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Scientists at the Max-Planck-Institut für Plasmaphysik (IPP) investigate the basic physics underlying a future fusion power plant. This
includes research on the two most advanced types of fusion device, the tokamak and the stellarator, as well as activities in plasma-
surface interactions and materials. The work on the ASDEX Upgrade tokamak is directed towards the next step in fusion research,
the International Tokamak Experimental Reactor (ITER). The geometry of ASDEX Upgrade is very similar to that of ITER and the
experiment is thus particularly suitable for developing operating scenarios, testing control strategies and extrapolating these to ITER
parameters. The WENDELSTEIN 7-AS stellarator in Garching has confirmed the basic optimisation principles of an “Advanced
Stellarator”. Its successor, WENDELSTEIN 7-X, now being constructed at the Greifswald Branch of IPP, is aimed at demonstrating
that the stellarator is a viable option for a demonstration reactor in the step following ITER. The Max-Planck-Institut für
Plasmaphysik, as a EURATOM Association, is an important participant in the international effort to develop a fusion power plant.
On the national level, the Institute is as an Associate Member of the Helmholtz-Gemeinschaft and coordinates its research activities
with those of Forschungszentrum Karlsruhe and Forschungszentrum Jülich within the “Entwicklungsgemeinschaft Kernfusion”. It
also collaborates with a number of German universities. 

The ASDEX Upgrade tokamak programme is strongly motivated by possible ITER operating scenarios; in particular, the investiga-
tion of reactor-relevant plasma edge and bulk physics with a reactor-compatible divertor configuration plays a major role. After mod-
ification of the divertor structure of the machine, the experimental campaign was re-started in the spring of 2001. In close collabo-
ration with theory, heat and particle transport in the basic ITER operating scenario, i.e. in the high-confinement, H-mode with edge-
localised modes, was shown to be governed by “profile stiffness”. Power and particle exhaust in the ELMy H-mode could be achieved
in a benign way by establishing small “type II” ELMs. Stability was improved by using the new capability to shape the poloidal plas-
ma cross-section. Combination of these factors has led to a new operating scenario with tolerable ELMs, good confinement and supe-
rior stability properties.

Although numerous European institutions are already working on ASDEX Upgrade, IPP has recently increased its efforts to open up
the experiment to more European fusion scientists. A new organisational structure has been established to facilitate participation of
the EURATOM Associations. An international ASDEX Upgrade Programme Committee with equal representation of IPP and other
Associations has been set up to determine the ASDEX Upgrade experimental programme in consensus with the European fusion com-
munity. In line with this development, facilities for remote participation are also being improved and expanded.

The joint European tokamak experiment JET is now being run under the terms of the European Fusion Development Agreement. IPP
physicists have submitted over 40 proposals, several in collaboration with other EFDAAssociates (the EURATOM Associations) and
have made major contributions to the execution and analysis of specific experiments. The majority of these results are now being pre-
pared for publication as full journal articles.

ITER is the next step in fusion energy research. Recent positive developments have been the first official offer of a site by Canada,
the site proposals from France and Spain, the opening of international negotiations on a possible legal entity and the implementation
of the international tokamak physics activity (ITPA). IPP continues its support for ITER physics research and development, in par-
ticular through contributions to the International Confinement Data Base, the International H-mode Threshold Global Data Base, the
interval estimate for the global energy confinement time and design studies. Moreover, IPP plays an important role in research and
development for ITER components, such as diagnostics and heating systems. 

IPP has a strong tradition in stellarator physics: the WENDELSTEIN 7-A stellarator was first to demonstrate the stellarator principle
with a hot plasma. Its successor, WENDELSTEIN 7-AS, will be shut down in summer 2002 after fourteen years of fruitful opera-
tion, after which IPP will concentrate on realisation of the WENDELSTEIN 7-X follow-up experiment. In 2001, a new regime of
improved confinement at very high density, the “high-density H-mode”, was discovered on WENDELSTEIN 7-AS after installation
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of a so-called island divertor. The regime is characterised by significant reduction in the confinement of impurities and by a transi-
tion to good energy confinement. It is robust with respect to variations of the magnetic field geometry and heating power and allows
long quasi-stationary discharges at high density and heating power, which was hitherto not possible. Improved control of plasma-wall
interactions in WENDELSTEIN 7-AS has also allowed considerable improvement in high-beta discharges using a magnetic field
configuration with high rotational transform and with the smoothest possible flux surfaces at the plasma boundary. Higher neutral
beam heating power was accompanied by an increase in the maximum volume-averaged beta values. The higher beta values seem to
be limited by the heating power, because there are no detectable instabilities. In contrast to previous high-beta discharges, which were
terminated by a rapid increase of impurity radiation, quasi-stationary discharges are now possible in the presence of divertor mod-
ules although no divertor magnetic field configuration is used.

WENDELSTEIN 7-X is intended to demonstrate the reactor relevance of the advanced stellarator principle. It will have a five-peri-
od HELIAS configuration with an open island divertor and a superconducting coil assembly. Progress on production of the super-
conducting coils has been made and winding has started. Manufacture of the strands of superconductor is proving difficult, howev-
er, so that the coil production rate is slower than originally assumed. According to the latest projection, the first plasma in WEN-
DELSTEIN 7-X will be obtained at the end of 2007. The Forschungszentrum Karlsruhe, which will provide the complete ECRH sys-
tem, has successfully completed testing of a one-megawatt gyrotron developed jointly with CRPP Lausanne and European industry.
The assembly of WENDELSTEIN 7-X has been worked out in detail and the special facilities necessary have been ordered. 

The standard and scope of the research reports described in this volume testify to the many achievements at IPP in the past year. On
behalf of the Directors and the Scientific Board I would like to take this opportunity of thanking all members of staff for their hard
work and dedication to high-temperature plasma physics and fusion research.

Alexander M. Bradshaw

Foreword



Projects

ASDEX Upgrade Project 
1. Overview
2. Operation with tungsten coated central column
3. Progress towards steady state advanced scenarios
4. Transport barrieres
5. Electron heat transport
6. Main chamber edge transport and wall recycling
7. Technical systems
8. Characterization of DIV II B
9. Core plasma physics
10. Edge and divertor physics

International Co-operation
1. DOE-ASDEX Upgrade activities
2. CEA, Cadarache
3. Collaboration with Forschungszentrum Jülich, association KFA-EURATOM
4. Co-operation with Russian institutes
5. University of Cork
6. Centro de Fusao Nuclear, EURATOM IST Association, Lisbon, Portugal
7. TEKES (HUT and VTT), Finnland
8. Institut für Allgemeine Physik, TU Wien und Friedrich Schiedel Foundation, Austria
9. National Institute of Laser Plasma and Radiation Physics, 

EURATOM-NASTI Association, Bucharest, Romania

JET Co-operation Project 
1. Overwiew
2. Pellet fuelling at JET
3. Task force S1
4. Task force S2
5. Task force E
6. Task force M
7. Task force H
8. Task force Ft

ITER Co-operation Project
1. Introduction
2. Performance analysis
3. Design studies

WENDELSTEIN 7-AS Project
1. Overview
2. Experimental and theoretical results 
3. Diagnostic development
4. Neutral beam injection

WENDELSTEIN 7-X Construction 
1. Introduction
2. Basic machine
3. Heating systems
4. Auxiliary systems

WENDELSTEIN 7-X Diagnostics
1. Overview
2. Status reports of subgroups
3. Technical coordination

CONTENTS



Stellarator Theory
1. Introduction
2. Configuration studies
3. Ideal MHD stability
4. MHD-stability with kinetic effects
5. Influence of kinetic electrons on 

Ion-Temperature-Gradient (ITG) driven instabilities
6. Drift waves in stellarators
7. Free boundary equilibrium calculations
8.Plasma edge theory

Stellarator System Studies
1. WENDELSTEIN 7-X
2. The Helias reactor

IEA Implementing Agreement

Plasma-facing materials and components
1. High-Z materials
2. Low-Z materials
3. Surface processes on plasma-exposed materials
4. Component related aspects
5. Migration of materials in fusion devices

Divisions and Groups

Scientific divisions of IPP

Experimental Plasma Physics Division 1

Experimental Plasma Physics Division 2

Experimental Plasma Physics Division 3

Experimental Plasma Physics Division 4

Experimental Plasma Physics Division 5

WENDELSTEIN 7-X Construction

Stellarator Theory Division

Tokamak Physics
1. Tokamak edge physics

Technology Division
1. Neutral injection heating
2. Ion cyclotron resonance heating
3. ECRH on ASDEX Upgrade

Surface Physics Division
1. Ion beam analysis methods
2. Surface science - SFB 338

Materials research division

Centre for Interdisciplinary Plasma Science
1. Plasma technology
2. Plasma theory
3. Data analysis

CONTENTS



Plasma Diagnostics Division
1. PSI-2 plasma generator
2. Electron Beam Ion Trap (EBIT)
3. UHV laboratory
4. Theory and modelling

VINETA
1. Introduction
2. Device and diagnostics
3. Experimental programme

Electron Spectroscopy Group, FHI Berlin

Garching Computer Centre
1. Major hardware changes
2. Data management
3. Development for high-end parallel computing
4. Vector computing
5. Multimedia
6. Developments in networking
7. Pilot projects for the German Gigabit science network
8. Data acquisition and data bases for plasma fusion Experiments

Central Technical Services

Office of the Director
1. Health and safety
2. Public information department
3. Library
4. Project planning
5. Equal opportunities
6. Energy studies

Administration

Publications

Publications and conference reports

Lectures

Laboratory reports

Author index

Teams

CONTENTS



University Contributions to IPP Programme

Lehrstuhl für experimentelle Plasmaphysik at Augsburg University
Plasma edge diagnostics

Lehrstuhl für Experimentalphysik III at Bayreuth University
Elementary reactions of hydrogen atoms with adsorbates and solid surfaces

Lehrstuhl für Experimentalphysik II at Greifswald University
Plasma deposition of metal-containing amorphous hydrocarbon films

Institut für experimentelle und angewandte Physik at Kiel University
1. The project TJ-K
2. Helicon wave studies
3. Turbulence studies

Lehrstuhl für Messsystem- und Sensortechnik at Technische Universität München 
Speckle-interferometry in vibrating environments

Institut für Plasmaforschung (IPF) at Stuttgart University
1. Plasma heating
2. Plasma edge diagnostic

How to reach the Max-Planck-Institut für Plasmaphysik

How to reach Greifswald Branch Institute 
of the Max-Planck-Institut für Plasmaphysik

CONTENTS



Tokamak

ASDEX UPGRADE PROJECT
(Head of Project: Dr. Otto Gruber)

Experimental Plasma Physics Division E1: U. Brendel, A.
Carlson, P. Cierpka, T. Eich, H.U. Fahrbach, J.C. Fuchs, O.
Gehre, A. Geier, J. Gernhardt, O. Gruber, G. Haas, A.
Herrmann, J. Hobrik, L. Horton, T. H‰rtl, D. Jacobi, E. Kaplan,
M. Kaufmann, B. Kleinschw‰rzer, G. Klement, H. Kollotzek,
G. Kˆ lbl, P.T. Lang, P. Leitenstern, A. Lorenz, K. Mank, K.F.
Mast, K. Mattes, D. Meisel, D. Merkl, V. Mertens, H.W.
M¸ ller, Y.-S. Na, J. Neuhauser, E. Oberlander, E. Posthumus-
Wolfrum, G. Prausner, G. Reichert, V. Rohde, W. Sandmann,
M. Sator, G. Schall, H.-B. Schilling, P. Schˆ tz, G. Schramm,
G. Schrembs, K.-H. Schuhbeck, S. Schweizer, J. Schweinzer,
H.-P. Schweiβ, U. Seidel, O. Sigalov, C. Sihler, A. Sips, J.
Stober, B. Streibl, A. Tanga, W. Treutterer, M. Troppmann, T.
Vierle, S. Vorbrugg, M. Wolf, R. Wolf.

Tokamak Physics Division: R. Arslanbekov, M.
Apostoliceanu, G. Becker, A. Bergmann, R. Bilato, K. Borrass,
M. Brambilla, D. Correa-Restrepo, D. Coster, K. Dimova, W.
Feneberg, M. Gˆ tz, S. G¸ nter, V. Igochine, F. Jenko, O.
Kardaun, A. Kendl, J. Kim, R. Kochergov, P. Lauber, P.
Martin, P. Merkel, R. Meyer-Spasche, Y. Nishimura, G.
Pautasso, A.G. Peeters, G. Pereverzev, S. Pinches, E. Poli, S.
Riondato, S. Schade, T. Schmidt-Dannert, W. Schneider, E.
Schwarz, B. Scott, G. Spies, D. Strinzi, E. Strumberger, G.
Tardini, H. Tasso, C. Tichmann, Q. Yu, H.-P. Zehrfeld.

Experimental Plasma Physics Division E2: C. Aubanel, H.
Bauer, K. Behler, H. Blank, A. Buhler, G.D. Conway, R.
Drube, K. Engelhardt, A. Gude, H. Hˆ henˆ cker, M. Jakobi, A.
Keller, S. Klenge, B. Kurzan, A. Lohs, M. Maraschek, H.
Meister, R. Merkel, A. M¸ ck, H. Murmann, G. Neu, G. Raupp,
K.-H. Steuer, W. Suttrop D. Wagner, D. Zasche, T.
Zehetbauer, H. Zohm.

Experimental Plasma Physics Division E4: K. Behringer, D.
Bolshukhin, R. Dux, W. Engelhardt, J. Fink, J. Gafert, A.
Kallenbach, C. Maggi, R. Neu, T. P¸ tterich, R. Pugno, S.-W.
Yoon, B. Waldmann, M. Zarrabian.

Technology Division: W. Becker, F. Braun, H. Faugel, P.
Franzen, D. Hartmann, B. Heinemann, F. Hofmeister, K.
Kirov, W. Kraus, F. Leuterer, F. Meo, F. Monaco, M. M¸ nich,
J.-M. Noterdaeme, S. Obermayer, F. Probst, S. Puri, R. Riedl,
F. Ryter, W. Sch‰rich, E. Speth, A. St‰bler, O. Vollmer, F.
Wesner, R. Wilhelm. E. W¸ rsching.

Plasma Diagnostics (Berlin): D. Hildebrandt, M. Laux, W.
Schneider, U. Wenzel.

Garching Computer Centre: K. Desinger, S. Groβ, A. Hackl,
C. Hennig, P. Heimann, S. Heinzel, H. Kroiss, J. Maier, M.
Panea-Doblado, H. Reuter, A. Schott, M. Zilker.

Materials Research: M. Balden, B. Bˆ swirth, H. Greuner, H.
Maier.

Surface Physics Division: X. Gong, K. Krieger, M. Mayer, J.
Roth.

Central Technical Services: R. Ammer, H. Eixenberger, T.
Franke, F. Gresser, E. Grois, M. Huart, C.-P. K‰semann-Wilke,
K. Klaster, M. Kluger, J. Perchermeier, G. Raitmeir, I.
Schoenewolf, J. Stadlbauer, F. Stobbe, F. Zeus.

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

IPF University of Stuttgart: G. Dodel, G. Gantenbein, E.
Holzhauer, W. Kasparek, U. Schumacher.

Centro de Fusao Nuclear, IST Lisbon, Portugal: L. Cupido,
M.-E. Manso, I. Nunes, T. Ribeiro, J. Santos, F. Serra, A.
Silva, F. Silva, P. Varela, S. Vergamoto.

NCSR Demokritos, Athens, Greece: G. Kyriakakis, N. Tsois.

TEKES (HUT and VTT), Finland: O. Dumbrajs, J.A.
Heikkinen, T. Kiviniemi, T. Kurki-Suonio, S. Saarelma.

University of Augsburg: U. Fantz, J. G¸ nther, B. Heger.

IAP, Vienna, Austria: H. Falter, M. Proschek.

Guests: C.V. Atanasiu, G. Miron, Inst. of Atomic Physics,
Romania;
S. Egorov, V. Rozhansky, I. Veselova, S. Voskoboynikov,
Technical University, Plasma Physics Department,
St. Petersburg, CIS;
A. Khudoleev, IOFFE, St. Petersburg, CIS;
P. Lalousis, IESL, FORTH, Heraklion, Greece;
S. Saarelma, Helsinki University of Technology, Finland;
G. Troumoulopoulos, University of Ioannina,  Greece;
S. Sesnic, USA;
H. Weitzner, N.Y. University, USA;
A. Komarov, A. Kozachok, Kharkov Institute, Ukraine;
A. Savtchkov, Forschungszentrum J¸ lich, Germany;
J. Tataronis, University of Wisconsin, Madison, USA;
W. Pan, S.T. Wu, D. Yao, Academia Sinica, Hefei, China;
T. Bolzonella, R. Lorenzini, E. Martines, CNR Padua, Italy.



Tokamak

1. OVERVIEW

1.1 Scientific Aims and Operation

The ASDEX Upgrade non-circular tokamak programme has
been largely focused to provide the physics basis for ITER,
namely

(i) confinement and performance-related physics in the ITER
base-line scenario, the ELMy H-mode near operational limits,
including ELM mitigation,

(ii) investigation of scenarios and physics of advanced tokamak
plasma concepts with both internal transport barriers ITB and
improved H-mode scenarios leading to enhanced performance
and possibly stationary operation,

(iii) MHD stability and active stabilisation of β limiting
instabilities 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
optimising power exhaust and particle control (ash removal) as
well as testing of first wall materials.

The similarity of ASDEX Upgrade to ITER in its poloidal field
coil system and divertor configuration makes it particularly
suited to testing control strategies for shape, plasma
performance, and MHD mode stabilization. Additionally, the
similarity in cross-section to other divertor tokamaks is
important in determining size scalings for core and edge
physics. This collaborative work, including extrapolation to
ITER parameters, was enhanced in the JET operation under
EFDA during the last years. Furthermore, the ASDEX Upgrade
programme is embedded in a framework of national (IPF
Stuttgart, University of Augsburg, see also section on
University contributions to IPP programme) and international
collaborations (see section on International Co-operation).

With the increasing number of experiments proposed by
collaborators within the EU fusion programme, the ASDEX
Upgrade Programme Committee was opened to the
associations to take more responsibility for the ASDEX
Upgrade programme. This body defines the Task Forces
responsible for the different elements of the ASDEX Upgrade
programme and nominates the Task Force leaders. It also
approves the experimental programme proposed by the Task
Force leaders. By definition, every association involved in the
ASDEX Upgrade programme has the right to nominate a
member. At present, it comprises 9 members from the
associations and 8 from IPP. Furthermore, the bodies that work
out the programme proposals, are now open for external
participants. In parallel, an initiative has been started to ease
remote participation in these meetings. With this structure, we
aim at a compromise between the increased international
participation and the flexibility that has so far been typical for
the ASDEX Upgrade programme.

The operation in 2001 was dominated by maintenance and
hardware upgrades. In a 9 month shut-down till April this year
one neutral beam line was reoriented for a more tangential

injection, which should provide 0.25 MA off-axis current
drive. In parallel, the divertor structure of ASDEX Upgrade
was adapted to maintain good divertor properties at high
triangular plasma shapes putting the strike points on the
vertical targets and increasing the pumping capability (DIV
IIb). The studies of reactor-compatible materials was continued
by a total tungsten coverage of the low field side LFS heat
shield based on the positive experience with Tungsten on
divertor and these inner heat shield tiles reducing carbon
influx. The promising refuelling by pellet injection has led to a
new high-field-side HFS pellet launcher, whose pellet-guiding
system was finalized to allow injection velocities of up to 800
m/s for deep fuelling. Deeper particle deposition with pellet
velocities of 560 m/s was confirmed. To get stationarity not
only on the transport and MHD time scales but also on skin
time, a flat-top time of 10 s will be provided step by step by an
upgrading of the power supply systems, which is already
available for 0.8 MA discharges. This allows steady state
investigations for more than three current diffusion times, a
unique feature for tokamks with ITER plasma geometry.

