995 the Agreement was
extended until June 2000. The contracting parties are
EURATOM, the U.S. DoE, Japan, and Australia. In Septem-
ber 1994, Russia became an Associate Contracting Party.

2. STATUS OF THE AGREEMENT

In 1999, there were two meetings of the Executive Committee.
The 27" meeting was held at Maastricht, The Netherlands, on
June 15, in conjunction with the 26" European Physical
Society Conference on Controlled Fusion and Plasma Physics
from June 14 to 18. F. Wagner from IPP was introduced as a
new member of the committee. H. Wobig participated as alter-
nate. All members agreed on the extension of the Stellarator
Implementing Agreement for 5 years (expiry date is July
2000). Other main points were the status of experiments,
association of the Ukraine to the IEA Implementing Agree-
ment, increased collaboration on new devices, and forthcoming
meetings. The need for a reactor study on stellarators including
comparison with the tokamak line was pointed out.

The 28" meeting was held at Madison, USA, on September 28
in conjunction with the 12" Int. Stellarator Conference. From
[PP, H. Wobig and J. Niihrenberg participated as alternates.
The committee approved the statement of Japan on extending
the LIME programme to the next year and adding two new
programmes relating to plasma-wall interaction and fusion
muaterials technology in two years. It was suggested that a
special session on stellarator power reactors will be organized
during the next Toki Conference in January, 2000.

3; REPORT ON 1999 ACTIVITIES

In 1999, 29 physicists participated in the exchange of
scientists.

During his stay from January 11 to 25, D. Darrow from
Princeton designed a diagnostic probe for analysis of fast ion
losses in W 7-AS. This probe was successfully operated during
the following experimental campaign at W 7-AS. The visit of
D. Darrow from April 26 to May 7 served to discuss the initial
measurements, and, in particular, define and perform an
experimental programme concerning different issues relating to
confinement of fast ions in W 7-AS. The previous work of D.
Darrow on these topics at TFTR and CIIS and his activity for
W 7-AS have led to fast realization of this diagnostics and
important results obtained in W 7-AS. K. Watanabe from
NIFS Toki continued the definition of an international local
transport stellarator database with U. Stroth from January 23 to
February 27. E. Solano from Austin discussed coupled systems
of particle and energy balance equations with H. Maassberg for
4 weeks in January. M. Bitter from Princeton participated in
W 7-AS operation in the field of spectroscopy and discussed X-
ray diagnostics for W 7-X in February. T. Morisaki and A.
Takayama from NIFS Toki were concered with edge neutral
calculation and modelling during their 5-week stays in spring.
A. Mase from the University of Tsukuba had an exchange of
views on microwave diagnostics, especially imaging systems,
with H.-J. Hartfuss during his short visit in February. Staying
for 4 weeks in March, K. Kondo from the University of Kyoto
measured the plasma radiation in the soft X-ray region by
means of the W 7-AS grazing incidence spectrometer. K.
Yamasaki from NIFS Toki held discussions on NEMEC and
MFEBE codes with H. Wobig for two days in March. The visit
of S. Hamaguchi from NIFS Toki was concerned with
analogous transport issues on helical devices and stellarators
(23.3. — 27.3.). R. Boivin from MIT Cambridge was interested
in AXUV diodes and bolometry during his short visit from
June 9 to 1. J. Lyon from ORNL stayed for 7 days in June to
discuss continuation of co-operation on stellarator research. K.
Tanaka from NIFS Toki is the responsible scientist for
interferometry at LHD. On the occasion of the EPS conference
in Maastricht he visited IPP from June 20 to 27 and gave a
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talk  on density profile measurements and  transport
investigations at LHD. His visit was also devoted to
intensilying contact between the W 7-AS/X and LHD
microwave diagnostic groups. J. Tataronis from the University
of Wisconsin investigated Alfvén modes-singular behaviour for
one month in July. During his visit from July 12 to 18 P.
Morrison from Austin gave a talk on transport barriers in
toroidal systems and had several discussions on this issue with
the experts at IPP. He is an expert in Hamiltonian flows and
mapping techniques and the purpose of his stay was to apply
these techniques to the issue of anomalous transport in
stellarators and tokamaks. The purpose of a 3-day visit of K.
Ida from NIFS Toki in autumn was technical coordination
concerning a fast system for Charge Exchange Recombination
Spectroscopy. This system is being developed in cooperation
between NIEFS and IPP as part of the LIME scientific
programme of the Japanese government. The spectroscopic
system will be first tested and employed on W 7-AS, later on
LHD. Mr. Hanatani from the University of Kyoto has
developed a code which computes neoclassical transport and
bootstrap currents in tokamaks and stellarators. In particular,
his interest during his stay from October 18 to 29 was to apply
this theory to bootstrap currents in the Helias configuration
(WENDELSTEIN 7-X and the stellarator reactor). The long-
term collaboration with S. Murakami from NIFS will be
continued. In the past, S. Murakami applied his Monte Carlo
code both to the description of the ECRH-driven electron fluxes
("electron root" scenarios) at W 7-AS and to confinement of
fast ions generated by ICRH. The "electron root" results were
presented at the TAEA conference in Yokohama (1998) as well
as in a paper in Phys. Plasmas (Dec. 1999). The future
development of these Monte Carlo simulations and further
collaboration were discussed during his visit from December
11, 1999, to January 31, 2000.

U. Stroth held a seminar talk and discussed possible research
projects with UCLA/UCSD and Caltech Lab. to be adopted at
Kiel University, during a short visit to San Diego from
February 20 to 27. H. Wobig participated in the 3"
Symposium on Current Trends in International Fusion
Research — review and assessment — in Washington from
March 8 to 12. L. Giannone visited NIFS Toki from March 18
to April 1 to discuss possible collaboration on density limit
investigations. During April 12 to 14 V. Erckmann and G.
Cattanei attended the 13" Trop. Conference on Applications of
Radio Frequency Power to Plasmas in Annapolis/Maryland. U.
Stroth and J. Bleuel stayed at Portland for 3 days in April to
participate in a European Transport Task Workshop and discuss
the role of the radial electric field for confinement in W 7-AS.
F. Sardei and Y. Feng attended the 7" Plasma Edge Theory
Conference at NIFS Toki in October. From October 4 to 8 Ch.
Fuchs and V. Erckmann visited Oh-arai to participate in the
IAEA Technical Committee Meeting on ECRH Physics and
Technology for Fusion Devices and in the 11™ Joint Workshop
on Electron Cyclotron Emission and ECRH. A. Wermner
attended the 6™ IAEA Technical Committee Meeting on
Energetic Particles in Magnetic Confinement Systems at Naka,
Toki, from October 12 to 14. D. Hartmann participated in a

70

Technical Committee Meeting on Steady State Operation at
Fukuoka from October 25 to 29.

4. CONFERENCES AND WORKSHOPS

In 1999, the 12th Int. Stellarator Conference took place at
Madison/USA from September 27 to October 1. From IPP 13
scientists participated in the Conference.
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THE SCIENTIFIC DIVISIONS OF IPP

Experimental Plasma Physics Division 1
Director: Prof. M. Kaufmann

ASDEX Upgrade (Divertor Tokamak)

- operation of ASDEX Upgrade

- investigation of ITER plasma boundary in a reactor-relevant
divertor

- advanced tokamak studies

- investigation of energy transport, MHD stability, beta limit,
density limit and disruptions

JET collaboration

- operation of special discharge scenarios at JET

- collaboration in pellet injection physics

- preparation of scientific work on JET under EFDA

Experimental Plasma Physics Division 2
Director: Prof. H. Zohm

ASDEX Upgrade
- analyses of MHD stability of ASDEX Upgrade discharges
- active control of MHD instabilities using ECRH
- effect of MHD instabilities on core plasma parameters
ITER
- scaling of the abovementioned topics to reactor-grade plasmas
JET
- contribution to Task Forces S1 (conventional scenarii)
and M (MHD)

Tokamak Physics
Director: Prof. K. Lackner

General tokamak physics

- experiment-oriented theoretical work for the design and
interpretation of tokamak experiments

Plasma edge physics

- experimental and theoretical work on plasma edge physics

Nonlinear plasma dynamics

- numerical simulation of turbulent transport and
MHD reconnection phenomena

ITER collaboration

MHD stability

- linear and nonlinear investigations of MHD stability in

conventional and advanced tokamak scenarios

- influence of fast particles

Experimental Plasma Physics Division 3
Director: Prof. F. Wagner

WENDELSTEIN 7-AS (Advanced Stellarator)

- stellarator with improved magnetic characteristics
Experiment-orientated stellarator Theory

- interpretation of stellarator experiments
Stellarator power plant system studies

- development of the HELIAS power plant concept
Preparation of the WENDELSTEIN 7-X diagnostics
Preparation of ECRH for WENDELSTEIN 7-X
Development of Greifswald site

Surface Physics Division
Directors: Prof. V. Dose, Prof. I. Kiippers

Surface physics

- atomistic characterization of surfaces

Plasma-wall interactions (analytical)

- interactions of atoms, ions and electrons with solid surfaces

- wall fluxes in the boundary layer of plasma devices

- limiter and wall analyses

Plasma-wall interaction (preparative) (see also Technology

Division)

- preparation and characterization of thin-film coatings for
plasma devices

Data analysis

- application of Bayesian techniques to experimental data

Experimental Plasma Physics Division 4
Director: Prof. K. Behringer

Experimental and theoretical investigations of plasma boundary

and divertor physics, impurity transport, chemical impurity

production and plasma radiation in ASDEX Upgrade and

WENDELSTEIN 7-AS

- spectroscopic diagnostics on ASDEX Upgrade

- spectroscopic diagnostics on WENDELSTEIN 7-AS

- laboratory experiments at the University of Augsburg,
Experimental Plasma Physics

Technology Division
Director: Prof. R. Wilhelm

Neutral injection

- development and construction of the injection systems for
WENDELSTEIN 7-AS, ASDEX Upgrade and WENDELSTEIN 7-X

- implementation of injection experiments

Electron cyclotron resonance heating

- construction and operation of an ECRH system
for ASDEX Upgrade

Ton cyclotron resonance heating

- preparation and implementation of ICRH experiments for
WENDELSTEIN 7-AS, ASDEX Upgrade and WENDELSTEIN 7-X

Plasma technology (see also Surface Physics Division)

- development, characterization and modelling of low-pressure
plasma processes for thin-film formation

WENDELSTEIN 7-X Construction
Director: Dr. M. Wanner

WENDELSTEIN 7-X R&D programme

WENDELSTEIN 7-X Construction

- engineering, construction and installation of the
WENDELSTEIN 7-X device incl. plasma heating and in-vessel
components

- project control and quality management

Plasma Diagnostics Division
Director: Prof. G. Fussmann

Edge plasma physics

- experimental and theoretical work relating to fusion devices
Plasma generator PSI-1

- basic plasma physics

- plasma interaction with solid surfaces

- development and testing of plasma diagnostics

Electron Beam lon Trap (EBIT)

- production of highly charged ions

- X-ray spectroscopy and atomic physics measurements

UHYV laboratory, arc physics, ITER collaboration

Stellarator Theory Division
Director: Prof. J. Niihrenberg

General stellarator theory

- Further development of the stellarator concept and
computational as well as analytical methods to investigate
equilibrium, stability and transport problems in three-
dimensional toroidal configurations.

Plasma edge physics

- Theoretical work on 3D plasma edge physics

Materials Research Division
Director: Prof. H. Bolt

Characterization of fusion relevant properties of plasma facing
materials; Development and gualification of plasma facing
materials for present fusion devices, esp. ASDEX Upgrade,
WENDELSTEIN 7-X;

Design and development of materials for plasma facing
applications in fusion reactors.




Experimental Plasma Physics 1

EXPERIMENTAL PLASMA PHYSICS DIVISION 1
(Prof. Dr. Michael Kaufmann)

The activities of division E1 are concentrated on the ASDEX Upgrade related work and are reported in section “ASDEX Upgrade

Project”.
The division E1 comprises

1. Three diagnostic groups

a. pellet injection, bolometer, neutral gas, neutron mea-
surements, HXR, mass spectrometer

b. He measurements, ECE, microwave reflectometry and
fluctuations, SABA, charge exchange, LENA, DCN in-
terferometer, calorimetry, Langmuir probes, Li-beam di-
agnostics, manipulators

c. electromagnetic measurements, plasma control, MSE,
halo current measurements

which are responsible for the development of plasma diag-

nostics as well as for plasma physics exploitation.

2. Three machine groups
a. operation
b. mechanical design
c. assembly,
which are concerned with the operation and engineering
developments of the tokamak experiment ASDEX Upgrade
and its peripheral installation.

3. Two computer groups
a. real-time control of the ASDEX Upgrade plasma,
b. data acquisition and data evaluation.

These groups are supported by 3 workshops: mechanical, electrical, and electronical.

Divison E1 is also devoted to collaboratin on JET and to continue studies for ITER.
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EXPERIMENTAL PLASMA PHYSICS DIVISON 2

(Prof. Dr. Hartmut Zohm)

Department E2 investigates the magnetohydrodynamic stability of ASDEX Upgrade discharges. In ad-
dition to the pure analysis of instabilities, their effect on the reduction of the tokamak operational space
is examined. In collaboration with the ASDEX Upgrade ECRH group, strategies are being developed
which will increase the operational space via the active control of instabilities.

For these purposes, E2 operates the following diagnostics on ASDEX Upgrade:

e The classical MHD-Diagnostic Mirnov and SXR and the use of fast ECE (in collaboration with
E1). Along with the installation of Hardware, methods of improved data analysis are investigated,
like for example the direct comparison with results from MHD-codes (in collaboration with TOK).

o Thomson scattering for the determination of the core plasma parameters T, and 7. In addition,
the set-up of this diagnostic allows to determine the average charge state Z.;; via measurement of
the Bremsstrahlung emission.

Scientific stafl: A. Gude, B. Kurzan, A. Letsch (Diploma student), M. Maraschek, J. Meskat (PhD Stu-
dent), R. Monk, H.D. Murmann, A. Mick (Diploma student), K.H. Steuer, H. Zohm

Diploma and PhD students are part of the collaboration with IPF, Stuttgart University.

Technical staff: J. Hausmann, K. Huber, G. Jones, J. Krippner, U. Ortner




Project”, of which the members are as follows:

Experimental Plasma Physics Division 3

T. Amano'"”, M. Anton, S. Biumel*, T. Baloui*>*”, N. Basse",
C. Beidler, M. Bitter?", J. Bleuel®, R. Brakel, H. Callaghan®,
G. Cattanei, D. Darrow?", D. Dorst, H. Ehmler®®, A. Elsner, M.
Endler, K. Engelhardt, V. Erckmann, Y. Feng, S. Fiedler, N.
Franz™”, C. Fuchs™, F. Gadelmeier™, U. Gasparino, J. Geiger,
L. Giannone, P. Grigull, O. Grulke**, H. Hacker, S.
Hamaguchi'”, K. Hanatani'?, E. Harmeyer, H.J. Hartfuf, F.
Herrnegger, M. Hirsch, E. Holzhauer”, J.K. Hiibner”, K.

Kick, A. Kislyakov'?, J. Kisslinger, T. Klinger®, S. Klose®, J.
Knauer, G. Kocsis”, I.P. Koponen®, H. Kroiss, G. Kiihner, A.

N. Marushchenko'”, A. Mase'”, K. McCormick, G. Michel, T.
Morisaki'?, P. Morrison®", S. Murakami'”, S. Niedner® *¥,
M.G. Pacco-Duechs, G. Petravich®, S. Reimbold™ *¥, M.

Saffman”, A. Salat, E. Sallander'?, . Sallander'®*®, F. Sardei,
A. Shishkin'”, M. Schubert’®, V. Sergeev'®, 1. Sidorenko®, T.
Stoeferle?, U. Stroth, E. Suvorov'”, K. Tanaka'®, A.
Takayama'?, J. A. Tataronis®®, H. Thomsen® *, F. Volpe™, F.
Wagner, H. Walter’, K. Watanabe'”, A. Weller, Chr.
Wendland®, A. Werner’?, E. Wiirsching, W. Xu™ *, D.

Zimmermann, M. Zippe, S. Zoletnik”

1) Guest from RISOE, Roskilde (Denmark)

2) Guest from University of Cork (Eire)

3) Guest from University Darmstadt (Germany)

4) Guest from EMAU Greifwald (Germany)

5) Guest from IAP/University Heidelberg (Germany)
6) Guest from University of Kiel (Germany)

7) Guest from IPF Stuttgart (Germany)

8) Guest from University of Helsinki, Espoo (Helsinki)
9) Guest from KFKI Research Inst., Budapest (Hungary)
10)Guest from University Milano (Italy)

11)Guest from NIFS, Nagoya (Japan)

12)Guest from RIAM, Kyushu (Japan)

13)Guest from Kyoto University (Japan)

14)Guest from Tsukuba University (Japan)

15)Guest from IOFFE Institute, St. Petersburg (Russia)
16)Guest from TUAP, St. Petersburg (Russia)
17)Guest from IAP Nizhny Novgorod (Russia)
18)Guest from RIT Stockholm (Sweden)

19)Guest from IPT-NSC Kharkov (Ukraine)

20)Guest from Univ. of Wisconsin (USA)

21)Guest from PPPL (USA)

22)Postdocs

23)Doctoral fellow

24)Undergraduate

Ttoh'”, S.-I. Itoh'?, R. Jaenicke, F. Karger, A. Kendl®, M.
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EXPERIMENTAL PLASMA PHYSICS DIVISION 4
(Head of Division: Prof, Dr. Kurt Behringer)

Experimental Plasma Physics Division 4 (E4) consists of the ASDEX Upgrade, W 7-AS and ITER Diagnostics groups. This work is
described in the ASDEX Upgrade and W 7-AS project reports. For ITER Diagnostics, activities had waned and are just restarting.
Experimental Plasma Physics at the University of Augsburg is closely linked to E4, allowing physics students to participate in [PP’s
scientific programme or do basic research at Augsburg. Recent results are given under University Contributions to IPP Programme.

ASDEX Upgrade: I. Altmann, D. Bolshukhin, R. Dux, W.
Engelhardt, J. Gafert, A. Geier, A. Kallenbach, B. Plaum, R.
Pugno, R. Neu, H. Meister, K. Schmidtman, W. Ullrich, M.
Zarrabian. W_7-AS: J. Baldzuhn, R. Burhenn, R. Koénig
Augsburg: U. Fantz, B. Heger, H. Paulin, ITER Diagnostics:
H. Salzmann. Technical Staff: G. Daube, M. Hien, J. Fink, G.
Schmitt, A. Weghorn. Diplomanden: A. Lotter, T. Madeira, S.
Meir, A.Kottmair, P. Starke, B. Waldmann, D. Wiinderlich.

Co-operation: IPP Berlin, JET, KFA Jilich, TU Miinchen,
University of Strathclyde (Scotland), Stuttgart University.

The E4 scientific programme deals with plasma boundary and
divertor physics, with impurity transport and plasma radiation,
and with low- and high-Z wall materials. Mainly spectroscopic
diagnostics and analysis methods are being used in E4. Recent
topics in ASDEX Upgrade were divertor plasma parameters,
radiative cooling and chemical carbon erosion. Impurity trans-
port at the H-mode edge is being studied from silicon soft X-
ray radiation. As an alternative to carbon, partially tungsten-
covered walls and neoclassical high-Z transport are being in-
vestigated. The interest in W 7-AS is focused on measurements
of electric fields, neoclassical impurity transport, impurity
pellet injection and magnetic field structures. Spectroscopic
diagnostics for W7-X are also being developed.

Spectroscopic measurements of line or continuum intensities as
well as molecular band radiation (see Augsburg University
contribution) require interpretation on the basis of atomic
physics and radiative transfer. To have access to the most up-
to-date results, E4 is part of the ADAS international co-
operation. Even for atomic hydrogen, electron excitation rate
coefficients are not very well known and new, improved data
have become available at the end of 1999 [1]. These are very
important, since hydrogen line intensities or line ratios are
routinely being used for divertor diagnostics. Figures 1 and 2
show results of collisional-radiative calculations using the new
theory and comparisons with experimental results from ASDEX
Upgrade edge and divertor. Measurements in microwave plas-
mas are also shown. The agreement of theory and ex-periment
is very good for H,/H, line ratios, while H,/Hg appears to be
somewhat underestimated. Density mesurements by means of
H,/H, line ratios now have a much safer basis.

[1] Anderson H, Ballance C P, Badnell N R and Summers H P,
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An R-matrix with pseudo-states approach to electron impact
excitation of HI for diagnostic applications in fusion plas-
mas, submitted to J. Phys. B: At. Mol. Opt. Phys., 1999
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STELLARATOR THEORY DIVISION
(Prof. Dr. Jiirgen Nithrenberg)

The activity of the Stellarator Theory Division is concentrated on further development of the stellarator concept and numerical as
well as analytical methods to investigate equilibrium, stability and transport problems in three-dimensional toroidal configurations.

The relevant team is:
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TOKAMAK PHYSICS
(Head of Project: Prof. Dr. Karl Lackner)

Most of the scientific work of this division is carried out in close collaboration with experiments and reported in the respective
sections on the projects: ASDEX-Upgrade, JET, ITER. This concems, in particular, all applied studies on MHD instabilities,
modelling of scrape-off layer and divertor plasmas, and the analysis of transport properties. The contributions described here
concern therefore model developments in the stage prior to specific applications, basic plasma physics issues, or parts of theory (in
particular turbulent transport) where the comparison with experiments is still in the qualitative rather than quantitative phase.
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ences, Q. Yu, Institute of Plasma Physics, Hefei, China

L APPLIED THEORY OF TOROIDAL
CONFINEMENT

Plasmas are fluids of, in general, high Reynolds or Rayleigh
number and are hence prone to develop various kinds of turbu-
lence, where one distinguishes mainly between small-scale and
large-scale turbulence. The former is typical of low-:7 sheared
systems, such as in tokamaks, while the latter occurs in high-/3
plasmas, e.g. in the solar wind.

I[.1 Transport

The studies reported here focus on the cool edge region of
tokamak discharges, where a fluid description is adequate.

1.1.1 Electromagnetic ion-temperature-gradient-driven
(ITG) turbulence

D. Biskamp, K. Hallatschek, A. Zeiler, W.- C. Miiller

The numerical simulations are based on three-dimensional
simulations of the electromagnetic Braginskii equations in a
toroidal flux-tube domain, treated in the local (= Boussinesq)
approximation. It is found that, contrary to linear theory, where
electromagnetic effects tend to increase the wavelength of the
unstable modes and hence seem to indicate an increase of trans-
port, nonlinear turbulence exhibits a strong reduction of the
transport in relation to the electrostatic limit. The reason for
this behaviour is linked to the saturation mechanism of the ITG
mode. Instabilities driven by unfavourable curvature on the
torus outside form radial streamers, Le. an alternating pattern
of radial flows in the inward and the outward directions. Itis the
breakup of this sheared flows by secondary instabilities which
controls the saturation of the instability and ultimately the trans-
port level. In the electrostatic limit of the ITG instability, the
secondary instability is the Kelvin-Helmholtz mode, which de-
stroys the radial streamers generated by the linear instability.
In the electromagnetic regime the radial streamers drag along
the toroidal magnetic field, thus producing a radial magnetic
field which alternates sign in the poloidal direction. The recon-
nection of this magnetic field breaks the radial streamers apart
more efficiently than the Kelvin-Helmholtz mode, leading to
a lower transport level. Tt is thus found that electrostatic and
electromagnetic turbulence follow fundamentally different non-
linear dynamics, such that an estimate of the transport based
on the linear properties of the ITG mode has to fail.

1.1.2 Nonlocal edge transport

D. Biskamp, K. Hallatschek, A. Zeiler, W.- C. Miller

At the plasma edge, temperature gradients may be very steep, so
that the profile scale length Ly becomes comparable to a typical
turbulent wavelength k; ! and the local approximation breaks
down. A newly developed nonlocal electrostatic code was used
to study the turbulence behaviour in this region, in particular the
transition between ITG turbulence located on the hotter inner
side of the edge plasma and resistive ballooning turbulence
in the cool outermost plasma region. It was found that, by
increasing the nonlocality parameter ( Lz ko )~ above unity, the
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turbulent transport is reduced to a small fraction of the value
in a local system. For the ITG mode, the turbulence quench
is primarily due to a decrease of the linear growth rate, while
for the ballooning mode a novel inherently nonlocal saturation
mechanism was identified: nonlocal modification of the linear
eigenmodes, which leads to enhanced nonlinear production of
harmonics and sub-harmonics, such that saturation occurs at a
smaller amplitude.