During the 2001 experimental campaigns, ASDEX Upgrade
operated routinely with NBI heating powers up to 20 MW and
injection energies up to 100 keV, which allowed studies of the
influence of heat deposition on energy and particle transport,
stability and of fast particle effects. Minority heating with the
ICRH system (up to 5.7 MW coupled) was used for central
heating at high densities, and to study the influence of deep
particle refuelling and toroidal rotation by substituting NBI.
The ECRH system (four gyrotrons with a coupled power of 1.6
MW for 2 s) allowed pure electron heating and current drive,
transport studies and feedback stabilisation of neo-classical
tearing modes NTM. Provisions for current drive and for active
control of current profiles in advanced scenarios were available
with more perpendicular or tangential NBI and ECRF using
remotely controlled mirrors (up to 0.35 MA driven on-axis).

The physics programme of 2001 was based on the conclusions
and findings of the last years, ITER requirements and tokamak
concept improvement (see section 1.2). High shaping
capability with elongations κ > 1.8 and triangularities δ up to
0.45 at the separatrix allowed study of the influence of plasma
shape on performance and operational limits. The present
version of the closed DIV IIb (with vertical target plates
including a roof baffle in-between and a cryopump), which is
rather similar to the ITER-FEAT reference design, allows a
strong reduction of heat flux to target plates and is capable of
handling heating powers of up to 20 MW or P/R of 12 MW/m.
The observed strongly reduced, distributed power flux to the
surrounding structures during both ELM and ELM-free phases
is in agreement with B2-Eirene simulations.

In the advanced scenarios characterized by a high fraction of
bootstrap current and external current drive, emphasis was
placed on performance enhancement and the extension of both
internal transport barriers and improved H-mode scenarios
using different heating and current drive methods (NBI,
ECRF). Alignment of improved core confinement with the
optimal magnetic and velocity shear profiles and the
compatibility of this idea with stationary operation at high
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power and, simultaneously, a cold divertor is one of the key
elements of the ASDEX Upgrade programme.

1.2 Summary of Main Results

Both ion and electron temperature profiles in conventional L-
and H- modes on ASDEX Upgrade are generally stiff and
limited by a critical temperature gradient length LT = T/∇T
normalized to the major radius R as given by ion temperature
gradient ITG and trapped electron TEM driven turbulence.
Electron cyclotron heating and modulation experiments both at
ASDEX Upgrade and other EU tokamaks have confirmed that
electron temperature profiles are also stiff with R/ LT ≈ 9, as
predicted by TEM turbulence. Accordingly, the core and edge
temperatures are proportional to each other and the plasma
energy is proportional to the pedestal pressure for fixed density
profiles. Density profiles are not stiff, and confinement
improves with density peaking. More triangular plasma shapes
(up to δ ≈ 0.4) show strongly improved confinement up to the
Greenwald density nGW and, therefore, higher β-values, due to
increasing pedestal pressure, and H-mode density operation
extends above nGW. Density profile peaking at nGW was
achieved with controlled gas puff rates and especially with off-
axis heat deposition, while a balanced addition of central
deposited ECRF or ICRF allowed control of density peaking.
This is due to the increasing central anormal transport of both
energy and particles in combination with the neo-classical
inward pinch. At these high densities with reduced edge
temperatures small type II ELMs can provide good
confinement combined with low divertor power loading. The
operational regime of these type II ELMs was established at
q95 > 3.5 and closeness to magnetic double null configuration.

In advanced scenarios the highest performance in terms of
confinement improvement compared with L-mode plasmas and
high β was achieved in high βN H-mode discharges with
δ = 0.4 reaching transiently HL-89P βN ≈ 11.5, limited by neo-
classical tearing modes (NTM) at low central magnetic shear
(qmin ≈ 1). Still HL-89P  βN ≈ 8 was kept in steady state for 20
energy confinement times at line averaged densities of 90% of
the Greenwald density and with type II ELMs. In the so-called
improved H-mode discharges at δ = 0.3 the highest
performance in terms of ni(0) Ti(0) τE ≈ 1020m-3 keVs was
obtained for five confinement times. In both scenarios the T
profiles are still governed by ITG/TEM turbulence, while by
tailored NBI deposition the confinement is improved via
density peaking connected with low central magnetic shear and
fishbone activity.

Progress was also made in internal transport barrier discharges
both in the ion heat (NBI in current ramp up) as well as the
electron heat channel (central counter-ECCD). The ion barriers
with reversed shear (qmin ≈ 2) and L-mode edge achieved H-
mode confinement level and Ti(0) = 22 keV and are limited to
βN ≤ 2 by internal and external ideal MHD modes. Turbulence
driven transport is suppressed in agreement with the ExB shear
flow paradigm, and core ion transport coefficients are at neo-
classical ion transport level. In comparison with the previous
year, more stable discharges with central counter-ECCD and

reversed magnetic shear formation achieved electron cyclotron
radiation temperatures of over 30 keV due to non-thermal
electrons at low densities.  The electron bulk temperatures are
still at 20 keV connected with an electron ITB.

MHD instabilities limit the operational regime of conventional
and advanced scenarios with positive magnetic shear (NTMs)
and with reversed shear  (double tearings, internal and external
kink modes) scenarios. The onset βN for NTMs is proportional
to the normalised gyroradius ρ*. Thereby the improved
confinement scenarios with peaked density profiles are more
susceptible for NTMs, as neo-classical theory predicts a
stronger contribution from the density gradient to the missing
bootstrap current in the islands. Using ECCD at the island
position (10% of the total heating power) not only complete
NTM stabilisation was demonstrated at βN > 2, but also the β
was enhanced compared with the pre-NTM phase. Disruption
avoidance and mitigation (via strong Neon and Argon puffs)
techniques have been further developed and can be used in
real-time. For the future, disruptive MHD limits are expected
to be extended using current profile control and wall
stabilisation.

Finally, the plasma operation with a Tungsten coverage of a
large wall area reduced the Carbon content, while the Tungsten
concentrations remained below 10-5. Only in discharges with
improved core confinement and density peaking have increased
Tungsten concentrations been observed. Central RF heating
was used to control the impurity content by increasing the
anormal particle transport accompanied by only a modest
reduction of energy confinement and electron density peaking.

1.3 ASDEX Upgrade Technical Enhancements
and Programme in 2001

In 2002 the operation of ASDEX Upgrade in close connection
with the JET programme and in co-operation with the EU
Associations will continue. Core physics studies will
emphasize the improvement of plasma performance (energy
and particle transport, MHD-stability and β-limits, mode
stabilization using stationary and AC ECCD) in both
"conventional" H-mode and "advanced" tokamak scenarios.
Main elements will be pressure and density profile as well as
impurity control using tailored heat deposition forms ICRF,
ECRF and NBI. Current profile control and sustainment in
advanced mode operation with non-inductively  driven currents
in addition to the internal driven bootstrap current can be done
in a flexible way by different deposition of NBI and the already
available 1.6 MW coupled ECRF power to drive currents on-
axis (up to 0.35 MA on-axis) or off-axis with remotely
controlled mirrors. A further upgrading of the ECRF power to
4 MW at tuneable frequencies between 104 and 140 GHz is
underway. To reach the ultimate ideal MHD limits the
introduction of a stabilizing wall close to the plasma  in
combination with active feedback coils working on the
resistive time scale of the wall are under consideration. The
Tungsten coverage of the chamber walls will be extended
towards the low field side and divertor entrance regions.
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Sections 2- 6 are concerned with operation of the Tungsten
coated central column, progress towards steady state advanced
scenarios including type II ELMs and NTM stability and
control, internal electron and ion transport barriers, electron
heat transport experiments and comparison with theory, and
main chamber edge transport and wall recycling. In section 7
the ASDEX Upgrade technical systems, control and data
processing, and heating systems are described. Section 8 deals
with the characterization of the new DIV IIb, and additional
results concerning core plasma physics as shape control, core
impurity measurements, HFS pellet injection and ELM control,
density fluctuations and disruption physics are described in
section 9. Section 10 is particularly devoted to the H-mode
edge barrier and divertor physics, including modelling and
Carbon layer deposition.

2. OPERATION WITH TUNGSTEN
COATED CENTRAL COLUMN

Although the interaction of plasma and material is strongly
concentrated in the divertor region, it has become evident in
recent years that in all divertor devices with large areas of
Carbon based wall components the Carbon impurity content is
strongly influenced by the main chamber Carbon source. To
avoid excessive co-deposition of Tritium with Carbon ITER
will start operation with Be as the first wall material in the
main chamber. However, in a later phase of ITER, or in a
DEMO reactor, Tungsten seems to be the only material at hand
to stand the fluences with acceptable erosion. Although W has
large advantages over Be concerning thermo-mechanical
properties, its use implies the risk of unduly high radiation
losses in the central plasma.

The questions, how a Tungsten first wall influences plasma
operation and performance and whether the amount of
migrating Carbon can be reduced, were addressed in ASDEX
Upgrade by coating the  central column with tungsten in a step
by step approach, starting with the experimental campaign
1999/2000.  The tiles were coated commercially by plasma arc
deposition to a thickness of 1µm. Before  the 2001 campaign a
total Tungsten coverage of the central column was applied,
except for regions which may be hit directly by the shine
through of the neutral beam injection NBI or which are used as
a limiter.  Finally, starting from  November 2001, the central
part of the heat shield  was W-coated leaving only the CFC
tiles which are used as an NBI beam dump free of coating (see
Fig. 2.1). At the limiter region each two neighbouring tiles
were combined into a single one with a roof top, in order to
minimize leading edges. The summer campaign began without
preceding boronization or siliconization, to run the plasma
discharges with the pure Tungsten surface. During this initial
period the total radiation and the Zeff were higher than for a
well conditioned machine. This could be attributed  to the high
oxygen content (few percent), which led to the most
challenging environment for the W-experiment: The  W-source
was potentially increased  due to strong sputtering and
obviously the anomalous transport was suppressed, similar to
radiation enhanced regimes. After this initial phase, where
most of the relevant scenarios had been performed, the vessel

was boronized twice during the remaining campaign. In
summary the experiments showed that the operational space is
somewhat more restricted than for a device having only low-Z
PFCs and the Carbon content seems to be reduced by about
30%-50%.

The behaviour of W in the discharges was mostly monitored by
spectroscopic means developed during the previous campaigns.
The Tungsten influx stayed  below the detection limit except
for direct plasma wall contact or a reduced clearance in
divertor discharges. Fig. 2.2 shows the behaviour of the W-
influx and the W-concentration during the shift of the plasma
towards the central column. From these observations a
penetration factor in the order of 1% and effective sputtering
yields of about 10-3 could be derived, pointing to a large
contribution of light intrinsic impurities. Post mortem analysis
of the W surfaces (see section on Plasma-Facing Materials and
Components) strongly supports the evidence of dominant ion
sputtering, but due to the very non-homogenous erosion
patterns the above mentioned influx measurements may be
hampered. The Tungsten concentrations ranged from below 10-

6 up to a few times 10-5 in discharge scenarios without wall
contact. In limiter discharges the concentrations were larger by
about a factor of 10 and even higher in phases with internal
transport barriers. Generally, in discharges with increased
and/or evolving density peaking, a tendency for increased
Tungsten concentrations or even accumulation was observed.
Central heating (mostly) by ECRH led to a strong reduction of
the central impurity content, accompanied by a very modest
reduction of the energy confinement, thus providing an
excellent tool to control the central impurity content. This is
demonstrated in Fig. 2.3 for a high triangularity discharge with
good confinement (H-factor above 1.1). From t ≈ 1.8 s the W-
concentration rises continuously and shortly after t ≈ 2.2 s the
soft-X ray measurement saturates. It has to be pointed out that
this increase in the SXR brightness is not exclusively due to the
increase of the W density, since the brightness of other
impurity radiation (for example Fe) is also found to rise. From
t = 3.0 s onwards, central ECRH is added. During the ECRH
phase, Te0 is increased but no (or very minor) sawteeth appear
and en  is slightly decreased similar to the so-called 'density
pump out' effect. The stored energy remained almost constant,
leading to a slight reduction of the H factor from 1.14 to 1.06.
However, by far the strongest effect is found on the SXR
brightness and the Tungsten concentration. Both drop on the
timescale of the energy confinement time, leading to cW below
10-6. Once again after the heating phase, an increase of the
SXR brightness and  cW is observed.

Since the edge parameters are unchanged throughout the
discharge, a large variation of the W-source is very unlikely (in
fact they are below the detection limit). Therefore the physical
picture is as follows: Coupled to the low energy transport in
these discharges, the anomalous particle transport is also
decreased, even allowing a very small drift velocity as the
Ware pinch leads to a density peaking of the background
plasma. This density peaking together with the low anomalous
transport and a moderate peaking of the temperature profiles
provokes the neoclassical impurity accumulation. The central
wave heating obviously counteracts this in several ways. The
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anomalous particle transport is increased, leading to flatter
density profiles of the background ions. At the same time Te0
and therefore also the gradient is increased.  Assuming a fast
equilibrium of Te and Ti, this then leads to a strong reduction of
the neoclassical inward drifts. Together with the increased
anomalous transport this results in a strong reduction of the
central impurity content. First impurity transport calculations
support this physical picture and even a quantitative agreement
with the temporal evolution and the amount of  the W-
reduction can be obtained, if the anomalous diffusion is
moderately enhanced during ECRH. Concerning the high
density ELMy H-Mode envisaged as the standard scenario in
ITER, the situation concerning central impurity accumulation
may be alleviated, since the Ware pinch will be smaller there
and the central α heating may lead to higher central particle

diffusivity both resulting in flat density profiles of the
background ions.

The two months of operation with the W coating at the central
part of the heat shield, show very similar results to the previous
campaign. In line with observations in preparatory
experiments, the breakdown of the plasma discharges in
contact with the W surface is not much different from the
situation with the graphite limiters. This result further
strengthens the perspective of using W in the main chamber in
a later phase of ITER or in a Demo reactor.

FIG. 2.1: Left side: Tangential view of the central column of ASDEX Upgrade with the tungsten coated tiles. The four rows in the
equatorial plane are made of graphite and CFC and are used as limiter during plasma start up and in dedicated limiter discharges.
Right side: Poloidal cross section, showing the line of sights of the two main diagnostics for the central W radiation, as well as
Langmuir probe tips installed at the central column. Bottom: Schematic view of the unrolled central column: The light grey areas
represent W coated tiles, the two lowest rows were already mounted in 1999. The dark grey tiles are manufactured from CFC
because of potential shine through of the NBI. The white tiles are ordinary graphite tiles. This central region of heat shield is used
as limiter during the start-up phase of the discharge.
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FIG. 2.2: W-influx ΓW and W-concentration cW during the
radial shift of the plasma towards the central column (# 14186,
Ip = 1 MA, Bt = -2.3 T, PNBI=5 MW, δ = 0.15).  On the top en
and Te0 are shown, to demonstrate that the main plasma
parameters remain constant during the shift.

FIG. 2.3: Parameters during a moderately improved H-mode
discharge at Ip = 1 MA, δ = 0.4, showing enhanced cW  with
NBI only, but a strong reduction of cW during central ECRH.

3. PROGRESS TOWARDS STEADY
STATE ADVANCED SCENARIOS

Plasmas with ITBs are proposed as a candidate for advanced
scenarios. The transport barrier optimises the confinement and
the non-monotonic q-profile allows for the current to be
dominantly driven by off-axis bootstrap current. However, the
central pressure that can be obtained in ITB discharges is
limited by internal kink modes (infernal modes), keeping βN
well below 3. If on the other hand some central current is
provided by electron cyclotron resonance current drive
(ECCD) or the ohmic current, then reversed shear would not be
required. This may give better MHD stability, is closer to the
existing confinement data and would provide a conservative
base-line for a steady state reactor.

At ASDEX Upgrade, research into advanced scenarios has
concentrated on three main areas: (1) the formation of internal

transport barriers in discharges with reversed q-profiles, (2) full
non inductive current drive scenarios at low plasma current
(0.4 MA), with  ECCD or neutral beam injection NBI in
combination with the bootstrap current, and (3) on improved
confinement H-modes in steady state, obtained in discharges
with weak magnetic shear s = (r/q)(dq/dr) in the centre, and q
on axis close to 1. A summary of recent ASDEX Upgrade
results is given in Figure 3.1. The best results have been
obtained in plasmas without an ITB or without a reversed q-
profile.

FIG. 3.1: Overview of advanced scenarios in ASDEX-
Upgrade. Plotted is βN ∑H89-P versus the duration τduration
normalised to τE. For the high βN plasmas, points that are
obtained transiently and in plasmas with near steady state
conditions have been plotted. Reference values for the required
βN ∑H89-P are given for four reactor designs. The high βN
discharges come closest to the requirements for ITER-AT, the
steady state reference scenario at Q = 5 for ITER.

3.1 High βN discharges

The plasma configuration for these experiments has maximum
shaping for ASDEX Upgrade, with triangularity δ = 0.42 and
elongation κ = 1.65. The plasma current is 0.8 MA, with
toroidal fields from 1.7 to 2 T, giving edge safety factors in the
range 3.6-4.1. Due to the high triangularity the plasma can be
made near double null, with a separation  between the two flux
surfaces that define the two X-points of 0.009 m at the outer
midplane. However, the lower X-point is still dominant with
nearly all of the power flowing to the lower divertor target.

Pulse 14521, reaches the highest βN, in conditions that
approach steady state. In this discharge 10 MW of NBI is
applied during the flat top of the plasma current. The neutral
beams are injected tangentially by 4 sources, 2 of these sources
deposit the power off-axis at r/a = 0.5. The electron density
slowly increases to 88% of the Greenwald density limit. During
this slow density rise, the stored energy decreases slowly. This
is a combination of the loss of confinement generally observed
for discharges approaching the Greenwald density limit and the
slow reduction of the plasma inductance during the first part of
the neutral beam heating phase. However, the confinement
factor H89-P over the  ITER89, L-mode scaling remains at or
above 2.2, while the enhancement factor compared to the
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ITERH-98P(y,2) H-mode confinement scaling is 1.3 at the end
of the heating phase. The edge safety factor q95 for this pulse is
3.6 at 1.7 T. Transiently and at lower density,  higher values for
βN  have been achieved in pulse 14517 with βN  =  3.8 and H89-P
= 3. Under these conditions a neo-classical tearing NTM mode
is triggered by a sawtooth collapse.

High βN  has been obtained for a number of pulses at ASDEX
Upgrade in discharges with similar conditions as for pulse
14521 and pulse 14517, emphasising that at high triangularity
(up to 0.45), good confinement, high βN and densities close to
the Greenwald limit can be achieved simultaneously.

3.2 ELM activity at high βN

FIG. 3.2: A detailed overview of the ELM activity for pulse
14521 (a) for three short time intervals the infra red
measurements of the outer lower (b) and inner lower divertor
(c) are given.

In pulse 14521 (Figure 3.2) the line averaged electron density
rises slowly to 9.1∑1019 m-3 due to a combination of NBI and
gas fuelling. Measurement of the density by interferometry,
Thomson scattering and reflectometry indicate that the edge
density is  6-7 ∑1019m-3. During the NBI heating phase, the
ELMs reduce significantly in size as the density increases and
the plasma configuration is moved up, closer to a double null
configuration. This movement to a double null configuration is
made deliberately and is completed at 3.2 seconds. Infra-red
data shows that initially ELMs are observed on the outer target
with a peak heat flux of up to 18 MW/m2. Towards the end of
the heating phase (at 4.0 seconds) the maximum heat flux on
the divertor has become steady, in the range of 6  MW/m2 . For
the inner target plate, the peak load is only observed during
type I ELMs. However, during the double null configuration
phase of the discharge, the heat flow to the inner divertor
reduces to nearly zero. This is similar to what is observed for

type II ELMs at improved H-mode discharges. This implies
that at heating powers well in excess (factor 5) of the H-mode
power threshold and high gas fuelling rates, type II ELMs are
observed at q95 = 3.6 in ASDEX Upgrade.

3.3 Modelling

For the pulses presented in this section, ASTRA code
simulations have been performed. The calculations are started
with an initial q-profile from the reconstruction using magnetic
sensors  only (no MSE data is available for these pulses).  The
simulations use a model for the NBI current drive, a model for
the bootstrap current and use a transport model based on
Weiland to simulate the evolution of the electron temperature
and ion temperature. The measured density profile is used. The
results of these simulations are generally in agreement with the
experiments and can be used to calculate the non-inductive
current drive contributions to the total current of 0.8 MA. The
10 MW of neutral beams (tangential injection angle), drive
0.13 MA (15%) of current, 5 MW of the beam power is
deposited off axis, resulting in a broad current density profile
provided by the neutral beams. Up to 0.46 MA (57%) comes
from the bootstrap current using the model given in reference.
This gives a total of up to ≈ 70% non-inductively driven
current at high density. Note that βp for these discharges is 1.8-
2.

3.4 Neo-classical tearing modes

The βN achieved is limited by NTMs to 3.5 in conditions
approaching steady state and limited to βN = 3.8 transiently.
High values for βp pq LL /  at the resonant surface (q = 3/2)

are obtained before onset of the mode, compared to discharges
at lower triangularity. The high density in these plasmas may
partly explain this higher value for βp pq LL /  as may the

increase in local magnetic shear due to the higher triangularity
of these pulses. On the other hand, the confinement drop during
the NTM is modest and βN  = 2.9 during the mode. The central
temperature drops by 20%. At this β, the island at the 3/2 q-
surface in the plasma is expected to saturate to 20-25 % of the
minor radius, which would give a much larger drop in stored
energy or central ion temperature. In this respect, the NTM
may be of the frequently interrupted 'FIR' type, where the
growth of the mode is limited by other MHD modes.

3.4.1 NTMs in high βN discharges

Onset behaviour of NTMs: In order to get a more robust
prediction of the onset dependence of the achievable local
βp

onset from (3,2)-NTMs as a function of the local poloidal ion
gyro-radius ρ*

p,i and the local collisionality ν ii = νii/(mεωe*)
the range of these parameters has been extended.

Especially discharges with maximum shaping and high βN and
high H-mode factors, as described in the previous section,
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extended the accessible range in  ν ii to much higher values.
High densities near the Greenwald density limit together with
still good confinement, made this high ν ii and high ρ*

p,i range
possible. In standard, less shaped cases, high densities lead to a
reduction in confinement and hence also reduce ρ*

p,i.

The observed density peaking in highly shaped discharges with
beam heating alone, could explain the sometimes low threshold
values for the NTM onset. A more detailed analysis revealed,
that the ne ·∇ T and the T·∇ ne terms need to be considered
separately for calculating the driving bootstrap current for the
NTM. Consistently with theory, the density gradient ∇ ne
seems to contribute more to the bootstrap drive. A replacement
of beam heating power by ICRH heating could reduce the
probability for NTM excitation by reducing the density
peaking.

3.4.2 NTM behaviour at high βN FIR-NTMs

In discharges with strong heating power and hence high βN
values in the presence of NTMs the so-called frequently
interrupted regime FIR could be observed. The NTM never
reaches its saturated size in this phase, as the mode is
repeatedly abruptly reduced on a very short timescale. This
resulting reduced averaged amplitude decreases the loss in
confinement caused by the mode in this FIR-phase. The abrupt
reduction of the (3,2) NTM amplitude (≈ 500 µs for ASDEX
Upgrade) can be explained by a non-linear coupling  to an
additional fast growing burst-like ideal (4,3) mode. The
additional presence of a (1,1) mode is required for this non-
linear coupling with phase locked modes. Similar behaviour
could be observed  in general for (m,n) NTMs together with
bursts of (m+1,n+1) modes.

The resulting confinement recovery in these NTM-phases may
point to a regime of "acceptable" NTMs in a reactor (see Fig.
3.3)

FIG. 3.3: H factor after (3,2) NTM saturation, normalised to
the value at the NTM onset, versus βN at the mode onset. For
initial βN

onset values above βN ≈ 2.3  the confinement loss is
partially recovered.

3.4.3 NTM stabilisation with ECCD

The development of scenarios with a complete suppression of
(3,2) NTM has been continued. By increasing the applied NBI
power the stationary achievable βN  with a suppressed NTM
could be raised to βN ≈ 2.7. An example of this is shown in Fig.
3.4.

FIG. 3.4: The stationary achieved βN  with a suppressed (3,2)
NTM could be raised to βN  ≈ 2.7. Only with a maximum of 15
MW of NBI could the NTM  be triggered again after the ECCD
suppression.

4. TRANSPORT BARRIERS

In 2001 progress was made in the area of transport barriers.
This included both the ion as well as the electron channel. They
have, however, still been studied separately, the barriers in the
ion heat channel through neutral beam heating in the current
ramp up, and the barriers in the electron heat channel through
counter electron cyclotron current drive ECCD in low density
plasmas.

It was observed that the ion barrier formation correlated with
density, appearing more frequently at low density. Since the
neutral beams provide a particle source, the heating was
applied at a later time point in the current ramp up. This new
scheme has lead to a new record for the central ion temperature
of 22 keV (see Fig.4.1), and (in another discharge) to βN values
of 2 (H89P = 2).

More important than the records, however, is that the new
scenario is reproducible because it allows for more detailed
physics studies. Variations of the plasma parameters can be
made around this scenario sorting out the criterion for
formation. So far, pre-heating of the electrons with electron
cyclotron heating has been tried, in order to generate a larger
region of reversed shear. The pre-heating has been shown to
delay the barrier formation but does not affect the width of the
barrier.
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FIG. 4.1:  Time traces and ion temperature profile of the
internal barrier discharge #14809.

FIG. 4.2: Electron cyclotron radiation temperatures for
discharges with different amounts of counter current drive

The electron barriers have, like the experiments in 2000, been
generated with counter ECCD. In comparison with the
previous year, more stable discharges have been obtained by
going to larger currents or broader ECRH deposition profiles.
At 0.6 MA electron cyclotron emission ECE radiation
temperatures of over 30 keV (see Fig. 4.2) have been obtained
at a central density of 1.2 · 1019 m-3 with 1.6 MW (4 gyrotrons)
of counter ECCD. Changing one of the gyrotrons to co current
drive, such that the deposition of power is the same but the
driven current is reduced to 50% and the central radiation
temperature decreases  to 17 keV.

 At these low densities, Fokker Planck calculations predict the
existence of a significant non-thermal distribution which
affects the ECE radiation as shown in Fig. 4.3, which shows
the ECE measurements (#14589), the calculated radiation from
a Maxwellian with a temperature profile equal to the measured
one, and the calculated ECE radiation from the distribution
obtained by the numerical solution of the Fokker-Planck
equation using again the measured radiation temperature as
bulk temperature. The simulations show that the radiation
temperature is 30% larger than the bulk temperature which is
estimated to be still 20 keV in the full counter current drive
case. The 30% difference is insufficient to explain the
difference in radiation temperature between full and half
counter current drive.  Furthermore, the heating power in the
discharges with different amounts of current drive is the same
and generates roughly the same non-thermal population. It is
therefore concluded that the difference in central temperature
must be due to a difference in electron heat transport.

A clear barrier is formed in the electron temperature in the case
of full counter current drive, as can be seen from the
comparison of #14589 and #14590. It is concluded that a
sufficient amount of counter current drive leads to the
formation of a strong barrier in the electron temperature, and
that the formation is probably connected with the more
inverted q-profile. Although no MSE is available for these
discharges, a difference in the MHD mode behaviour is
observed which supports this interpretation.

FIG. 4.3: ECE measurements (diamonds), the calculated
radiation from a Maxwellian (dotted line), and the calculated
radiation temperature from the non-thermal distribution
function

5. ELECTRON HEAT TRANSPORT

5.1 Turbulent heat transport with ∇ T/T
threshold

For about 2 decades, the temperature profiles in conventional
tokamak plasmas (without ITBs) have been observed to be
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"resilient" or "stiff": their shape is almost independent of the
heating deposition profile. The recent development of ECRH in
several devices, and in particular in ASDEX Upgrade, allowed
dedicated experimental studies of transport physics responsible
for this behaviour. In addition, thanks to the intense
development of numerical transport models for both ions and
electrons made during the recent years, first-principle transport
models are available for comparison with the experiment.

The stiff behaviour of both ion and electron temperature
profiles in conventional scenarios is presently believed to be
caused by anomalous transport driven by turbulence with a
threshold in 1/LT = ∇ T/T, or when normalised R/LT, where R
is the major radius. According to theory, turbulence is likely to
be driven by Ion Temperature Gradient ITG modes for ions,
whereas it might be caused by Electron Temperature Gradient
ETG and/or Trapped Electron Modes TEM for the electrons.
These instabilities indeed have a threshold in ∇ T/T, with
different respective values.

This behaviour is illustrated in Fig. 5.1 from calculations for
ECRH heated plasmas. Here R/LT at ρ ≈ 0.5 was artificially
varied to study its influence on electron transport. ρ is  the
normalized toroidal flux radius. In this figure the heat flux
driven by transport clearly increases with R/LT above a
threshold. These results were obtained with the ITG/TEM
Weiland model , which provides excellent agreement with the
experiment as shown in the next section. The different
behaviour of the two shots in Fig. 5.1 is attributed to the
difference in collisionality: shot 13558 has low density and
high temperature is believed to be in the collisionless regime
for TEM whereas it is collisional for shot 12935.

FIG. 5.1: Heat flux versus R/LT calculated using the Weiland
model for the electron heat transport in two cases. The analysis
is made at ρ ≈ 0.5.

According to these curves, at least for collisionless cases,
above the threshold transport increases rather strongly with
increasing heating power. This prevents in general the R/LT
values of the temperature profile from being larger than 2 or 3
times the threshold. In contrast, at low values of R/LT, for
instance in off-axis cases, transport is quite low. Therefore the
R/LT values of the temperature profile do not fall significantly
below the threshold. In summary, this behaviour limits the
excursion in R/LT and provides a certain stiffness. Dedicated
experiments carried out in ASDEX Upgrade with steady-state

and modulated ECRH in on-axis and off-axis heating
scenarios, demonstrated without ambiguity the existence of the
expected threshold for the electron heat transport (see annual
reports 1999 and 2000).

FIG. 5.2: Comparison of R/LT measured at mid-radius in
different tokamaks with central heating. The errors bars
indicate the variation with plasma parameters when available.

In addition, the generality of the stiff character of the electron
temperature profile has been documented in an inter-machine
study including several tokamaks. The results, shown in Fig.
5.2, indicate that R/LT from the experimental profiles has a
very similar value around 10, for a large range in machine size
at very different operation parameters. For instance, FTU and
TCV have almost the same size but operate at densities which
differ by almost one order of magnitude ≈1019m-3   in TCV and
≈1020m-3 in FTU, both heated with ECRH. This general
behaviour strongly suggests that the same transport physics,
probably with a similar threshold in R/LT, governs the electron
heat transport in the tokamaks considered here.

5.2 Agreement between experiment and theory
The ECRH experiments carried out in ASDEX Upgrade for
transport studies have been successfully modelled with the
ITG/TEM Weiland model. This is illustrated by modulation
data from one discharge in an ohmic phase and in a phase with
off-axis ECRH. As shown in previous annual reports, ECRH
off-axis deposition determines radially two zones in the plasma
with quite different transport. Inside the deposition ("inner
region") the Τe gradient falls below the critical value of R/LT
and transport is low. Outside of the deposition ("outer region"),
the profiles are driven strongly above the threshold and
transport is high. This behaviour is revealed by power balance
analyses and by the propagation of heat pulses excited at the
edge and travelling toward the centre. The modelling
reproduces the experiment with precision as illustrated in Fig.
5.3 for modulation data. The figure shows the modelled
amplitude and phase profiles of the Τe modulation from both
experiment and theory in the Ohmic case (left) and with off-
axis ECRH (right). In the Ohmic case the propagation of the
pulses does not exhibit any particular features and the rather
slow propagation yields a transport coefficient close to that of
power balance. However, the behaviour is quite different with
off-axis ECRH. In the outer region the flat profiles indicate the
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high transport experienced by the heat pulses. In contrast the
steep slope of both amplitude and phase in the inner region are
caused by the very low transport.

The good quantitative agreement of the amplitude and of the
phase with respect to the modulated ECH demonstrates the
ability of the model to reproduce the data with accuracy. It
must be stressed that the model used here is derived from first
principle physics without adjusting any transport-related
parameters. The temperature at ρ ≈ 0.8, which deals as
boundary condition for the simulation, is taken from the
experiment.

The good agreement between modelling and experiment
suggests, in our ECR heated discharges at least, that the
electron heat transport is dominated by TEM driven turbulence.

FIG. 5.3: Effect of off-axis ECRH on the propagation of heat
pulses: simulation (lines) and experiment (points). Amplitude
on logarithmic scale and phase profiles from Fourier
transformation versus normalised flux radius. The signal to
noise ratio is too low in the shaded region.

FIG. 5.4: Comparisons of the TEM and ETG R/LT threshold
with the experimental data.

A comparison of the experimental value of R/LT with the
threshold values for the TEM and ETG instabilities delivered
by respective analytical formulae is shown in Fig. 5.4. Both the
Ohmic phase and that with central ECH heating indicate that
the experimental values of R/LT are above the predicted
threshold for TEM but below that of the ETG. Therefore ETG
turbulence is not expected to be driven in these cases.

In our simulation with the Weiland model, R/LT of the Te
profile is also significantly above the TEM threshold in the stiff
region. Confirmation is provided by studies with an empirical
transport model based on the assumption of a R/LT : good
results for both steady-state and modulated ECH are only
obtained only when the R/LT threshold is lower than that of the
Te profile.

6. MAIN CHAMBER EDGE TRANSPORT
AND WALL RECYCLING

The edge plasma layer in the vicinity of the magnetic separatrix
of a poloidal divertor tokamak has a surprisingly strong
influence on the global plasma performance especially in H-
mode type discharges. The steep gradient and pedestal region
forming just inside the separatrix controls the global energy
confinement at least in case of stiff core temperature profiles.
Across the separatrix, this edge barrier region is coupled to the
diverted scrape-off layer, which directs the power flow mainly
to the divertor target plates (because of rapid parallel heat
transport), while particles flow predominantly to, and recycle
from main chamber walls. The latter seems to persist even for
relatively large wall distance and may be related to the
appearance of 'shoulders' and strongly enhanced cross field
transport in the scrape-off layer wing as observed already in
old ASDEX  and in early ASDEX Upgrade experiments. In
qualitative consistency with this picture, a clear correlation is
routinely observed in experiment between core confinement
and recycling flux in the extreme edge. Far edge transport and
main chamber recycling has gained renewed interest recently in
the fusion community because of its possible impact on first
wall design and materials choice in next step experiments like
ITER.

Based on high resolution edge diagnostics in combination with
advanced analysis tools, this edge region has been analysed in
detail. Fig. 6.1 shows electron density, temperature and
pressure profiles in logarithmic scale from Thomson scattering
(extending from the pedestal inside the separatrix out to the
guard limiters) for a medium triangularity H-mode discharge in
Deuterium with type-I ELMs (discharge #12200,  Ip = 1 MA,
Bt = -2.5 T, q95 ≈ 5 , PNBI = 5 MW, en  ≈ 8.5·1019 m-3

corresponding to about 67% of Greenwald density limit nGW,
cryo pump off). The spatial co-ordinate x measures the distance
relative to the nominal separatrix position along a horizontal
line through the magnetic axis. Actually, the profiles represent
averages over a 2.8 s long time interval (including ELMs),
during which the plasma is shifted horizontally by 2.2 cm,
while keeping shape and plasma parameters as constant as
possible. At each laser pulse, the temperature and density
values measured in the respective scattering volumes are then
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mapped onto the x-co-ordinate along the instantaneous
equilibrium flux surfaces. The 'true' separatrix position derived
from an analytic edge transport model fit is only 0.1 cm inside
the nominal one for this specific shot, a correction which is
nearly negligible. The black dots represent box car averages
(2 mm box width) calculated on the basis of Bayesian statistics.

FIG. 6.1: Mid plane profiles of electron temperature and
density for a medium triangularity H-mode discharge with
type-I ELMs. The arrows indicate the separatrix position
obtained from an analytic edge transport model fit. The black
dots represent Bayesian averages over a 2 mm radial interval.

Obviously, we can distinguish several qualitatively different
radial regions, which are likely to show rather different
transport characteristics. The usual H-mode edge pedestal top
is located near the inner end of the radial interval chosen. In
outward direction it is followed by a steep gradient zone
extending across the separatrix (about ± 1 cm), linking closed
and open flux surfaces without any remarkable jump at the
separatrix. Outside the hot scrape-off layer, the average
temperature is low and the average gradients become much
flatter again, but now with increasing relative scatter. There is
also no clear signature of the second separatrix (at x ≈ 2.5 cm)
on the profiles.

Cross field transport in the steep gradient region shows the
strong magnetic field dependence typical for ballooning modes
as widely discussed in the H-mode pedestal literature. The
smooth transition across the separatrix indicates that there is
practically no change in anomalous cross field transport across
the separatrix despite the transition from closed to open field
lines. The similarity of the radial electron temperature and
density profiles in this region suggests that, in parallel to a
rather stiff pressure gradient, there is a correlation between the
density and temperature decay lengths, making theses profiles
separately stiff in effect. In order to check this relation in more
detail, we plot these profiles against each other (Fig. 6.2).
While the individual data points still exhibit a strong scatter,
the average profiles represented by the Bayesian mean values
form essentially a straight line over a range extending from the
pedestal top down to the outer edge of the hot scrape-off layer.
The corresponding functional form is close to Te ~ ne

2,
equivalent to ηe = d (ln Te) / d (ln ne) ~ 2, and could be
consistent with a critical ηe behaviour typical for drift modes.
About the same ηe value is obtained for all type-I ELMy H-
modes looked at hitherto. Despite rather different plasma
parameters, similar values are obtained for the low density
phase of the L-modes, while the high density discharges closer
to the empirical density limit shows somewhat higher values.

Transport in the scrape-off layer wing is strongly enhanced
compared to that in the steep gradient zone. Taking average
density profiles together with the corresponding measured
particle recycling fluxes we get effective transport values far
beyond Bohm diffusion in agreement with earlier findings. The
strong scatter of density and temperature together with a
statistical analysis of 'valid' data points in different radial
channels indicates a highly turbulent structure in this region. A
minority of hot filaments (not correlated with ELMs) seems to
exist with temperatures comparable to those in the steep
gradient zone.

FIG. 6.2: Electron temperature and density data (including
the Bayesian averages) for one the H-mode discharge as
shown in the preceding figure are plotted against each other in
double logarithmic scale. The straight line added corresponds
to Te ~  ne

2, equivalent to ηe = d (ln Te) / d (ln ne) ~ 2.
Remember that the separatrix corresponds to Te ~ 110 eV and
the flat scrape-off layer wing to Te  > 20 eV.
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If these structures would, in fact, originate from this hot region
and drift across open field lines, they would have to move fast
enough to avoid electron cooling along field lines. Typically,
an average radial ExB drift velocity beyond 1000 m/s is needed
in order to survive, equivalent to a poloidal electric field of a
few kV/m. This would be consistent with a potential drop of
the order of kT/e over a filament diameter  of a centimetre,
consistent with the old ASDEX Langmuir probe analysis.

In effect, these results suggest that a local diffusive transport
model is inappropriate to describe  this region. Furthermore,
this rapid scrape-off layer wing transport causes practically a
short circuit between the hot barrier plasma in the separatrix
vicinity and the outboard limiters, causing strong main
chamber wall recycling even for fairly large wall distance. In
contrast, the energy flux to the main chamber walls calculated
from these data remains a small fraction of the heating power.

7. TECHNICAL SYSTEMS

After the rebuild of the lower divertor (DIV II → DIV IIb) and
the turning of the access port for the 100 keV neutral beam
injector, starting in August 2000, the experiment resumed
operation in April 2001. For the rest of the year, the experiment
was in operation for 61 days performing 961 pulses in total. 56
of those days were dedicated to physics. The rest served for
technical commissioning, calibration of diagnostics and
servicing.