1.1.3 Electron—temperature-gradient—driven turbulence
F. Jenko

It is widely believed that two instabilities are responsible for the
anomalous (turbulence-induced) transport in the core of fusion
plasmas, namely ion-temperature-gradient-driven (ITG) and
trapped-electron-driven modes. However, in recent years there
has been increasing evidence that this **standard model’’ of core
turbulence is incomplete. Particularly, the behaviour of internal
transport barriers (ITBs) in advanced tokamak discharges can-
not be understood without introducing additional microinsta-
bilities such as the electron-temperature-gradient-driven (ETG)
mode. This mode exists on extremely short length and time
scales and is therefore hard to detect experimentally. Never-
theless, in some cases one can observe a clear signature of
ETG-induced electron heat transport: the local electron tem-
perature gradient is close to the critical value above which the
ETG mode is destabilized. Quasilinear theories and nonlinear
models exploiting similarities between ETG and ITG turbulence
fail to predict this kind of behaviour. Therefore, we explored
collisionless ETG turbulence via direct nonlinear simulations
with the GENE gyrokinetic electromagnetic code. Somewhat
surprisingly, and unlike the analogous case of ITG turbulence,
we find that the turbulent electron heat transport is significantly
underpredicted by the quasilinear estimate. This oberservation
is directly linked to the presence of radially highly elongated
vortices (*‘streamers’’) which lead to very effective radial trans-
port. The simulations indicate ETG-induced turbulent transport
can be high enough to force the electron temperature gradient
towards its critical value in a wide region of parameter space.
Because of its small spatial and temporal scales, ETG turbu-
lence is able to exist even in a large poloidal shear flow envi-
ronment and therefore sets a lower limit on the electron heat
transport within an ITB. Moreover, ETG turbulence is likely to
be also relevant to other regimes in fusion experiments.

1.1.4 Electromagnetic gyrofluid turbulence
in realistic tokamak geometry

B. Scott

The basic outline of the model is equal treatment of the elec-
tron and ion fluids, with proper kinetic dissipation mechanisms
for each. Additionally, comparisons with simpler fluid models
have shown the importance, especially for the ions, of keeping
the perpendicular and parallel temperatures as separate vari-
ables, since the collisions are too weak to keep the temperature
isotropic. In most regimes of interest the perpendicular ion tem-
perature is the largest of the normalized fluctuating variables -
but the electron dynamics at finite plasma beta is still very im-
portant in a synergistic way, helping to drive the system to a
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strong turbulence level. Physics tests involving a hierarchy of
fluid models have shown that resistive ballooning can be ruled
out as an important physical mechanism for edge turbulence.
We started with the linear instabilities and then followed their
development through the saturation phase and into fully devel-
oped turbulence. The various effects in the vorticity equation
were directly measured, with the result that magnetic curvature,
which is decisive for linear modes, becomes subdominant in the
turbulent regime as the self-advection of small-scale flows takes
over. The physics is drift-wave-like, with the curvature acting
as a catalyst and the perpendicular ion temperature adding the
ITG physics to form the overall situation. We achieve ade-
quate success in comparison with experiment only when us-
ing globally consistent magnetic flux surface geometry from
an actual Grad-Shafranov equilibrium, even qualitatively. In
the simple S-a model, ideal ballooning physics is overvalued
for edge turbulence, and the streamer formation regime for the
ETG trbulence is actually undervalued. With all the effects
brought in by finite aspect ratio and magnetic shear and shap-
ing accurately modelled, we find trends of transport with radial
position and temperature are well reproduced in L-mode by
the gyrofluid model. The H-mode is apparently the result of
nonlocal physics, part of which results from the neoclassical
equilibrium electric field. Results from our local models have
been promising, but actual capture of an L-to-H transition will
require incorporation of the profile changes in a self-consistent
way.

1.1.5 Guiding centre simulation of wide-orbit
neoclassical transport in ASDEX Upgrade

A. Bergmann

Although turbulent transport is often dominant in tokamak plas-
mas, it is important to know the level of neoclassical transport,
e.g. if turbulent transport is reduced by an internal transport
barrier. Also, neoclassical effects such as bootstrap current and
polarization current can’ be important. However, the standard
neoclassical theory is not valid for a plasma with wide ba-
nana orbits, particularly in the central plasma around the axis.
Therefore, the HAGIS guiding centre code was augmented by
a module for calculating the effect of pitch angle scattering
on the ion motion employing a Monte Carlo representation of
the Fokker Planck collision term. The code was validated by
benchmarking against standard neoclassical theory for an equi-
librium with circular cross-section. Calculations of ion energy
transport in a discharge of ASDEX Upgrade with enhanced in-
verse shear and internal transport barrier were performed. The
transport is strongly reduced in the central region r < 0.3 to a
level of a few times the Pfirsch Schliiter transport.

1.1.6 Neoclassical transport at high poloidal Mach number
W. Feneberg

Neoclassical transport in a tokamak was studied by solving a
gyrokinetic equation including poloidal flow. In the absence
of an outside momentum source, the driving force within the
bulk plasma is the radial temperature gradient only. Besides the
well-known neoclassical solution with small flow, there is also
a solution with poloidal Mach numbers between two and three.
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1.2 MHD

1.2.1 TM tearing mode code

Q. Yu

Modelling the recent experiments showing stabilization of neo-
classical tearing modes (NTMs) using electron cyclotron current
drive (ECCD) has required modification and extension of the
TM code. This entailed including a description of the effects
of the ECCD as well as including the effects of the 2D fast
electron transport parallel and perpendicular to the field. The
experimental observations that various modes of different helic-
ities are affected by each other also prompted development into
extending the model to make it describe an increased number
of modes with different helicities.

1.2.2 Linear MHD eigenmodes with fluid rotation

E. Strumberger

In order to investigate quantitatively the influence of differential
plasma rotation on double tearing modes, the CASTOR code
was extended by adding the terms of toroidal rotation and
viscosity to the equations for the perturbed quantities. As a
first step, parallel viscosity for the motion along the field lines
is used for the perturbed viscous force. First computations
confirm the damping of the double tearing mode with increasing
differential rotation.

1.2.3 Tearing mode stability for parameter
for arbitrary plasma shapes

C. Atanasiu

Code developments were made in the calculation of the tearing
mode stability parameter, A, for diverted tokamak configura-
tions. They enable the influence of plasma parameters, such as
aspect ratio, ellipticity, and triangularity, as well as the location
of the wall on A’ to be calculated.

1.3 RF Physics
M. Brambilla

A subroutine which calculates the profiles of RF-driven current
from the power deposition and electric field patterns of waves
in the ion cyclotron range of frequencies has been added to the
TORIC full-wave toroidal code. The model is based on the
‘adjoint’ solution of the Fokker-Planck equation developed by
Fisch and Karey and takes into account the effects of toroidal
trapping. The routine is capable of distinguishing between
current drive by ion Bernstein waves (Landau damping only,
relatively low efficiency) and by the fast wave (Landau and
transit time damping, higher efficiency).

Beam tracing is employed to compute propagation and absorp-
tion of EC waves. The wave beam is described by means of a
central ray and a set of parameters connected with the curvature
of the wave front and the amplitude profile. Analytic solutions
in an inhomogeneous magnetized plasma have been obtained
for perpendicular propagation in a slab geometry. A code has
been written which allows one to calculate EC wave propaga-

tion, absorption, and current drive in a tokamak geometry. The
first results obtained for ASDEX Upgrade and RTO/RC ITER
configurations show that the diffractive broadening of the beam
can significantly modify the profiles of power absorption and
driven current with respect to the geometrical-optics prediction.

1.4 Edge Physics

D. Coster, H. Biirbaumer

To prepare incorporation of mesh refinement, a version of the
B2 code with cell-centred velocities (as opposed to the original
staggered grid version) has been developed in collaboration
with the University of Vienna.

2 GENERAL PLASMA THEORY

2.1 Basic MHD Theory

2.1.1 Magnetohydrodynamic (MHD) Turbulence
D. Biskamp, K. Hallatschek, A. Zeiler, W.- C. Miiller

Since it is difficult to generate MHD turbulence in labora-
tory experiments, numerical simulation is particularly impor-
tant. 3D freely decaying MHD tubulence was investigated nu-
merically in a periodic box using for the first time a spatial
resolution of 512% collocation points, The decay of the energy
of the turbulent fluctuations, £ = FX + EM | is governed
by the conservation of the magnetic helicity and the rapid de-
cay of the energy ratio I' = Ef /EM . A simple theoretical
model is proposed which predicts the asymptotic decay laws
E ~t=Y2 T ~t~!, in good agreement with the behaviour ob-
served in the simulations, invalidating previous theoretical and
numerical results. The spatial scaling properties of isotropic
MHD turbulence indicate that the turbulence does not follow
the previously favoured Iroshnikov-Kraichnan phenomenology,
which predicts the energy spectrum Fj ~ k~3/2 Instead one
finds a clear Kolmogorov spectrum ~ k~3/%. The scaling ex-
ponents of the structure functions are well described by a mod-
ified She-Leveque model corresponding to basic Kolmogorov
scaling of the fluctuation amplitudes and a sheet-like character
of the dissipative eddies. Hence cross-field eddy-like motions,
much as in hydrodynamic turbulence, are more important than
the parallel dynamics. the interaction of Alfven waves.

2.1.2 Relaxed Plasma-Vacuum Systems

D. Lortz, G. O. Spies

Taylor’s theory of relaxed toroidal plasmas (states of lowest en-
ergy compatible with given total magnetic helicity and toroidal
magnetic flux) is extended to include a vacuum region between
the plasma and the wall. Perhaps the most remarkable prop-
erty of relaxed states is a surface current in the plasma-vacuum
interface.

2.1.3 Dipolar Magnetic Equilibria with Gravitation and Flow
H. Tasso, G. N. Throumoulopoulos
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Previous solutions by Krasheninnikov et al. are extended to the
case of stationary equilibria with gravitation and incompressible
flows. This is made possible by assuming a “dipole ansatz”
in spherical coordinates in the generalized elliptic equation
previously derived by Tasso and Throumoulopoulos.

2.1.4 Resistive MHD equilibria with flow
H. Tasso, G. N. Throumoulopoulos

For a Spitzer resistivity it can be shown by expansions around
the magnetic axis that the flow cannot lie in the magnetic
surfaces. If the conductivity is taken as a function of the
magnetic surface and the distance to the axis of symmetry, but
with an overall plausible profile, several classes of solutions
with incompressible flows aligned with the magnetic field can
be constructed.

2.1.5 Balooning Stability of MHD Equilibria
with Bootstrap Current

H. P. Zehrfeld

Prior to a stability analysis in the presence of bootstrap cur-
rents is a consistent calculation of the equilibrium. Such ad-
vanced equilibrium calculations have been performed and the
results have been subjected to stability analyses with respect to
ballooning and peeling modes using the GARBO and GATO
stability codes. It is found that the bootstrap current can drive
the peeling mode unstable and that the instability also has a
ballooning component. The combination of these two modes
provide a possible explanation for the ELM phenomenon.

2.1.6 Dissipative Magnetohydrodynamic Equilibria
with Compressible Fluid Flow

H. P. Zehrfeld

Considering the dissipative equilibrium state of a toroidally
confined axisymmetric plasma as that of a compressible Newto-
nian fluid with scalar viscosity, resistivity and thermal conduc-
tivity a closed set of partial differential equations for eight scalar
functions providing a complete description of the equilibrium
was established and solved. Suitable Neumann and Dirichlet
boundary conditions to be imposed on the solutions are dis-
cussed in detail. It is shown that due to taking into account
the compressibility of the plasma the coupled vorticity-stream
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function problem of hydrodynamics does not apply and no-slip
boundary conditions for the poloidal and toroidal velocities can
be satisfied.

2
(]

Development of Basic Physics Models
and Computational Tools

2.2.1 Combined Maxwell and Kinetic
Gyrocentre Nonlinear Theory

D. Correa-Restrepo

Work is in progress with the aim of deriving a consistent
system of kinetic and Maxwell equations for gyrocentres, i.e.
for guiding centres in the presence of low-frequency, short-
wavelength electromagnetic field fluctuations. Use is to be
made of a variational Lagrangian formalism which describes
both the gyrocentres and the Maxwell fields, and which directly
yields local conservation laws for electric charge and energy,
together with charge, current, and energy flux densities. The
usual complications of having to transform the kinetic and
Maxwell equations from the particle to the gyrocentre phase
space are thus avoided.

2.2.2 Preservation of Properties Differential
Equations by Difference Schemes

R. Meyer-Spasche

In search of difference schemes which preserve, at moderate
size of the time step, all important properties of a given differ-
ential equation, we investigated exactness, stability properties,
and symplecticity of various schemes. Some of these results
give new insights into the nature of Runge-Kutta schemes.

2.2.3 Statistical Program to fit Catastrophe-type
Response Functions

0. Kardaun

The FORTRAN-90 catastrophe-fitting program, CATA2, has
been streamlined and its portability increased. The NAGO04 rou-
tine for constrained nonlinear optimization has been replaced
by our own stochastic optimization routine and the PVM com-
plex message-passing package on T3E and a workstation cluster
was circumvented by a vectorized single-processor version on
NEC SX5.
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SURFACE PHYSICS DIVISION

(Prof. Dr. Dr. h.c. Volker Dose

Prof. Dr. Jiirgen Kiippers)

The Surface Physics Division is organised in three groups. Contributions to the "Plasma-Facing Components" project constitute the
work of the Plasma-Wall Interaction group. This concerns experiments in collaboration with fusion machines as well as more
fundamental laboratory studies including work within Sonderforschungsbereich 338. The latter concentrates on adsorption at solid
surfaces and integrates work at the Munich Universities and the Max Planck Institutes MPQ and IPP. The second group, working on
properties of low-temperature plasmas, their diagnostics and application to thin film deposition, is run as a joint venture with IPP's
Technology Division, and its work is being reported in a separate section entitled "Plasma Technology". The third group, Data
Analysis, aims at interpreting experimental data from our own work as well as from other divisions employing Bayesian probability

theory.

Head: V. Dose, Deputy Head: E. Taglauer
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l. PLASMA-WALL INTERACTION

1.1 Multi-element Wall Materials

1.1.1  Surface Reactions of Beryllium with Carbon

Surface reactions of evaporated carbon on a metallic beryllium
single crystal (0001) were investigated in situ by means of X-
ray photoelectron spectroscopy (XPS) and Rutherford
backscattering spectrometry (RBS). After cleaning (oxygen as
sole impurity below 0.1 %) different amounts of carbon were
deposited at room temperature. The resulting films were
successively heated to temperatures between 473 K and 873 K
and analyzed after each 100 K step. The as-deposited films
consist of Be,C at the beryllium/carbon interface and of a
mixture of graphitic and disordered carbon on top. At elevated
temperatures carbidization takes place between 473 K and
673 K and leads to a homogeneous layer of Be,C on top of the
beryllium. The Be,C bulk photoelectron energies are found to
be 282.7 eV for C 1s and 113.0 eV for Be 1s.

1.1.2  Carbon Films and Carbide Formation on Tungsten
The reaction of carbon films on tungsten substrates was
investigated by means of X-ray photoelectron spectroscopy
(XPS). Gold substrates were also used to afford a comparison
with a non-reactive metal. After deposition XPS analysis
showed two different chemical states of unreacted carbon. The
gold surface did not react with C after all annealing steps up to
1170 K and no changes in the C s intensity were observed.
The two C Is states initially observed in the spectra converged
into one peak with increasing annealing temperatures. The
tungsten samples were annealed up to temperatures of 1270 K.
XPS analysis showed stepwise formation of two different
carbide phases. At 970 K the C 1s photoelectron peak was
shifted towards lower binding energies. After annealing at
1270 K a second shift occurred, indicating WC and W,C
formation. Above 870 K the C concentration of the surface
distinctly decreased with increasing annealing temperatures.
1.1.3  Energy Distributions of Sputtered Species

The dynamic Monte Carlo program TRIDYN was modified for
effective use on a parallel computer. This version was used to
calculate energy distributions of backscattered projectiles and
sputtered species versus the incident fluence. The distributions
are reconstructed from their moments by the maximum-entropy
method to determine the distributions over 5 decades. The
targets of pure Cu, CuysWys, and NigoW,, were bombarded
with Ar at normal incidence in the energy range from 60 to
1030 eV. The computed spectra are in qualitative agreement
with experimental data (University of Kaiserslautern).

1.1.4  Rutherford Backscattering from Layered Structures

Rutherford backscattering spectra were calculated by means of
a parallel version of the Monte Carlo program TRIM.SP for
0.5 and 1 MeV He impinging normal to a target consisting of
about 100 nm Au on Si. The calculated energy distributions are

compared with experimental distributions and with those
calculated by SIMNRA including double scattering. The
contributions of plural scattering to the distributions are
determined.

1.2 Hydrogen Inventory in Plasma-Facing
Materials
1.2.1 Hydrogen Isotope Analyses

During analysis of the hydrogen isotopes in samples from the
vessel walls of fusion experiments some hydrogen is released
by the analyzing ion beam. Depending on the ion beam density
profile an algebraic formula was derived for the fluence
dependence of the release. Fitting this formula to the measured
values both allows extrapolation of the measured amount to
zero analyzing fluence and provides information on the current
density profile in the analyzing ion beam.

1.2.2 Deuterium Retention and Lattice Damage in Pure
and C-irradiated Tungsten

Deuterium retention and damage formation in a pure single
crystal of tungsten, as well as deuterium implantation in a
tungsten single crystal preimplanted with carbon were
investigated. Ton energies of 10 and 100 keV D" and 40 keV
C" were used and deuterium profiles were obtained from
nuclear reaction analysis (NRA). Information on the type of
defects created by the D irradiation were obtained by
RBS/channelling, measuring the energy dependence of the
dechannelling parameter . The results suggest that there are at
least two types of ion-induced defects responsible for the
trapping of deuterium: (i) cavities localized in the implantation
zone and (ii) dislocations which are distributed from the
surface to a depth of 1-2 um and which capture deuterium
diffusing beyond the implantation zone. After heating up to
900 K cavities are not observed and the W crystal contains
dislocations alone. Upon preimplantation with carbon ions the
deuterium retention is strongly influenced if the range of the
deuterium ions is confined within the carbon-modified surface
layer. The total D retention is smaller in the carbon-
preimplanted tungsten sample than in the pure W crystal and
depth profiling shows that deuterium is only retained within
the range distribution without diffusion beyond the carbon-
modified surface layer. If the D ions are implanted at depths
larger than the carbon-modified layer thickness, diffusion
beyond the ion range occurs as in pure tungsten.

1.3 Ion Beam Analysis

1.3.1 Round-robin Experiment

In order to compare all techniques applied to analyze the
hydrogen isotopes in wall samples of fusion experiments, a set
of equal amorphous deuterated carbon layers was distributed
for quantitative analysis to 6 different laboratories and
universities in Germany, where different analyzing techniques
were applied. The measured absolute amounts agree within 30
%. The experiments showed the critical points in the different
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measuring techniques. If due attention is paid to these, absolute
measurement within 10 % uncertainty should be achievable.

1.3.2  Spurttering by High-energy lons

For ion beam analysis, high-energy ions in the MeV range are
used for Rutherford backscattering (RBS), particle-induced X-
ray emission (PIXE), and elastic recoil detection (ERD).
Interaction of these projectiles with the sample may introduce
errors in the surface analysis. However, there is not much
information on erosion by MeV ion beams. Interaction of 10
MeV Si ions with thin (10 — 80 nm) Cr films on a silicon
substrate was investigated at different angles of incidence. The
layer thickness was measured by PIXE, induced by the
10 MeV Si primary ion beam. The experimental sputtering
yields were compared with TRIM.SP calculations. For 10 and
35 nm layers the experimental yield was smaller than the
TRIM.SP results, whereas for the 80 nm film the experimental
yield was roughly one order of magnitude larger than the
calculated number. The results of the thin Cr films may be
dominated by carbon buildup or surface oxides. Similar results
as for the 80 nm film were reported for Au on C.

1.4. Sniffer Probe Measurements at W7-AS.

1.4.1  Hydrogen Inventory

The sniffer probe at the W7-AS stellarator has been reactivated
during the spring and summer measurement campaign and has
been routinely operated to measure the ion fluxes in and near
the plasma edge as well as to determine the composition of the
neutral gas and also the hydrogen isotope ratio. This allowed
the hydrogen inventory of W7-AS to be investigated in detail.
Figure 1 shows the temporal development of the H/D isotope
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Figure 1: Hydrogen isotope ratio H/D of the neutral gas in
the edge region of W7-AS during and after various
discharges: before (#47003) and after (#47007) He glow
discharge cleaning and after boronization (#47018).

ratio during and after three discharges in deuterium. Between
the shots #47003 and #47007 a glow discharge in helium was
performed and between shots #47007 and #47018 boronization
in a mixture of 10% deuterated diborane and 90% helium was
carried out.
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Comparison of discharges #47003 and #47007 shows that the
glow discharge in helium has a clear influence on the isotope
ratio during the plasma discharge. The H/D ratio is reduced by
a factor of about 1.8. Nevertheless, the hydrogen inventory of
the machine itself remains unchanged as the ratio approaches a
value of about (.6 after both discharges. After boronization the
measured hydrogen ratio is even higher during the discharge
owing to the different discharge conditions. On the other hand,
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Figure 2: Comparison of two discharges without (#47057)
and with (#47059) L-H* transition. The sniffer probe signal
(lowest panel) shows an early and drastic reduction of the
D+ flux in the plasma edge in connection with the H-maode.

as a result of the wall coating the hydrogen inventory of the
machine itself has clearly changed as the isotope ratio is
reduced to about 0.1. This effect remains visible for about two
days (approx. 100 discharges). A further detailed analysis of
the hydrogen balance shows that more than 90% of the puffed
gas goes to the walls and only less than 10% into the plasma.
Moreover, this behavior is independent of the discharge type
and heating scenario. After the discharge a significant rise of
the hydrogen neutral gas pressures is observed. This is due to
outgassing of the walls and loss of ionization processes and the
associated pumping capability of the plasma.

1.4.2  H-mode Transition
During various H-mode discharges in W7-AS the temporal

development of the hydrogen and deuterium fluxes in the
plasma edge was studied with the sniffer probe. Figure 2 shows
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the time traces of some discharge parameters for two similar
discharges, #47057 and #47059, with deuterium gas puffing
and ECR heating. In discharge #47059 a L-H* transition
occurs at about 500 ms, which is expressed in the increase of
the diamagnetic energy and the sharp change of the Hg
intensity. Moreover, the L-H* transition in W7-AS generally
shows well-known features, e.g. steepening of the density
profile in the region of the separatrix.

The lowermost time traces in Fig. 2 display the development of
the D* flux in the plasma edge of these discharges. For
discharge #47057 (without H-mode) the measured D* flux
roughly follows the evolution of the line-integrated electron
density. In the case of discharge #47059 (with H-mode) a
drastic decrease of the D* flux is observed, whereas the
reduction of the deuterium flux already occurs prior to the
transition. This fact confirms the assumption that the
steepening of the density profiles starts at the outermost edge
of the plasma. Moreover, sniffer probe measurements in the
plasma edge could possibly identify a precursor for the L-H*
transition. For this purpose it is necessary to improve the
temporal resolution by experimental or mathematical means. A
further analysis of the hydrogen neutral gases shows a distinct
change of the hydrogen isotope ratio during the transition. This
observation is in agreement with the change in the particle
fluxes onto the targets and can also be seen in the reduced H,
signals from the limiters.

2. SURFACE SCIENCE

The co-operation of the Surface Science group within the
Sonderforschungsbereich (SFB 338: Adsorption on Solid
Surfaces) is continuing. Recent contributions include
investigations of the composition and structure of alloy
surfaces, the kinetics of surface faceting and properties of
model catalysts. Additionally, the magnetic properties of thin-
film systems are being studied.