Lower divertor and NBI port: Two physical aims were
driving the rebuild. The whole bandwidth of triangular plasma
shapes should become consistent with a closed lower divertor.
NBI should provide current drive at mid plasma cross section.
To realise the new divertor in the plasma vessel, about 60.000
single parts had to be handled for pre- and main assembly. The
required structural changes also entailed about hundred
diagnostic modifications. Turning the NBI beam line required a
partial rebuild of the poloidal field coil supports and a
completely new access port. To be able to maintain the narrow
tolerances required, the port cutting and welding operations
were optimised on a spare vessel octant prior to their execution
on the original vessel.

The summer opening, from August to mid October, was
mainly dedicated to improvements on the inner heat shield and
the upper inner target plates. The graphite tiles of the latter
were also reshaped to reduce recycling also for upper Single
Null configurations. The heat shield tungsten coating was
extended to 6.5 m2, leaving blank only the NBI dumps, made
from fibre re-enforced graphite. A new heat shield tile design
could be established by heat flux tests, withstanding even with
standard graphite the NBI fault condition heat loads. In a first
step, the new tiles were mounted on only two mid-plane rows
of the start-up limiter, before covering them with the total heat
shield next summer. The new tile design reduces the heat flux
density both by doubling the toroidal length and improving the
support precision. In addition, the clearance between toroidally
adjacent tiles will be reduced for all poloidal positions from
≈ 20 mm towards 5 mm.

New helium supply circuit for the cryo pump: The helium
consumption of the cryo pump could be reduced considerably.
The modified He cryostat now effectively recovers the liquid
leaving the cryo pump. A new LN2 shielded feeder between the
He cryostat and the 3000 l storage tank, together with a 80 m
long shielded transfer line to the 5000 l liquifier vessel, further
reduces the transfer losses. In addition, the capacity of He
supply and He recovery were increased to cover continuous
cryo pump operation. A TCF 50 liquifier is currently under
commission. The He-recovery storage was doubled and is now
consistent with the total tank inventory of 8000 l. The He
recovery line with increased diameter now mitigates the
pressure burst due to vessel glowing to an acceptable level.

Energy supply: Commissioning of the reactive power
compensation RPC modules No. 3 ñ 8 for the EZ3 generator
was completed in August. Since then the RPC system (8 x 15
MVAr) has routinely been operated with the modules being

FIG. 7.1: Generator load reduction by RPC during a
discharge

activated by feedback control. Fig. 7.1 shows the beneficial
effect on the EZ3 stator current due to RPC. The reduction by a
factor of two in current provides a significant increase of the
plasma flattop duration. To further improve the energy supply
conditions for the 10 kV grid, the technical design for
paralleling EZ3 and EZ4 (hardware, multi-variable controller
including interfaces to the existing controllers and supervision),
has been elaborated in co-operation with industry to such an
extent that a European call for tender could be envisaged for
late 2002. The concept of paralleling synchronous flywheel
generators is further pursued in co-operation with Rostock
University. The aim is to achieve a stepwise extension of the
flywheel energy by small generators existing on the market.
Four of them are to be combined to a 36 MJ unit feeding into
the 10 kV grid via a transformer. A feasibility study, completed
in December, suggests this concept. The study results
encourage carrying on with two prototype units, first being
tested at the manufacturer's and then on site. It is envisaged to
accompany these tests by further numerical simulations.
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7.1 Optimisation of operation procedures and
machine protection

A next-generation time system was developed for the new real-
time plasma control and data acquisition. This novel approach
makes time a unique measurable quantity throughout the
experiment site. Timestamps are sampled with triggers for I/O
of analog or digital signals or upon task scheduling. This
eliminates problems of hidden delays in signal paths or a prior
unknown real-time scheduling. A 64-bit time representation at
1 ns resolution outlasts the lifetime of the experiment. Entities
of sampled data and associated timestamp simplify data
archiving and naturally support steady-state operation schemes.

The PCI-based time system consists of a central time generator
board, a unidirectional optical star network, and Time-to-
Digital TDC convertor boards (similar to ADC boards) located
at hosts or frontends. Once started, the central time generator
(currently clocked with 50 MHz) periodically increments the
64 bit time counter. Clock and time count are broadcast and
regenerated by all TDC boards, which sample timestamps upon
external triggers (e.g. operated in parallel to ADC channels), or
host access. Moreover, they output trigger pulse trains (e.g. to
trigger ADC and TDC input) upon host command or external
triggers.

To support ongoing experiments, the old plasma control system
was again upgraded to feedback control divertor temperature
with thermocurrents via gas puff, counteract excessive mode
activity and monitor machine critical power thresholds of
neutral beam injection. A vertical displacement event VDE
reflex was added to plasma position control which upon VDE
detection applies a radial field such that the disruption pending
is pushed to the lower divertor. Especially for higher
triangularity or close-to-double-null plasma configurations this
shifts the mechanical stresses arising from a disruption to the
more robust part of the vessel.

A tool for designing plasma shapes under the technical
constraints of ASDEX Upgrade has been developed for public
access. This offers to experimentalists the possibility to tune
and check a proposal in advance. The interactive tool allows us
to select equilibria from previous experiments as design
starting points and to calculate the effects of modifications.
Shape parameters can be set to definable values while the
necessary PF coil currents are calculated. Scaling the plasma
current or the toroidal field is also possible. The predicted
results are checked against the constraints of power supply, coil
suspension force, equilibrium stability and user-defined ranges
for equilibrium variables. Violations are signalled and the user
can adapt his demands until a feasible configuration is found.

7.2 Control room refurbishment

The new ASDEX Upgrade control room went into operation
early in 2001. The old number of working desks for physicists
and control staff were nearly doubled to achieve a total of 87
seats. Compliance with new statutory technical orders for
workstation ergonomics was reached by using TFT instead of
the old CRT screens. However, not only the seating and the

screens were changed but the whole information technology
behind them was rebuilt to achieve maintainability and
improved performance with respect to the increased number of
users and tasks expected in the new environment.

• The whole control room has been covered with a fibre
optic network emanating from a central patch field and
providing two double connectors per table and per
cupboard.

• A central ÑExtreme Networks Black Diamondì  switch was
set-up to integrate the control room into the ASDEX
Upgrade GigabitEthernet backbone. Gigabit- and
FastEthernet modules, as well as satellite switches
distributed over the control room, now provide bandwidth
which is gradually adaptable to the endpoint demands.

FIG. 7.2: The CAD drawing shows the workstation
arrangement for the ASDEX Upgrade technical control booth.

• SunRay appliances (i.e. a zero administration thin client
based on the SunRay software technology) have been
chosen as workstation systems. Experience with this new
platform is very satisfying especially with respect to the
promised low administration overhead per installed
system.

• The thin clients have replaced the former UNIX consoles
of the diagnostic computers and in fact most of the
diagnostic computers are now running screen-less or
Ñremote controlledì  via the network.

• At first two reasonable powered central servers
(SunEnterprise 250) with 2 processors and 4 GB real
memory each were foreseen to maintain performance and
server backup facilities for a continuous experiment
operation. At the end of 2001 further server capabilities
became highly desirable.

7.3 Neutral Beam Injection

Following regular maintenance and a repair of the leaky gate
valve, the first neutral beam injector (NI-1, 60 kV, 10 MW D0)
was ready for injection at the end of the 2000/01 shutdown of
ASDEX Upgrade and has operated reliably since then.
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One of the major tasks to be completed during that shutdown
was the re-orientation of the second injector (NI-2) as a whole
towards a more tangential injection and the optimisation of its
beam geometry with respect to off-axis NBI current drive;
details were given in the previous Annual Report. The
modified injector has been available for experiments since June
2001 and delivers, as expected, up to 10 MW of D0 beams at
93 kV. In Fig. 7.2 the new beam geometry is illustrated and
compared with the one of NI-1. During the phase of re-
commissioning and initial injection into the plasma the
functioning of the new parts of the system has been carefully
monitored: The remote beam steering units necessary to change
the vertical beam inclination between shots onto the
calorimeter and into the plasma work reliably, the heat load of
the magnetically deflected ions on the newly positioned ion
dumps is well within the tolerances for all possible inclination
angles and the geometrical transmission of the neutral beam
through the new vessel port (see Fig. 7.2) is comparable to the
one prior to the modifications. However, the internal C-tile
protection of this new port against power loading from the re-
ionised particles, deflected and focussed by the tokamak stray
field, turned out to be insufficient. Melting traces have been
discovered at unprotected surfaces far away from the neutral
beam. In order to prevent the duct pressures from reaching too
high a level, duct protection was extended and a more sensitive
beam interlock has been operated since the summer shut down.

As part of the commissioning of the new tangential injector
individual beams have been compared with respect to plasma
heating with the corresponding beams of NI-1. Fig. 7.3 shows
an H-mode discharge at "natural" density where a constant
heating power (5 MW) is initially applied by the normal beams
of NI-1, followed by the new off-axis tangential beams of NI-2
and, finally, by the more tangential, centrally heating beams of
NI-1. Obviously, off-axis deposition of the heating power does
neither affect the attained plasma energy content nor the
density or other global parameters.

FIG. 7.2: Geometry of the four beams of the new tangential
injector NI-2 (thick lines). For comparison the geometry ,of
NI-1 is shown (broken lines).

However, the sawtooth behaviour, as illustrated by a central
SX channel, or more generally, central MHD (also fishbones,
(1,1) modes) is strongly influenced by the changes in beam
power (and fast particle) deposition. Further experiments with
the new tangential injector are described elsewhere in this
report.

FIG. 7.3: Comparison of heating by off-axis tangential beams
with beams of NI-1 at ënaturalí H-mode density.

7.4 Ion Cyclotron Resonance Heating

The power tetrodes are no longer manufactured commercially,
however, three were successfully re-furbished by industry
(mainly equipped with new cathodes and grids) and are now
able to reach their original output power. Thus the lifetime
problem of the 12 year old tetrodes seems to have been solved
and a technically critical and expensive adaptation of the
generators to another tetrode type can be avoided.

The ferrite matching system has been delayed but the main
development efforts have been completed and delivery can be
expected in 2002. As described in the last annual reports, this
system will allow fast automatic matching of the antenna
impedance, resulting in higher and constant heating power at
plasma variations.

For feeding the RF probe for antenna breakdown studies (see
Technology Division, Section 2.1) the RF system was
supplemented by a feeding line and a resonator set-up at
ASDEX Upgrade as well as by control and measuring devices
required to operate the probe. It is fed by one of the ICRH
generators and can be operated alternately to one of the two
antenna systems.

7.5 Electron Cyclotron Resonance Heating

After the 9 month shutdown of ASDEX Upgrade, all four
gyrotrons of the ECRH system were reactivated in rather a
short time and without any problem. Thus all 4 gyrotrons have
been available for most of the 2001 campaign. A transmission
problem which occurred at the end of  the year was due to an
unexpected misalignment of one mirror, so that the
quasioptical beams no longer entered the wave guides centrally
and caused arcing with a subsequent switch off of the system.

A new ECRH system with target parameters 4 x 1 MW for 10 s
is presently under construction. A particular feature of the new
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gyrotrons will be the capability to work either at two
frequencies, 105 or 140 GHz for which the diamond vacuum
window is resonant, or at many frequencies in between making
use of a Brewster angle gyrotron window. At the torus a
Brewster angle window is inconvenient since it does not allow
arbitrary polarisations to be transmitted. Here we think of
developing a tuneable double disk window.

The launching mirrors inside the torus will allow a fast poloidal
scanning to follow changes in the q-profile during a shot, and
also a slow toroidal scanning to allow co- or counter ECCD.
All four launchers will be in one A-port in sector 5. The fast
mirror will be a radiation cooled copper coated graphite plate.
The beam is designed to have a Gaussian profile with a power
density diameter of < 50 mm anywhere in the plasma.

Due to our good experience with 87 mm HE-11 wave guides
under atmospheric pressure and because of space limitations
and safety considerations, the decision was made to use a wave
guide transmission scheme again, with one line for each
gyrotron. The gyrotrons will be located about 50 m away from
the torus where we will not have any problems with stray
magnetic fields like in the old system.

The arrangement of the gyrotrons will be crosswise with a
central high power long pulse load serving as a dummy load.
There will also be 1 s loads for each gyrotron allowing a quick
start-up of the system each morning. At the end of the
transmission lines we will again have 0.1 s loads to test the
transmission before switching the beam to the plasma.

We will use the available thyristor controlled power supplies
for the beam voltage, together with one tetrode modulator for
each gyrotron, which will lead to more flexibility than we had
with the old system, where two gyrotrons were fed from one
modulator. A big advantage will be the use of  depressed
collectors. The beam voltage will be only 60 kV and we will
need only one 70 kV module to run two gyrotrons (in the old
system we had to use two such modules in series).

A first gyrotron is expected to come early in the summer of
2002. The installation of a first set of mirrors into the torus is
planned for the end of summer 2002.

8. CHARACTERIZATION OF DIV II B

In 1997 the original 'open' AUG divertor DIV I was replaced
by the rather 'closed' LYRA divertor DIV II. In support of
ITER, this DIV II (see Fig. 8.1) had been designed for optimal
divertor volume losses, high pumping efficiency etc., if used in
connection with a narrow class of well-fitting low δ equilibria.
These expectations were, in fact, nicely confirmed during a run
period of several years. In parallel to these optimized divertor
studies, there was increasing interest in strongly shaped,
especially higher triangularity plasmas, because of their
improved confinement at high plasma density and the possible
access to type II ELM's etc. In DIV II geometry, these plasmas
could be produced by positioning the outer divertor plasma leg
on the top of the roof baffle located between the two curved
vertical targets. Therefore some of the DIV II benefits were

degraded, especially the power load characteristics and the
pumping capability of the cryo-pump placed in the outer
divertor region. To overcome this, the roof baffle and the outer
part of DIV II were reconstructed (DIV IIb) to accommodate a
large variety of plasma shapes up to bottom triangularities of
0.48.

FIG. 8.1: DIV II and the new DIV IIb with low and high δ
equilibria. The pressure gauges measure the neutral particle
flux densities

According to the positive experience with the power handling
in DIV II, ordinary grain graphite has been chosen for the outer
strike point region. The tiles are, as in DIV II, slightly tilted in
toroidal direction in order to hide the leading edges. In the
poloidal cross section, the outer strike point module forms a
straight line with larger poloidal angle to the flux surfaces. The
resulting incidence angle of magnetic field lines therefore
increased from values below 2o to ≈ 4o. The inner part of the
divertor strike point module remained unchanged,  but at the
divertor entrance a smooth transition to the inner heat shield is
provided to minimize local hydrogen recycling there. The roof
baffle is diminished at the outer part to allow the outer divertor
plasma leg to hit the strike point module even for the highest
triangularities. The conductance to the cryo-pump is not
affected by the new shape. The related diagnostics were
adapted. Operation with DIV IIb started in April 2001. After
the transition from DIV I to DIV II experiments suggested that
the 'inward' reflection of neutrals at the vertical target was a
key point for the reduction of the parallel heat flux by a factor
of 2. Even shifting the strike points upwards by nearly 10 cm
away from the V-shaped, narrow divertor corner to a region
above the roof baffle had little effect on the heat flux profiles.

In DIV IIb the outer strike point of the low δ equilibria also lies
clearly above the baffle region. Thermographic measurements
show that the maximum heat flux perpendicular to the target is
higher by 70% compared to DIV II for low density H-mode
discharges. At least part of this increase is due to geometrical
reasons because of the larger field line inclination hitting the
targets. The total integrated power load increased also by
almost a factor of 2. Fig. 8.2 shows the corresponding fractions
of the divertor radiation. For comparison the values of DIV I
and DIV II are included. The reduction of the load in DIV II
was attributed to strong carbon radiation in the dense divertor
plasma. This resulted also in a substantional increase of the
total divertor radiation to values ≈ 40% almost independent
from the input power. Comparing DIV IIb and DIV II for low δ
cases, similar radiation levels are found, although in DIV IIb
the strike points are well above the baffled region. For medium
to high δ discharges the outer divertor leg is now placed  on the
vertical target instead on the roof baffle. Since the radiation
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levels are similar in this case, too, the lower values  have to be
attributed to more subtle effects like effective divertor depths
than just the target modifications.

FIG. 8.2: Fraction of the divertor radiation over auxiliary
heating power. The vertical bars indicate the typical ranges
due to plasma parameter variations.

Experiences in AUG and JET show that the divertor geometry
can strongly influence the plasma parameters in the divertor
and to certain degree also in the plasma edge. This may
diminish the operation window in terms of the formation of
MARFE's, but early onset of detachment leads also to the
desired strong reduction of the power flowing to the divertor
plates. Whereas the maximum Te at the separatrix is 10 eV
higher in DIV IIb than in DIV II, it is quite similar in the SOL
in both cases. Of special interest here is also the relation of the
recycling fluxes in the divertor and the main chamber.
Comparisons show that for the old low δ as well as for higher δ
no distinct differences in the neutral particle pressures are
found, in contrast to simulations with the B2-Eirene code. This
might be explained by the fact, that the divertor pressure is
mainly maintained by the colder inner divertor leg, the
configuration of which remained unchanged, and that the
plugging by the outer leg is still  effective despite its larger
distance to the gap. A key feature of DIV II was the high He
compression accomplished by the narrow  divertor leg which
hindered effectively the back flow of neutral particles. This
behaviour was reproduced by B2-Eirene calculations, which
predicted also a degradation of the compression accompanied
by the strong decrease of the hydrogen flux density in the
pumping plenum. First results (see Fig. 8.3) confirm the trend
predicted by the modelling, however the observed reduction is
still much smaller than expected.

In parallel, a clear reduction (about 20%) of the L-H mode
transition power  threshold for low δ configurations has been
found. First edge density measurements in the outer midplane
indicate that the density at the separatrix and in the SOL is
lower, pointing out the importance of local edge parameters, as
already seen after the change from DIV I to DIV II, where an
increase of the threshold power was found.

FIG. 8.3: He compression for 5 MW NBI heated H-mode
discharges.

9. CORE PLASMA PHYSICS

9.1 Improvements of plasma position and shape
control

New discharge scenarios with plasma shapes adapted to the
new lower DIV IIb have been designed. These shapes have
medium or high triangularity fitting the plasma legs deep in the
divertor. An edge-optimised configuration EOC shape
furthermore features an almost constant distance to the ICRH
antenna in the midplane and optimal placement with respect to
diagnostic laser beams for plasma edge investigations.

To improve and validate the magnetic plasma model used for
feedback controller design a set of plasmaless experiments with
multi-sine perturbation by PF coils has been executed in
collaboration with CRPP (Lausanne). From the field and flux
signals measured frequency transfer functions can be deduced
and compared with the characteristics of a theoretic model.
Investigations will be continued in the next experiment
campaign with plasmas.

To evaluate the effects on the magnetic configuration and
measurement signals exerted by ferromagnetic materials close
to the experimental set up and by eddy currents induced in
vessel and structures during dynamic phases, special FE-
models are being developed and analysed with the ANSYS
programme package.

9.2 MHD equilibrium identification

Function parametrization FP: To reflect the extended parameter
range of ASDEX Upgrade, in particular higher triangularities, a
new data base of equilibria was generated. The coefficients
derived from this led to a new FP version which is in rather
good agreement with interpreted equilibria using the CLISTE
code. Development continued on a new FPJ algorithm to
recover the q profile in real time using MSE data combined
with equilibrium magnetic measurements.

CLISTE code development: The main avenue of code
development in 2001 centred on the interpretation of kinetic
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data, in particular high-resolution Thomson scattering profiles
of the pedestal region. With the aid of a code provided by O.
Sauter, CRPP Lausanne, a detailed comparison of the
reconstructed pedestal current density profile with that
expected from neoclassical calculations was carried out. The
results showed reasonable agreement between interpreted and
calculated  plasma current profiles at the pedestal.

CLISTE fitting solely the magnetic measurements is run
routinely for up to 100 equilibria per discharge. The results
EQI and GQI (equivalent to FPG) are usually available within
1/2 hour after the discharge.

The interface between magnetic measurements and FP results
on the one side and CLISTE on the other has been extended to
be used also by DINA  -  the equilibrium package  developed at
the Kurtchatov Institute.

9.3 NBI deformation of the electron velocity
distribution

FIG. 9.1: The figure shows a typical example of diverging
central electron temperature measurements, performed by the
horizontal HTS and vertical VTS Thomson scattering systems.

On ASDEX Upgrade two Thomson scattering diagnostics are
now installed, which are sensitive to different parts of the
electron velocity distribution function: The Vertical Thomson
Scattering VTS system analyses the velocity distribution
mainly perpendicular to the magnetic field, and the Horizontal
Thomson Scattering HTS system is sensitive to a segment of
the velocity distribution which is centred around a pitch angle
of 135 deg.

During H-mode discharges when the neutral beam injection is
applied early in the discharge, during the current ramp up
phase or directly after it, the apparent temperature observed
with the HTS system increases in the centre of the plasma up to
20 keV after a delay of about 2 s with respect to the beginning
of the NBI. The temperature measured with the VTS system,
however, stays constant at about 3 keV in this phase (Fig. 9.1).
This high apparent temperature measured with the HTS system
usually relaxes again with a time constant of 1-2 s to the values
measured by the VTS system after NBI is switched off.

9.4 Central Zeff measurements and further
applications with a new pulse height
analysis diagnostic of soft x-ray spectra

With a newly introduced Silicon Drift detector allowing count
rates up to 105 s-1 and a resolution of 160 eV at a quantum
energy of 6 keV, a pulse height analysis diagnostic of the
central soft x-ray emission in the energy range 1-20 keV was
introduced. In most cases the line of sight crosses the centre of
the plasma.

Impurity elements present in the plasma, like Si, Ar and Fe can
be identified from the observed line radiation in the spectra and
the electron temperature Te of the central plasma (ρp < 0.35)
which is obtained from the continuum deceleration radiation
and recombination radiation.

The concentrations of the impurities, Zeff and Te can be
obtained by fitting these quantities to the absolutely calibrated
spectra. The obtained values of Zeff and Te are in good
agreement with the values of Zeff obtained from a line-of-sight
averaged Bremsstrahlung signal in visible light and Thomson
scattering measurements (see Fig 9.2). High energy electrons
are observed often in coincidence with the horizontal Thomson
scattering system. In these cases the soft x-ray spectra have to
be fitted by a Bi-Maxwellian distribution.

FIG. 9.2: Zeff comparison of the central (from X-ray, denoted
by boxes) and the average (from visible bremsstrahlung) values
in a so called 'standard H-mode discharge'.
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9.5 High speed pellet launch from the magnetic
high field side and ELM effect mitigation

Increasing the penetration depths of pellets launched from the
magnetic high field side HFS has been proven as a means for
improvement of the refuelling performance. With the pellet
born particle deposition profiles shifted towards the plasma
centre, reduction of post pellet particle and energy loss rates
takes place. Consequently, deeper pellet penetration reduces
the required pellet flux to achieve a requested density
enhancement and thus keeps confinement high. Density
perturbations forming an upper limit for acceptable pellet sizes,
thus the pellet launch velocity is the only parameter for
penetration improvement in a given target discharge. To
maximise available launch speeds but also maintaining high
pellet delivery reliability, the preliminary "sprint" HFS launch
looping set-up was replaced by the final, fully optimised
system. With this system smoother pellet guiding paths are
now possible. Moreover, an enlarged gas expansion dump as
well as a strongly enhanced pumping capability reduce friction
by the ablating gas in the guiding tube. In the final system
reliable pellet delivery up to pellet speeds of about 900 m/s was
achieved. However, it was found that the pellet size still
undergoes some reduction during the transfer. These losses
increasing with pellet launch speed can be drastically reduced
when hardening the pellet ice, e.g. by doping with small
amounts of Nitrogen. Best results have been obtained by
adding about 0.5 vol % of Nitrogen to the Deuterium gas used
for pellet production. At higher doping grades mechanical
pellet stability starts to decline again. Even with the highest
doping grades applied (2 % Nitrogen) no significant change of
the plasma impurity content was observed. This way of pellet
hardening is well suited to achieve enhanced refuelling
performance.

Injection of small pellets at an adequately high repetition rate
has been proposed for controlled release of ELMs in order to
avoid occurrence of giant ELMs removing large fractions of
particles and energy from the plasma and causing immense
transient heat loads in the strike point regions. The first
exploratory experiments were performed making use of the
high available repetition rate of the pellet injection system up
to 75 Hz. In the H-mode regime, every pellet was found to
trigger at least one instant ELM. Regular pellets designed for
refuelling purposes caused a density increase of about order of

en  ~ 1 · 1019 m-3, releasing a sequence of ELMs lasting longer
than typical regular type-I ELMs. Reduction of the pellet mass
down to about 1/5 of the regular size was achieved by
launching "sliced" undoped pellets at high velocities. Reduced
pellet mass and hence density increase resulted in a strong
reduction of these post-pellet ELM losses while the initial
ELM was still  triggered. For the smallest pellets injected, still
causing about 3 times the density perturbation of a regular
type-I ELM, total induced energy  losses imposed by the pellet
had almost shrunk to the energy loss imposed by a regular
type-I ELM. Experiments continuing this promising first
approach will be conducted in 2002 aiming at a set-up allowing
for controlled ELM release and mitigation of related losses.

9.6 Improved interpretation of density
fluctuations

The output of a Landau-fluid turbulence code DALFTI has
been successfully coupled to three different 2D reflectometer
simulation codes: a finite-difference time domain full-wave
code, a time invariant network full-wave code and a physical
optics code. The purpose is to allow a direct comparison of
numerical turbulence simulations and experimental
measurements from a tokamak device, and hence provide a
means of validating code predictions. Since real turbulence
properties can only be inferred via diagnostics, the inherent
diagnostic response function must first be modelled and then
applied to the numerical data. For the edge and core regions of
a tokamak the most appropriate diagnostic for measuring
localised density fluctuations in the Ion Temperature Gradient
and Trapped Electron Mode instability wavelength range (λ┴ >
few cm) is reflectometry. Using spectral and statistical data
analysis techniques, real reflectometer signals from an L-mode
edge discharge compare favourably with simulated density
perturbations from the reflectometer kernels and DALFTI code
modelled on the same discharge.

9.7 Disruptions

An accurate analysis of the halo current asymmetries and their
physical origin (1),  and the use of large fluxes of impurity gas
for disruption mitigation (2) have been  the main investigation
points in the framework of disruption studies.

(1) The halo currents and the forces on the vessel are known to
be toroidally asymmetric but the origins of these  asymmetries
has not been yet clarified. Several   disruptions in flat-top in the
shot range 13000-14050 of ASDEX Upgrade were considered
with the aim of analysing  the asymmetries of the halo currents
and the  correlation among the asymmetries and the MHD
activity during the disruption and the plasma parameters. The
halo currents in ASDEX Upgrade often exhibit an (n=1,m=1)
structure; the n = 1 structure is always clearly correlated with a
reconnection phenomenon seen  by several diagnostics and
appears when  qcyl  approaches or becomes smaller than 2 (see
Figure 9.3). The SXR emission drops abruptly after a strong
kink-like movement of the plasma centre, the Dα signal and the
heat load measured by the thermography show a large flux of
particles and heat to the structures and the Mirnov coils a
strong positive voltage spike.

Several observations (not all reported above) are consistent
with the following picture. The (n = 1, m = 1) structure of the
halo current has to grow on the q = 1 surface; at the time of the
asymmetry growth the qcyl ~ 2. It is not clear if the q = 2
surface plays a role in triggering the (1,1) mode or if this mode
is triggered by the interaction of the q = 1 surface with the wall.
In any case, the dominant role of the q = 1 surface is consistent
with parametric studies of the current profiles and with the
following facts: when the toroidal plasma current profile is flat
then the q = 1 surface is small or absent  and  therefore (a) after
killer-pellet, (b) in turbulent post-disruption phases and (c) in
plasmas with a fast current quench (no re-heating, no re-
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peaking of the flat post-thermal-quench current profile, absence
of SXR emission) the (1,1) structure is not seen.

FIG. 9.3: (a) Time traces of  several plasma parameters  and
of the halo currents measured at the  DUAm tiles positioned in
sector 4 and 12, 180 toroidal  degrees apart. (b) Time traces of
the halo current measured at the 8 tiles of the DUAm toroidal
array in sectors 10, 12, etc...

 (2) The injection of impurity gas or of impurity pellets into a
plasma,  which is going to disrupt, are the mitigation strategies
which keep being  improved. A fast valve system developed by
the Forschungszentrum in J¸ lich was installed. The fast valve
can inject up to 500 mbarl of impurity gas within one  ms.
Experiments were carried out with  180 mbarl (=  4.5 · 1021

particles) of Helium, Neon and Argon in limiter and divertor
plasmas. Helium did not accelerate the current quench in
limiter disruptions (0.8 MA in 30 ms) and was not used further.
Neon and Argon accelerated the current quench in limiter
disruptions with respect to the divertor ones (0.8 MA in 7 ms)
and caused a reduction of the current quench duration and of
the vertical displacement  and the halo currents of a factor of
two in lower X-point plasmas. Runaway electrons were not
seen in these faster current quenches. The system is going to be
further tested in the next shot period to find out the minimum
amount of impurity gas necessary to mitigate the mechanical
loads.

10. EDGE AND DIVERTOR PHYSICS

10.1 Improved edge density profiles from
upgraded Lithium-beam

The neutral Lithium-beam emission spectroscopy is an
established diagnostic tool for the measurement of edge
electron densities at ASDEX Upgrade. To increase its
penetration depth into the plasma and thus its useful range, an
upgrade from 35 to 100 kV acceleration voltage has been
implemented. A first comparison of edge electron density
profiles measured with different Li beam energies of up to
60 keV showed excellent agreement, indicating the accuracy
and suitability of the atomic data base used for the evaluation
procedure.

FIG. 10.1:Comparison of electron edge density profiles
measured with 35, 45 and 60 keV Li-beam.

Figure 10.1 shows electron density edge profiles recorded in
three similar shots (Standard H-mode discharges) with the
Lithium beam set to 35, 45 and 60 keV, respectively. While
there is hardly any difference in penetration depth for 35 and
45 keV (in agreement with predictions from beam attenuation
calculations), the 60 keV beam delivers density profiles even
reaching the pedestal.

Not only the higher acceleration voltage but also an optimised
emitter geometry (developed in co-operation with the Institute
of Plasma Physics, NSC 'Kharkov Institute of Physics &
Technology', Ukraine) lead to higher current densities, required
for the measurement of ion temperatures with Lithium-beam
charge exchange spectroscopy. First ion temperature edge
profiles could be obtained in low density discharges with a
long flat top phase.

10.2 Impurity transport in the H-mode barrier

The radial impurity transport in the edge region of H-mode
plasmas is temporally modulated when ELMs are present.
ELMs expel impurities from the confined plasma and are
essential to achieve stationary H-mode discharges without
accumulation of impurities. The transport of Si and Ne in type-
I ELMy H-mode plasmas was investigated by the modelling of
soft X-ray measurements with the 1D impurity transport code
STRAHL. Independent determination of inward drift velocity υ
and diffusivity D could be achieved by combining the analysis
of supplementing transport experiments. In the first
experiment, Neon was constantly puffed and the variations
during an ELM cycle were measured on a dense spatial grid
using a radial shift of the plasma column. In the second
experiment, the decay of laser blow-off injected Silicon was
measured for discharges with different ELM frequencies.

Both experimental situations could be simulated with the same
1D edge impurity transport model, whose features are shown in
Fig.10.2.
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FIG. 10.2:Edge profiles of D and υ used in the 1D model for
the impurity transport during an ELM and in between ELMs
and the resulting Neon density distribution before and after an
ELM. R is the radial distance of the flux surfaces to the
separatrix in the horizontal midplane.

In the quiet phase between ELMs, D is set to decrease from the
edge to the centre for R < -2.5cm as shown in previous
experiments on impurity transport in ASDEX Upgrade H-mode
plasmas. The maximum value is Dmax = 2m2/s. For R>-2.5cm,
a strongly decreasing diffusion coefficient is chosen which
reaches the edge value Dedge  = 0.2 m2/s at    R ≈ - 1cm. For
the drift velocity in between ELMs, an inward pinch is used,
where the drift parameter υ/D has a minimum value of -70 m-1

around the separatrix. At the start of the ELM a large diffusion
coefficient with Dmax = 20 m2/s is switched on followed by a
linear decrease to the pre-ELM values during 1.5ms. This large
diffusion coefficient causes a loss of the impurity content of
≈ 7%. Between ELM's the impurity profile evolves a strong
negative gradient, which is flattened during the ELM.

10.3 Divertor plasma modelling

Two different codes have been used to model spatial profiles of
various Carbon ionization stages in the divertor and main
chamber. One code is the multifluid-Monte Carlo `B2-
EIRENE' code package and the second is the 2d-Monte Carlo
code DIVIMP. Both `DIVIMP' and `B2-EIRENE' codes can
treat impurities, however with different underlying  physical
models. `DIVIMP' follows trajectories of impurity neutrals and
ions in a given background plasma. `EIRENE' calculates the
particle sources  with the resulting ion source rate transferred to
B2,  which treats the ion species as a fluid. In `DIVIMP' the
impurity source is calculated similarly to `EIRENE', however
without taking into account neutral hydrogen impact. The code
results are compared with spectroscopic measurements of CIII

obtained from arrays of lines of sight looking radially across
the separatrix in the outboard divertor.

Fig. 10.3 shows the integrated intensity as a function of the
cross-section co-ordinate S  of the line of sight with the target

plate, assuming  3% constant chemical erosion yield for both
`B2-EIRENE' and  `DIVIMP' (using for this the corresponding
`B2-EIRENE' background plasma).

FIG. 10.3:Measured and calculated line of sight integrated
CIII intensity (line at 465 nm) with `DIVIMP'and `B2-EIRENE'.

 Similar results are obtained with `B2-EIRENE' and `DIVIMP'
using the same background plasma and analog sputtering
models but significant discrepancies arise approaching the
separatrix position. A fairly good agreement is shown between
divertor measurements and model predictions, both for the
profile shape and the absolute value in the outboard divertor.
`B2-EIRENE' is able to reproduce the emission maximum near
the separatrix better than `DIVIMP'. This is explained with an
important contribution to the Carbon influx from neutral
particles sputtering, accounted for in  `B2-EIRENE' but not in
`DIVIMP'.

10.4 Carbon layer deposition

The use of Carbon as plasma facing material in a future fusion
device is restricted due to the formation of a-C:H layer, which
will contain a significant amount of Tritium. Investigations  on
the growth of these Carbon layers were continued in DIV IIb.
Although the divertor shape changes, very similar properties
are found. The amount of Carbon deposited each second of
plasma discharge is about 2·1015 atoms/cm2 (DIV II: 2.2·1015

atoms/cm2) and the ratio of the layer thickness in the inner
divertor with respect to the outer divertor is again close to 3:1.
At JET huge amounts of Carbon flakes are found even at the
pump ducts. Additional monitors, mounted at the pump ducts,
show that in ASDEX Upgrade only a negligible amount of
Carbon is deposited at these positions.

The deposition pattern in DIV II indicates that charged ions
and molecules play a role at the layer formation.  To verify this
a Langmuir probe was installed below the divertor structure.
Although this position is not connected via field lines with the
divertor plasma, electron densities up to 1·1018 m-3 are found.
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INTERNATIONAL CO-OPERATION

In 2001 ASDEX Upgrade enjoyed fruitful collaboration with
many national and international research institutes and
universities. In addition the ASDEX Upgrade programme was
opened to the EU Associations (see section 1.1 of ASDEX
Upgrade Project). In the following some co-operations are
described in more detail.

1. DOE - ASDEX Upgrade Activities

The collaborations in 2001 within this Agreement, were very
beneficial to both sides. The primary area of collaboration is on
Advanced Tokamak physics issues and divertor physics. The
activities ranged from sharing data and carrying out theoretical
studies and computations to joint work on RF physics and
technology.  About twelve scientists from each side were
involved directly in personnel exchanges this year between the
U.S. (DIII-D, C-MOD, ORNL, and PPPL) and the ASDEX
Upgrade  in experiments, theory and modelling. Some of the
collaborative work in data analysis and modelling work is
carried out off-site, at home laboratories. In addition there were
five personnel exchanges from South Korea to U.S. Labs.
Results from these exchanges have been presented at various
international meetings and published in journals.

The ASDEX Upgrade  programme is aimed at the physics basis
of ITER-FEAT and tokamak concept improvement, while the
U.S. Fusion programme aims at basic tokamak physics and
burning plasma issues. Both of these goals have many common
research interests.  For example, both ASDEX Upgrade  and
DIII-D have been at the forefront of research on feedback
stabilization using ëNeoclassical Tearingí modes using
Electron Cyclotron Heating (ECH) system, and ASDEX
Upgrade  and C-MOD share close interest on edge physics.  All
three tokamaks are keenly interested in plasma fuelling and
density limits. This collaboration serves the interests of both
the EURATOM/IPP and the U.S. programmes.

This year South Korea signed the IEA AUG Agreement in
April 2001 and changed from an observer to full member.
South Korea is building a superconducting Advanced Tokamak
with divertor, KSTAR, which will enhance this collaboration
by introducing long pulse physics and technology issues.
KSTAR will begin operations in 2005. Several Korean
scientists are participating in tokamak experiments in the U.S.

and at IPP Garching this year. The 16th meeting of the IEA
Executive Committee (EC) was held at Mito, Japan on May 30,
2001 where physicists from South Korea were welcomed as
full members of the Committee for the first time.

The collaboration is expected to continue in 2002 at a slightly
higher level of activity resulting from the participation of
Korean scientists.

2. CEA, Cadarache

During the transition from H to D on ASDEX Upgrade the
mode conversion layer can be put close to the 3/2 ion cyclotron
harmonic resonance of the deuterium. Theory predicts that this
results in a possible scenario to heat ions through the non linear
damping at the 3/2 cyclotron harmonic of the Ion Bernstein
Wave (IBW), produced at the mode conversion layer:  a self
interaction of the wave with itself occurs, making a beat wave
that can resonate with the bulk ions of the plasma. Clear
indication of ion heating was indeed found from neutron
signals as well as from NPA measurements. Ion heating
scenarios are important for future machines in order to increase
the fusion reactivity.

3. Collaboration with Forschungszentrum
J¸ lich, Association KFA-EURATOM

A fast valve system  developed at the Forschungszentrum in
J¸ lich has recently been used on ASDEX Upgrade. The fast
valve can inject up to a few 100 s mbarl of impurity gas within
1 ms. Experiments were carried out with up to 180 mbarl (≈
4.5 1021 particles) of Helium, Neon and Argon in limiter and
divertor plasmas; they  showed a reduction of the current
quench duration, of the vertical displacement and of the halo
currents of a factor of two.

3. Co-operation with Russian Institutes

A fast valve for the injection of impurities and disruption
mitigation has been commissioned by Dr. Egorov, Technical
University in St. Petersburg. He also supported in the
installation and operation of the impurity pellet injector.
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The DINA code developed by V. Lukash and
R. Khairoutdinov, Inst. of Nucl. Fus., Kurchatov Institute,
Moscow, will be used for disruption investigations. Both
authors installed the code at IPP and have started disruption
simulations.

The co-operation with the Ioffe Institute, St. Petersburg, in the
field of Neutral Particle Spectra analysis has been continued.
A. Khudolev mainly studied the possibilities to derive ion
temperatures from the neutral spectra above the NBI energy
and the differences between Ho and Do spectra in low density
discharges.

5. 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 and the FP real-time reconstruction now include
information from magnetic probes, MSE diagnostics and
kinetic data. This was further developed as described in Sec.
8.3, ASDEX Upgrade Project.

The second part of the collaboration was concerned with the
correlation of internal transport barrier formation with plasma
parameters just before the barrier formation.