2.1 SFB 338

The composition and structure of alloy surfaces can differ from
the corresponding bulk properties due to segregation and
relaxation effects. Low-energy ion scattering (LEIS) is suitable
for probing the topmost atomic arrangement of alloys by
providing mass and layer sensitivity at the same time. The
(100) surface of the ordered alloy CuAu and amorphous Ni and
Al were studied by low-energy Ne™ and Na* ion scattering. The
interpretation of the experimental results is supported by
numerical simulations using the MARLOWE code. In the
CuAu system a certain geometry was found to be very
sensitive to Au present in the G layer, the amount of which is
expected to be rather low. Experiments concerning the return
to equilibrium after perturbation by preferential sputtering
confirm segregation of Au to the 1* layer.

Comparison with MARLOWE results also allows one to study
variations in the ion yields arising from neutralization effects.
lon survival probabilities are esimated for Ni and Al, by
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trajectory analysis, resulting in excellent agreement between
calculated and measured energy spectra as shown in Figure 3.
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Figure 3: Comparison of experimental and calculated yields
without (left panel) and including (right panel) neutralization
effects. The experimental resolution of 22 €V has been taken
into account in the latter case.

Faceting of the vicinal Cu(115) and Cu(119) surfaces due to
oxygen adsorption was further studied by scanning tunneling
microscopy (STM). Both surfaces reconstruct into three
different facet types characterized by energetically favoured
Cu-O-Cu chains On oxygen-saturated surfaces (exposure
between 100 L and 1000 L) the facet size is determined by
formation kinetics. This facet size varies between 1 nm and
100 nm; ist dependence on temperature and oxygen partial
pressure can be formally described by equations derived from
nucleation and growth mechanisms. Experiments with lower
oxygen exposure (10 L to 20 L) show details of the initial
growth process. First small (100) facets are formed along the
step edges which grow and define the final facet size. Further
experiments were made to give information about the facet
stability.

The investigation of model catalysts for SiO,-supported Rh and
the effect of the promoter VO, on Rh/SiO;-systems was
continued. Using the rhodium signal intensity information and
the binding energy shift of the XPS (X-ray photoelectron
spectroscopy) Rh 3ds, signal, it was possible to describe the
growth of rhodium clusters on Rh/SiOy/Mo  and
Rh/VO,/Si0,/Mo model catalysts as a function of temperature.
The final cluster sizes derived from these methods are
consistently about 1 nm on Rh/SiO,/Mo and about 2 nm on
Rh/VO,/Si0yMo after heating these systems from room
temperature to 873K in UHV. In contrast to powder catalyst
systems prepared by wet impregnation and thermal treatment
in air, it was possible to exclude the influence of rhodium
compounds, which are known to have a large effect on the
sintering process, and to model the agglomeration behaviour of
rhodium metal.

First experiments with a new reactor system for catalytic
reactions on small-area model catalysts at atmospheric pressure
were conducted with success. The reactions of CO and O, over
Pt foil and CO and H; over Rh foil showed the expected
product distribution measured by a quadrupole mass
spectrometer (QMS). Further investigatons of the catalytic
performance of VO, promoted and unpromoted
Rh/Si10,/Si(100) model catalysts are in progress.
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22 Surfuce magnetism

The magnetic order in ultrathin films critically depends on a
variety of film parameters. To correlate the magnetic properties
and the underlying spin-dependent electronic structure is a
challenging task, which we approach experimentally by spin-
resolved electron spectroscopies. The combination of spin-
resolved inverse photoemission (IPE) and spin-polarized
secondary electron emission (SPSEE) enables us to monitor the
spin-dependent electronic states and the magnetization at
surfaces and in ultra-thin films. Co (hcp) and Fe (bbc) films on
W (110) were investigated with respect to their electronic
surface states and their magnetic order. Spin-dependent surface
states were identified at both surfaces, Co (0001) and Fe (110),
and described within the theoretical framework of the one-step
model of IPE. The role of these surface states for the surface
magnetic order is still being discussed.

How sensitive the magnetic order of a film can depend on
surface conditions is shown in Fig. 4. A reversible, adsorbate-
induced magnetic reorientation transition is observed in
Fe (110) films. While the directions of easy magnetization in
bulk Fe are along (100, ultra-thin films of Fe on W (110)
exhibit in-plane magnetization along the [110] direction. At
t = 0 the clean surface of a 20-ML thick Fe film is magnetized
along [110]. After 200 min under ultra-high vacuum
conditions (pzlxlO'10 mbar, UHV) the magnetization M has
switched to [001] by adsorption of residual gas. Electron
bombardment (E = 2.5 keV) again leads to a rotation of the
magnetization due to electron-stimulated desorption of the

adsorbates.
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Figure 4: Adsorbate induced magnetic reorientation transition

of iron films on W (110).

(a) as prepared, (b) after 200 min in UHV, followed by

electron-bombardment (see text for details).

Spin-resolved appearance potential spectroscopy (APS) was
applied to study the magnetic properties of Co in different
crystal structures and chemical environments. The APS results
of hep-like films on W (110) show characteristic changes
compared with fcc-like films on Cu (001), which are well
described by changes in the spin-dependent local density of
states. The element sensitivity of APS was used to study
Fe,Co, alloy films on Cu (001). The structural transitions
from fce to bec and back to feo with increasing x is reflected
by reduced element-specific spin-asymmetry signals in APS.
The results are in agreement with independent magnetic and
structural measurements.

3. DATA ANALYSIS

Robust inference of physical quantities from new data is often
hampered by finite resolution and deterioration by noise.
Analysis of data is improved if all relevant knowledge
previously gathered is exploited. Bayesian probability theory
provides a general and consistent frame for combining various
kinds of information.

Energy confinement data from various stellarators has been
used to determine a scaling relation which allows for
differences in the transport behaviour of heliotron/torsatrons
and shearless stellarators. In order to do so each machine was
assigned its own scaling constant. The scaling parameters
themselves were evaluated by employing Bayesian probability
theory. Each stellarator line showed similar scaling constants,
which indicated similar transport behaviour among the devices
of the respective line. However, since the scaling constant of
the heliotron/torsatron line was a factor of 1.5 smaller than that
of the advanced stellarator line, the latter branch promises
better confinement for the same set of parameters (density,
magnetic field, etc.).

The electron energy distribution function (EEDF) is essential
for modelling the performance of fusion and process plasmas,
like chemical reactions, growth processes in thin-film
deposition, surface treatment, and wall erosion and material
migration in fusion experiments. Determination of the EEDF
from optical measurements of spectral line intensities is
superior to conventional methods such as Langmuir probes
since direct contact with inevitable deterioration of the plasma
is avoided. For the first time the EEDF in electron-cyclotron
resonance heated low-pressure helium  plasmas was
reconstructed form-free from 8 helium spectral line intensities.
Quantitative spectral analysis often relies on being able to
subtract from the data the contribution from the background. A
general probabilisic model for estimating background
contributions to measured spectra is developed on the defining
characteristics, namely that the background is smoother than
the signal. Qur technique is demonstrated on particle-induced
X-ray emission (PIXE) spectra and Auger emission spectra,
which are prominent examples of complex background
contributions.

PIXE is a routinely used, well-established diagnostic for trace
element detection and quantification of wall material in
ASDEX Upgrade. Reconstruction of the depth distribution of
the detected elements is achieved by simultaneous evaluation
of measurements with different incident angles of the ion beam
on the probe. Like previously reconstructed depth profiles from
Rutherford backscattering  spectroscopy (RBS), the ill-
conditioned inverse problem is solved with the powerful tool
of Bayesian probability theory. The new technique was
demonstrated in reconstruction of depth profiles of layered Si-
Nb-Cr samples and of trace elements.
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MATERIALS RESEARCH DIVISION

(Prof. Dr. Dr. Hans-Harald Bolt)

In magnetic fusion devices the plasma-facing materials are subjected to complex loading conditions. In addition, the response of the
materials to this environment can have a strong influence on the plasma performance of the fusion device. From the plasma a flow of
ions and neutral atoms reaches the surfaces surrounding the plasma. The incident particles can lead to erosion processes on the mate-
rial surfaces. Radiation from the plasma as well as the incident particles cause energy deposition on the surface of the plasma-facing
component. The resulting thermomechanical loading of materials and components can limit the lifetime of the component. Excessive
heat loads during operation lead to immediate destruction by melting or fracture. Furthermore, the materials can also adsorb and
absorb hydrogen isotopes and eventually release fractions of the stored gas under thermal loading. This can influence the particle
balance during plasma operation of the device. In addition to these fluctuations, the more resident inventory of hydrogen isotopes in
a fusion device is strongly dependent on the selection of materials and should be minimized. The intense neutron irradiation of the
plasma-facing materials in a fusion reactor causes nuclear activation of materials and also damage to materials, which results in
degradation of dimensional stability and physical and mechanical properties. Plasma-facing materials have to be developed and
optimized in order to meet these requirements as far as possible.

Since progress in plasma physics has paved the way towards the use of fusion as energy source, the issues relating to the develop-
ment of materials for fusion applications are requiring intense effort. This entails clarification of the loading mechanisms in fusion
devices and the response of materials to these loading conditions, as a basis for the development and qualification of suitable materi-
als.

To contribute to this ticld the Materials Research Division of IPP was newly founded in 1999. The aim of this division is to charac-
terize and develop materials for plasma-facing components of fusion devices. The work is complementary and closely linked to the
activities of the Surface Physics Division of IPP. In the Materials Research Division the following work has been newly initiated:
Materials characterization involving of metallography and scanning electron microscopy for morphological examinations, elemental
analysis (EDX) and structural analyses (EBSD) as well as measurement of the thermal diffusivity of materials; thin-film synthesis
allowing plasma-assisted deposition of films relevant to fusion applications together with the full

range of process analytical instruments; development work on thick low-Z coatings; numerical analyses of the thermomechanical
behaviour of plasma-facing compounds and components, including micromechanical modelling.

Since most of the work is directly relevant to the application of materials in fusion devices, the major portion of the work is de-
scribed in the report of the “Plasma-Facing Materials and Components” project. Numerical analyses which contribute to the design
and evaluation of components for W7-X are mentioned in the “W7-X Construction” report. The generic work aimed at the develop-
ment of innovative materials for fusion reactors and clarification of basic damaging mechanisms of materials is described in this
section.

Staff
M. Balden, O. Jandl, F. Koch, S. Kétterl, S. Lindig, H. Maier, I Guest from Univ. of Tokyo
K. Marx, S. Picarle’, M. Rehm, Y. Takamura', D. Valenza?, 2 Doctoral Candidate
J.-H. You 3 Undergraduate Candidate
L. AL20s COATINGS FOR HYDROGEN

PERMEATION BARRIER APPLICA-

TIONS

In a fusion power plant operating with a deuterium-tritium
mixture, the on-site tritium inventory is of concern with respect
to radiological safety. Since hydrogen isotope diffusion into
and through metals is a phenomenon which cannot in general
be completely suppressed by the choice of a specific metal or
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alloy, the problem of controlling tritium migration within the
facility arises. Furthermore, current design studies of nuclear
fusion power plants intend to reduce the radioactive waste
problem by employing special low-activation materialse.g.
reduced-activation steel alloys or vanadium-based materials
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such as V4CrdTi. In the latter case, the problem of tritium
handling is aggravated by the fact that the hydrogen isotope
solubility and diffusivity are very high as compared with
stainless steel.

Surface coating with thin films acting as diffusion barriers is a
promising approach for handling this hydrogen isotope per-
meation problem. For such an application of thin coatings,
however, the deposited films have to comply with severe re-
quirements. Since in many materials diffusion is governed by
grain boundaries and other imperfections, high-quality dense
films without significant void fractions or impurity contents are
required. For this reason, films deposited with the filtered vac-
uum arc method are under investigation here: A vacuum arc
discharge on a solid aluminium cathode produces an alumin-
ium plasma, and together with oxygen added from a gas inlet
an Al,O4 coating is deposited onto the substrate. The controlla-
ble kinetic energy of the incident particles facilitates deposition
of dense films. The arc discharge, however, also produces
droplets of molten material, which would significantly reduce
the performance of the films as permeation barriers if they
were incorporated into the coating. A very effective method of
avoiding this drawback is to prevent the droplets from reaching
the substrate by employing a 90° magnetic toroidal filter sys-
tem. On the laboratory scale, a substantial decrease of droplet
contamination of the coatings can be achieved by this method
while sustaining high deposition rates, With this setup, a vari-
ety of metallic and non-metallic materials can be coated with
Al;O5 at temperatures of up to 700° C.

Since the deposited film is generated from an ionized plasma,
the application of a bias voltage allows one to control the en-
ergy of the incident particles. By varying this energy and the
substrate temperature, the microstructure of the deposited
coatings can be controlled. The permeation barrier performance
of these coatings will subsequently be investigated in a hydro-
gen permeation measurement setup, which is now under con-
struction.

FIG. I: Vacuwm arc facility with toroidal filter assembly.
An aluminium plasma is generated from the aluminium cathode
(left) and magnetically guided through a 90° bend. After add-
ing oxygen is added from the gas inlet (centre), the plasma is
shaped by the main vessel field coils and deposited onto the
substrate (right).

2. METHODOLOGY FOR ANALYSIS OF
THE THERMOMECHANICAL BEHAV-
IOUR OF COMPOSITE MATERIALS

Composite materials are known for their high strength and
stiffness under elevated temperatures as well as their benign
crack propagation and fracture behaviour. Carbon-fibre-
reinforced carbon composites (C-C composites) are being ap-
plied as plasma-facing materials and the potential of SiC-SiC
composites for application in fusion reactors is under investi-
gation.

For the design and optimisation it is indispensable to be able to
predict theoretically the mechanical properties of composite
materials. In order to gain expertise in this field, a study on the
solid mechanics of composite materials was conducted which
is to be the basis of further modelling efforts. Two different
kinds of composites, ceramic matrix (CMC) and metal matrix
composites (MMC), were investigated. The thermo-elastic
properties, such as stiffness tensor and thermal expansion ma-
trix, were analytically formulated by using the Eshelby tensor
or micromechanical models. In parallel, mathematical ap-
proximation methods (asymptotic and numerical homogenisa-
tion) were studied.

The physically non linear behaviour of CMCs on the one hand
and MMCs on the other needs a different methodology. The
macroscopically non linear behaviour of CMCs, which 1is
caused by microscopic energy dissipation processes, e.g. dam-
age (crack initiation and propagation, interfacial debonding) or
friction at interfaces, was modelled analytically. Technically
relevant parameters which have to be derived from this are the
linear elastic limit, ultimate tensile strength, and permanent
strain. For analysis we used mainly fracture mechanical meth-
ods, Weibull statistics, and shear-lag analysis. Some macro-
scopic constitutive laws based on micromechanics were revis-
ited for their validity in this respect. As input parameters for
these analyses the material parameters, such as adhesion
strength and frictional resistance of interfaces, have to be de-
termined. To this end the theoretical modelling and the neces-
sary experimental equipment were assessed. To determine the
gross damage of a composite material a failure criterion under
multiaxial loading conditions has to be established. For this
purpose the applicability of Puck’s model was studied.

3. STRUCTURE AND PROPERTIES OF
MATERIALS

In addition to metallography and optical light microscopy, a
scanning electron microscope was installed (Philips X130
ESEM). Special features of this SEM are the variable-pressure
operation allowing also investigations on electrically non-
conducting surfaces without additional surface preparation,
energy dispersive x-ray analysis (EDX) for measurements of
the elemental composition of specimens, and electron back-
scatter diffraction imaging (EBSD) for analysis of local crystal
structures with high spatial resolution (>1 um).

For measurement of the thermal diffusivity a laser flash appa-
ratus was installed (Netzsch LFA 427). Measure-ments can be
performed up to 1600° C.
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PLASMA-FACING MATERIALS AND COMPONENTS
(Heads of Project: H. Bolt, J. Roth)

Plasma-material interaction studies are a major field of scientific activity at IPP. This work is focused on plasma-wall interaction
studies in fusion devices (e.g. ASDEX Upgrade, JET), laboratory investigations of plasma-induced erosion processes, and other
surface processes. Complementarily to this field, the operation conditions of fusion devices increasingly require specific material
developments aimed at tailoring material properties to the specific operational conditions. The “Plasma-Facing Materials and Com-
ponents* project has been initiated to tie the aspects of plasma-material interaction studies and materials characterization and devel-
opment together and direct this work towards the application of plasma-facing materials in ASDEX Upgrade and W7-X. This proj-
ect also includes well-defined longer-term aspects concerning the development of new materials.

Further basic underlying scientific work being done beyond the scope of this project, e.g. on basic surface process studies or the
development of barrier films, is reported in the respective sections of the scientific divisions concerned.

Since the specific tasks of this project were initiated during the period of the report, rather the outline of the work than detailed re-
sults are described in the following. Some work carried out in 1999 before this project was initiated can now be allocated to this

context. The respective results are therefore described here.
The tasks of the project are:

- plasma-wall interaction and plasma-facing materials for ASDEX Upgrade

- low-Z coatings for the first wall of W7-X
doped carbon materials with improved erosion resistance

1

I PLASMA-WALL INTERACTION AND
PLASMA-FACING MATERIALS FOR
ASDEX UPGRADE

1.1 Erosion of Tungsten-coated Samples in the

Whole Vessel Wall of ASDEX Upgrade
(A. Tabasso)

A critical issue for future fusion devices such as ITER is the
choice of the material for the first wall of the main chamber.
Tungsten is considered as a candidate material because, besides
its high-energy threshold for sputtering, it does not suffer from
chemical sputtering such as, for example, carbon does. It is
therefore of interest to quantify and understand whether the
erosion mechanisms are due only to charge exchange (CX)
neutrals or also to ion sputtering. Because of the relatively low
flux density of particles impacting on the first wall, respective
measurements are only possible using long-term samples ex-
posed for a full experimental campaign. ASDEX Upgrade
plans to cover the heat shield of the inner main chamber wall
with tungsten-coated graphite tiles. As a first step, four test
tiles were installed at different poloidal positions in the same

toroidal sector of the heat shield and removed after a full ex-
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perimental campaign. The aim was to measure whether the
erosion was compatible with amounts estimated on the as-
sumption that CX neutral sputtering is the dominant erosion
mechanism.

The erosion of the tiles was determined by measuring the layer
thickness before and after the experimental campaign. The
thickness was measured by both Rutherford backscattering
analysis (RBS) and particle-induced X-ray emission analysis
(PIXE).

Analysis of the tiles showed that the erosion is comparable to
amounts estimated by CX neutral sputtering only for the up-
permost tile. The erosion of the central and lower tiles is, how-
ever, a factor of ~ 5 higher than what is calculated when as-
suming only CX sputtering. Furthermore, the erosion profiles
of these three tiles show marked toroidal asymmetry that can
only be explained by assuming a shadowing effect of the
neighbouring tiles. This, together with erosion incompatible
with the CX flux expectations, points to the fact that the ero-
sion of the W-coated tiles must be ion-dominated. The erosion
results for the upper tile and for shadowed regions are close to
the values expected from CX sputtering.

If the measured W erosion is scaled to full W tile coverage of
the heat shield, a total W release of ~1.7x10"" atoms/s is cal-
culated. This implies a ratio W/D ~4 10”, assuming a penetra-
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tion probability of 1 and a particle residence time of ~0.1 s,
which represents an upper limit.

The ion erosion may be due either to the plasma being in a
limiter phase at start-up or to the vicinity of the magnetic sepa-
ratrix to the wall or to a combination of the two effects. The
results indicate that, provided the geometry remains the same,
it is possible with a W heat shield to reduce the W influx fur-
ther by keeping the plasma column further away from the tiles,
especially in the lower part of the wall.

1.2 Development of Tungsten Coatings for the
First Wall (H. Maier)

The applicability of tungsten as a plasma-facing material in the
main chamber of ASDEX Upgrade has been investigated with
encouraging results. The provision of large surface areas of the
first wall with tungsten coatings is therefore currently being
prepared. Applying high-Z materials in the main chamber is
aimed at substantially decreasing plasma contamination by
impurity production at the first wall. To achieve this goal, spe-
cific requirements have to be met. For this purpose, techniques
for coating graphite tiles with thin tungsten films of the order
of several um have to be developed, yielding dense films and
full coverage of the graphite surfaces. Other requirements are
low contents of light impurites such as oxygen and carbon, and
good adhesion properties of the films.

Since this project involves large surface areas and a corre-
spondingly large number of graphite tiles to be coated, indus-
trial-scale manufacturing capabilities are required. For this
reason, co-operation with the Fraunhofer Institut fiir Elek-
tronenstrahl- und Plasmatechnik was initiated to fabricate test
specimens, which will be analyzed at IPP with respect to the
required properties. A comparative study of different coating
techniques such as magnetron sputtering and plasma ion depo-
sition will also involve other industrial cooperation partners.

1.3 Erosion Probes in the Divertor of ASDEX
Upgrade (K. Krieger)

Carbon erosion rates in the divertor of the ASDEX Upgrade
experiment were determined by exposing graphite samples for
single discharges at the outer divertor strike point area using a
probe manipulator system.

The samples were covered with a 50-100 nm 13C isotope layer
deposited from an isotope-clean RF methane discharge.

This allows separating the 3¢ isotope from the *C bulk iso-
tope by means of Rutherford backscattering spectroscopy
(RBS) while retaining identical chemical properties compared
with the normal carbon target surface. The gross erosion of this
layer was determined by measuring the areal density of g
atoms before and after exposure to the plasma discharge. From
the energy spectrum of the backscattered ions the depth distri-
bution of the carbon isotope fractions was derived by means of
maximum-entropy deconvolution. The "°C areal density and in
addition the amount of redeposited '2C on top of the °C layer
were obtained by integration over the respective depth profiles.
At low_ values of the impacting hydrogen ion flux
(Tp< 102m™s™") the original °C layer was found to be uni-
formly eroded without redeposition of foreign material.
Significant erosion of the C layer was also found on samples
exposed at high ion flux values (I'p= 102 m™s™), but in addi-

tion the eroded "*C layer was found to be completely covered
by deposited 2C with a thickness of up to 200 nm. Therefore,
the observed erosion of '*C represents in this case only the
lower limit of gross carbon erosion.

Since the probes were exposed to discharges with long station-
ary phases in which the particle flux and the plasma tempera-
ture at the probe position were kept at a constant level, erosion
yields ¥ could be determined from the ratio of carbon erosion
fluence and impacting hydrogen isotope fluence according to
Y(E,T'p) =[Tcdt /[Ty dr.

10™ T T T =3
s / D ion beam IPP ]
= * 4
S [e3ab0ee 1
.(_J_ D, 30eV - 0: 1
; A’ |
: )

fanie)

10} o B8% J
1071 H,30ev ey ® gﬁb ]
w £ 4
s & @ ASDEX U. D Spektr. / Probes |
€ O ) ASDEX U. H Spekir. / Probes 0 N\
(1)) |
o 300 K surface temperature N

107 RS erar SRR e | N

1019 1020 102! 1022 1023 1024
Flux (/m?s)

FIG. I: Comparison of chemical erosion yields of carbon
obtained by different experimental methods.

Figure 1 shows the directly measured erosion yields together
with the spectroscopically determined yields, low-flux ion
beam data, and the semiempirical model by Roth, Pacher, and
Garcia-Rosales. Probe results and spectroscopic results agree
well for hydrogen and for deuterium. At very high fluxes the
probe erosion data indicate, however, a less pronounced de-
crease of the erosion yield than predicted by the model.

1.4 Deuterium Inventories in the Lyra Divertor
of ASDEX Upgrade (H. Maier)

Since the summer of 1997 ASDEX Upgrade has been operated
with the Lyra divertor arrangement. To investigate the critical
issue of permanent hydrogen isotope retention, a nuclear reac-
tion ion beam analysis of the near-surface deuterium content of
this divertor configuration was performed and compared with
previous results from Divertor L.

As nearly all components of the Lyra divertor possess curved,
non-flat surfaces, a new manipulator system designed for han-
dling complete large tiles (see Annual Report 1998, Surface
Physics Division) was employed for this purpose. The sample
translation and rotation possible with this device ensured nor-
mal incidence of the ion beam on the surface element under
investigation without the necessity of cutting a large number of
small samples from the respective modules.