6. Centro de Fus„o Nuclear, EURATOM IST
Association, Lisbon, Portugal

The collaboration with CFN on the measurement of density
profiles and density fluctuations, using fast swept microwave
reflectometers, has seen, during 2001 the substantial
completion of several hardware upgrades. This has  included an
expansion of the data acquisition memory allowing the number
of acquired profiles to be increased by a factor of four, leading
to enhanced time resolution. This expansion was accompanied
by improvements to the analysis, control and profile evaluation
software. One notable consequence has been the regular use of
"burst mode" averaging to reduce profile distortions. One of
the fluctuation monitor channels was also converted to full
heterodyne with in-phase and quadrature detection, the second
channel should be converted shortly. The diagnostic hardware
development has now reached a mature state and the emphasis
of the collaboration is moving more towards exploitation of the
diagnostic for physics studies. This year, studies have included
the investigation of the effects of ELM perturbations on the
reconstruction of profiles; estimation of edge pedestal density
and width; the characterization of coherent edge plasma
oscillations during type II ELMy H-mode discharges; and the
demonstration of the potential use of reflectometers for plasma
position control.

Studies have continued on density profile deformation during
inboard pellet injection (specifically velocity dependence) and
progress has also been made on the use of X-mode channels for
improved initialisation of the density profile reconstruction.

7. TEKES (HUT and VTT), Finland

The collaboration between TEKES and IPP aims at describing
kinetic effects using Monte Carlo techniques and the study of
MHD instabilities. The ASCOT Monte Carlo code developed
in Finland was used for the first of these investigations. In
2001, the energy distribution of neutrals emitted from the
plasma was investigated. Above the neutral beam energy this
distribution reflects the central ion temperature and can,
therefore, be used as a diagnostic tool. A start has been made in
analysing the fluxes at low energies to asses the accuracy of the
edge ion temperature measurements. In the work on MHD, the
ELMs have been investigated and a consistent interpretation of
type I and type II ELMs based on the ballooning and peeling
mode has been developed.

8. Institut f¸ r Allgemeine Physik, TU Wien
and Friedrich Schiedel Foundation, Austria

Efforts continued into the investigation of the suitability of He-
beam emission spectroscopy for plasma electron density and
temperature determination. Various He-lines were measured
using a helium-doped deuterium beam at ASDEX Upgrade and
at JET. An improved collisional-radiative beam attenuation
model yielded emission line profiles which are in good
agreement with experimental data. The efficiency of the
computer code was optimized allowing its implementation for
recursive determination of electron density or temperature from
measured He-emission line profiles. These activities were
carried out within the EURATOM-OEAW Association and
were supported by the Austrian Friedrich Schiedel Stiftung f¸ r
Energietechnik.

9. National Institute of Laser Plasma and
Radiation Physics, EURATOM-NASTI
Association, Bucharest, Romania

The main topic of this co-operation is the interpretation and
control of helical perturbations in tokamaks. As a first step, an
equilibrium momentum code has been improved by using a
new analytical function describing exactly the X-point
singularity. The metric coefficients were checked on an
analytical Solov'ev solver, describing a separatrix
configuration. The influence of the triangularity on the stability
Delta' parameter has been investigated for ASDEX Upgrade
discharges. As a second step, plasma models for feedback
control of helical perturbations were developed. With the
plasma represented by a surface current model, the inductance
of the modes and wall have been determined.



Tokamak

JET CO-OPERATION PROJECT

(Head of Project: Prof. Dr. Michael Kaufmann)

Long Term Secondments: A. Buhler, A. Lorenz, J.
Schweinzer, R. Wolf, W. Zeidner.

Other Secondments: G. Conway, D. Coster, R. Dux, J. Gafert,
S. G¸ nter, A. Herrmann, J. Hobirk, A. Kallenbach, K. Kirov,
K. Krieger, P. Lang, M. Laux, M. Maraschek, K. McCormick,
F. Meo, R. Neu, J.-M. Noterdaeme, G. Pereverzev, S. Pinches,
R. Pugno, V. Rohde, F. Ryter, A. St‰bler, J. Stober, W.
Suttrop, R. Wolf.

1. OVERVIEW

The JET tokamak is exploited under the framework of the
European Fusion Development Agreement. The facility is
operated by the UKAEA under contract with the European
Commission while the physics exploitation of JET is carried
out by task forces from the Euratom Fusion Associates. In
2001, one experimental campaign (C4) of 58.5 experimental
days was executed followed by a shutdown phase in which the
divertor septum was replaced by a cover plate and the neutral
beam power upgrade project was initiated (planned
completion: October 2002).  By the end of 2001, the shutdown
had been successfully completed and the restart begun in
preparation for three new experimental campaigns in 2002,
totaling 100 experimental days.

Planning for the three experimental campaigns in 2002 (C5-
C7) is now well advanced.  IPP physicists made over 40
experimental proposals, several in collaboration with other
Associates.  All of these proposals have been included in the
outline experimental programme for 2002.  IPP participation is
expected to be at a level similar to that of the first four
campaigns.  Already two new long term secondments, one to
the Culham Close Support Unit and one as a Task Force
Leader, are in place.

Detailed results of the first four EFDA-JET campaigns are now
being reported.  Eleven IPP physicists reported on JET and
ASDEX Upgrade / JET comparison experiments at the 2001
European Physical Society meeting in Madeira.  The majority
of these results are now being prepared for publication as full
journal articles.

The contributions of IPP scientists to the JET programme have
been as part of the larger JET workprogramme, in collaboration
with the other contributors to the JET workprogramme1.
Below are described some of the areas where IPP physicists
have made major contributions to the execution and analysis of
specific experiments on JET.

                                                          
1 See Annex to J. Pamela et al., ÑOverview of Recent Results
and Future Perspectivesì , Fusion Energy 2000 (Proc. 18th Int.
Conf. Sorrento, 2000), IAEA, Vienna, 2001.

2. PELLET FUELLING AT JET

Several approaches are used at JET to achieve operation at high
density with good energy confinement. One of them is the
injection of solid fuel pellets to realise efficient particle
refuelling by deposition deep inside the plasma column. The
new pellet launch system capable of launching from the torus
magnetic high field side was investigated for its capability to
fulfil this task in conventional ELMy H-mode discharges.

To achieve the best performance, target plasma discharges
were chosen fully compatible with pellet refueling and an
optimised pellet sequence developed.  During this optimisation
process it turned out that special attention had to be payed to
three critical issues:

• prompt particle losses causing increase of neutral gas
pressure and edge density

• trigger of central MHD activity by the pellet

• ELM bursts following pellet injection

as each one of these pellet-related effects can cause severe
energy losses and must therefore be avoided or minimized.

Excessive increase of the edge density could be avoided by
restricting the maximum pellet rate to 6 Hz. This prevented an
increase of the neutral gas pressure in the main chamber
beyond a level of  2 x 10-3 Pa found critical for the onset of
confinement degradation.

Like many high performance operational modes, pellet
refuelling scenarios suffer from magnetohydrodynamic (MHD)
mode activity and especially neoclassical tearing modes
(NTM) become a major obstacle for reaching high
performance. Pellets driving up density accordingly reduce
temperature. Reduction of the ion temperature causes a
shrinking poloidal ion gyro radius ρp,i reducing the critical
pressure βp

onset for the triggering of an NTM. Thus, if previous
pellets have driven down the plasma temperature too far, strong
local perturbations on resonant surfaces introduced by a further
pellet can trigger an NTM. In order to improve this situation, it
was necessary to keep the temperature above a critical level.
This was achieved by increasing the heating power by using
combined NBI and ICRH heating. Reduction of MHD activity
was observed when approaching the maximum heating power
of about 18 MW available in these experiments.

Mitigation of the confinement losses imposed by pellet-
induced ELM activity was achieved by adapting the pellet
fuelling cycle. Interrupting the pellet string allows a recovery
of the plasma energy content while the particle inventory still
remains elevated. The optimised pellet sequence consists of an
initial density build up phase at a high repetition rate followed
by a density sustainment phase with the pellet rate reduced to a
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significantly lower value.  Figure 1 shows an example for a
discharge with 18 MW heating power. The initial 6 Hz pellet
sequence causes an energy drop due to enhanced ELM activity.
When entering the 2 Hz sequence the transient energy drop
initiated by each pellet can be almost fully recovered before the
next pellet arrives in the plasma. By the end of the high
performance phase, densities above the Greenwald level are
reached with about 6 MJ plasma energy content and βN still
above 1.8.  In this discharge, the high performance phase is
terminated by a pellet triggered (3/2) NTM.

3. TASK FORCE S1

Experiments of Task Force S1 during JET campaign C4 in
2001 aimed to further extend the performance at high density
near the ITER target of 85% of the Greenwald density and
developments towards an integrated scenario with tolerable
Edge Localised Modes (ELMs). The main techniques
employed to achieve high density are: (i) strong plasma
shaping (triangularity 0.35 < δ < 0.5), (ii) deuterium pellet
injection from the high-field side. (iii) impurity seeding. While
plasma shaping aims to improve edge stability and
consequently achieve a higher pedestal pressure and pedestal
density, the two latter methods result in peaked density profiles
with high central density. In addition, spontaneous peaking of

the density profiles occurs on a slow time scale which has been
further studied.

Figure 2 shows the confinement enhancement factor H98 as a
function of the line-averaged density, normalised to the
empirical Greenwald density limit scaling. With increasing
density, both the stored energy and the H98 factor decrease in
agreement with previous experiments in JET and ASDEX
Upgrade. Strong plasma shaping, in particular increasing the
triangularity δ, results in improved confinement at high
density. In addition to plasma shapes with δ=0.14, δ=0.28, and
δ=0.35, a configuration with a cross section similar to that
envisaged for ITER (ITER-like configuration, δ=0.46) has been
extensively studied during 2001. In this configuration, the
ITER target parameters, H98=1 at ne/nGW=0.85, are regularly
achieved.

The reduction of confinement at high density is accompanied
with a reduction of pedestal temperature at high pedestal
density. Series of pulses with successively increased gas
fuelling reveal a favourable property of ITER-like plasmas: At
highest edge density approaching 80% of the Greenwald
density the pedestal temperature does not drop further and the
pedestal pressure recovers to values almost approaching that
found without gas puff. The stored energy is proportional to the
pedestal pressure. While usually the ELM frequency increases
with increasing gas puff, ITER-shape plasmas show a
reduction of type I ELM frequency at high edge densities.
Power balance analysis at the edge indicates that only 10-15%
of the heating power is lost during ELMs, compared with 30-
40% in usual ELMy H-modes. Continuous broad-band MHD
activity is seen in magnetic measurements. The contribution of
this benign mode activity to edge transport is a topic of further
investigation.

Impurity seeding experiments have been carried out with a
lower single X-point inside the divertor septum. This
configuration shows a reduced H-mode threshold and allows to
keep H-mode with high fractions of radiated power. At the
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beginning of the H-mode flat top, a strong deuterium gas puff
is applied to raise the H-mode density towards the Greenwald
limit (puff phase).  In addition, Ar gas is introduced. During
this phase, a significant confinement deterioration is observed.
The strong gas fuelling is stopped for the remaining flat top
(after-puff phase), resulting in a recovery of H-mode
confinement to near H98=1. Without continued Ar seeding, the
plasma density decays on a slow time scale. With small
amounts of Ar gas puff, it is found that high densities between
ne/nGW=0.8 and ne/nGW=1 can be maintained with much
reduced deuterium fuelling compared with unseeded plasmas.
Ar seeding results in peaked central densities with similar
temperature profiles as in unseeded plasmas. Consequently the
central plasma pressure is increased at increased density giving
rise to the observed confinement improvement at higher
densities. With Ar seeded plasmas, H98=1 at ne/nGW has been
achieved at low triangularity for the duration of the full after-
puff phase (5 s or 12 τE).

While after transition to H-mode typically a flat density profile
inside the H-mode pedestal area is found, often a slow peaking
of the central density is observed, mainly with neutral beam
heating and moderate external gas fuelling. The central density
can rise to values above the Greenwald density while the
pedestal density remains essentially constant. At low heating
powers (PNBI < 8 MW) the density peaking process is
terminated by a radiative collapse of the plasma core after loss
of sawtooth activity while at high heating power (PNBI > 8
MW) neoclassical tearing modes (NTM) occur, usually starting
with higher mode numbers, e.g. n=3, m=4. A power scan
experiment reveals that the range of stable plasma conditions
with peaked density profiles can be expressed as a function of
the central temperature as shown in Fig. 3. Thermal collapse is
avoided if the central temperature can be kept sufficiently high
to avoid excessive radiation levels. This can be done
effectively, for example, with central RF heating. At high
heating power, the occurrence of NTMs limits the achievable

central density and, for given plasma current and pedestal
density, the density profile peaking factor.

4. TASK FORCE S2

Several scientists from IPP contributed to the programs of S2 at
JET. The main contributions were in areas of operation
support, scientific coordination of experiments and data
analysis. The main topics of the scientific work in S2
concentrated on internal transport barriers (ITBs) under
different heating conditions, impurity transport in ITB
discharges and fluctuation measurements during the current
rise phase of the discharge.

4.1 ITBs with ion and electron heating

The basic ITB scenario at JET uses a reversed shear
configuration produced by off-axis lower hybrid current drive
(LHCD) during the current ramp-up phase. The ITB can be
obtained for the ions, or the electrons, or both, depending on
the heating scenario used. Some of the experiments have  ITBs
obtained with dominant electron heating of ITBs (Figure 4). In
other experiments, the effect of a variation of the electron
heating on the confinement properties of ITBs has been
studied, by comparing discharges heated by NBI alone to
discharges heated with a combination of NBI and ICRH. In this
case the heat flux to the ions remains constant, while the heat
flux to the electron rises by 40%. Under these circumstances
the ion confinement is not degraded and the transition to a
strong ITB is independent of the partion between the ion and
electron heat flux in the plasma. With the stronger electron
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heating, the electron temperature increases slightly in the
centre and the profile broadens.

4.2 Impurity accumulation in ITBs

Impurity behaviour in scenarios with an internal transport
barrier is of special concern since neoclassical convection
might cause strong inwardly directed drift velocities which are
not suppressed by anomalous diffusion or MHD phenomena
(sawteeth, fishbones etc.). In particular, the behaviour of
metallic impurities in JET discharges with an internal transport
barrier has been studied by using the intrinsic nickel impurity
sources in the JET Tokamak. For transient ITB discharges
where the high performance phase is terminated by MHD
events, the impurity accumulation plays a minor role.
However, in long pulse ITB discharges which are MHD stable,
the impurities  accumulate over several seconds. At some time
in the discharge, the impurity radiation exceeds the power input
to the electrons, leading to a radiative collapse of the core. In
summary, in ITB discharges with reversed shear, metallic
impurities accumulate in cases with too strong peaking of the
density profile. The peaking increases with the impurity charge
and is low for the low-Z elements C and Ne. This behaviour is
in agreement with neoclassical convection.

4.3 Fluctuation measurements during the
current rise phase

The formation of an electron thermal ITB (e-ITB) typically
begins with the application of 2-3 MW of 3.7 GHz lower
hybrid (LHCD) heating and current drive during the plasma
current ramp up. The core electron temperature rises from < 2
keV (in the ohmic phase) to > 8 keV. The electron temperature
profile is flat from the core out to around r/a ~ 0.3-0.4,
nominally coincident with the broad peak in the LHCD
deposition profile, where it then drops sharply, as shown by the
radial profiles in Figure 4. The plasma density also remains
low at ne ~ 1.5x1019 m-3 with only a moderate gradient. In the
absence of significant ion heating from the LHCD the ion
temperature profile (from charge exchange spectroscopy during
a short phase of neutral beam injection) has no steep gradient,
implying no corresponding ion thermal ITB. The presence of
an e-ITB is also correlated spatially with the reversal in
magnetic shear s = r/q (dq/dr). The radial position of the e-ITB
(maximum Te gradient - marked by the vertical lines in the
Figure 4) does not appear to be related to position of qmin but
to the maximum negative magnetic shear. Measurements of
core and edge density turbulence using X and O-mode
reflectometry show  that low frequency (f < 50 kHz)
fluctuations are reduced within the e-ITB volume, to levels
below that measurable by the diagnostic.  Figure 5 shows the
radial profile of the RMS density fluctuation level together
with frequency spectra from inside and outside the e-ITB. In
the spectra the low frequency fluctuations are seen to rise
sharply by more than an order of magnitude within 0.5 s (i.e.
on a time scale short compared to the q profile evolution) as the
cutoff enters the e-ITB region (shown by the hatched box in

Figure 5).  Transport analysis also confirms the region of low
RMS fluctuation level is correlated with reduced electron
diffusivity χe. From the rotational spectral broadening during
an NBI beam blip,  turbulence phase velocities are estimated at
vph < 300 m/s in the electron diamagnetic drift direction, and
perpendicular fluctuation wavelengths λ > 0.11 m. This
wavelength range is not consistent with electron temperature
gradient (ETG) type turbulence. The suppression of this
turbulence has been proposed as the principle mechanism for e-
ITB formation. However, they are consistent with ion
temperature gradient (ITG) and trapped electron mode (TEM)
turbulence which can exist in the observed wavelength range,
and have a propagation velocity in the ve* direction. In the
plasma edge (r/a > 0.6) the turbulence is unaffected by the ITB.
Moving away from the core, on the high field and low field
sides, the turbulence spectra both broadens and rises in
amplitude. As the edge current density falls during flat top
phase of the discharge, the edge q profile steepens which
increases the positive magnetic shear. When the shear exceeds
unity, the turbulence amplitude and spectral index fall,
indicating reduced wavenumber content. The observation that
high magnetic shear, both positive and negative, reduce
turbulence is consistent with ITG/TEM growth rate
calculations which peak around s = 0.5, decreasing at higher
positive shear and low or negative shear.  Core turbulence is
also reduced within an ion thermal barrier (i-ITB) generated by
neutral beam injection. These discharges, however, are
dominated by ion heating (Ti > Te) and high momentum input
with low (zero to slightly positive) central magnetic shear. In
this case the turbulence reduction is dominated by plasma
rotation shearing effects.
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5. TASK FORCE E

TFE work at IPP in 2001 concentrated on data evaluation of
the campaigns C1-C4, in particular Langmuir probe evaluation,
Zeeman spectroscopy and modelling.

A technique was developed to coherently average signals from
divertor Langmuir-probes (but possibly also other signals)
during ELMs. The Dαemission was used to mark ELM events
in a series of comparable ELMs and overlay and average the
signals. The results obtained using the method are stable and
exhibit a remarkable noise reduction. The coherently averaged
traces of probe signals demonstrated that electron temperature
and floating potential react earlier than the particle flux to the
ELM. The derived plasma potential, nevertheless, exhibits a
simple smooth temporal evolution. Depending on the time
delay between the peaking of Te and Vfloat on the one hand and
Isat on the other, the calculated convective power flux to the
divertor plate may show one or two maxima. The same
identification technique can be developed further to sort
ramped single probe data and construct UI-characteristics for
successive ELM-phases.

As  the Zeeman pattern of a spectral line is determined by the
local  magnetic field  vector, a highly resolved emission
spectrum contains the information to identify the location of
the emission, and the distribution  of impurities  between the
inner and outer SOL in the main chamber can be obtained
from a careful  analysis  of  the  Zeeman profile  of  the
corresponding emission lines. Using an optical line of sight
near the midplane in JET viewing the plasma  radially  from
the  outside of  the vessel, the applicability of this technique
has been explored in various discharges with gas puffing (CD4,
D2) from different valves and the significance of the results has
been investigated. Another outcome was that in regular H-
Mode discharges (with closed divertor configuration) the
relative contribution  of the CIII light from the inner and outer
SOL varies  between about~3:1 and~6:1, whereas in typical L-
Mode plasmas, this ratio  (inner:outer) is reduced and ranges
between~(2:3) and~(2:1).

Support of SOLPS (B2-Eirene) for JET modelling has
continued with Garching supplying coordination of Europe-
wide JET edge modelling.  A start to applying the interpretive
version of B2.5 to JET was made, but instrumental resolution
limitations of the edge diagnostics postponed this activity until
2002 when some hardware upgrades and operational changes
should allow this program to continue.