Deuterium inventory profiles for the inner and outer target
module are displayed in Figure 2. Several important results
were obtained: In contrast to the Divertor I configuration, the
data yield high deuterium inventories in the high-flux area of
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both, the inner and outer target module. This indicates that
codeposition of deuterium occurs in both divertor legs of the
Lyra configuration, while in Divertor I the outboard side was
dominated by erosion. This difference can be understood by
comparing averaged electron temperatures in the two configu-
rations.
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FIG. 2: D inventories along the surfaces of the target

modules of the Lyra divertor. Also shown is an averaged sur-
face temperature profile of the outer module in arbitrary units
to indicate the strike location of the plasma fan. The lower part
of the figure shows the shapes of these modules. The arrows
indicate that the maxima are located at the rounded edges.

Another striking feature of the results is the observation of
large amounts of deuterium at the rounded edges of both target
modules. These locations are not subject to high particle fluxes
directly from the plasma fan. This indicates that the mechanism
at work here is not direct codeposition of deuterium with car-
bon impurities from the plasma, as is usually assumed for the
strike locations.

2. LOW-Z COATINGS FOR THE FIRST
WALL OF W7-X (S. Kétterl)

For the W7-X first-wall concept with actively cooled stainless-
steel panels as plasma-facing components, coatings of materi-
als with low atomic number, in particular boron carbide (B4C)
layers, are being developed in order to avoid accumulation of
high-Z impurities in the plasma during steady-state operation.
The use of thick B4C coatings on large areas of the first wall
would allow a considerably simplified first-wall design com-
pared with a design with clamped graphite tiles. Also B,C
coatings lead to a reduction of the chemical erosion of the
plasma-facing material and enhanced plasma performance due
to oxygen gettering by the boron.

Characterization of plasma-sprayed B4C coatings has been
started with regard to their structure and in terms of their fu-
sion-relevant properties (composition and impurities, thermal
conductivity, erosion behaviour, adhesion and cohesion, ther-
momechanical behaviour). Data obtained from this work will
be needed to assess the actual application of plasma-sprayed
B,4C as plasma-facing material.
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3. DOPED CARBON MATERIALS WITH
IMPROVED EROSION RESISTANCE
(M. Balden)

3.1  Temperature Dependence of the Chemical
Erosion of Graphite and Silicon under Deute-
rium Impact

The temperature dependences of the erosion yields for graphite
and silicon under D ion bombardment were determined by the
weight loss method in the energy range between 20 eV and 300
eV at temperatures of up to 1100 K. For C, the temperature of
the maximum of the chemical erosion (T,,,) increases with ion
energy from below 600 K for 20 eV to above 850 K for 300
eV. Also for Si a temperature dependence of the erosion yield
was observed: Ty, for Si is decreased for all investigated ion
impact energies by about 250 K compared with graphite. The
erosion yields of Si are about one order of magnitude smaller
than those of graphite for most temperatures and ion impact
energies. At room temperature the yields for C and Si are about
4% and 0.3% for 20 eV impact energy, respectively.
Production of chemical erosion species was observed mass
spectroscopically: Methane and silane production was observed
for C and Si, respectively. Chemical erosion yields for C ob-
tained by weight loss measurements always exceed yields
measured mass spectrometrically by a factor of about two.
Collector experiments show that a fraction of the eroded parti-
cles sticks to walls and, therefore, reduces the yield measured
by mass spectrometry. With Si targets, deposited layers were
also found for ion impact energies below the threshold for
physical sputtering.

3.2 Erosion Behaviour of Carbide-doped Gra-
phites

In co-operation with CEIT, San Sebastian, a series of carbon
materials doped with different amounts of B,C, SiC, TiC, VC,
WC, and ZrC were produced, starting from a mixture of
mesophase carbon powder (grain size: 0.5-4 pm) and carbide
powders with a grain size around 1pm. The graphitization was
performed at temperatures above 2300 K. Of all carbide
dopants investigated, VC shows the highest catalytic effect on
graphitization. Prior to the ongoing erosion experiments, the
materials were characterized in respect of density, porosity,
degree of graphitization, thermal conductivity and anisotropy
factor, mechanical properties, and dopant distribution in the
bulk and on machined surfaces.

The influence of the dopant distribution in bulk on the enrich-
ment of the dopant at the surface during erosion is to be found
by determining the fluence dependence of the erosion yield.
Furthermore it will be attempted to identify the influence of the
different dopant elements on the chemical erosion processes.
Emphasis will be placed on the low-temperature, low-ion-en-
ergy regime of the chemical erosion.
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TECHNOLOGY DIVISION
(Prof. Dr. Rolf Wilhelm)

The Technology Divison of IPP is concerned with the technical development and operation of the three plasma heating and current
drive systems - Neutral Beam Injection (NBI), Ion Cyclotron Heating (ICRH), and Electron Cyclotron Heating (ECRH) - for the
ASDEX Upgrade tokamak (NBI, ICRH, and ECRH) and W7-AS stellarator (NBI and ICRH) experiments. Additional tasks are the
planning and development of heating systems (NBI, ICRH) for the W7-X project in Greifswald and the development of a negative
ion NBI system on the basis of RF-driven plasma sources (in cooperation with CEA Cadarache).

For more detailed information please refer to respective sections of this report. This section presents some additional information on

specific technical developments and theoretical work.

1. NEUTRAL INJECTION HEATING
NI Group
Ll Development of a RF Negative Ion Source

NBI systems based on RF plasma sources have a mechanical
and electrical design intrinsically simpler than systems with
conventional arc discharge sources. Especially for long-pulse
systems ion sources without filaments could be of significant
advantage due to reduced maintenance and costs. A large-area
RF source for negative ion based long-pulse systems is there-
fore being investigated at IPP in cooperation with CEA
Cadarache.

In 1999 mainly experiments with a new source were con-
ducted, and for the first time from a large RF source H™ current
densities were extracted which are comparable to those from
conventional arc sources.

The new source (type VI) has the RF coil wound around an
alumina cylinder attached to the back of a bucket chamber,
which provides magnetic confinement for the source plasma
(Fig. 1). The design of the source is well suited to extrapolation
to larger extraction areas and long-pulse operation. Reliable
operation has already been demonstrated up to 150 kW of RF
power and in the low-pressure range (<0.5 Pa) indispensable
for negative ion extraction systems.

In a first step the filter field configuration was optimized.
Measurements with an RF-compensated Langmuir probe show
that the filter field reduces - as in arc sources - the high
electron temperature in the "driver" region (ca. 15 eV) to about
1 eV in the region close to the extraction grid. The low
temperature is essential to avoid destruction of the H' ions.

The source has been operated without Cs seeding ("Volume
Production Mode") and with Cs seeding ("Surface Production
Mode"). By "Volume Production" H™ current densities of up to

10 mA/cm® can be achieved by addition of argon to the
working gas (H,) (Fig. 2). This improvement by the addition of
argon in an uncesiated source is remarkably reproducible and
avoids the difficulties of source operation with caesium.
Krypton and xenon admixtures have also been used, but the

FIG. 1.

TypeVI RF source with external RF coil

resulting increase in H current density was much less than
with argon. It has been argued that only argon can improve H’
production via the volume process because argon has meta-
stable states with energies very close to those of vibrational
states of H, molecules.

With caesium seeding of the source the H current density
approached 10 mA/cm?® (Fig. 3). The best performance of the
source is achieved by addition of argon into the cesiated source
(Fig. 3). Up to 15 mA/cm?® can be extracted by application of
high RF power. (For negative ion beam systems a current
density of around 30 mA/cm? is envisaged.)
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FIG. 3: H current densities produced by "Surface Pro-
duction” with and without addition of argon.

The reported results refer to source operation with a "cold"
plasma grid. To optimize the Cs layer on the plasma grid for
surface production, a heated plasma grid was constructed, pro-
viding stabilized operation at temperatures above 200°C, and
experiments at elevated grid temperature have been started on
the Batman testbed.

For operation of negative RF ion sources at high extracted
negative ion currents the large teststand in L6 was modified
during 1999. Extraction experiments with a large-area extrac-
tion system are scheduled in 2000.

2. ION CYCLOTRON RESONANCE HEATING
ICRH Group

Further information on ICRH and experimental results can be
found in the ASDEX Upgrade and W7-AS sections.

2.1 Ferrite Matching System

With 3-dB hybrids stable high-power operation of ICRH was
achieved at ASDEX Upgrade. But plasma variations still result
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in reflections and reduced heating power due to the slow
mechanical stub tuners used for matching. To obtain faster
methods, a stub tuner system using premagnetized ferrites to
control the electrical length of tuners was tested on the ICRH
testbed and at ASDEX Upgrade. It was developed for Doublet
III-D and loaned to IPP for the tests.

Although this system specifically designed for D III-D is not
applicable to ASDEX Upgrade, the suitability of ferrite
technology for fast-matching systems and the high-power
handling capability of the ferrite striplines used were proved;
fast load variations simulated by firing a spark gap could be
matched within 2 ms. But some disadvantages of the chosen
double stub and feedforward control principles were also seen.
Complementary calculations showed that with trombone-stub
combinations using ferrites these disadvantages can be avoided
and an elegant principle for the two-dimensional feedback task
becomes possible: Two independent control loops can be used,
the first varying the trombone length so that the second can
reach matching by adjusting the stub length. Such a system is
to be applied on ASDEX Upgrade /424/.

3. ECRH ON ASDEX UPGRADE

ECRH Group (AUG)
(in cooperation with IPF Stuttgart)

Information on the ECRH system and experimental results can
be found in the ASDEX Upgrade section of this report.

3.1 Electron Cyclotron Current Drive with the
Fundamental Frequency X-mode Launched
from the Low-field Side

The electron cyclotron resonance layer in a tokamak, @= @(r),
is not accessible to the extraordinary wave from the low-field
side, because it is shielded by a cutoff layer. However, an X-
mode launched at a nonzero toroidal angle propagates at the
cutoff parallel to the magnetic field and has circular polariza-
tion. It can therefore interact efficiently with electrons via the
Doppler-shifted relativistic resonance. The condition that reso-
nant electrons in velocity space exist leads to a maximum local
density of @@’ < 1- (1-Nj)" at which such absorption is
possible, where N is the parallel refractive index of the wave
(typically @@’ < 0.3). With increasing density the energy for
the resonant electrons increases, oo, requiring a higher-
temperature plasma for sufficient absorption. In low-density
plasmas the driven current can be many times higher than that
driven by the second harmonic X-mode or the fundamental O-
mode. But, as their absorption increases with temperature, the
difference in efficiency is much less pronounced at high tempe-
ratures /376/.
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PLASMA TECHNOLOGY
(Prof. Dr. Dr. h.c. Volker Dose
Prof. Dr. Rolf Wilhelm)

The Plasma Technology group is concerned with three tasks: Surface coatings are produced by means of plasma chemical vapour
deposition (PCVD) for special applications, mainly in fusion plasma devices. New or improved PCVD procedures or devices are being
developed for this purpose. The scientific part of the activity involves the use of plasma, plasma edge, and thin-film diagnostics in order
to correlate the discharge parameters with the properties of the resulting coatings and improve understanding of the basic mechanisms of
plasma deposition. The third goal is modelling of the deposition process which allows the discharge conditions to be adjusted in a
predictable way in order to optimise a desired property of the growing film.

In 1999, the main activities were investigation of deposition of hydrogenated carbon films due to neutral radicals, quantitative
characterisation of a neutral beam source for atomic hydrogen and hydrocarbon radicals, and construction of a new experiment to study
the surface mechanisms of hydrocarbon radicals and atomic hydrogen.

V. Dose (Division Head)?, C. Hopf" *, W. Jacob', G. Kerkloh
until (30.03.99)> %, A. von Keudell', B. Landkammer" *, P.
Pecher’, T. Schwarz-Selinger" *, S. Vasquez-Borucki" *, R.
Wilhelm (Division Head)’, M. Meier" ¥, B. Racine®, A.
Stevens’.

1. THIN-FILM DEPOSITION AND EROSION

Understanding and quantification of the interaction of
hydrocarbon radicals with surfaces are important for describing
carbon transport and re-deposition in fusion devices. The
surface loss probabilities of hydrocarbon radicals were,
therefore, investigated in low-temperature plasmas using a
variety of hydrocarbon source gases. The surface loss
probability p corresponds to the sum of the probability of
effective sticking and the probability of the reaction to a non-
reactive volatile product at the surface. This quantity was
measured by the cavity technique: radicals from a remote
plasma source enter a small cavity via an entrance slit and lead
to film deposition on the inside surfaces. Comparison of the
measured deposition profiles with model calculations allows
the surface loss probabilities to be deduced.

1. Surface Physics Division
Technology Division
Postdoc

PhD Student

Technical Staff

Guest from Univ. of Amiens
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Guest from Techn. Univ. of Eindhoven

A set of three B values is sufficient to interpret all experimental
data for different hydrocarbon source gases and cavity
geometries. These B values are B, = 0.80, B, = 0.35, and
B,= 10 % They correspond to different hydrocarbon radicals and
can be explained by the different states of hybridisation of the
hydrocarbon growth precursors.

2. DEVELOPMENT AND CHARACTERI-
7ZATION OF A RADICAL BEAM SOURCE

To allow the interaction of hydrocarbon radicals with surfaces
and the synergistic interaction between different radicals to be
studied quantitatively, a particle beam source was developed
which is capable of producing thermal beams of neutral
hydrocarbon radicals. The radicals are produced in a resistively
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heated tungsten capillary as a result of thermal dissociation at
the hot walls of the capillary. Using H, or azomethane N,(CH;),
as precursor gases one can produce a flux of atomic hydrogen
or methyl radicals (CH,), respectively. Fluxes of about
3x10" H atoms cm™ s and of 3x10" CH, radicals cm™s™ at a
distance of 46 mm from the capillary are achieved. The CH,
radical flux produced with azomethane is thereby about one
order of magnitude higher than that achievable with methane as
precursor gas. The angular distribution of the emitted radical
flux is measured by ionisation threshold mass spectrometry in a
dedicated set-up in which the mass spectrometer can be rotated
around the exit orifice of the capillary. The angular distribution
of atomic hydrogen was additionally determined by a new
technique using erosion of an amorphous hydrogenated carbon
film as a probe: a hydrocarbon film is exposed to the atomic
hydrogen beam. The local etch rate on the planar probe can be
converted into an absolute H flux on the basis of the known
exposure time and the known erosion yield for atomic
hydrogen. The resulting etch profile, representing the angular
distribution of the emitted species, is shown in Fig. 1. The
experimental results are in excellent agreement with a
theoretical model describing beam formation in a hot capillary.

erosion rate

Figure 1: 2-dimensional erosion profile of an amorphous
hydrogenated carbon layer exposed to a beam of atomic
hydrogen at a surface temperature of 650 K. The peak in the
centre is due to the beam formation in the capillary. The
circular-shaped plateau is determined by the mask used in
the substrate holder.

3. BASIC STUDIES OF THIN FILM
DEPOSITION PROCESSES

To study the surface mechanisms of hydrocarbon radicals and
atomic hydrogen, a new UHV chamber was set up. This
chamber is equipped with two independent radical sources of
the type described in Sect. 2. The growth or etch rate during
exposure of a sample to the radical beams can be measured by
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in-situ real-time ellipsometry. The chemical composition of the
surface is measured by in-situ real-time infrared spectroscopy.
A sticking coefficient of 1x10” for CH; on a hydrogen
saturated amorphous hydrogenated carbon film  was
determined. This result suggests that CH, is a very inefficient
precursor for the formation of the thick deposits, found in the
divertor region of fusion experiments, in particular in the JET
Mark 1I divertor. However, since CH, can survive many wall
collision due to its low surface reactivity, it is a conceivable
precursor for hydrocarbon film formation in very remote
regions of present-day fusion experiments,

During simultaneous interaction of a CH; beam and an atomic
hydrogen beam with the surface of an amorphous hydrogenated
carbon film the sticking coefficient of CH, increases by two
orders of magnitude to 1x107. The hydrogen induced sticking
of methyl radicals is explained by the creation of free surface
bonds due to hydrogen abstraction. Incoming methyl radicals
can attach themselves to these free surface bonds. This
represents the first experimental verification and quantification
of this growth synergism. It also illustrates further that the
description of the hydrocarbon re-deposition in fusion
experiments requires not only knowledge of the sticking
coefficients of individual hydrocarbon radicals, but also
knowledge about existing synergisms or mutual inhibition
among the reactive species.
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PLASMA DIAGNOSTICS DIVISION
(Head of Division: Prof. Dr. G. Fussmann)

The Plasma Diagnostics Division contributes to various WENDELSTEIN 7-X aclivities (conceptual studies and experimental testing
of diagnostic components) and participates in the ASDEX Upgrade and WENDELSTEIN 7-AS fusion experiments at Garching. The
results of these efforts are described in the sections dealing with the respective projects. Additional work comprises experimental
and theoretical investigations in Berlin. The topics covered are: PSI plasma generator, UHV laboratory. electron beam ion trap
(EBIT) experiment, and studies of edge physics problems. Only these activities are treated in this part of the report.

P. Bachmann, C. Biedermann, W.Bohmeyer, T. Fuchs,
D. Hildebrandt, B. Jiittner!. H. Kastelewicz'. P. Kornejew, M.
Laux, D. Naujoks, R. Radtke, H.D. Reiner, J. Sachtleben, A.
Stareprawo, D. Siinder, K. Uludag, U. Wenzel.

| Humboldt-University, Berlin

L. PSI PLASMA GENERATOR

A major lopic of investigalion was spectroscopic measure-
ments of the drift velocity and diffusion cocfficient of impurity
jons. After a short xenon gas pulse was injected into an argon
discharge, the radiation of the ionized xenon atoms was
measured as a function of time at different positions in the
plasma generator. From the analysis of the data the streaming
velocily was determined to be u, = 1150 m/s. Modelling of the
broadening of the intensity profiles resulted in Dy = 60 m*/s for
the parallel diffusion coeflicient. This value for Dy is consistent
with the classical one. By combining the particle transport
studies with the results from Langmuir probe measurements it
was also possible to determine the D, coefficient. Diffusion

across the magnetic lield lines can be best described il

D, = 0.1 m¥/s, a value also close to classical diffusion. The
drift velocity and the temperature of the impurity ions were
measured by laser-induced fluorescence in another experiment.
The results revealed that there is continuous energy transfer
from the electrons Lo the ions along the roughly 2-m-long drift
region. This [act. together with the observed streaming
velocity, suggests that the electron-ion relaxation time in the
PSI plasma generator is about 1.5 ms,
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FIG. 1: Heart flux to the sensor as a function of the bias
voliage. The data points are from the present experiment. The
broken curve represents the predictions from a theoretical
model corresponding to the conditions of the experiment.

Development of a new sensor for direct measurement of the
heat IMux is almost complete. The heat flux sensor is water

cooled and its diameter is 6 mm. Operation and testing of the
sensor started with discharges in deuterium. Figure | is an
example showing the heat Tux as a function of the bias voltage.
The plasma parameters (clectron temperature and clectron
density, floating potential) were obtained from a double probe
placed in the vicinity ol the sensor. By relating the measured
heat flux to predicted values one can infer the sheath
transmission lactor from the experimental data.

2. ELECTRON BEAM ION TRAP (EBIT)

The radiative cooling rates for high-ionization species of
krypton (C-like Kr3™ (0 He-like Kr*#) could be measured. The
fractional abundances of the ions in EBIT were tuned to
approach the ionization balance of a plasma at a temperature of
4.7 keV. By distinguishing between different radiation
channels, 17 specific electron-ion interactions could be
resolved in the spectroscopic analysis, including contributions
from bremsstrahlung, radiative recombination, dielectronic
recombination, and line radiation following electron-impact
excitation. The dominant contribution to the cooling rate is
made by the L-shell spectra of krypton (n =3-2, n =4-2, ... X
rays), which produce more than 75 % of the total radiation loss.
In Fig. 2, the experimental total cooling rate is compared to the
values predicted by two different models. The dilference
between measurement and indicates that the power lost through
the L-shell radiation of krypton is underestimated in the
theoretical treatment.
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FIG. 2:  Radiative cooling rate for kryvpton as a function of
the electron temperature. The curves represent two different
theoretical calculations. The data points below about 2 keV are

from a tokamak experiment. The result ar 4.7 keV is from the

present EBIT experiment.
During 1999. a new grazing-incidence spectrometer was

implemented at the EBIT fuacility for spectroscopy in the
extreme ultraviolet spectral region. The wavelength range
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covered by the spectrometer extends from about 10 A 10 about
1000 A. The spectrometer was employed to record spectra for
low and medium charge states of tungsten ranging from Ag-
like W27+ 10 Ni-like W, The short-wavelength spectrum from
such ionization states was recently observed in ASDEX
Upgrade, but it is not well understood because of the blending
ol hundreds or thousands ol spectral lines forming narrow
emission bands. Figure 3 shows live EBIT spectra observed in
the 45-70 A region. Each spectrum represents a particular ion
population in EBIT corresponding to the electron-beam energy
indicated in the figure. At the highest electron-beam energy
(3.0 keV), the emission lines originate from Zn-like W+ and
Cu-like W¥* With decreasing beam energy, the ion population
in EBIT is shifted to lower charge states. The spectra at 2.1 and
1.7 keV show lines representing transitions in Ge-like W#*
and Kr-like W3+ respectively. For the beam energies 1.4 and
1.1 keV, where the trap inventory is dominated by Mo-like
Witand Pd-like W28+ respectively, a drastic change in the
emission spectrum is observed: a narrow band is emitted and
its centre shifts towards shorter wavelengths as the charge state
decreases. Theoretical analysis of these results is in progress
and will be reported in a separate paper.

Electron beam energy
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FIG. 3: Spectra of highly charged tungsten ions in the
extreme ultraviolet.

3. THE UHV LABORATORY

In the UHV laboratory. the composition of tungsten and
carbon-based coatings was analyzed after exposing a suitable
substrate sample (o the SOL plasma ol TEXTOR-94. The
sample consisted of fine-grained graphite covered with a 300
nm thick tungsten layer. Part of the sample was furnished with
an additional 200 nm thick a-C:H film deposited on the
tungsten layer. The sample exhibits significant differences in
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impurily deposition, depending on the structure of the surface.
Analysis ol the tungsten-coated surface revealed that a mixeq
material layer (C plus W) is formed during plasma exposure,
Carbon deposits could be detected in this layer at depths of up
to 400 nm. On top ol the mixed material layer a (ungsten
concentration ol about 30 % was measured. Different rom
this result is the sitwation for the a-C:H film. Here, the
formation ol a 200 nm thick carbon layer is observed. The
amount of carbon deposited on the a-C:H film is about twice as
large as in the mixed-material layer. In addition to exposure ol
samples to the plasma of TEXTOR-94, laboratory
investigations were carried out to determine how the processes
of diffusion and ion implantation can effect the elemental
composition of multi-layer coatings. Carbon ion bombardment
and annealing of suitable samples were employed in these
measurements. From the analysis it was found that carbon can
in fact diffuse into the tungsten substrate, provided the
temperature of the sample is above 1000 K. However, the
diffusion process is associated with formation of tungsten
carbide (W,C), which, in turn, is not present in the mixed-
material layer. Thus, one can infer that temperature-dependent
diffusion or penetration following carbon ion bombardment
cannot contribute to the mixed-material formation. Instead, it is
more likely that erosion and prompt redeposition arc the
decisive processes producing the mixed-material layers.

4. THEORY AND MODELLING

There were three main items in the theory and plasma
modelling groups' activities:

(1) Bifurcation of temperature in edge plasmas. The
energy balance of the boundary layer plasma was analyzed in
limiter tokamaks and axisymmetric devices. Bifurcation in
limiter tokamaks occurs if the heat flux from the core plasma
exceeds a critical value, which, in turn, is smallest il the plasma
is homogeneous in the poloidal direction. For a given heat flux
beyond the critical value, the bifurcation phenomena are less
pronounced when the sheath transmission factor at the limiter
is increased. In axisymmetric devices, the maximum
temperatures increase with rising axial influx and reduced
sheath factor.

(1) Sheath super-heat transmission due to redeposition
of thermally emitted material. A new code (BPHI-3D) has been
developed to analyze the plasma-surface interaction in 3-D
gcometry. The code uses Monte Carlo methods, full kinetic
treatment of the plasma and impurity ions, Boltzmann/guiding-
centre clectrons, and a particle-in-cell time-independent
Poisson solver. The code was used to explain the hot spot or
super brilliance events as observed at TEXTOR-94 and Tore
Supra. It was shown that, under certain plasma conditions,
near-surface ionization of emitted material causes excess-heat
flow to the surface which initiates a rapid increase of the
surlace temperature.