6. TASK FORCE M

6.1 Onset behaviour of Neoclassical Tearing
Modes (NTMs)

In order to get a more robust prediction of the onset
dependence of the achievable local βp

onset from (3/2)-NTMs as
a function of the local poloidal ion gyro-radius ρp,i* and the
local collisionality νii¥ = νii/(mεωe*) this parameter range has
been extended to lower ρp,i* and higher νii¥.  This goal has been
achieved for the (3/2) mode by including low q95 discharges

and, for the lowest ρp,i* values, also including pellet triggered
NTMs at high densities and hence high νii¥.  Under the
assumption of comparable seed-island sizes the βp

onset ~ ρp,i*
dependence and a small increase of βp

onset with νii¥ could be
confirmed for JET.  Similar experiments have been done for
the (2/1) mode.

6.2 NTM behaviour at high βN

Based on experimental observations on ASDEX Upgrade, the
behaviour of (3/2) NTMs at high βN has been analysed in
detail.  At high βN the so-called frequently interrupted regime
(FIR) is observed.  Due to the FIR, the NTM never reaches its
saturated size, as the mode is repeatedly and abruptly reduced
on a very short timescale.  The resulting reduced average
amplitude decreases the loss in confinement caused by the
mode in this FIR-phase.  The abrupt reduction of the (3/2)
NTM amplitude (~500 µs for ASDEX Upgrade) can be
explained by a nonlinear coupling to an additional fast growing
burst-like ideal (4/3) mode.  The presence of an additional (1/1)
mode is required for this nonlinear coupling.  The resulting
confinement recovery during NTM phases combined with the
FIR may make operation with NTMs present in the plasma a
tolerable regime for a reactor.

6.3 Influence of non-resonant fields on NTMs

Based on theoretical predictions and experimental hints from
the suppression of (m/n) NTMs by modes with higher mode
numbers (m+1/n+1), the influence of externally applied non-
resonant magnetic fields has been studied.  A reduction of the
NTMs by external non-resonant fields is a promising candidate
for decreasing the influence from NTMs in a reactor.  Initial
experiments suggest that the non-resonant external field might
indeed be able to reduce the amplitude of a (3/2) NTM.  In
addition to the observed variations of the mode amplitude, a
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yet not fully understood reduction of the rotation frequency
was seen.

6.4 Theroretical contributions

The influence of fast ions on MHD mode has been modelled.
One topic of interest was the role of fast ions for triggering the
experimentally observed AlfvÈn modes, which appear in
cascades.  In addition to this type of specific analysis, general
tools and support for the fast analysis of data from many
experiments have been developed and improved where needed.

7. TASK FORCE H

The campaign at the beginning of 2001 was dominated by the
use of different (majority/minority) gases which allowed
presently less used ICRF heating scenarios to be investigated.
These scenarios are either relevant for ITER or allow new
possibilities of investigations on JET. The experiments
produced a series of interesting new results.

The pinch effect on 3He minority ions was clearly identified
and the transition from 3He minority heating to mode
conversion heating was made. In mode conversion heating, the
electrons are dominantly heated and the location of the power
deposition layer can be set by the concentration of ion species
and the choice of magnetic field and frequency.
Experimentally, the power deposition layer was observed
through modulation experiments and its location was
controlled (Fig. 7).  A strong synergy between JET and
ASDEX Upgrade is present here, since similar experiments had
been performed on ASDEX Upgrade and this prior experience
was very beneficial to the successful conduction of the
experiments on JET.  In JET, the mode conversion scenario
provides the basis for electron transport experiments which are
foreseen in the future.  Power has been coupled at the third
harmonic of 4He to 4He beam ions, in a 4He plasma. AlfvÈn
eigenmodes were triggered by the 4He beam ions accelerated to
very high energies by the ICRF.

The analysis of the experiment on plasma rotation was
continued and software in support of the CXRS diagnostic was
developed.

Support was also provided for the TF-H physics of JET-EP and
for the definition of the JET-EP antenna. We strongly
emphasised the need to implement 3 dB couplers (which are
used very succesfully on ASDEX Upgrade to cope with the
ELM transients in the coupling) on JET to improve the
operation of the ICRF system. A study of the use of 3 dB
couplers on JET was performed.

Improving the power capability of the ICRF system, in
particular on type I ELMy plasmas is of utmost importance for
improving the overall power available on JET and making JET
even more ITER relevant. It is part of the task of TF-H to
identify and propose measures that will improve the power
capability of the ICRF system. However, the decision to
implement those measures and their actual implementation (as

far as hardware is involved) is beyond its responsibility.
We would like to emphasise here again that adding 3 dB
couplers on as many ICRF antennas as possible is the best way
to improve the power capability of the ICRF system.

8. TASK FORCE FT

The IPP is strongly involved in the determination of wall
erosion, redeposition of eroded material, and hydrogen
inventory trapped in redeposited layers at JET. These
investigations are of crucial importance for the prediction of
the tritium inventory in ITER. In order to determine material
erosion at the inner JET vessel wall, long term samples (LTS)
consisting of thin films of different materials on a carbon
substrate were installed in 1999 and replaced in autumn 2001
by a new set of LTS, consisting of thicker films of Be, C, Ni
and W. Due to the large anticipated erosion, new methods for
the exposure and analysis of these thick films (2.5 ñ 10 µm)
were developed. In order to identify the species of hydrocarbon
radicals, which are responsible for the growth of redeposited
layers in the divertor, two cavity samples for the measurement
of the sticking coefficient of these radicals were installed in the
JET divertor in 1999 and replaced in 2001. The deposition of
different elements in the JET divertor is determined by the use
of marker tiles, which were also installed in 2001. A full
poloidal section of six JET divertor tiles were coated with a 20
mm wide and 3.5 µm thick tungsten stripe over the full tile
length by DIARC Technology Inc. (Finland). The W layer was
characterised by ion beam analysis methods prior to tile
installation and allows the determination of material deposited
on top as well as the identification of net erosion areas. All
long-term samples and instrumented tiles will remain in JET
until the next opening in summer 2004.
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ITER COOPERATION PROJECT

(Head of Project: Prof. Dr. Hartmut Zohm)

1. INTRODUCTION

With the positive developments towards the realisation of
ITER, such as the first official site offer by Canada and the
implementation of the International Tokamak Physics Activity
as an international expert system to advance the physics basis
for burning plasma experiments, IPP continued its strong
support for ITER Physics R&D. Many of the results achieved
on ASDEX Upgrade (see previous chapter) are of course
directly relevant for ITER. This chapter describes additional
work that is done specifically in support of ITER.

2. PERFORMANCE ANALYSIS

2.1 ASDEX Upgrade contribution to the
international confinement database

F. Ryter, L Horton

The available pedestal data of the ASDEX Upgrade shots
already included in the International H-Mode Confinement
Global Database have been given to the database group to
allow an inter-tokamak study on the confinement interplay
between edge and core.

A new subset of ASDEX Upgrade confinement data has been
produced and contributed to the International H-Mode
Confinement Global Database in June 2001. This dataset
includes a variety of different plasma parameters such as
triangularity, plasma current, magnetic field and density. The
shots have been chosen such that a corresponding dataset with
detailed pedestal and edge measurement is available and is
contributed to the international pedestal database, allowing a
meaningful merging of the 2 databases.

2.2 International H-mode Threshold Global
Database

F. Ryter and International Database Working Group

The ASDEX Upgrade contribution to the International H-mode
Threshold Global Database has been revised. Some of the time
slices have been corrected and a few of the outlying ones have
been deleted. These corrections reduce the RMSE of the
threshold scaling for this tokamak from 20.2% to 18.8%.

Taking into account the 20% difference in power threshold
observed between DV-I and DV-II, this further reduces the
RMSE to 16.7%.

A similar work has been made for the other 9 tokamaks
contributing to the database. The power threshold scaling
obtained with this new version of the multi-machine database
yields results similar to the previous ones but with significantly
lower RMSE: 21.4% instead of 26.9%.

2.3 ITER oriented Confinement Database
Analysis

O. Kardaun, (in co-operation with Y. Murakami, K. Thomsen
and G. Bracco)

Interval estimation of the global energy confinement time in
ITER FEAT based on global multi-tokamak confinement
scalings has been further developed, and incorporated into a
probabilistic framework for plasma performance assessment,
specifically to estimate the `epistemic' probability of reaching
an energy multiplication factor Q=Pfus/ Paux of at least 10 in
ITER FEAT (R=6.2 m, a=2.0m, κa = 1.7, V=831 m3, Ip=15.0
MA, Bt = 5.3 T, ne,20 = 1.0, PL''=88 MW). The scaling ITERH-
98(y,2), derived from a nine tokamak dataset (ITERH.DB3v5)
in the ITER Physics Basis Document proved to predict reliably
the enlarged confinement dataset (ITERH.DB3v10, July 2001)
from 14 tokamaks, as long as the operational limits (Greenwald
limit, beta limit, L-H transition power threshold) are respected,
which is foreseen in standard inductive ITER FEAT scenario.
On the basis of the additional data, the width of the interval
estimate (1 technical standard deviation) could be reduced from
3.6 s times 2± 1/4 to 3.6 s times exp(± 0.14). Based on 0-D
power-balance calculations this interval translates into the
interval (7 < Q <50) under more or less realistic estimates for
Zeff, dilution by helium and temperature profile shape.
Allowing for a 10% confinement time difference between the
nominal 1/2 and 1/6 quantiles of the confinement-time
distribution at the ITER FEAT reference operating point, the
epistemic probability to reach Q at least 10  (at Pfus = 250 MW)
was estimated to be 3/4 for `a large fraction' (nominally 50%)
and 7/8 for `a substantial number' (nominally 16%) of the
ELMy H-mode discharges. These results are in agreement with
ITER FEAT probabilistic performance assessment for which
PRETOR 1-D model calculations have been used.
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The new version of the international L-mode dataset
(ITERL.DB2) was analysed and exhibits a significantly tighter
simple power-law fit when the elongation κ = b/a is replaced
by κa = Vol / 2π2 R a2, an effect shown previously for ELMy
H-mode and used in the ITERH-98(y,2) scaling. The updated
pedestal dataset, with type I ELMy data from ASDEX
Upgrade, DIII-D, JET and JT-60U and enhanced D-α from
Alcator C-mod, was analysed and yielded a similar scaling of
the pedestal energy as presented at the IAEA in Sorrento. It
was found that the negative β dependence of the ITERH-
98(y,2) scaling, is related to the scaling of the pedestal energy,
rather than that of the core and that the edge gradient width
scales rather weakly with the normalised Larmor radius.

3. DESIGN STUDIES

3.1 Design Study for an Alternative Ion Dump

P. Franzen, J. Sielanko (University of Lublin, Poland),
B.Heinemann, R. Riedl, E. Speth, A. Entscheva

The scoping study on an alternative concept for the ITER
residual ion dump has been continued. As a result of the
previous studies, a magnetic deflection system (MIRS ñ
magnetic ion removal system) with remote ion dumps is not
possible, due to the geometric limitations of the ITER beam
line. The new concept now includes magnetic deflection of the
residual ions to in-line dump plates with an oblique incident
angle (<14∫). Two large plates (2 m long, 1.8 m high) are
located beside the beam. Power loads depend on the beam
divergence and do not exceed 15 MW/m2 for the most critical
value of 3 mrad. The concept is somewhat similar to the
presently foreseen electrostatic in-line dump plates (ERID),
however, there are no plates within the beam hit from both
sides. Further advantages are the possibility of subdividing the
dumps in larger dump panels (like Hypervapotrons) being
water-fed from behind instead of using swirl-tubes as it is the
case for ERID. These tubes have to be supplied with water
from above and cannot withstand more than 6 to 8 MW/m2 .
The detailed design of the MIRS dump plates is now in
progress.

3.2 An RF Ion Source for Negative Ions

M. Bandyopadhyay (IPR Gandhinagar, India), A. Entscheva,
B. Heinemann, Ch. Hu (ASIPP Hefei, China), W. Kraus,
P.McNeely, R. Riedl, W. Sch‰rich, E. Speth, O. Vollmer

Although the H- yields reported previously have not been
exceeded, progress has been made in several areas. To protect
the ceramic insulator of the driver from thermal stress an
internal copper Faraday screen had been added some time ago.
This has now resulted in reliable long pulse operation up to 15
s. Different grid materials have been investigated as potential
options for cesium free operation. No clear-cut conclusion can
yet be drawn from those experiments due to unexpected copper
sputtering from the Faraday shield onto the plasma grid.

The effect of noble gases addition to the discharge has been
investigated using a Langmuir probe. These measurements
indicate that the enhancement of H

 current may be caused by
an increase in plasma density in the driver due to the addition
of a noble gas. This would result in an increased density of
vibrationally excited molecules, which in turn would raise the
density of negative ions. Suitable diagnostics for the density of
vibrationally excited molecules are presently being discussed.
Another reason for the enhanced H yield may be the
ponderomotive (jRF x BRF ) forces in the driver, which cannot be
neglected at those power levels. These forces are caused by the
RF field and are always directed inwards, leading to enhanced
energies of the plasma ions. An enhanced population of
vibrationally excited molecules could be caused by direct
collisions with those higher energy ions.

3.3 Plasma Divertor Modelling

H. D. Pacher (INRS-Energie et MatÈriaux), G. W. Pacher
(Hydro-QuÈbec, Varennes, QuÈbec, Canada)

Under the contract "Plasma Divertor Modelling Support to the
design of RC-ITER", INRS and Hydro-QuÈbec have
collaborated with ITER JCT and IPP in the ITER divertor
studies. These showed the advantage of a V-shaped divertor
configuration and the necessity of good gas conductance
between the inner and outer divertors. A saturation of the
separatrix density as function of the puffing rate was found,
which accompanied the transition of the plasma in the inner
divertor from a partially attached to a fully detached state.  An
operating window of the ITER divertor was determined. Steady
state operation was found to give acceptable divertor
parameters, and the inclusion of elastic collisions for helium
was found to reduce significantly the helium concentration.

Zero-dimensional simulations were carried out to determine the
performance of ITER under reactor-relevant wall loads. One-
dimensional simulations of the core plasma of ITER were
carried out with the purpose of developing a physics-based
model for plasma confinement in the core and pedestal,
calibrated on experimental results, for later extrapolation to
ITER. Both a time-dependent and a time-averaged ELM model
have been developed. Using the latter, the edge operational
space of ITER has been traced out. It is a major conclusion
that the fuelling rate required for high fusion power operation
of ITER, if provided by edge fuelling alone, is almost an order
of magnitude larger than that edge fuelling which can be
supplied through the scrape-off layer according to B2-Eirene
simulations, producing a large edge density gradient, high
charge-exchange losses and a reduction of Q. Q exceeding 10
is recovered when the fuelling in the pedestal region (e.g.
pellets) is at least equal to the edge fuelling.

Further work concerned a complete re-optimisation of the port
startup limiter for ITER, yielding peak power loads of 6.7
MW/m2, as well as sensitivity studies. In addition, a generic
study of guard limiters for ITER in terms of the curvature
mismatch between the plasma and the limiters was carried out.
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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".

1. OVERVIEW
The highlight of the past year was the discovery of a new
regime of improved confinement at very high density. Access
to the new regime was obtained after installation of divertor
modules and in a well-conditioned torus vessel after applying
boronization. For the future fusion reactor the newly found
High Density H-mode (HDH) has decisive advantages over
the "old" H-mode found in ASDEX in 1982. This
conventional H-mode shows an increase of particle
confinement times with density leading to accumulation of
impurities and radiation collapse in the absence of ELMs.
Furthermore it has low edge densities, which is not suitable
for divertor action.
In contrast, the HDH-mode is connected with very high
densities of up to 4 ×  1020 m-3, a significant decrease in
impurity confinement avoiding impurity accumulation, good
density control even for neutral injection powers of up to
3 MW and high edge densities adequate to drive detachment.
Furthermore, the HDH-mode is characterized by an evident
reduction of fluctuations (partly ELM-like), by temperature
profiles somewhat augmented over normal confinement and
by very flat density profiles, which are responsible for the
high energy confinement times of up to a factor of two above
the ISS95 scaling. The new regime is robust with respect to,
for example, variations of the magnetic field geometry and
heating power, and it allows long quasi-stationary discharges
hitherto impossible at high density and heating power.
It is assumed that access to the new regime is made possible
primarily by the enlarged coverage of the plasma-wall
interaction region by the divertor carbon tiles which screen
the plasma more efficiently from unfavourable interaction
with the metallic vessel wall. Above a threshold density the
energy confinement time steeply increases with density at the
transition into the HDH-mode. In contrast, impurity
confinement times drop and then further decrease with
increasing density. At still higher densities continuous
transition to a detached plasma is observed in divertor
magnetic field configurations. With increasing upstream edge

density, the energy and particle fluxes on the near-plasma
part of the targets show rollover without passing through a
high-recycling regime. The radiation stays peaked at the edge
so that the bulk plasma is almost free of impurity radiation.
Radiated power fractions are low to moderate in attached
regimes and reach up to about 90% in detached plasmas.
The better control of the plasma-wall interaction also allowed
considerable improvement in high-β discharges using a
magnetic field configuration with high rotational transform
and with flux surfaces at the plasma boundary as smooth as
possible. Together with higher neutral beam heating power
(due to rearrangement of all injectors in the co-direction) the
maximum volume averaged β-values could be raised from
2% to more than 3%. Still no significant instabilities were
found, so that these higher-β-values also seem to be heating
power limited. In contrast to previous high-β discharges
which were terminated by a rapid increase of impurity
radiation, quasistationary discharges are now possible as long
as the toroidal field is not too small. Radiation profiles are
not so hollow as in divertor discharges, but they are broad
and no longer centrally peaked as in discharges before
installation of divertor modules.
Electron Bernstein wave heating by OXB-mode conversion
with 70 GHz was previously demonstrated on W7-AS. The
advantage of this heating scenario with respect to
conventional ECRH is that no cut-off density or upper
density limit exists. There is, however, a lower threshold
density. For second-harmonic OXB heating at 140 GHz the
density has to be well above 2.4 × 1020 m-3, a density hitherto
not accessible in stationary discharges. Now, the HDH-mode
with its steep density gradient and high central densities is
very well suited to application of this heating method.
Successful heating at 140 GHz could be demonstrated with a
heating efficiency comparable to neutral beam heating.
The diagnostics was completed concomitantly with the
divertor experiments. Theoretical work concentrated on
interpretation of experimental data of W7-AS and
development of codes necessary for W7-X.



Stellarator

2. EXPERIMENTAL AND 
THEORETICAL RESULTS

2.1 Divertor Experiments
2.1.1 Core plasma performance

W7-AS is now being operated with a modular, open island
divertor (see Annual Report 2000) similar to that envisaged
for W7-X. First studies were performed at B  = 2.5 T and
an edge rotational transform ιa ≈ 5/9. The divertor allows
access to a new NBI-heated, very high-density (up to ne  ≈
4 ×  1020 m-3) operating regime with improved confinement
properties (HDH-mode). Above a certain threshold density,
which increases with NBI power, the energy confinement
time τE steeply increases with density and exceeds τE

ISS95 by a
factor of up to two. In contrast, the particle and impurity
confinement times dramatically decrease with increasing
density (Fig. 1).
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FIG. 1: Energy confinement times τE and impurity
confinement times τ imp (from laser blow-off injection of
aluminium) as functions of the line-averaged density ne  for
NBI-heated discharges. B = 2.5 T, ιa = 5/9, minimum
separation beween x-points and targets ∆x = 3.8 cm. Solid
symbols indicate partially detached discharges.