(iii) Modelling of the plasma in the PSI plasma generator.
B2- EIRENE modelling calculations were made for discharges
in deuterium. The calculations can reproduce the plasma
characteristics very well at radial positions where the plasma is
produced in the generator. Major discrepancies belween
experiment and code predictions exist for the central region
and the anode shadow. Here, a more realistic transport model
and inclusion of ion kinetic methods are required.
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GARCHING COMPUTER CENTRE (RZG)
(Head: Stefan Heinzel)

RZG traditionally provides supercomputing power and archival services for TPP and other Max Planck Institutes throughout
Germany. Besides operation of the systems, application support is given to Max Planck Institutes with high-end computing needs in

fusion research, materials science, astrophysics, and other fields. La

rge amounts of experimental data from the fusion devices of IPP

(ASDEX Upgrade, Wendelstein 7-AS, and, later, Wendelstein 7-X), satellite data of MPI of Extraterrestrial Physics (MPE) at the
Garching site, and data from supercomputer simulations are administered and stored with high lifetimes. In addition, RZG provides
network and standard services for IPP and part of the other MPIs at the Garching site.

Since 1998, the new experiment data acquisition software development group for the new Wendelstein 7-X fusion experiment and
the current ASDEX Upgrade fusion experiment operates as part of RZG.

A. Altbaver, G. Bacmeister, J. Cox, R. Dohmen, K. Desinger,
S. Gross, A. Hackl, R. Hamberger, S. Heinzel, C. Hennig*, K.
Lehnberger, H. Lederer, R. Miihlberger, W. Nagel, M. Panea-
Doblado, P. Pfliiger, F. Pirker, A. Porter-Shorowski, H. Reuter,
H.-G. Schiitzko, J. Schmidt, A. Schott, H. Schiirmann*, K. v.
Sengbusch, H. Soenke, U. Schwenn, R. Tisma, I. Weidl, V.
Weinert

Data Acquisition Group:
P. Heimann, I. Maier, S. Valet*, M. Zilker

# TPP Greifswald

1. MAJOR HARDWARE CHANGES

In arder to close the gap between the massively parallel Cray
T3E system (with 816 processors, 102 GB main memory and a
peak performance of 0.49 Tflop/s) for highly scalable parallel
applications and the comparatively low performance of single
RISC processors for non-parallel codes, a vector system with
high single processor performance was installed: a NEC SX-5
system with 3 processors and 12 GB of main memory (first
system in Europe), which replaced the NEC SX-4B interim
system. The SGI Origin 2000 systems of MPI of Astronomy
and RZG were integrated into one system and upgraded to a
total of 16 processors and 6 GB of main memory.

2. DATA MANAGEMENT

2.1 Developments in Multiple-resident AFS

New features in commercially available standard AFS software
required new designs in the internal organization of the
extension of migrating MR-AFS. MR-AFS is used at RZG for
comfortable, fault-tolerant automatic tape storage and retrieval
of large amounts of experimental data. Maintenance and
development of the MR-AFS software is done at RZG /246,
681/.

2.2 A new archival and backup system

Concerning mass storage of data, a basic distinction is made
between experiment-type data sets with requirements for long-
time conservation and short-lifetime data of the backup type
which are replaced by new versions at short intervals. For the
second type, the backup data, not MR-AFS is used, but the so-
called “arc” software which had been developed at RZG for the
most common system platforms. However, in order to better
support backups for the growing number of Windows NT
platforms especially at external sites like IPP Greifswald, RZG
has started to introduce the commercially available product
ADSM from IBM. A basic ADSM server environment has
been implemented at RZG which consists of a server machine
(IBM RS6000) to which 4 tape drives (STK 9840 “Eagle™) are
attached, these being served by the Grau/EMASS robot system
and tape silo. In the meantime regular backups of Win NT
systems of IPP Greifswald and RZG are routinely taking place,
as well as backups of the AFS user volumes in parallel to the
conventional “arc” backups. Prototype backups for different
UNIX systems are in progress. For improvement of data
security against physical damage, negotiations with the Leibniz
Rechenzentrum Miinchen have started to implement cross-wise
generation of a second tape copy: For selected ADSM data, a
second tape copy of RZG data shall be stored at LRZ in
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downtown Munich, a second tape copy of LRZ data shall be
stored at RZG in Garching.

3. DEVELOPMENT FOR HIGH-END
PARALLEL COMPUTING

Application development and support for high-end parallel
computing is of increasing importance for both disciplines
already established in this field such as plasma physics,
materials science, and astrophysics, and new disciplines in this
field, especially from biosciences /173, 588/. Outstanding
projects to support new developments in close collaboration
with the respective scientists are described in detail.

3.1 Fusion Research
3l Turbulence code

The KINEM Fortran code to study the effect of kinetic
drift wave turbulences on anomalous transport phenomena had
reached its limits of applicability since the treatment of ion
dynamics was being carried out only in 3D based on a fluid
model. This treatment had to be improved to the level of the
highly precise calculation of the electron dynamics with a five-
dimensional distribution function. A first approach aimed at
improving an existing parallel code of the University of
Maryland in a collaboration for massively parallel usage. A
study of the implemented code structure revealed, however,
that there was little chance to achieve high scalability for large
problem sizes with acceptable programming effort. A new own
parallel code, GENE (Gyrokinetic Electromagnetic Numerical
Experiment) was therefore developed for the five-dimensional
ion treatment plus the additional treatment of extra features,
and combined with the precise electron treatment. The new
GENE code shows excellent parallel performance and is well
suited for the treatment of very large systems which exceed the
capabilities of the current T3E system with 100 GB memory by
one order of magnitude.

3.1.2 Plasma edge transport

The new EMC3 parallel 3D Monte Carlo code for
study of plasma transport in edge regions allows solution of
Navier-Stokes-like fluid equations especially for protons and
electrons which allow fluid approaches.

For particles not suited to diffusion or fluid approaches like
neutral atoms or molecules the kinetic Boltzmann equations
can be solved with the 3D EIRENE code of FZ Jiilich.

To integrate the two separate codes into one new parallel code,
a combined effort by the authors of the two codes and RZG is
being made. In a first step, extensive memory usage of both
codes had to be reduced by implementing a dynamic memory
usage scheme. A common problem description structure and
data handling structure for both codes is under development by
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the authors as a prerequisite for code coupling ang
parallelisation of the interface.

3.2  Materials Sciences
3.2.1  Electronic structure calculations

The full-potential Linearized Augmented Plane Wave (FP-
LAPW ) method plays an important role for electronic structure
calculations in materials research. As only sequential code
implementations exist so far, this method could not be applied
to large problems for which the resources of a massively
parallel computer are required. The WIEN 97 sequential code
package consists mainly of 3 different parts: LAPWO computes
the total potential from the total electron density as input;
LAPWI sets up the Hamilton and overlap matrix, calculates
eigenvalues and eigenvectors for Schroedinger’s equation, and
is the most cpu-consuming part; LAPW?2 computes the Fermi
energy and the expansions of the electronic charge densities.

All three parts have been parallelized for efficient usage on
Cray T3E /232, 428, 429/. For a matrix of rank 7000 up to 128
processors may be efficiently used for a single k point (par.
efficiency (64) = 0.9, par. efficiency (128) = 0.7). For typically
4-20 k points the complete package offers the additional
possibility of trivial parallel processing within LAPWI and
thus scalability up to 512 processors. This new MPP version
shows significant advantages over the sequential, highly
vectorizable code version /590/.

3.2.2  Development of the wave function

The Dyn5d sequential code solves the Schroedinger equation
and calculates the development of the wave function in time.

For larger problems a parallel version is required. In a first step
a Fortran 90 version of the Fortran 77 code was generated. In
this version the FFTs were parallelized for the first two spatial
dimensions. To enhance the scalability the third dimension was
additionally parallelized (Legendre transformation). Two
different approaches were compared: 1. domain decomposition,
local transformations of the partial vectors per processor
followed by global summation to complete the vectors, and 2.
domain decomposition, provision of complete vectors per
processor via get operations with global summations being
unnecessary. This second approach proved advantageous. An
overall paralle] efficiency of (.73 on 128 processors and ot .66
on 256 processors could be achieved. By application to larger
problem sizes the efficiency will be further improved.

3.3 Astrophysics

For solution of thermonuclear combustion processes in stars
which can be dealt with a hydrodynamic approach the
PROMETHEUS parallel code was used as solver. More
complex scenarios  which require dynamic adaptable
resolution, can be solved by the Adaptive Mesh Refinement
(AMR) procedure, within which solvers like PROMETHEUS
or HERAKLES may be used.
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The project to implement a parallel AMR version is being
carried out in several phases. In phase | the basic concept and
its realization for a simple data set was carried out. For the
first time steps a static implementu[lonl for 2 one-dimensional
data set was done. The derived grids_ with different resolutions
were evenly distributed over the available processors. In phase
2 all program parts were included and applied o a more
complex (two-dimensional) data set. The nur_nber of time steps
and the number of adaptation levels were increased. Further
parallelization work was requirqd within _previously unused
program parts. The implementation work in phase 2

should
cover the applicability of a three-dimensional data set.

Planned phase 3 includes dynamic |pad
optimization, and eventually implementation of
memory management, if required.

balancing,
dynamic

3.4  Biochemistry

For biological structure determination by electron microscopy_a
procedure for pattern recognition is used tgr vastly automatic
detection whether a certain organelle type Is present within a
cell. As this procedure is extremely Cpu time 1nten.51.ve, but well
suited to parallelization, a Concept‘tor the para‘ll]ehzmg strategy
was developed and advice given for usage of adequate library
routines. The code implementation was carried out by the user
and shows good parallel performance.

3.5  Psychiatry

By repetitive Transcranial Magnetic S_timﬂulation (r.TMS_') brain
regions are stimulated by a magnetic field varying in time
which is generated by an arbitrarily shaped coil. The aim is to
determine the r'TMS induced currents. For |£{rge data sets the
chosen numerical approach could not be carried out any more
on a single processor.
As a first step the distribution of the electrical conductivity has
to be derived from the magnetic resonance scan data. The
resulting magnetic field is cn!culated.‘rrorr! the f:t)_ll parameters
within the relevant object volume. After discretizing the ob‘;e(.:i
space and the Maxwell equations a.llong‘the cells the g]e.cmc
field has to be determined by solution of thg sys_tem oi.llnem'
equations, and furthermore the ;L{l‘renF d;nsu.y distribution _by
means of the electrical conductmty dlStl’l.bl.lthn. The s:olguon
concept of the user requir.es solution of a system of l.mear
equations ot type AXfB ‘fm' an extremely sparse matrix A
(occupation density 107) of rank 10%. No sequential source code
was available as previous usage was on a personal computer
with program formulations b_y means of the Mathematica
package. Tests with sequcn{.lal solvers l‘t_évealed the bad
conditioning of the input matrix. An alternative approach w

as
developed that avoids handling of extremely large sp

drse

asymmetric matrices. A relaxation procedure for solution of

Maxwell’s equations was develc)ped.wh]ch requires signifi-
cantly less main memory and cpu time so that no p

arallel
computer is required.

4. VECTOR COMPUTING

With the installation of o 3-processor NEC SX-5 vector

which replaced the NEC SX-4B interim system, supp
code

system
ort for
migration especially in the fields of data format
representation and libr

combination of ch

ary routines was necessary, due to the
ange of hardware, introduction of new
compilers, and its restriction to pure [EEE format.

5. MULTIMEDIA

5.1 Visualization

The different confinement properties of alpha particles in a
tokamak, an 1=2 stellarator and in the Wendelstein7-X
optimized stellarator were simulated on the Cray T3E system
by a Guiding Centre code, visualized with the AVS 3D
graphics software. The animations were converted to Mpeg-1
movies, which were shown out of PowerPoint presentations on
various occasions such as an IAEA Technical Meeting 99
1649/ and the IPP Summer University 99 /711/,

5.2 Video Conferencing

For simultaneous meetings of the Wissenschattlicl
distributed between Garching and G
systems have been accepted and
case for

he Leitung
reifswald, the PictureTel
are in regular use, as is the
group meetings with smaller systems. For desktop
communication only the NetMeeting software has been used so
far. The requirements for simultaneous sessions in the [PP
auditorium and the Greifswald auditorium are more compli-
cated. The video and audio system based on the MBone tools
turned out to be too complex and unreliable, whereas the
PowerPoint conference mode was accepted by most of the
lecturers and the audience 712/, First presentations of

outsourced commercial solutions are due at the end of January
2000.

6. DEVELOPMENTS IN NETWORKING

New network infrastructure was implemented at IPP. The goal

Was o use a cabling structure that can easily be adapted to
future technologies. The data network realized was therefore
based on the concept of a "collapsed backbone”. consisting of
redundantly implemented switches at a few central locations
which connect to all end points via adequate techniques bused
on copper or fibre lines. This structure has significant advanta-
ges over standard "structured cabling" (EN 50173 from 1995),
such as fewer sources of problems (fewer components), more
flexible choice of network techniques, no bandwidth bottle-
necks, and a single point of management. The employed
Switched-Ethernet tamily at 10/100/1000 Mbps (with Gigabit

Ethernet at the backbone) relies on the same well-established

protocol and the existing infrastructure Is easily integrated
1485/

101




Garching Computer Centre (RZG)

7. PILOT PROJECTS FOR THE NEXT
GENERATION GERMAN SCIENCE
NETWORK

So-called Gigabit Testbeds (GTB), funded by the German
government, were implemented to run pilot projects for the
next-generation German science network (G-WiN). In the
testbed between Munich, Erlangen, and - Berlin, RZG
contributes to all 4 funded projects in the area of visual
supercomputing and metacomputing /589/. After installation of
the GTB backbones, the end-to-end connections had to be
established and the performance of components had to be
tuned, especially in the area of protocol switching from ATM
OC12 to HIPPL Finally the Cray T3E systems at RZG and
Konrad-Zuse-Zentrum (ZIB) in Berlin could be connected with
a bandwidth of 30 MByte/s over the GTB for large data
packets (>= 512 kB). The connections of visualization
workstations at RZG, ZIB, Fritz Haber Institute (Berlin), and
Albert Einstein Institute (Potsdam) to the T3E systems
achieved similar data rates as the performance of the HIPPI
interfaces of the T3E systems seem to be the rate limiting
factors /591/.

8. DATA ACQUISITION AND DATA BASES
FOR PLASMA FUSION EXPERIMENTS

A new group was established to concentrate the development
of data acquisition, data management, and data analysis
systems for the fusion experiments at IPP. The primary task of
this group will be to design and develop the data acquisition
environment for the newly built W7-X stellarator in
Greifswald. An additional task is the cooperation with the
ASDEX Upgrade data management team in future
developments for the tokamak experiment /9, 334, 377/. A new
design is necessary since W7-X will be operated in continuous
mode, in contrast to ASDEX-Upgrade and earlier experiments
that were run in discharge mode.

8.1 Design Principles

As most promising approach for the software design an object-
oriented concept has been chosen. To guide the development
process the "Software Through Pictures” design tool based on
UML has been selected for the system design. As programming
languages C++ and Java will be used. The decision on
operating systems and hardware will be postponed as long as
possible in order to benefit from future developments.

8.2 Data Storage

The data will be archived in an object-oriented data base. For
storage of data the following set of classes is proposed:
diagnostic, data stream, and data box. The data base chosen is
Objectivity, which can be configured for several servers and
allows storage of objects in parallel data streams. The daily
amount of data to be archived is expected to be of the order of
several hundred Gigabytes. To understand the principles and

study the possibilities of Objectivity several ASDEX Upgrade
data files were transferred to the object data base.

8.3 Time

Since chronology is so important in a continuously operating
system, all collected data will be marked by a timestamp. The
global system time is distributed in a star-like network from a
central timer system. Every diagnostic system is equipped with
a local timer for measurements of timestamps and delays,
Timestamps can be sampled in a local time-to-digital converter
with the same sample frequencies as the data-producing com-
ponents. The hardware for the local timer was defined and will
be developed by the control group of W7-X. The highest
resolution of the local clock was chosen to be preliminarily 10
ns.

8.4 Monitoring

Continuous operation of the experiment also requires
monitoring of several important signals from the experimental
control system as well as from diagnostic subsystems. Every
system user should be able to sign on to various monitor signals
for observation of the plasma behaviour. A publisher-
subscriber model was implemented with the "Java Message
Queue" library and the "Java Naming and Directory Services"
to investigate the possibilities of these methods.

8.5 Data Reduction

Diagnostic systems with high data rates and a large number of
channels must be designed to reduce data before archiving.
Reduction is mainly done on physics analysis or by event-
dependent change on sample rate. When necessary, reduction
can be done in parallel by multiple cpus. The Siemens
HPCLine-computers will be investigated for these tasks, with a
four node system using the Linux and Solaris operating
systems. In a next step the driver for the data acquisition boards
must be developed.

8.6 Prototype

A prototype data acquisition system for a few diagnostics was
proposed and will be built for testing these concepts. The first
diagnostic will be a simple bolometer diagnostic consisting of a
16-channel ADC with sample rates of several kHz per channel
in a Compact PCI Crate. The second diagnostic is a HPCLine-
computer hosting 2 ADC’s with PCI interface and 2 MHz
sample rate. A large amount of data in W7-X will be produced
by numerous video and CCD cameras. To investigate how this
mass of data can be handled in the experimental environment a
third typical video diagnostic will be incorporated. The
sampled data will be stored in the Objectivity data base.
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CENTRAL TECHNICAL SERVICES

(Dr.-Ing. Harald Rapp)

The Central Technical Services (ZTE) of Max-Planck-Institut fiir Plasmaphysik support the experimental divisions with the design,
development and construction of experimental components and diagnostic equipment. They also run all kinds of utilities for facility
and experiment operation. The staff at Garching comprises approximately 155 workers, technicians and engineers plus 20
apprentices. At Greifswald a branch site of IPP for the Wendelstein 7-X stellarator is under construction. The site development group
will later form the Greifswald Technical Services Department as part of ZTE with a work force of 60. For recruitment of personnel
1o Greifswald the staff at Garching is still being continuously reduced. More ambitious technical tasks at both the ASDEX-Upgrade
and Wendelstein 7-X experiments call for restructuring of the staff and reinforcement of qualified technicians and professionals.

e MECHANICAL DESIGN AND
CALCULATION (J. Simon-Weidner)

The department designs, calculates and develops experimental
devices. It also cares for the CAD system of IPP at all sites.
Most effort was devoted to design and construction work for
W7-X. Critical points were space and stress problems with the
coils, the plasma vessel and the cryostat. The relocation of the
W7-X staff to Greifswald called for a more intensive assistance
service for CAD and EPD systems.

2. ELECTRONICS DEVELOPMENT
(D. Arz)

The department develops analogue and digital electronic equip-
ment, including fast voltage switching and control devices for
plasma heating systems. Major effort went into contributions to
design of the control system for W7-X. The reliability and
further use of high-power switching tubes became a subject of
concern.

3 MATERIALS TECHNOLOGY

(I. Perchermeier, since February)

The department was reduced by transferring the materials
testing group to a new scientific division. It still offers technical
services for functional surface treatment, galvanic technique,
UHV  plasma welding and vacuum testing, optical
spectroscopy, chemical processing including boronization and
plastics technology. Difficult vacuum quality checks of the
demo cryostat of W7-X and repair work were important tasks.

4. EXPERIMENTAL POWER SUPPLY
(M. Huart, since July)

The department's task is to provide the electric power supply
for the experiments. It consists of the High Current group and
the High DC Voltage group. The Flywheel Generator group
will join later. The call for tender of a 120 MVA 4-quadrant
rectifier was completed. It will provide redundancy for the
ASDEX Upgrade magnet coil supply. Replacement of the Hg
rectifiers was prepared. Two HVDC modules 140 kV/50 A
were commissioned. The design of an overvoltage protection
system for the HC rectifiers was further developped. Problems

with fuses of rectifier branches are being investigated.
Problems with digital controllers in use with 4Q rectifiers still
continue. A major challenge were studies on parallelling of the
10 kV bus of generators #3 and #4 in order to enable optimum
power and energy sharing between generators.

5. FACILITY OPERATION
(W.R. McGlaun)

The department is charged with planning and supervising
facility installations such as electric supply, heating and airing
systems and cooling equipment. It also still runs the flywheel
generators. Repair of the rotor of generator #2 has been
initiated. Renewal of the building equipment was continued in
close collaboration with the civil engineering department. The
electrical power supply for a neighbouring institute was
provided. The contract for electrical energy supply was
renewed after a country-wide call for tender and yielded a cost
reduction of 40%.

6. WORKSHOPS
(M. Keiner)

The department was subjected to a major decrease in
manpower. Effective task sharing between IPP and commercial
workshops has therefore become more important. Quality
assurance, work routing, coordination and planning remain the
domain of ZTE services. Apprentice training for electronic
craftsmen is running successfully. Approximately 240
apprentices have been trained in 38 years.

s GREIFSWALD SITE DEVELOPMENT
GROUP (G.Pfeiffer)

In 1999 most of the buildings of the Greifswald branch institute
of IPP were completed. Part of the installations for power
supply was commissioned. The time and budget schedule is
well within plan. The office and laboratory equipment was
delivered. The staff increased to 20. Three apprentice
mechanics started their training. The DC high voltage supply
for plasma heating of the Wendelstein 7-X stellarator
experiment was ordered. All personnel will move into the new
buildings in April 2000.
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ADMINISTRATION

PERSONNEL DEPARTMENT

The personnel department is responsible for administrative
matters relating to personnel. The personnel figures of the
institute for 1999 were as follows:

Total personnel (including Greifswald and Berlin) 1016
Scientists 290
Technicians 454
Directorate and
Staff Representative Council 29
General Services 44
Administration 81
Other personnel 118
31.12.99

CONTRACTS AND PURCHASING DEPARTMENT

The contracts and purchasing department is responsible for
placing survey and follow-up of all contracts and orders placed
by IPP. In 1999, approximately 9.800 orders were made. They
include complex contracts, many of which were signed after
European-wide calls for tender. Furthermore, all export and
import formalities are handled within this department: about
210 international and European shipments were carried out in
1999.

FINANCE AND ACCOUNTING DEPARTMENT

The finance and accounting department is responsible for the
financial planning and all financial transactions and fiscal
matters of IPP.

Total expenses in 1999: 275,0 MDM

These expenses were financed as follows:

Federal Republic of Germany

through Federal Ministry of

Education, Science, Research

and Technology (BMBF) 145,4 MDM

Bavaria 9,2 MDM

Berlin 0.9 MDM

Mecklenburg-Vorpommern 35,6 MDM

EURATOM 52,2 MDM

Other income 31,7 MDM
29.02.00

SITE AND BUILDINGS DEPARTMENT

The site and buildings department is in charge of planning,
construction, structural alteration and reconditioning of
buildings and main service facilities. Building maintenance is
also provided for the neighbouring Max Planck Institutes of
Astrophysics and Extraterrestrial Physics, the European
Southern Observatory and Greifswald.
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SOCIAL DEPARTMENT

The social department gives assistance to employees seeking
housing, provides accommodation for guests in IPP residences,
and runs the transport pool, bus and cleaning services.

These departments are reporting directly to the heads of
administration Garching/Greifswald.

LEGAL AND PATENT DEPARTMENT

The legal and patent department works out and controls co-
operation contracts with German and foreign universities and
research institutes.

Concerning patent matters it attends to patent applications and
supervision and licensing of patents in co-operation with
Garching Innovation GmbH, a subsidiary of the Max Planck
Society. In 1999 the division supervised 95 patents and similar
rights.

AUDITING DEPARTMENT

The Auditing department is responsible for the auditing of
workflow and proceedings within the administration of IPP
with respect to their commercial efficiency and their
compliance with regulations. The single tasks are defined in an
auditing plan, which is drawn up every year according to the
directives of the management of IPP.

ORGANISATION DEPARTMENT

The Organisation Department is mainly dealing with data
processing within the administration. It co-ordinates and
develops on the one hand the SAP-Equipment, the
Outsourcing-DP-Centre and the SAP-Users of the entire
institute, on the other hand the about 100 PC-Users, their
workstations, software and the network of the administration in
order to meet the requirements of the IPP-Administration. The
Organisation Department is the first level helpdesk for the
above mentioned systems. In addition, it is responsible for
organisational means like e.g. form and charts, organisation-
manuals and phonebook

CONTROLLING W7-X

This department is responsible for the planning, controlling
and co-ordination of the W7-X construction in Greifswald.

These departments are reporting directly to the managing
director.
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hochionisierter Atome. Kolloquium, Fritz-Haber-Inst., Berlin
1999.

461, Fufimann, G.: EBIT: Eine neue Quelle zur Erzeugung
hochionisierter Atome. Kolloquium, Univ. Bochum 1999.

462. Fuffmann, G.: Einschluss und Beobachtung hochionisierter
Atome in einer EBIT-Quelle. Kolloquium, Forschungszentrum
Jidlich 1999,

463. FuBmann, G.: Evolution der Materie. Rotary-Club, Berlin
1999.

464. Fufimann, G.: Die Sonnenfinsternis 1999 — ein Jahrhundert-
ercignis. Rotary-Club, Berlin 1999.

465. Geier, A., K. Asmussen, A. Bard, H. Maier and R. Neu: Eine
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466. Geiger, J., C.D. Beidler, V. Erckmann, U. Gasparino, H.P.
Laqua, 8.V. Kasilov*, H. Maaf3berg, N.B. Marushchenko™® and M.
Romé*; Fokker-Planck Estimation of Electron Distribution
Functions for High Power ECCD at W7-AS. 12" Int. Stellarator
Conf., Madison,WI 1999,

467. Goldstraf3, P. and C. Linsmeier: Combined lon and Electron
Spectroscopy Study of the Surface Reactions of Beryllium with
Carbon. 14™ Int. Conf. on Ton Beam Analysis/Europ. Conf. on
Accelerators in Appl. Research and Technology, Dresden 1999.

468. Goldstraf, P. and C. Linsmeier: Surface Reactions and
Adlayer Formation on Beryllium after Carbon and Oxygen
Bombardment. 4™ IEA Int. Workshop on Beryllium Technology
for Fusion, Karlsruhe 1999.
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469. Gori, S., J. Niihrenberg, R. Zille, S. Okamura and K.
Matsuoka: Alpha-Particle Confinement Optimization in Quasi-
Axisymmetric  Configurations. 12" Int. Stellarator Conf.,
Madison,WI 1999,

470. Grigull, P., M. Hirsch, K. McCormick, J. Baldzuhn, R.
Brakel, S. Fiedler, C. Fuchs, L. Giannone, H.-J. HartfuB, D.
Hildebrandt, J. Kisslinger, R. Konig, G. Kiihner, F. Wagner, H.
Wobig and W7-AS Team: A New H-Mode Operational Range in
W7-AS. 12" Int. Stellarator Conf., Madison,WI 1999,

471. Gruber, O.: Collaborations and Remote Access on ASDEX
Upgrade. Tripartite Workshop Collaborative Exploitation of
Large Fusion Facilities, JET, Abingdon 1999.

472, Gruber, 0. and ASDEX Upgrade Team: Advanced Tokamak
Studies on ASDEX Upgrade. Seminar, ENEA, Frascati 1999,

473. Gruber, O. and ASDEX Upgrade Team: Internal Transport
Barrier Discharges on ASDEX Upgrade: Progress lowards
Steady-State. Tripartite Workshop Advanced Scenarios with
Internal Barriers, JET, Abingdon 1999,

474. Gruber, O. and ASDEX Upgrade Team: Internal Transport
Barriers with Reactor-Relevant T, = T,. Joint Meeting of ITER
Confinement Database and Modelling Expert Group, Transport
and Internal Barrier Expert Group, Edge and Pedestal Physics
Expert Group, JET, Abingdon 1999.

475. Gruber, O. and ASDEX Upgrade Team: Plasmas with
Internal Barriers and Similar Electron and Ion Temperatures,
Tripartite Workshop Advanced Scenarios with Internal Barriers,
JET, Abingdon 1999.

476. Gruber, O. and ASDEX Upgrade Team: Thresholds for ITB
Formation. Joint Meeting of ITER Confinement Database and
Modelling Expert Group, Transport and Internal Barrier Expert
Group, Edge and Pedestal Physics Expert Group, JET, Abingdon
1999.

477. Gruber, O., R. Wolf, R. Dux, S. Giinter, P. McCarthy, K.
Lackner, M. Manso*, M. Maraschek, H. Meister, G. Pereverzev,
W. Treutterer and ASDEX Upgrade Team: Internal Transport
Barrier Discharges on ASDEX Upgrade: Progress towards
Steady-State. IAEA Techn. Comm. Meeting on H-Mode and
Transport Barrier Physics, Oxford 1999.

478. Gruber, O., R. Wolf, R. Dux, §. Giinter, P. McCarthy, K.
Lackner, M. Maraschek, H. Meister, G. Pereverzev, W. Treutterer
and ASDEX Upgrade Team: Quasi-Steady-State H-Mode and
T, > T; Operation with Internal Transport Barriers on ASDEX
Upgrade. 2™ TAEA Techn. Comm. Meeting on Steady-State
Operation of Magnetic Devices-Plasma Control and Plasma
Facing Components, Fukuoka 1999.

479. Grulke, O.: Fluktuationen in toroidalen Plasmen. Seminar-
vortrag, Univ. Kiel, SS 1999,

480. Grulke, O.: Turbulence in KIWI and TEDDI. Workshop on
Simulation of Turbulence in Low-Temperature Plasmas and
Comparison with Experiment, Kiel 1999,

481. Gubanka, E., H.-S. Bosch, W. Ullrich, M. Hoek* and
ASDEX Upgrade Team: Tritonen Burnup an ASDEX Upgrade.
Verhandl. DPG (VI) 34, 343, P6.6 (1999).

482. Gude, A., S. Giinter, M. Maraschek, S. Sesnic and ASDEX
Upgrade Team: Beabachtung von Fishbone-ihnlichen Frequenz-
spriingen der neoklassischen Tearing Mode an ASDEX Upgrade.
Verhandl. DPG (VI) 34, 374, P26.3 (1999).

483. Giinter, S.: Confinement Degrading MHD Instabilities on
ASDEX Upgrade. Seminarvortrag, Culham 1999,

484. Giinter, S., A. Gude, M. Maraschek, S. Schade, S. Sesnic, Q.
Yu* H. Zohm and ASDEX Upgrade Team: Theoretische und

experimentelle  Untersuchungen von neoklassischen tearing
Moden an ASDEX Upgrade. Verhandl. DPG (V1) 34, 347, P11.1
(1999).

485. Hackl, A.: Ein neues Netz am IPP. 16. DV-Tagung der Max-
Planck-Institute, Géttingen 1999.

486. Hallatschek, K., A. Zeiler and D. Biskamp: Nonlocal
Simulation of the Transition from Ballooning to ITG Mode
Turbulence in the Tokamak Edge. 8" Europ. Fusion Theory
Conf., Como 1999.

487. Hallatschek, K., A. Zeiler, D. Biskamp, J.F. Drake* and
B.N. Rogers*: Nonlocal Simulation of the Transition from
Ballooning to ITG Mode Turbulence in the Tokamak Edge.
IAEA Techn. Comm. Meeting on First Principle Based Transport
Theory, Kloster Seecon 1999,

488. Hallatschek, K.: Nonlocal Simulations of Tokamak Edge
Turbulence. MPE-Tagung, Schloss Ringberg 1999,

489. Hartfuff, H.-J.: Plasmadiagnostik I, Wellen in Plasmen und
aktive  Mikrowellendiagnostiken.  Univ. Greifswald, WS
1998/1999.

490. Hartfufs, H.-J.: Plasmadiagnostik II, Wellenfiihrung an
Drihten, in Hohlleitern und GauB'sche Optik, Mikrowellen-
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491, HartfuB3, H.-J.: Plasmadiagnostik 1II, Radiometrie und
passive Mikrowellendiagnostiken.  Univ. Greifswald, WS
1999/2000.

492. Hartfup, H.-J. and W7-X Diagnostic Team: Overview of the
W7-X Diagnostic System. 12™ Int. Stellarator Conf., Madison,WI
1999,

493. Hartmann, D.A.: Experimental Stellarator Physics. 4™
Carolus Magnus Summer School on Plasma Physics, Maastricht
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494. Hartmann, D.A.: Plasma Heating. Summer Univ. for Plasma
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495. Hartmann, D.A.: Results with the Double Strap Antenna on
W7-AS. Coordinating Comm. Fast Waves, Garching 1999.

496. Hartmann, D.A.: Das Sonnenfeuer auf die Erde holen. Tag
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497. Hartmann, D.A., R. Brakel, V. Erckmann, S. Fiedler, C.
Fuchs, L. Giannone, P. Grigull, H.-J. Hartfufs, K. Iroh, S.-1. Itoh,
R. Jaenicke, R. Kiinig, H. Laqua, K. McCormick and F. Wagner:
Contributions of W7-AS to Steady-State Operation of Magnetic
Fusion Devices. 2" IAEA Techn. Comm, Meeting on Steady-
State Operation of Magnetic Fusion Devices, Fukuoka 1999.

498. Hartmann, D.A. and G. Cattanei: Recent Results of ICRF
Heating on the Stellarator W7-AS. 12" Int. Stellarator Conf.,
Madison,WI 1999,

499. Hartmann, D.A., G. Cattanei, W7-AS Team and ICRH
Group: Comparison of RF Heating on the Stellarator W7-AS
Using Different Antennas. US-Japan Workshop on RF Heating
Technology and EU-Japan Workshop on Antenna/RF Source and
Related Technology, Oh-arai 1999,

500. Hartmann, D.A., G. Cattanei, W7-AS Team and ICRH
Group: Recent Progress with ICRF Heating on the Stellarator
W7-AS. 12" Int. Stellarator, Conf, Madison, W1 1999.

501. Hatzky, R.: Nicht-lineare gyrokinetische Berechnungen von
ITG-Moden. Theory Meeting, Zinnowitz 1999.

502. Hatzky, R.: Simulation of Ion-Temperature-Gradient-Driven
(ITG) Modes: on the Way to W7-X. IAEA Techn. Comm.
Meeting on First Principle Based Transport Theory, Kloster
Seeon 1999.
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503. Heger®, B., U. Famiz* K. Behringer, D.P. Coster and
ASDEX Upgrade Team: Messungen und Rechnungen zur
Bedeutung der Wasserstoffmolekiile im ASDEX Upgrade
Divertorplasma. Verhandl. DPG (V1) 34, 374, P26.2 (1999).

504. Heinemann, B., O. Vollmer, W. Kraus, P. Massmann¥®, P.
McNeely, R. Riedl, E. Speth, R. Trainham* and R. Wilhelm:
Progress in the Development of RF Sources for NBI Heating
Systems. 18" IEEE/NPSS Symp. on Fusion Engineering,
Albuquerque,NM 1999.

505. Heller*, R., W. Maurer* and W7-X Team: Test Results for
an Advanced Conductor for the Wendelstein 7-X Magnet System.
16" Int. Conf. on Magnet Technology, Jacksonville,FL. 1999,

506. Hildebrandt, D., L. Giannone, P. Grigull, J. Kisslinger, R.
Kinig, K. McCormick, D. Naujoks, W7-AS Team and NBI Group:
Limiter Thermography on the Stellarator W7-AS with Magnetic
Island Topology at the Plasma Edge. 12 Int. Stellarator Conf.,
Madison,WI 1999.

507. Hirsech, M., P. Grigull, H. Wobig, J. Kisslinger, K.
McCormick, M. Anton, J. Baldzuhn, S. Fiedler, C. Fuchs, J.
Geiger, L. Giannone, H.-J. Hartfuf$, E. Holzhauer®, R. Jaenicke,
M. Kick, H. Maafberg, F. Wagner, A, Weller and W7-AS Team:
Operational Conditions and Characteristics of ELM-Events
during H-Mode Plasmas in the Stellarator W7-AS. 7" JAEA
Techn. Comm. Meeting on H-Mode and Transport Barrier
Physics, Oxford 1999.

508. Hirsch, M. and E. Holzhauer*: Doppler Reflectometry for
the Investigation of Poloidally Propagating Density Pertubations.
11" Joint Russian-German Meeting on ECRH and Gyrotrons,
Karlsruhe, Stuttgart, Garching 1999.

509, Hirsch, M., A. Weller and K. Toi*: Global MHD in
Stellarators. 11" General Conf. of the EPS: Trends in Physics,
London 1999,

510. Holzhauer*, E.: On the Potential of Microwave Scattering
Plasma Diagnostics. 11™ Joint Russian-German Meeting on
ECRH and Gyrotrons, Karlsruhe, Stuttgart, Garching 1999.

511. Hopf, C., A. von Keudell and W. Jacob: Oberflichen-
Reaktionswahrscheinlichkeit von Radikalen aus Methan- und
Acetylen-Plasmen. 9. Bundesdt. Fachtagung Plasmatechnologie,
Stuttgart 1999, PS10.

512. Huber*, A., W. Biel*, H.G. Esser* R. Jaspers® M.
Lehnen* G. Mank* R. Neu, Ph. Mertens* V. Phillips* A.
Pospieszczyk*, J. Rapp*, U. Samm*, B. Schweer¥, B. Unterberg*
and E. Vietzke*: Untersuchung des Verunreinigungshaushaltes
von TEXTOR 94 mit siliziumbeschichteter Wand. Verhandl.
DPG (V1) 34, 354, P18.2 (1999).

513. Jacob, W.: Ion-Induced Processes and Surface Reactions
during Growth and Erosion of Hydrocarbons. TRANS-DIAM 1|
Meeting, Amiens 1999,

514. Jacob, W.: lon-Induced Processes and Surface Reactions
during Growth and Erosion of Hydrocarbon Films. Materials
Science Seminar, Federal Univ. of Rio de Janeiro 1999.

515. Jacob, W.: Review of Experimental Work in the Plasma
Technology Group at IPP. Theoriekonzil, MPI fiir Extraterr.
Physik, Garching 1999.

516. Jacob, W., C. Hopf, A. von Keudell, M. Meier and T.
Schwarz-Selinger: Microscopic Processes at Carbonaceous
Surfaces in Contact with Hydrogen Plasmas. Meeting on
Modelling of Erosion/Deposition in the Plasma Boundary,
Culham 1999,

517. Jacob, W., C. Hopf, A. von Keudell and T. Schwarz-
Selinger: Surface Loss Probabilities of Neutral Hydrocarbon

Radicals on Amorphous Hydrogenated Carbon Film Surfaces:
What are the Dominant Growth Precursors in Plasma Deposition
of a-C:H Films. TRANS-DIAM 1 Meeting, Amiens 1999.

518. Jacob, W., C. Hopf, A. von Keudell and T. Schwarz-
Selinger: Surface Loss Probabilities of Neutral Hydrocarbon
Radicals on Amorphous Hydrogenated Carbon Film Surfaces:
What are the Dominant Neutral Growth Precursors in Plasma
Deposition of a-C:H Films. Materials Science Seminar, Federal
Univ. of Rio de Janeiro 1999.

519. Jacob, W., C. Hopf, A. von Keudell, T. Schwarz-Selinger and
B. Landkammer: Surface Loss Probabilities of Hydrocarbon
Radicals on Amorphous Hydrogenated Carbon Film Surfaces:
Consequences for the Formation of Re-Deposited Layers in
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Hydrogen Recycle at Plasma Facing Materials, St. Petersburg
1999.

520. Jacob, W., A. von Keudell, T. Schwarz-Selinger and C.
Hopf: Surface Loss Probabilities of Neutral Hydrocarbon
Radicals on Amorphous Hydrogenated Carbon Film Surfaces:
Consequences for the Formation of Re-Deposited Layers in
Fusion Experiments. ITER Seminar, Garching 1999.

521. Jaenicke, R. and W?7-AS Team: Conclusions from
Experiments with Large Toroidal Currents on W7-A and W7-AS.
US-Japan Workshop  Stellarator/Helical ~System  Concept
Improvement, Oak Ridge, TN 1999,

522. Jaenicke, R. and W7-AS Team: Overview on Recent W7-AS
Results. 12" Int. Stellarator Conf., Madison,WI 1999.

523. Jandl O.: Modelling of Plasma Facing Components for the
Fusion Experiment W7-X. ANSYS Users Meeting, Cejkovice
1999,

524. Jiittner B.: Apparition et Paramétres des Plasmas Denses
Auprés des Electrodes d'Arc Electrique. Congrés Général de la
Societé Francaise de Physique, Clermont-Ferrand 1999.

525. Jiittner, B.: Feldemission in elektrischen Entladungen im
Vakuum. Fachdiskussion des VDE ITG-FA 8.6, Magdeburg
1999.

526. Jiittner, B.: Le Mouvement Rétrograde des Spot
Cathodiques dans le Vide. Réunion EDF, Club Arc Electrique,
Paris (Clamart) 1999.

527. Jiitmer, B.: Physik der Elektrodenprozesse elektrischer
Lichtbtgen. Kolloquium, Techn. Univ. Chemnitz 1999.

528. Jiittner ~ B.:  Technische  Plasmaphysik.
Humboldt- Univ. Berlin, WS 1998/99.

529. Kallenbach, A.: Plasmadiagnostik. Vorlesung, Univ.
Hannover, WS 1998/1999.

Vorlesung,

530. Kardaun, O.J.W.F.; Importance of Using qgs as Regressor
Variable. ITER Confinement Database and Modeling Workshop,
Garching 1999.

531. Kardaun, O.J.W.F.: Physical Error Propagation. ITER
Confinement Database and Modeling Workshop, Garching 1999.

532. Kardaun, O.J.W.F.: Physical Regression with Errors in
Variables. ITER Confinement Database and Modeling Workshop,
JET, Abingdon 1999.

533. Kardaun, O.J.W.F.: Plasma Shape Dependence of the
Thermal Energy. ITER Confinement Database and Modeling
Workshop, JET, Abingdon 1999.

534. Kardaun, O.J.W.F.: Point and Interval Predection of Energy
Confinement in ITER: a Case for ITERH-98P(y,2). ITER
Confinement Database and Modeling Workshop, JET, Abingdon
1999.
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535. Kastelewicz, H.: Numerische Plasmamodellierung fiir den
linearen Plasmagenerator PSI-1. Univ. Diisseldorf 1999.

536. Kaufmann, M.: Die Bedeutung der ASDEX Upgrade
Experimente fiir ITER. Jahrestagung Kerntechnik, Karlsruhe
1999.

537. Kaufmann, M.: Einfilhrung in die Plasmaphysik und
Fusionsforschung II. Vorlesung, Univ. Bayreuth, SS 1999,

538. Kaufmann, M.: Fusion Research on ASDEX Upgrade.
Kolloquium, Athens 1999.

539. Kaufmann, M.: Sollen wir die gleiche Quelle, die die Sonne
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Garching 1999.

540. Kendl, A., B.D. Scott and H. Wobig: Simulation of Drift-
Alfvén Turbulence in Advanced Stellarator Geometry. 12" Int.
Stellarator Conf., Madison,WI 1999.

541. Kendl, A., H. Wobig and B.D. Scott: Geometrische Effekte
in der Mikroturbulenz. Verhandl. DPG (IV) 34, 342, P5.6 (1999).

542. Kendl, A.: Geometrische Effekte in der Mikroturbulenz.
Workshop on Simulation of Turbulence in Low-Temperature
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544. Kendl, A.: Transition from Tokamak to Stellarator
Turbulence. 8" Europ. Fusion Theory Conf., Como 1999,
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545. Kersten®, H., D. Rohde* P. Pecher, W. Jacob and R.
Hippler*: Untersuchungen zum Energiecinstrom bei der a-C:H
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Magnetronsputtern. 9. Bundesdt. Fachtagung Plasmatechnologie,
Stuttgart 1999, PD11.

546. Keudell, A. von: Auf der Suche nach dem
Wachstumsprecusor in Beschichtungsplasmen. Univ. Essen 1999,

547. Keudell, A. von: Surface Loss Probabilities of CH, Radicals:
Consequences for the Formation of Co-Deposited Layers in
Fusion Experiments. EU Meeting on Plasma Wall Interaction,
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548. Keudell, A. von: Surface Loss Probabilities of CH, Radicals:
Consequences for the Formation of Co-Deposited Layers in
Fusion Experiments. 10" Workshop SOL and Divertor Physics
ITER Expert Group, Garching 1999.

549. Keudell, A. von: Surface Mechanisms during Growth of a-
Si:H Films. 14" Int. Symp. on Plasma Chemistry, Prag 1999.

550. Keudell, A. von: Surface Processes during Thin Film
Growth. Erasmus Summer School 99, Eindhoven 1999.

551. Keudell, A. von: Surface Reactions of CH, Radicals. Univ.
Erlangen 1999.

552. Keudell, A. von: Surface Reactions of CH, Radicals in Low
Temperature Plasmas. Univ, Greifswald 1999.

553. Keudell, A. von: Surface Reactions of SiH, and CH,
Radicals during Growth of a-Si:H and a-C:H Films. AVS Fall
Meeting, Seattle, WA 1999.

554. Keudell, A. von and J.R. Abelson*: Interaction of SiH,
Radicals with a-Si:H Surfaces, Monitored by In-situ Real-Time
Infrared Absorption Spectroscopy. Workshop Frontiers in Low
Temperature Plasma Diagnostics III, Saillon 1999.

555. Keudell, A. von, C. Hopf and W. Jacob: Oberflichen-
reaktionswahrscheinlichkeit der dominanten Wachstumsspezies
in Methan- und Acetylen-Plasmen. VI. Erfahrungsaustausch

,»Oberflichentechnologie mit Miihlleithen

1999.

556. Kisslinger, J., C.D. Beidler, E. Strumberger and H. Wobig:
Low Aspect Ratio Helias Configurations. 12" Int. Stellarator
Conf., Madison,WI 1999.
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557. Kleberg, I. and B. Jiittner: Mikroskopische Eigenschaften
der Brennfleckbewegung bei externem Magnetfeld. Verhandl.
DPG (VI) 34, 369, P24.14 (1999).

558. Kleiber, R.: Resistive Drift-Mode-Instability for a Sequence
of 1=2 Stellarators. IAEA Techn. Comm. Meeting on First
Principle Based Transport Theory, Kloster Seeon 1999,

559. Knauer, J.P., G. Kiihner, J. Baldzuhn, S. Fiedler, C. Fuchs,
L. Giannone, M. Hirsch, K. McCormick, A. Weller, C. Wendland
and W7-AS Team: Densiliy Profile Effects in "H-Mode"
Discharges Observed by High Resolution Thomson Scattering at
W7-AS. 12" Int. Stellarator Conf., Madison,WI 1999,

560. Kohl, A.: Morphologie und Oberflichenreaktionen an
Rh/Vox/S8102-Modellkatalysatoren. 32. Jahrestreffen dt. Kataly-
tiker, Friedrichroda 1999.

561. Kohl, A.: Surface Analytical and Catalytic Investigations of
Rh/Vox/Si02 Model Catalysts. Summer School on Surface
Science: Understanding Catalysis, Dronten 1999,

562. Kohl, A., S. Labich, E. Taglauer and H. Knézinger*:
Agglomeration of Supported Rhodium on Model Catalysts.
18™ Europ. Conf. on Surface Science, Vienna 1999.

563. Kolovos-Vellianitis', D., Th. Kammler* and J. Kiippers:
Interaction of Gaseous H Atom with Cu(100) Sufaces:
Adsorption, Absorption, and Abstraction. 18" Europ. Conf. on
Surface Science, Vienna 1999.

564. Kinies, A.: Investigation of a Kinetic Energy Principle in
Three Dimensional Geometrie. Int. Sherwood Theory Conf.,
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565. Konig, R., H.-J. Hartfuff and W7-X Diagnostic Team:
Overview of the W7-X Diagnostic System. 12" Int. Stellarator
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566. Kénig, R., K. McCormick, P. Grigull, A. Werner, Y. Feng,
D. Hildebrandt, J. Kisslinger, J.P. Knauer, G. Kiihner, D.
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Island Divertor Investigations on the W7-AS Stellarator. 12" Int.
Stellarator Conf., Madison,WI 1999.

567. Kottmair*, A., U. Fantz* und K. Behringer: VUV-
Emissionsspektroskopie an mikrowellenangeregten H,- und D,-
Plasmen. Verhandl. DPG (V) 34, 357, P20.14 (1999).

568. Kraus, W.: Status of RF Source Development for Negative
Ions. Joint Development Comm. Meeting, JET, Abingdon 1999.

569. Kraus, W.: Status of the RF Source Development for the
W7-AS Radial Injector and for Negative Ions. Super Joint
Development Comm. Meeting, JAERI, Naka 1999,

570. Krieger, K.: Comparison of Low-Z and High-Z Wall
Materials. EU Meeting on Plasma-Wall Interaction, Jiilich 1999.

571. Krieger, K.: Materialien fiir die erste Wand in
Fusionsmaschinen mit magnetischem EinschluB. Kolloquium,
Forschungszentrum Karlsruhe 1999.

572. Krieger, K., A. Bard, A. Geier, U. von Toussaint and ASDEX
Upgrade Team: Direkte Messung von Kohlenstofferosionsraten
im Divertor von ASDEX Upgrade. Verhandl. DPG (VI) 34, 338,
P2.1 (1999).

573. Lackner, K.: The Case for the Next Step. Vortrag,
Thermonuclear Tokamak Panel, Paris 1999.
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574. Lackner, K.: Prospects of Magnetic Confinement Fusion. 4"
Carolus Magnus Summer School on Plasma Physics, Maastricht
1999.

575. Lackner, K.: Stand und Perspektiven der kontrollierten
Kernfusion. Kolloguium, Univ. Wiirzburg 1999.

576. Landkammer, B., P. Pecher and W. Jacob: Variation des
Ionenflusses aus einem ECR-O,-Plasma durch Edelgas-
beimischung. 9. Bundesdt. Fachtagung Plasmatechnologie,
Stuttgart 1999, PS23.

577. Lang, P.T.: Efficient Plasma Refueling Using Pellets. Large
Tokamak Seminar, JAERI, Naka 1999.

578. Lang, P.T.: Pellet Injection Technology at IPP and JET.
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Loop Measurements in Stellarators Using Digital Signal
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582. Lagua, H.P.: Fusionsplasmen. Vorlesungsreihe zur
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586. Laqua, H.P., V. Erckmann, C. Fuchs and W. Kasparek*:
High Field Launch ECRH Experiments at the Wendelstein-AS
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Gyrotrons, Karlsruhe, Stuttgart, Garching 1999.
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Karlsruhe, Stuttgart, Garching 1999.
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(Prof. Dr. Kurt Behringer)

PLASMA EDGE DIAGNOSTICS
(K. Behringer, U. Fantz, B. Heger, A. Lotter, S. Meir, H. Paulin,
T. Ondak, P. Starke and D. Wiinderlich)

Diagnostics of low temperature plasmas is one of the main topics
of the group. Here, interpretation of molecular spectra in labora-
tory experiments (RF, MW and ECR discharges) as well as in
divertor plasmas (see: The role of molecules in divertors in the
tokamak section) is of special interest. Detailed information
about plasma parameters, n, and EEDF in low pressure plasmas
was obtained from a combination of the following diagnostics:
Langmuir probes for spatial profiles, microwave interferometry
as a non-disturbing method and emission spectroscopy in the
visible and uv/vuv spectral range. For determination of mole-
cular or atomic densities from measured radiation, rate coeffi-
cients and collisional radiative (CR) models are necessary. In
the case of hydrogen and deuterium plasmas, the radiation of
various molecular bands allows determination of effective rate
coefficients and evaluation of CR models for H,. By increasing
the pressure, i.e. particle densities, the influence of heavy
particle collisions can be investigated. Another application is
diagnostics by means of Balmer lines. Here, the optical thickness
of Lyman lines and dissociative excitation of molecules plays an
important role. In addition, line ratios can be determined, as
shown in the contributions of the IPP E4 division. Further main
subjects are diagnostics of methane plasmas and chemical
erosion of carbon in hydrogen and deuterium plasmas.

Methane Plasmas and Chemical Erosion of Carbon

For a better understanding of dissociative channels of methane
and formation of higher hydrocarbons, methane plasmas in ECR
discharges with high (95%) and low (5%) percentage of methane
in helium have been investigated. The latter mixture is important
for interpretation of chemical erosion of carbon in hydrogen
plasmas. Particle densities were determined by mass spectro-
metry and emission spectroscopy in the wavelength range 115 -
900 nm. In the plasmas, depletion of methane is in the range of
a factor four to ten and the density is comparable to the produced
molecular hydrogen density dominating the plasmas. The
formation of higher hydrocarbons (C,H,) is due to heavy particle
collisions and leads to densities typically 10% of methane. The
main species of higher hydrocarbons is always C,H, followed by
C,H, and C,H, the proportions depending on the methane partial
pressure. Therefore, when determining densities from measured
CH bands, C, bands, Balmer line and carbon line radiation,
dissociative excitation from higher hydrocarbons (C,H,) must be
considered. Especially in the case of CH, the contribution to the
radiation can be about 30%. Comparing the results for C,
densities from the C, Swan (A = 516 nm) with the C, Mulliken
(A = 231 nm) bands, the relative dependencies on plasma
parameters are nearly identical, but differ by a factor of 2.5 in
absolute value. The Mulliken transition is directly coupled to the
ground state and therefore much better suited for density
determinations than the Swan bands in the metastable system,

but it is more difficult to measure (weak transition at 231 nm).
Chemical erosion measurements were carried out in RF plasmas
in combination with detailed diagnostics of plasma parameters
(see: annual report 1998, university contributions). When
determining atomic hydrogen and deuterium fluxes onto the
substrate (EK98), two cases must be distinguished: The incoming
fluxes on the surface (derived from the density directly above the
surface) are T’y = Ty = 1.7-10* m?s", whereas the balance of
incoming and reflected fluxes derived from the diffusion of the
particles leads to I'y =T, =2.6-10* ms'. As a consequence, the
reflection coefficient of the surface was determined to be about
80%. lon fluxes are estimated to be I'y,, = [y, = 610" m%s!,
The radiation of the CH(CD) and the C, Swan bands gives
dependencies of the erosion on substrate temperature, ion energy
(physically enhanced chemical erosion) and isotopes. Absolute
yields were measured by weight losses. The results can be
compared with calculations using the Roth model (J. Roth,
J.Nucl.Mat. 266-269, 51, 1999). An example is given in figure 1,
the yieldg refer to the diffusion fluxes.
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FIG.1: Yields of carbon in hydrogen/deuterium plasmas
depending on ion energy at a substrate temperature of 550 K.

At 550K, yields from the model and the weight losses are in good
agreement for deuterium, whereas weight loss measurements give
a higher isotope effect. Concerning the spectroscopic data, only
the combination of the CH (CD) bands with the C, signal
correctly reproduces the dependencies, as can be seen from a
comparison of the filled and the open symbols (H: square, D:
circle). This demonstrates the influence of higher hydrocarbons
as discussed for methane plasmas. The results indicate that higher
hydrocarbons are particularly important for deuterium. At 300K
and low ion energies (7 V), the isotope effect vanishes but a
yield of 0.25% remains, which is not predicted by the model.

Oral Presentations

Fantz, U.: Methoden und Ergebnisse der Atom- und Molekiil-
emissionsspekiroskopie in Niederdruckplasmen. Augsburger
Physikalisches Kolloquium, Universitit Augsburg 1999.

Fantz, U.: Spectroscopic Diagnostics and Modelling of Particle
Densities in Low Pressure Plasmas, 12® Symp. on Application of
Plasma Processes (SAPP), Slowakei 1999.
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Elementary Reactions Of Hydrogen Atoms with
Adsorbates and Solid Surfaces.

(J. Biener, C. Lutterloh, M. Kappel, A. Horn, Th. Zecho, A.
Dinger, B. Brandner, A. Theobald)

[PP-University of Bayreuth cooperation is concentrated on
investigating fusion-relevant plasma-wall interaction processes.
Accordingly, the hydrogen atom surface chemistry on possible
wall reactor materials is the primary research topic.

A considerable fraction of the species impinging the first wall
of a fusion experimental vessel are neutrals and ions in the
energy range below about 10 eV kinetic energy. These particles
are not capable to cause physical sputtering, but can induce
several processes, like chemical erosion, abstraction etc, by
which the plasma gets contaminated. It is therefore desirable to
understand the elemental processes and mechanisms of these
processes. Recent work of the IPP/UBT collaboration was
concentrated on investigations of these issues. Since low energy
ions are neutralized in the immediate vicinity of a substrate by
resonance neutralization, it is sufficient to study the low energy
atom-surface interaction. From experimental reasons, the work
utilized only thermal atoms with energies in the .1 eV range.

Using reaction kinetics measurements, in the past two years we
have demonstrated that gas phase H atoms react with adsorbates
according to the Eley-Rideal (ER) and hot-atom (HA)
mechanisms. Reactions on surfaces on which H is strongly
bound, e.g. on metals and semiconductors, proceed along the
HA mechanism. On weakly bonding substrates, e.g. the basal
plane of graphite, the reactions proceed along an ER scheme.

HA reactions exhibit kinetics and products which are
unexpected in the classical ER scheme. This was shown in
investigations of reactions between D and adsorbed alkyl
halides, methyl bromide, ethyl iodide and isopropy! iodide, on
H admission to Si surfaces leads to chemical etching via silane
formation. The kinetics of this reaction was studied between
100 K and 800 K. It was demonstrated that the final reaction
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H covered Pt(111) surfaces. As expected from the
exothermicity, D abstracts methyl, ethyl, and propyl,
respectively, from the halides via formation of methane, ethane,
and propane. In addition, undeuterated alkanes were observed
which provide evidence for the operation of HA mechanisms on
the Pt surface. In contrast, the same reactions on graphite as
substrates revealed only deuterated products. The kinetics of the
products in these latter reactions can be strictly expressed as

d[products}/dt = oc®[iodine], exp(-cdt)

with o as reaction cross section, @ as atom flux, t as time, and
[iodine], as concentration of the iodines on the surface at
reaction start. This is a required result. The kinetics of product
formation in HA reactions cannot be expressed analytically, but
is available from model calculations.

In addition to simple abstraction, H/substrate reactions can lead
to hydrogenation. A study of the hydrogenation of graphite on
Pt(111) revealed that only the edges of graphite islands could
be hydrogenated. This result is in accordance with an earlier
study on C/Pt(100) surfaces and confirms that the main reaction
pathway is not structure-sensitive.

In view of the growing importance of silicidation of plasma
facing components, studies were performed on the interaction
of H with clean and D (monodeuteride) covered Si(100)
surfaces. In contrast to commonly accepted experimental
evidence, measurements of the HD product kinetics in
abstraction of adsorbed D by gaseous H revealed that this
reaction is not an ER reaction. In agreement with this, a
significant fraction of homonuclear products (D,) were
observed. This fraction is markedly reduced in abstraction from
the dideuteride surface and the abstraction kinetics
phenomenology is similar to an ER scenario. However, even on
this substrate the abstraction is a HA reaction.

step in the stationary etching reaction is the abstraction of
adsorbed SiH; by H(gas) towards SiH,. The instationary etching
reaction, most efficient around 630 K, proceeds between

surface silyl groups and adjacent dihydride.
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LEHRSTUHL FUR EXPERIMENTALPHYSIK I

DER UNIVERSITAT GREIFSWALD
(Prof. Dr. Rainer Hippler)

ON THE ENERGY INFLUX AT PLASMA

DEPOSITION OF a-C:H LAYERS
(D.Rohde, P. Pecher, H. Kersten, W. Jacob, R. Hippler)

The cooperation of the IPP and the University of Greifswald is
concentrated on investigating fusion-relevant plasma wall
interaction processes.

Plasma enhanced techniques for the deposition of thin layers
experienced an extraordinarily strong spreading in the last
decades. A special importance received amorphous
hydrocarbon films (a-C:H-layers), which are interesting for a
multiplicity of applications as wear protection, optical surface
coatings, fusion research, etc. The technological interest is
triggered by a broad range of technologically useful properties
which are intermediate between diamond, graphite, and
hydrocarbon polymers. Moreover, hydrocarbon films play a
significant role in today’s thermonuclear fusion experiments
either as protective coating of the first wall of fusion reactors or
as non-desired by-products in form of redeposited C:H-layers
from previously eroded carbon and abundantly available
hydrogen /1-4/.

In ‘these complex processes the thermal and energetic
conditions at the substrate surface play an important role. The
thermal conditions at the surface affect elementary processes like
adsorbtion, desorbtion, and diffusion as well as chemical
reactions, microstructure, and morphology of the films /5,6/.
Therefore, the integral energy influx 0, from the plasma to the
substrate was determined at a-C:H-film deposition by means of
magnetron sputtering (Greifswald) and by means of an electron
cyclotron resonance (ECR) discharge (IPP). The measurements,
for which a thermal probe was designed, are based on the time
course of the substrate temperature d7s /df during the
deposition process /7/:

" dt heating dt cooling |1y

(M)
The heat capacity mc of the Cu- substrate was 0.6J/K.

The different contributions to the integral energy influx were
estimated by model calculations on the basis of assumptions
for the kinetic energy of the charge carriers, recombination, and
film condensation /8/.

It could be shown that the energy influx during the deposition
in the CH4-ECR-plasma is predominantly determined by ions
and chemical reactions, while the energy influx during
magnetron sputtering of a-C:H films is dominated by fast
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neutrals and target radiation. The values of the energy influx
(Qy) are in both deposition devices in the same order of
magnitude for comparable discharge parameters as process
pressure and discharge power.

The results emphasize that the energy influx can be regarded as
a key parameter in thin film deposition and is important for
comparison and scaling-up of different plasma process systems
9/.

The thermal probe was tested for typical discharge conditions
in the magnetron discharge sputter equipment and the ECR
source deposition reactor in order to investigate the energy and
particle fluxes onto the surface during layer growth and to
compare the different deposition systems concerning the
influence of energetic fluxes. For the calculation of the several
contributions the plasma parameters have to be known. The
dependence of the electron density #. and electron temperature
kT. on the external deposition parameters (discharge power,
sputter time, gas mixture) in the magnetron experiment has
been determined by using Langmuir-probe measurements.
Simultaneously to these measurements, the time behaviour of
the discharge, of the neutral gas mixture, and of target
oxidation state has been monitored by mass spectroscopy, and
evaluation of the current-voltage discharge characteristics.
TRIM calculations were used to obtain the energy of the
sputtered and reflected particles ariving from the target to the
substrate /10/. Furthermore, XPS and XRD studies of the
deposited films have been carried out to determine the mass
density and to calculate the condensation energy of the
deposited material.

It should be mentioned that the energy influx 0, is a surface
integral of the related energy flux density Ji, over the substrate
surface As:

Qm = J.deA ?
A
@

where J;, consists of various controbutions:

Josd ot

in cond ion

+ de i Jrﬂc > (3)

electron
which have been determined by typically elementary processes
appearing while sputtering /11/ or ECR deposition,
respectively.

e condensation of the deposition material carbon (J)

Joe =qc P Ry, = Jo - Ec ()
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E.: condensation heat, j.: particle flux density, g.: specific
condensation heat

 kinetic energy of the sputtered and reflected particles (J,)
- - Ny p

Jn = e 'Err = Rdup M 'En (5)

Rup: deposition rate, N,: Avogadro- constant, p: mass density

of the film, E,: kinetic particle energy

e kinetic energy of electrons (J,) and ions (J;)

’ kT, V.
J,=n, —expy— S0 bias 2kT,
‘v 2mm, kT,
(for Maxwell- energy distribution) (6)
,kT
']i :ne _eexp{__ 05} eUVblas
m,
(criterion of Bohm)
Q)
Vhinx = Vpi - VA‘ ’

V. plasma potential, V;: substrate potential

e recombination energy of the electrons and ions (J..) in case
of a floating substrate

Jrer: :je (EJ —(I)) (8)

E;: ionization energy, /.. electron flow density ,

@: work function

e target radiation (J.u)
Jroa =0(& T " —£5T5Y) (9)
Ty: target temperature, £ emissivity

In the case of carbon sputtering in a pure argon plasma only the
contributions J,, J., Ji, and J,.. influence the thermal balance of
the substrate. If hydrogen is added during the sputtering
process, the thermal load is remarkably higher than for pure
argon. This is due to an additional energetic contribution by
the recombination of hydrogen atoms on the surface.

By applying a bias voltage on the thermal probe (substrate) the
ions are accelerated from the plasma to the surface. The energy
influx at ECR deposition increases significantly with increasing
bias voltage Ve In magnetron deposition there was only a
very small effect on Q;,due to a negative bias voltage. One can
conclude that in the ECR source the positive ions are mainly
determine the thermal balance, whereas in the magnetron device
the sputtered particles arriving from the target determine the
energy influx in this case.

The measured energy influx for carbon deposition were in the
order of 0.03 ... 0.1 Jem’s . The values are in a good
agreement with the energetic contributions which are calculated
on the basis of the model.
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INSTITUT FUR EXPERIMENTELLE UND ANGEWANDTE PHYSIK

DER CHRISTIAN-ALBRECHTS-UNIVERSITAT ZU KIEL
(Prof. Dr. Ulrich Stroth)

Cooperation with IPP on the fields plasma turbulence in toroidally confined plasmas and comparison with numerical
turbulence simulations as well as diagnostic development for turbulence measurements.

1. Turbulence Studies in the TJ-K Torsatron
(N. Krause, C. Lechte, S. Niedner, F. Greiner)

Understanding the plasma turbulence is one of the
most challenging topics in the physics of toroidally
confined plasmas. Although numerical simulation of
MHD and drift-wave turbulence has much progressed
in the past years, detailed experimental tests of the
models are difficult to carry out. Due to advanced
plasma parameters of fusion plasmas, detailed probe
measurements are not possible. Other diagnostics are
not able to provide the necessary full set of density,
temperature, potential and magnetic field fluctuation
data.

At Kiel University the TJ-K torsatron is operated with
low temperature plasmas. This will enable probe
measurements with high temporal and spatial
resolution to investigate core plasma turbulence in a
fusion relevant magnetic topology. TJ-K is the former
TI-1U torsatron built and operated at CIEMAT. Major
and minor radii are 0.6 and 0.1 m, respectively; the
magnetic field strength will be limited to 0.2 T. TJ-K
will be operated at reduced plasma parameters. Using
a 5 kW helicon-wave heating system, electron
temperatures in the order of 10 eV and densities of up
to 10¥m= are envisaged.

2. Project Status

In October 1999, TI-K was transferred from Madrid to
Kiel. It was moved into the experimental Hall,
reassembled and welded to the basement. A vacuum
system was installed and helium glow discharges were
used for vessel cleaning. Without baking, the base
pressure is now < 5 107. The magnetic field coils were
connected to an existing power supply. Since the
available current is limited to 1.2 kA, all coils had to
be connected in series. The ratio between the currents
flowing in the toroidal and vertical field coils is
controlled by a shunt, which was also installed at the
end of the year. Coil tests were successfully carried
out. Field measurements with a electron beam will
follow in 2000. Remote machine control and data

FIG.: The Torsatron TJ-K in its new laboratory.

acquisition software was developed in LabView.
The programs are running on two PCs and the
software is currently being tested.

3. Heating and Diagnostics Development

The plasma will be heated by Helicon waves. A 5
kW amplifier with the necessary RF equipment
will be installed in February 2000. For initial tests,
a small half-wavelength helical antenna (Nagoya
Type III) is available. A larger antenna,
encompassing the whole plasma cross-section, is
under design.

Langmuir probe arrays will be used to measure the
fluctuating plasma parameters. For initial
measurements, a movable probe was built. The
probe allows to scan the full plasma cross-section.
A poloidal 32-tip probe array and magnetic probes




will be built in 2000. Furthermore, a
interferometer and a field-line-tracing diagnostic
are planned for the near future.

4. Theoretical Studies

To explore the accessible plasma parameter range,
the global power balance of a low temperature
plasma was investigated. The available heating
power is mainly balanced by ionization, radiation
and convective losses. Heat conduction was
neglected and the convection was calculated from
the particle balance. The calculation is based on
rate coefficients which were obtained by folding
the cross-sections for helium and argon with a
Maxwellian. The power balance shows that in
Helium a density of 10" m™ and a temperature of
10 eV are possible. Higher temperatures are
possible at lower density and vice versa. The
estimated plasma parameters will be compared
with parameter variations in TJ-K and other
devices. Control parameters are neutral gas
pressure, heating power and the kind of gas used.
Microscopic and statistical properties of the
turbulence are theoretically investigated with a
drift-Alfvén turbulence code from B. Scott, IPP.
The realistic magnetic configuration of TJ-K and
Wega, Greifswald, will be implemented with the
help of A. Kendl, IPP. Changing the plasma beta,
the transition from drift-wave to MHD turbulence
is studied with the goal to identify statistical
parameters or microscopic correlation
characteristics, which can be used to disentangle
experimentally the mechanism driving the plasma
turbulence in TJ-K and Wega. This work is in
progress. The flexibility of the magnetic
configuration of TJ-K will be exploited to
investigate the influence of magnetic curvature,
shear and well on turbulence.
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Technische Universitit Miinchen

TECHNISCHE UNIVERSITAT MUNCHEN
LEHRSTUHL FUR MESSSYSTEM- UND SENSORTECHNIK

(Prof. Dr. Alexander W. Koch*)

The cooperation TPP — Technische Universitdt Miinchen is concentrated on the development of speckle-measurement techniques to
detect arc traces, deformation, erosion, surface roughness, surface structure and surface shape in the divertor region of experimental
fusion devices. The optical method is superior to any mechanical method with respect to data acquisition time and non-perturbing

measurement.

DETECTION OF EROSIVE AREAS
(M. Jakobi, P. Evanschitzky*, M. Kassasia*)

The use of phase-shifting methods in speckle interferometry
allow, for example, determination of deformations of rough
objects with three-dimensional information, and the detection
of surface micro relief changes. Fig. la shows a surface de-
formation measurement of a graphite tile performed with a
Twyman-Green interferometer set-up, an argon laser and a
CCD camera. The detected image corresponds to a measure-
ment area of 14 x 14 mm’ and is perturbed by the surface micro
relief change caused by an electric arc.

FIG. I: Detection of arc traces in phase-shifting images of
strong erosion (a) and slight erosion (b).

The amount of deformation is 250 nm if the grey scales change
from black over different levels of grey to white. The fringes
are introduced by tilting the test object. The erosion shown in
Fig. la is stronger than that of Fig. 1b since the fringes in
Fig. 1a are interrupted and those of Fig. 1b are only slightly
curved. Hence, the erosion can be clearly detected. The erosion
shown in Fig. 1b changes the phase by approximately a fourth
of the fringe spacing. This corresponds to a maximum erosion
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depth of 80 nm on the assumption that the distribution of the
surface height change is a Gaussian distribution. Since the
erosion shown in Fig. la interrupts the fringes and is detected
as strong perturbation in the phase-shifting image, the erosion
depth is larger than the amount that completely disturbs the
phase, i.e. 240nm.

During a speckle experiment it is very difficult to change
experimental parameters and study their influences separately
one after the other. Therefore, speckle image simulation puts a
method to hand that can check the practicability of the speckle
method for new measurement needs. The simulation is based on
coherent ray tracing allowing image evaluation with con-
ventional personal computers.

0 50 100 ' 150 ' 200
Erosion depth (nm)

FIG. 2: Simulation of fringe contrast affected by erosion.

The simulation result of a deformation measurement affected
by erosion, shown in Fig. 2, is divided in five vertical stripes,
which have different fringe contrasts caused by different
quantities of erosion depth ranging from 0 nm to 200 nm. The
simulation results agree well with analytically derived results.
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INSTITUT FUR PLASMAFORSCHUNG (IPF) DER UNIVERSITAT STUTTGART

(Prof. Dr. U. Schumacher)

Since about three decades Max-Planck-Institute of Plasma Physics (IPP) at Garching and Institute of Plasma Research (IPF)
at Stuttgart University are collaborating closely on developments, measurements, and interpretations of heating and diagnostic sys-
tems. The cooperation primarily aims at application of microwave heating, current drive, and diagnostics - mainly for W7-X - and
contributions to emission and absorption spectroscopy for bulk and divertor plasma diagnostics.

L PLASMA HEATING

(H Zoh m" , L. Empacherz’, W. Forster, G. Gantenbein,
H. Hailer, E. Holzhauer, S. Klenge, W. Kasparek, A. Letsch,
J. P. Meskat, A. Miick, G. A. Miiller, B. Plaum, P. G. Schiiller,
K. Schwérer, R. Wacker, W. Xu)
D until October 31, 1999 ? until April 30, 1999

In collaboration with IPP Garching, FZK Karlsruhe, and IAP
Nizhny Novgorod.

The investigation of the application of ECRH to fusion
plasmas was continued. On the technical side, the work on the
W7-X ECRH system was the major part, although the support
for W7-AS and ASDEX Upgrade was continued. In addition,
studies of the MHD stability of ASDEX Upgrade high-p dis-
charges and the use of ECRH / ECCD to influence this stability
became a major issue. Also, our general developments in the
field of millimetre wave technology as well as the study of
microwaves as a plasma diagnostic tool are reported here.

1.1 Electron cyclotron resonance heating (ECRH)

1.1.1 ECRH on W7-AS

Plasma heating using 70 GHz for fundamental and second
harmonic electron resonance was used from the beginning on
W7-AS. Two 70 GHz gyrotrons with 200 kW power per unit
will be replaced by one gyrotron on the Bravo socket with a
power of around 0.5 MW equipped with a voltage depressed
collector (VDC). The benefit of this new technique is an effi-
ciency increase of microwave power generation from 30% to
nearly 50%. The technique was tested on a 140 GHz, 800 kW
VDC gyrotron from Gycom which was installed on the Alpha
socket powered by a high voltage power supply specially de-
signed for operation with voltage depression of the electron
beam collector. Stable microwave output power could be
achieved by stabilisation of the beam acceleration voltage (70-
80 kV). This stabilisation could be attained using a low power
high voltage regulator (20-30 kV) connected between resonator
body and collector of the gyrotron. This circuitry allows the use
of a high power high voltage supply for the electron beam cur-

rent without need for a high precision and expensive voltage
regulation.

Following this scheme a high precision regulator for high
voltage body supply for the new 70 GHz gyrotron was devel-
oped. This regulator modulator consists of a 45 kV switch
mode power supply which feeds a linear amplifier with a final
stage consisting of two high voltage tetrodes connected in serial
push pull. The socket for the Bravo gyrotron is completed by a
supply for cathode filament heating and monitoring of voltages
and currents together with alarm for tube protection by fast
high voltage switch off.

L2 ECRH system for ASDEX Upgrade

Contributions of IPF to the ECRH system on ASDEX Up-
grade aim at construction, operation, and maintenance of the
140 GHz system. Experiments to control MHD instabilities
with ECRH/ECCD were planned, performed, and evaluated (cf
Section 1.2). The construction of the transmission system for
the millimetre wave power was finished for three gyrotrons and
it is routinely in operation.

To improve the transmission efficiency measurements of the
amplitude distribution of the gyrotron beams were performed
(see Annual Rep. 1998). From these data the complex field
distribution of the beams was reconstructed numerically and the
transformation with existing mirrors was modeled. The average
losses in the transmission lines are about 10 % which is in good
agreement with estimates. When the fourth gyrotron will be
available it is planned to measure the beam profile and to cal-
culate optimised mirrors for the transmission system.

1.1.3 ECRH system for W7-X
1.1.3.1  Multibeam transmission system

The transmission of the millimetre waves for ECRH on W7-
X will be realised fully optically using a modular mirror sys-
tem. In 1999, the thermo-mechanical calculations for the mir-
rors were essentially completed. In contrast to earlier plans, it is
envisaged to fabricate the mirrors from stainless steel with a
copper surface. This concept shows smaller deformations in
case of excursions of the cooling water temperature, further-
more the risk of material stress in the mirror is lower compared
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to the former Al/Cu sandwich design. The cooling structures
were optimised leading to a maximum increase of the surface
temperature of only 20 °C. Several test pieces to verify mirror
concept and fabrication method were produced. Cooled mir-
rors for test purposes as well as for the gyrotron test facility at
FZK Karlsruhe are under construction.

The parameters of the transmission system are mainly fro-
zen, the design of the standard mirrors for the MBWG, the
matching optics and the polarisers is finished. After a success-
ful test of a MBWG-mount, the parts for the non-cooled proto-
type MBWG at IPF were ordered. Purchasing, mounting, and
test of measurement systems were continued. The multiple
beam simulator was put into operation, a measured far-field
pattern is shown in Fig. 1.1.

B 08750 - 1.000
2572 07500 - 0.8750
0.6250 - 0.7500
B 05000 - 06250
= 7 03750 - 05000
£ 0.2500 - 03750
B8 0.1250 - 0.2500
o - 0.1250

FIG. 1.1: Far-field pattern of the multiple beam simulator
measured at the position of the first MBWG mirror.

1.1.3.2  Voltage regulator for gyrotron power control

The microwave output power generated in gyrotrons with
voltage depressed collector is controlled by the acceleration
voltage for the electron beam between cathode and resonator
which is insulated from the electron collector. Typical values
for this acceleration voltage are 80 kV. A fraction of this elec-
tron beam energy can be recovered after interaction with the
microwave field of the resonator by a deceleration voltage
between resonator (body) and electron collector. A typical
value for this voltage is 30 kV. Therefore the main power sup-
ply, connected between cathode and collector has a voltage in
the range of around 50 kV with a corresponding current of
about 40 A for a gyrotron with 1 MW microwave output power.
The current to the resonator body stays below 100 mA.

For the completion of the equipment of the FZK gyrotron
test site a supply for the body voltage (0-30 kV, 0-300 mA) was
built at IPF. This supply is a modification of the type devel-
oped for W7-AS (see 1.1.1).

The development of the corresponding devices for the 10
gyrotrons for ECRH on W7-X at Greifswald was continued.
This development is profiting from experiments with the pro-
totype from the test site and incorporates additional modules
with microcomputer systems which act as interfaces to the
general control system of the W7-X stellarator experiment.

1.14 ITER contributions

In 1999, work on the ITER-relevant concept of remotely
steerable antennas continued with the aim to increase the scan-
ning range. This scheme is based on the imaging properties of

rectangular corrugated waveguides which would allow the
installation of the movable mirrors outside of the ITER vacuum
vessel. Numerical calculations were started to optimise the
corrugation depth of the guides to reduce the phase slippage
between the modes which carry the power for high scanning
angles. An experimental proof of this concept failed up to now
due to the limited precision of the corrugations. In addition, the
integration of mitre bends into the antenna for neutron screen-
ing was investigated. It could be shown, that such "dog-legs"
are in principal possible, however, at the price of a reduced
beam quality.

1.2 MHD stability studies

The study of the MHD stability of fusion plasmas mainly
concentrated on the formation of magnetic islands due to neo-
classical tearing modes at the resistive B-limit. The possibility
of removing these islands by small amounts of ECRH power is
studied theoretically and experimentally in ASDEX Upgrade.
In addition, ECE diagnostics is used on ASDEX Upgrade to
infer details about the structure of the magnetic island.

1.2.1 Active control of neoclassical tearing modes (NTM)
using ECRH /ECCD

1.2.1.1  Experiments on ASDEX Upgrade

Experiments on the stabilisation of neoclassical tearing
modes on ASDEX Upgrade were continued. For the strongly
NBI heated (10 - 12.5 MW) plasma (lower single null ELMy
H-mode, plasma current 0.8 MA, electron density of n =
5x10" m™), the achievable B is usually limited to Py = 2.2 - 2.8
by the occurrence of neoclassical tearing modes with mode
numbers m = 3, n = 2. In previous experiments partial stabili-
sation of NTM by applying = 800 kW of RF power was suc-
cessfully demonstrated. These experiments were performed
with phased ECCD injection (AC) where the gyrotrons were
feedback controlled to launch their power in the O-point of the
island. However, it was shown that stabilisation can also be
achieved by continuous injection (DC) with practically the
same efficiency. For the DC ECCD experiments reported here
three gyrotrons at 140 GHz were used (2" harmonic X mode,
B=2.5T), each delivering 0.4 MW of RF power to the plasma.
The injection was performed from the low field side of the
tokamak, and the beams were launched with an angle of -15°
(co-CD) and +15° (counter-CD) with respect to the radial di-
rection. The magnetic field was changed slowly during a dis-
charge (5 %, within 1.5 s) to match the position of the EC reso-
nance and the island.

Figure 1.2 shows the temporal evolution of a discharge
with ¢o-CD. The Mirnov coil which detects the mode shows
that the island vanishes and is completely suppressed by ECCD
injection.

In case of counter CD we used the same operating parame-
ters of the tokamak but reversed launching angle of the anten-
nas. Here heating and counter-CD are competing effects and
may cancel each other partially. Figure 1.3 shows a discharge
with counter ECCD injection, where the island did not vanish,
but was reduced to about half the width.
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FIG. 1.2:  Stabilisation of a 3/2 neoclassical tearing mode by

ECCD power. By of this discharge is compared to
a (nearly) identical discharge without NTM.
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FIG. 1.3: Exaf?'tple of a counter CD experiment where a
partial stabilisation of the NTM can be observed.
1.2.2 Analysis of the structure and dynamics of magnetic

islands

For further work on active control of tearing-modes, de-
taileq kpowledge of tearing-mode dynamics and island struc-
ture is important. Therefore, a new analysis method for the
temperature profile of magnetic islands and the associated
magnetic structure was developed.

The ECE system of ASDEX Upgrade was used to measure
the temperature profile with improved temporal (500 kHz, 1
MHZ, _5 MHz) and high spatial resolution at fifteen radial posi-
tions in the island region (see Fig. 1.4). The analysis of the
radial profile of the first Fourier component of an island tem-
perature profile yields the position of the Tesonant surface and
the island width. To relate these data to the magnetic structure
of thc’T island, a model of the helical equilibrium and perturbed
flux is applied. Using the heat flux equation, the perturbed
plasma temperature profile is computed numerically. The island
geometry determines the Fourier spectrum of the temperature
oscillation. By fitting the theoretically predicted temperaturc
oscillation to the experimental data it is possible to determine
Fhe equilibrium flux and the perturbation flux. This can be used
;n order to assess the nonlinear stability parameter A’ from ECE

ata.

’_Fhe steady-state temperature profile obtained by the nu-
merical solution of the stationary heat flux equation will be
compared with the results of a time dependent plasma transport
code developed at IPP Garching [Q. Yu and S. Ginter, Phys.
Plasqlas, Vol. 5, No. 11, 1998]. This may contribute to a fur-
ther investigation of the temperature profiles inside magnetic
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FIG. 1.4: Temperature profile of a neoclassical magnetic
(3,2) island at the B-limit. The dashed lines indi-
cate the reconstructed magnetic flux structure of
which the modelled first Fourier component

matches the experimental data best (A =-11).

islands which, in contrast to simple theory, are not completely
flattened. This phenomenon seems (0 be due to the finite ratio
of heat conductivity parallel and perpendicular to the magnetic
field, and localised heat sources inside the island.

1.2.3 Analysis of the effects of ECRH on sawteeth in
ASDEX Upgrade

Work was started to study the sawtooth behaviour of the
plasma during ECRH injection both, experimentally and using
4 numerical model. In ECRH discharges, the radial temperature
profile of the plasma and the sawtooth period are strongly cor-
related to the deposition radius of the heating power. Depend-
ing on this radius the ECRH power may have a destabilising or
a stabilising effect.

A model based on a resistive kink developed by B. B.
Kadomtsev was implemented in a code of F.Porcelli and E.
Rossi in order to simulate the data of BECE- and SXR-
diagnostics. The code predicts {requency doubling, which is
consistent with the experimental data and can be explained with
the formation of a hot island. Fourier analysis (cf Section 1.2.2)
will be used to determine if the sawteeth are driven by a kink or
by a tearing instability.

1.3 General developments in millimetre
wave technology

1.3.1 Investigations of materials for in-vessel components
and absorbers

The knowledge of the propertics of dielectric materials
suited for absorption of high power microwave radiation in
calorimetric loads and dummy loads and for the design of wall
coatings and in-vessel structures is of great importance. There-
fore, a measuring device was built consisting of an open reso-
nant cavity in a vacuum vessel mounted on a vacuum oven
allowing sample temperatures up (o 1800 °C.
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FIG. 1.5:  Photograph and scheme of the resonator (a) and
oven vessel (b), and test sample position (c).

Figure 1.5 shows a photograph of the experimental setup and a
scheme of the combined resonator (a) and oven (b) vacuum
vessel.

In combination with a vector-network-analyzer measuring
amplitude and phase of the wave field in the resonant cavity the
Q-factor and resonance frequency with and without sample can
be determined. This allows calculation of permittivity € and
loss tangent tan & of the test material. With the given dimen-
sions of the oven the length of the nearly hemispherical Fabry-
Perot resonator was set to 820 mm leading to a beam waist of
wp = 17 mm for 140 GHz at the sample position (c) close to the
bottom of the heated chamber.

1.3.2 Numerical optimisation of waveguide components

The development of codes for the optimisation of
waveguide components (especially bends) was continued. The
curvature is approximated by Chebycheff-polynomials or a
Fourier series. The coefficients of the approximation as well as
the corrugation depth for corrugated waveguides are taken into
account for the optimisation. The code works for rectangular
and corrugated or smooth cylindrical waveguides. In the pres-
ent implementation, the optimisation is done with a genetic
algorithm.

A corrugated 28 GHz TEy, bend with a total angle of 90°
for high power application (10 kW) was optimised for both low
spurious mode power inside the bend and little spurious modes
at the output. Starting with a constant curvature, the code found
a curvature function with two maxima (see Fig. 1.6). This op-
timised curvature is significantly different from the analytic
curvature functions (e.g. sin, sin), which are normally used for
the design of waveguide bends.

Figure 1.7 shows the mode spectrum along the bend for the
initial and optimised case. One can see, that both, the peak
power of spurious modes inside the bend and the output power
of spurious modes at the bend output are optimised simultane-
ously. This optimised bend is currently under construction and
will be tested soon. The present codes will also be extended for
the optimisation of bended mode converters and the imple-
mentation of other optimisation techniques (e.g. Downhill Sim-
plex).
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FIG. 1.7:  Mode spectrum along the initial (left) and the
optimised (right) bend.

1.3.3 Microwave beam diagnostics by thermographic
recording

Program components set up in past years in order to read
and evaluate the data from a thermographic system and to de-
rive the information needed for beam correcting mirrors were
developed further with the aim to accept also the data sets from
another, recently acquired thermo-camera, and to get a consis-
tent package that shall also become portable to other computer
systems.

1.4 Millimetre wave diagnostics
1.4.1 Reflectometry experiments on W7-AS

On the stellarator W7-AS heterodyne measurements with
the existing tilted antenna (fixed tilt angle) were continued.
First measurements show that it is possible to extract informa-
tion about ExB plasma rotation from the asymmetric frequency
shift in the frequency spectra. As an example, in ECRH ex-
periments which were performed in the context of the
“electron-root* studies the shift of the drift wave spectra from
the electron-diamagnetic to the ion-diamagnetic direction indi-
cates the occurrence of a positive radial electric field. In addi-
tion a new antenna system has been installed which allows to
change the tilt angle continuously. With this antenna the poloi-
dal wavenumber spectra of the density turbulence could be
scanned. Another significant result is the observation that the
width and frequency shift of the measured frequency power
spectra can change dramatically in different confinement re-
gimes,
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1.4.2 Microwave reflectometry on ASDEX Upgrade

In 1999, a tunable heterodyne reflectometer (V-band, 48 -
75 GHz) was built and tested on ASDEX Upgrade. The tilted
antenna system (tilt angle = 8 deg.) allows the system to operate
as a Doppler reflectometer. In this frequency range both, the
plasma edge and bulk can be scanned. First measurements of
turbulent density fluctuations were performed for various dis-
charge parameters. The observed asymmetric frequency spectra
allow to determine the propagation velocity of the fluctuations
in the laboratory frame. Currently a computer based frequency
control and data acquisition system with a sampling rate of 20
MHez is being installed.

As an example for the output of the I/Q detector Fig. 1.8
shows the complex signal, measured during a time interval of
~ 15 ps in an H-mode discharge with 5.0 MW NBI. The mi-
crowave frequency of 58.6 GHz corresponds to a nominal cut-
off layer at a minor radius r/a = 0.3 in the bulk of the plasma.
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FIG. 1.8: I/Q signal, shot number 12560, f = 58.6 GHz
= 1/3 minor radius, NBI power 5.0 MW.

In the time interval of 15 ps the vector in the complex plane
approximately describes a circle which includes the origin. This
is typical for an output which contains both the unshifted
0" order reflected signal and the Doppler shifted 1% order
backscattered signal. As can be seen the turbulence level in the
reflecting plasma layer is high enough that the Doppler shifted
microwave power scattered into the first order dominates the 0™
order (no Doppler shift), therefore precise measurements of
propagation velocity and direction are expected.

1.5 WEGA

In connection with the intended revival of the WEGA ex-
perimental device at Greifswald, work was contributed in pre-
paring the transfer of this device and in planning its new setup.
In addition, a new version of the Gourdon code for WEGA is
being created, based on the latest version of this code and
adapting routines especially developed for the WEGA configu-
ration. Using preliminary versions of this code, calculations of
magnetic field distributions inside and outside of the torus
vessel were done. Also, work is in progress to revise the Gour-
don code, to convert it to the FORTRAN 95 standard, and to
improve its applicability and performance.

2, PLASMA EDGE DIAGNOSTICS

(U. Schumacher [. Altmann, G. Dodel, K. Hirsch,
E. Holzhauer, B. Roth, D. Schinkéth, K. Schmidtmann, and
J. Schneider)

2.1 Spectroscopic measurements of plasma pa-
rameters in the divertor of ASDEX Upgrade

Low electron temperatures in the range of 1 eV were meas-
ured spectroscopically in the divertor of ASDEX Upgrade.
These plasmas are dominated by three-body recombination.
Because of the strong volume recombination the plasma flux is
changed into an isotropic neutral flux. Thus the power entering
the divertor is spread onto a larger area of the divertor target
than for the directed plasma flow, and hence the plasma wall
interaction is reduced substantially.

The recombination radiation from neutral hydrogen was
used for the determination of the plasma parameters. Various
spectroscopic methods exist for the determination of the elec-
tron temperature. They rely on the observation of the continu-
ous radiation from bound-bound transitions and free-bound
transitions in atomic hydrogen. The Boltzmann plot is based on
the measurements of the population densities and line intensi-
ties, respectively, of the hydrogen levels above the collision
limit, which sensitively depend on the electron temperature.
Another method to derive the electron temperature is based on
the intensity ratio of the hydrogen continua. The application of
the intensity ratio of the Balmer and Paschen continuum around
the wavelength A = 364 nm is called the Balmer sprung
method.

The measurements show, that the Boltzmann plot and
Balmer sprung methods do not give the same results. The tem-
peratures derived from the Boltzmann plot (Balmer line inten-
sities from quantum numbers n =6 (A =410.2 nm) up ton = 10
(A = 379.8 nm)) are found to be significantly lower than those
obtained from the Balmer sprung method. This discrepancy can
be explained by taking the inhomogeneity of the divertor
plasma into account. The measured intensities are line-of-sight
integrated along density and temperature gradients. Due to the
different dependencies of the Balmer and Paschen continua and
of the Balmer line intensities on temperature, the weighting
effect of the emission results in deviations of the temperature
values obtained from the different diagnostic methods applied.

The interpretation of these experimental data was supported
by B2-EIRENE code calculations. The line and continuum
intensities were calculated with the results of the density and
temperature profiles along the lines-of-sight obtained with this
code. It was found, that the temperatures determined by the
spectroscopic methods of the Boltzmann plot and the Balmer
sprung tend to be lower and upper bounds of the line averaged
electron temperature when applied to an inhomogeneous di-
vertor plasma.

The electron density in the divertor region was measured by
the Stark broadening of the Balmer line Hp (A = 486.1 nm) and
by the absolute Balmer continuum radiation. The electron den-
sity is determined from the Stark broadened Balmer line by
fitting profiles from model calculations (S. Giinter) of the Stark
profiles of Hp which take the ion dynamics and the static mag-
netic field into account. Both methods yield electron densities
of several 10° m™.
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Erosion studies from emission and
absorption spectroscopy

bo
R

The determination of erosion mechanisms and of erosion
rates as a function of the plasma parameters is of major impor-
tance not only for tests of thermal protection materials for reus-
able space transportation systems but also for plasma facing
components in thermonuclear fusion devices. Plasma jets inter-
acting with targets of the material in question are applied for
these measurements and material tests. One of the methods is to
study the erosion of a C/C-SiC target in such a plasma jet by
high resolution emission and absorption Spectroscopy of Sil
resonance spectral lines at 251 nm and 288 nm, respectively.
The silicon is eroded by the plasma jet and forms a disc like
radiating cloud in front of the target. Spectrally resolved pro-
files of the Si I resonance lines are obtained applying an Echelle
spectrometer, whereas line integrals were measured with a 3% m
spectrometer.

Various methods to determine the silicon neutral density
from the absorption measurements are applied. The influence of
self absorption on the resonance lines of Si Lin the 3p7 P - 3pds
*P° multiplet was investigated in detail by short time (1 ms)
spectroscopy of the correlated multiplet line integrals. Due to
the exponential dependence on the electron temperature the
cxcitation of the Si I resonance lines is mainly concentrated in
the high temperature central region of the plasma jet.
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FIG. 2.1:  Silicon multiplet emission from the highly

absorbing Si cloud.

Figure 2.1 gives an example of the Si I multiplet for the
case of relatively high self absorption, which is expressed by the
optical depth Tas51 ¢ m Of the strongest line of this multiplet being
larger than 15. Besides the line at the wavelength of 251.9 nm
all spectral lines of that multiplet show saturation at the black
body (Kirchhoff-Planck) limit. Detailed investigations of these
short time emission spectra of the Si I resonance line multiplet
are under way. First rough temperature estimates from the ab-
solute maximum line intensities yield an electron temperature in
the range of 4500 K.

The conditions of plasmas with high concentrations of
eroded neutral Silicon are additionally investigated by transmis-
sion experiments. First results of the transmission were obtained
from measurements with a periodically pulsed Xe flash lamp
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imaged onto the central part of the interaction region of the
plasma jet with the C/C-SiC target. The flash lamp operates at a
light pulse e-folding length of about 100 ps, which is suffi-
ciently short compared to the characteristic fluctuation time-
scales of more than 300 ms. The repetition rate was varied in
the range of 1 to 10 Hz depending on the read-out cycle of the
ICCD camera system.

High resolution spectral transmission measurements of the
line pair of the multiplet at the wavelengths 251.6 nm and
251.4 nm were performed using the Echelle spectrometer, while
line integrated measurements of the complete multiplet spec-
trum were taken with a % m ACTON spectrometer. The spectra
of both spectrometers were recorded using a double pulse ICCD
camera. Figure 2.2 shows an example of simultaneous trans-
mission and emission measurements taken with the Echelle
spectrometer. The spectra show pronounced absorption effects,
which allow to determine the optical depth directly and hence,
together with the length of the line of sight and the atomic data,
the silicon neutral density. Since the line width of the absorption
profile also depends on the optical depth (assuming a Voigt
profile), an independent support for the value of the optical
depth results from the different profile widths of the two spec-
tral lines.
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FIG. 2.2: Example of a spatially integrated absorption and
emission spectrum of two lines in the Si I multiplet
showing pronounced absorption effects.

23 Contributions to atomic data of silicon

The evaluation of the silicon density in the interaction region
of a plasma jet with a C/C-SiC target is based on the interpreta-
tion of the measured spectra of the silicon multiplet at 251 nm,
which consists of the °P - >P° transitions. Electron impact is one
important channel for excitation. For the low temperature region
the Born approximation (widely used for the high energy range)
is not an appropriate approach to calculate the electron impact
cross section near the threshold. Earlier R-matrix calculations of
electron impact excitation cross sections took only three spectral
terms (3P, 'D and 'S) into account.

New calculations were performed in collaboration with the
University of Strathclyde in the ADAS framework. Up to 19
terms (like *F°, 'F and °D°) in LS-coupling and new orbitals
like 3d and 4p were included. The N+1 electron collision
problem (N = 14 for Si I) was solved and convergence has been
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reached for the orbital angular momentum L < 18 for energies
below 8 eV. The calculations using orbitals of Thomas-Fermi
type yield oscillator strengths for the transition of interest
within 1 % of the measured values. Therefore cross sections of
electron impact excitation including their complex resonance
structure are calculated and will be applied in population mod-
els. For practical applications this resonance structure will be
smoothed owing to multi-particle statistical behaviour. Colli-
sional radiative model calculations for all Si [ transitions ob-
served are planned for the near future.
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