The HDH-mode is characterized by flat density profiles with
steep gradients at the edge, significant radial E-field gradients
at the edge, and strong suppression of turbulence similar to an
ELM-free H-mode. In contrast to the 'conventional' quiescent
H-mode scenarios previously observed in W7-AS, there is no
impurity accumulation. These new features allow full density
control and quasi steady-state operation even at the highest
available NBI power of 3.5 MW, and also under conditions
of partial detachment from the divertor targets (see further
below). The plasma radiation mainly originates from lower
ionization states of the intrinsic impurities, carbon and
oxygen, and is always peaked at the edge. Radiated power
fractions are moderate in attached regimes and reach up to
90% in detachment scenarios. The HDH-mode is rather
robust against changes of the magnetic field configuration
(Fig. 2).

FIG. 2: Energy confinement times τE [ms] for NBI (2
MW) discharges as a function of the line-averaged density ne

and the plasma minor radius apl (separation ∆x between x-
points and targets). B = 2.5 T, edge rotational transform ιa ≈
5/9. apl and, hence, ∆x were varied by control coil currents
affecting the size of the magnetic islands at the edge.

2.1.2 Divertor regimes

Stable detachment is observed in configurations with
sufficiently large boundary islands, not too long field line
connection lengths inside the islands, and distances ∆x

between x-points and targets ≥ 2.4 cm (Fig. 2). The threshold
upstream density for the onset of detachment decreases with
increasing ∆x and decreasing power. The upstream density nes

increases steeply with ne  up to a rather high level (e.g. 6 ×
1019 m-3 for 2 MW of NBI), saturates above a certain ne

value, which increases with power, and drops in detached
regimes. The upstream temperature Tes and, hence, the
upstream plasma pressure tend to decrease above the ne

value where nes becomes constant. Concomitantly with this,
the energy and particle fluxes onto most of the target area
show, with increasing ne , rollover already prior to
detachment. A specific feature is that detachment is achieved
without running through an intermediate high-recycling
regime. Detachment is always partial: the plasma at a certain
small target region, far from the main plasma but with steeper
inclination to the field lines ('wing' region), stays attached
(downstream temperature Ted > 20 eV) even at highest
density, but with reduced thermal load (Fig. 3). Detachment
from the remaining, much larger area is also partial in
the sense that the particle and energy fluxes stay finite (Ted >
2 eV). With increasing detachment, the up/down parameters
(thermal load, radiation from the divertors, neutral pressures
in the divertor subvolumes) become increasingly asymmetric.
Moreover, the radiation from the separatrix region becomes
asymmetric, indicating a MARFE-like development.
Nevertheless, these asymmetries do not prevent stable
operation with acceptable energy confinement and
significantly reduced power flux onto the targets.
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FIG. 3: Thermal load on a bottom target (from
thermography) for attached and partially detached NBI
(2 MW) discharges. The plasma at tile 5 stays attached, but
at reduced thermal load.

2.1.3 Density limit

First attempts were made to compare the maximum line-
integrated density ne

 in W7-AS divertor  discharges with
predictions by the density limit scaling law derived for
W7-AS limiter discharges. For example, by assuming
0.70 MW of deposited power and a minor radius of 12 cm the
scaling law predicts ne

= 2.6 × 1020 m-3 in comparison with the
ne

 = 2.0 × 1020 m-3 achieved. A summary of the maximum
densities for various magnetic fields, input powers and
plasma radii are compared with previous results in a limiter
configuration of W7-AS in Fig. 4. The highest line-averaged
densities have clearly been recorded in the last campaign.
However, on the basis of the increased input power and
reduced plasma radius the values achieved do not exceed that
predicted by a scaling law based on previous density limit
studies in a magnetic configuration with limiter.

FIG. 4: Comparison of achieved and predicted values of
line-integrated densities for density limit discharges in the
divertor configuration.

The attractive property of the new divertor configuration lies
in the ability to run steady-state discharges at higher NBI
input powers compared with earlier limiter discharges.
Previously, the line-integrated density would increase in an
uncontrolled way. Above the density threshold for transition
to the high-density H-mode, the reduction in impurity
confinement time, and hence by inference the particle
confinement time, allows density control to be attained in the
divertor configuration. The radial profiles of radiated power
are hollow and even at the highest densities the plasma no
longer suffers radiation collapse. The radiated power fraction
does not increase with time. Below the density threshold for
the high-density H-mode the radiation profiles are peaked and
the radiated power increases with time. This was also the case
for the limiter discharges.

2.1.4 Edge transport study

Major EMC3-EIRENE code predictions, namely the absence
of high recycling prior to detachment (Fig. 5), the additional
momentum losses at low density, high temperature (Fig. 6)
and the jump of the carbon radiation on transition to
detachment (Fig. 7) were verified by the first W7-AS high-
density, high-power divertor experiments. The first two
effects are essentially due to the enhanced role of the cross-
field transport related to the small field-line pitch and plasma-
to-target distance in the island-divertor geometry; the third
one was derived from the energy balance equation and is due
to a thermal instability associated with the form of the
impurity cooling rate function.

FIG. 5 Absence of  high recycling prior to detachment
(top) and momentum loss at low densities (bottom).

After the start of W7-AS divertor operation, a quantitative
comparison of code simulations and measurements were
made (Fig. 5). The code correctly reproduces the ne
dependence of ned from Langmuir probes, including rollover
and detachment.
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The sharp increase of the ionization fraction in the core Score

at ne
 > 2 ×   1020 m-3 is considered to be the reason for the

rollover and the drop of the measured upstream density on
detachment.

FIG. 6: Jump of carbon radiation on transition to
detachment

FIG. 7: Downstream densities from experimental data
and code calculations, and simulated ionization fraction in
the core.

Additionally, estimates for the transport coefficients D and χ
were derived for ECRH discharges (normal confinement) by
fitting the calculated density and heat flux profiles to the
measured ones, yielding a roughly 1/ne scaling. With this
scaling, the calculated neutral pressure values agree with the
manometer data.

2.2 New High-β Results
Previous experiments in the Wendelstein 7-AS stellarator,
where volume-averaged β-values of up to 〈β〉 ≈ 2 % could be
achieved with ≈ 3.5 MW of balanced neutral beam heating,
showed that the heating efficiency of the counter-injected
beams was very poor particularly at the low magnetic fields
of 0.7...1.25 T required to reach the maximum β–values.
After rearrangement of all injectors in the co-direction and
installation of the island divertor, a new attempt was made to
increase the plasma performance in the high-β regime and
explore the stability limits under the new experimental
boundary conditions.

Although most of the experiments were not conducted with
proper island divertor configurations, the divertor was found
to have the beneficial effect of improving confinement and
density control in combination with relatively low radiation
losses. Flat-top times of ≈ 0.7 s could be achieved with
average β–values of 〈β〉 ≈ 2.5 %. At the magnetic field of
B = 1.25 T typical values of the central temperatures and the
line-averaged density are measured in the range of
Te0 = 350...450 eV and at 〈ne〉 ≈ 2.2·1020 m-3, respectively. At
lower magnetic fields (B = 0.8...0.9 T) maximum beta values
of 〈β〉 ≈ 3.1 % could be achieved (Fig. 8).

The divertor control coils were used to minimize the edge
islands and establish smoothed flux surfaces at the edge in
the range of ι > 0.5, which is favourable in respect of plasma
equilibrium.
The observed pressure-induced horizontal plasma axis shift is
nevertheless very significant and has to be controlled by a
vertical field. According to free boundary equilibrium
calculations (NEMEC) the Shafranov shift stays below 40 %
of the horizontal plasma radius. Reasonable agreement is
found between X-ray tomography data and NEMEC
calculations.
The MHD activity becomes noticeably more quiescent
towards the highest β–values. In the intermediate β-range
pressure-driven coherent modes at  ≈ 10 kHz appear with
mode numbers corresponding to low-order rational surfaces.
X-ray tomography reveals a pronounced ballooning structure
of these modes. In addition, global Alfvén gap modes with
frequencies up to ≈ 300 kHz can be destabilized at lower
densities where the drive by resonant fast ions is larger.
Particularly in cases of low temperatures very short
(≈ 100 µs) ELM-like MHD events can cause fast relaxations

FIG. 8: Optimized quasi-stationary high-β discharge
with 〈β〉 reaching 3.1 % (at 0.9 T and text = 0.52). The (low)
radiation losses are peaked at the plasma edge.
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of the electron temperature profile and significant drops of
the plasma energy. These effects may be caused by resistive
MHD modes, since they are absent in high-performance
discharges, where the temperature can be maintained above a
critical value.
The local MHD stability (Mercier and resistive interchange
criteria and ideal ballooning mode stability) as well as the
stability of ideal global modes were found to increase with β.
This is in qualitative agreement with the experimental data
and can be attributed to the deepening of the magnetic well
and the increase of internal shear. The numerical results
suggest that stable plasmas may be maintained in W7-AS up
to the equilibrium β -limit expected in the range
〈β〉 = 3.5...4.5 %, depending on the rotational transform.

2.3 Electron Cyclotron Resonance Heating
2.3.1 High power combined ECRH-NBI heating

The improved machine performance by the helical island
divertor allows high power ECRH (2.2 MW) to be combined
with high power NBI (2 MW) heating. At iota 1/2, which is
the operational regime of the divertor, a discharge with a
strongly peaked electron temperature profile, the so-called
electron root regime, was established. The improved
confinement in the centre is due to the creation of a positive
radial electric field, which reduces the otherwise large neo-
classical losses. The low heat transport was confirmed by the
coherent analyses of heat wave propagation in the central
region. The additional NBI heating did not greatly perturb the
central high-temperature gradient region, but generates a
second region of improved confinement at the plasma edge
which was accompanied by a negative radial electric field
(ion-root) as shown in Fig 9. By combination of ECRH and
NBI, formation of an edge pedestal and a central temperature
peak could be established.

Fig. 9: The generation of an edge pedestal in the
electron temperature profile by combined ECRH and NBI
heating (solid markers). The blank markers represent the
accompanying radial electrial field from BIV spectroscopy.

2.3.2 Electron Bernstein wave heating

Efficient electron Bernstein wave heating by OXB-mode
conversion with 70 GHz has already been successfully
demonstrated at Wendelstein7-AS. But second-harmonic
OXB heating with 140 GHz has remained unexplored, since
it requires a threshold density of 2.4 x 1020 m-3. The high-
density H-mode regime (HDH) with its steep edge density
gradient and peak density of up to 4.0 1020 m-3 attainable
under stationary conditions allows efficient second-harmonic
Bernstein wave heating with 140 GHz, which is the ECRH
frequency designated for W7-X. The experiments showed
that the heating efficiency is comparable with NBI (Fig. 10).
The local power deposition of EBW’s and the possibility of
fast modulation qualify EBW heating for heat wave
generation (see Fig. 10 and section 3.2), temperature profile
shaping and fine tuning of power flow through the separatrix.

FIG. 10:  Second-harmonic 140 GHz EBW heating at a
constant density of 3.5 x 1020 m-3. The large increase of
plasma energy indicates the good heating efficiency.

2.3.3 Electron Bernstein wave current drive

For the EBW’s parallel refractive indices N|| larger than 1 are
possible. High efficiency is therefore predicted for EBW
current drive (EBCD). At W7-AS successful current drive
experiments were performed for the first time with 70 GHz
first-harmonic EBW heating. Up to 1.8 kA of current in the
co-direction was driven by 400 kW EBW’s at a density of
1.4 × 1020 m-3 and a temperature of 500 eV (Fig.11). Since
OXB-mode conversion requires an optimal launch angle, no
angular scan was possible to investigate the driven current.
However, to maximize the current drive efficiency, the N||

component of the EBW’s was varied by either reversing the
magnetic field or changing the magnetic configuration.
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FIG. 11: First EBW current drive with 70 GHz. In a
current-free discharge the EBCD-driven current was
compensated by the inductively driven current, which is
represented by the large change of the loop voltage.

2.4 Theory
2.4.1  EMC3-EIRENE code development

At present, the EMC3-EIRENE code is being extended to
arbitrary edge magnetic structures, including closed and open
island sections and ergodic regions as found in both low-
shear and high-shear configurations. Standard magnetic
coordinates are replaced by a finite flux tube system defined
and stored over one field period. A new reversible field-line
mapping (RFLM) technique is used which provides, in
combination with the Monte Carlo integration method used
in the EMC3 code, a very accurate treatment of both the
parallel and cross-field transports. Several accuracy tests
were carried out by the RFLM technique for W7-AS, W7-X,
LHD, and TEXTOR-DED configurations. They show that the
radial deviation of the mapped field lines from "exact"
numerical integration (GOURDON code) for flux surfaces or
islands, which is a crucial parameter for correct numerical
distinction between the parallel and the cross-field transport,
remains bounded at a very low level with an increasing
number of mapping steps (see "mapping noise" in Fig. 12 for
W7-AS). In other words, mapped field lines do not leave flux
surfaces or islands for any relevant number of mapping steps
if the grid chosen is sufficiently fine. Comparison of the
linear RFLM technique with the linear "Interpolated Cell
Mapping" (ICM) technique applied to W7-AS shows that the
radial deviation of the same field line calculated with ICM
exhibits a mapping noise of increasing amplitude drifting
linearly away in the direction of increasing radius, with the
drift velocity and the noise amplitude depending on the mesh
size (Fig. 12).
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FIG. 12: Radial deviations of a mapped field line from its
"exact" position for a W7-AS flux surface from the RFLM
and ICM techniques. Starting position: R=183 cm, z=0 at
triangular plane, ∆ r=average mesh width.

2.4.2 Validation of profile data
Integrated concepts for the systematic evaluation of Thomson
scattering data were successfully applied and a comparison of
different evaluation schemes was made (cooperation with
R.Fischer and S. Gori (CIPS)). Transfer of the concept is
currently done for different diagnostics. This diagnostics
software development had an impact on diagnostics
improvement due to the strong interaction of all parties
participating in the process (experimentalist, theoretician,
statistician, software developer). Software tools for data base
access continued to be developed. Efforts on data consistency
checks and data validation from different fusion laboratories
were evaluated and investigated with respect to applicability
on W7-AS and W7-X. A European workshop on data
validation was held in summer 2001 at Greifswald. Data
base-oriented checks on the consistency of the density
diagnostics were performed on W7-AS. Detection criteria for
malfunctioning diagnostics were defined and applied.

2.4.3 Equilibrium calculations for W7-X

Free-boundary NEMEC calculations for W7-X with non-
vanishing toroidal current profiles were provided for the
magnetic diagnostic developement. This is of particular
interest in minimizing the effect of stray fields in flux
measurements due to toroidal currents.

2.4.4 HINT code

A version of the HINT code was adapted for equilibrium
calculations in the high-ι range of the W7-AS configurational
space which is used for divertor experiments. The NEMEC
code which is usually used assumes the existence of good
nested flux surfaces; this ansatz fails when applied to these
configurations due to their highly corrugated separatrices
arising from the natural boundary islands.

Loop Voltage
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Like the PIES code, HINT does not rely on the existence of
flux surfaces, and its numerical algorithm seems at the
moment to be computationally more efficient than PIES.
Moreover, in contrast to PIES, HINT is an intrinsic free-
boundary code which is necessary to get the finite-β
equilibria correct.  First calculations have been initiated to
test HINT's general applicability.

2.4.5 High-β equilibrium calculations for W7-AS
 at high ι

Although NEMEC fails in calculating separatrix-bounded
high-ι configurations for W7-AS, it is possible to apply it if
the plasma boundary is smoothened. In the high-β
experiments around ι = 0.5, this is performed with the high
vertical fields used in the experiments to compensate for the
Shafranov shift. This reduces the vacuum field island widths
at low β, leading to smoother plasma boundaries. Moreover,
an appropriate choice of currents in the correction coils
employed in the divertor experiments provides additional
smoothening of the flux surfaces at higher β values, making
the calculations quite reliable.

2.4.6 NBCD Fokker-Planck calculations

High-power NBI discharges at high temperatures (long
slowing-down times) cannot be correctly described within the
linear approach since the non-thermal ion fraction can be
comparable to the thermal one. The friction of passing ions
with respect to the locally trapped ones can be the dominant
momentum sink for small Zeff, an effect not present in
tokamaks. An important deviation from the Maxwellian is
obtained in the thermal range which reduces the neutral beam
current drive (NBCD) efficiency in comparison with the
estimate from linear theory.
The bounce-averaged Fokker-Planck code (FPTM) with the
complete nonlinear collision operator is used for calculating
the ion distribution function which is applied within a linear
approach to estimate the electron Ohkawa current
contribution.

2.4.7 Kinetic instabilities driven by NBI

The kinetic instabilities driven by the NBI at W7-AS are
analyzed both theoretically (in collaboration with
A. Shalashov, IAP, Nizhny Novgorod; International Max
Planck Research School) and experimentally (WTZ
collaboration with E. Suvorov and L. Lubyako, IAP, Nizhny
Novgorod). For the different scenarios (tangential NBI,
perpendicular diagnostic beam injection, and the new oblique
NBI), broad-band cyclotron mode activity was measured
(ICE), and the lower-hybrid (LH) activity in addition by the
CTS diagnostic. The effect of the loss-cone width on the LH
activity roughly corresponds with theoretical expectations.
For a more detailed analysis, the fast ion distribution function
will be modelled with respect to the loss-cone size, allowing
numerical solution of the full dispersion relation.

2.4.8 Monte Carlo code

The applicability of the δ-f Monte Carlo technique used in
tokamaks for improving the statistical convergence properties
will be checked for stellarators. In the δ-f technique, the
characteristic system (eqs. of motion) is inhomogeneous and
the new "marker" equation leads to a weighting algorithm.
With the radial gradient of the Maxwellian being taken as the
inhomogenenity, the weight of particles deviating from flux
surfaces is increased. As long as this particle motion is
periodic (e.g. for tokamak bananas) the statistical properties
are improved. For the radial drift of ripple-trapped particles
in stellarators, however, the weight increases monotonically.
First δ-f Monte Carlo simulations of the bootstrap current
coefficient for W7-AS and W7-X indicate strongly degraded
statistical properties (in collaboration with R. White,
Princeton).

2.4.9 International collaboration in neoclassical theory

In the international collaboration in neoclassical theory, the
following codes have been successfully benchmarked:
MOCA and DCOM (both Monte Carlo codes), DKES (drift-
kinetic eq. solver), GSRAKE (ripple-averaged eq. solver) and
NEO (estimating the effective helical ripple by field-line
integration technique). These codes have been applied to
W7-AS, TJ-II, NCSX, and several LHD and W7-X
configurations, and the lmfp confinement regimes known
from classical stellarators were identified. However, some
new features were found: e.g. a transition region between the
1/ν  and the ν  regimes for the "drift-optimized" LHD
configuration (with R = 3.60 m), where the deeply-trapped
particles are magnetically confined, shifting the transition to
the ν regime to larger values of the radial electric fields.
In the next step, the monoenergetic transport coefficients for
all configurations of interest based on the classical lmfp-
regimes must be described in a fast database which can be
used for transport analysis as well as for predictive transport
modelling. Finally, the benchmarking of DKES and Monte
Carlo techniques with respect to the bootstrap current
coefficient was started (collaborations with V. Tribaldos,
CIEMAT; S. Murakami, NIFS; D. Mikkelsen and R. White,
PPPL; W. Kernbichler and S. Kasilov; TU-Graz).

3 DIAGNOSTIC DEVELOPMENT
3.1 Ruby Thomson Scattering Diagnostic
After complete reconstruction the Ruby Thomson scattering
diagnostic is now in operation to cover again the complete
plasma cross-section. The total viewing chord (420 mm) is
observed by means of two individual Littrow-type
polychromator setups, with intensified CCD cameras for light
detection. The section near the inner torus wall (120 mm) is
covered by the edge system, which offers a high spatial
resolution of 4 mm. Further on it can be optimized for
measuring electron temperature and density profiles of the
edge or gradient region of W7-AS plasma by exchanging the
grating. The remaining part of the viewing chord (300 mm) is
again observed by a new Littrow-type polychromator setup



Stellarator

which in fact replaces the former photomultiplier-based
polychromator system. Here the spatial resolution is
restricted to 20 mm as the original fibre guides were kept for
observation, but they had to be reshaped to build the entrance
slit of the new polychromator. In collaboration with members
of CIPS, an additional evaluation of the diagnostic data was
established by using Bayesian statistical methods to improve
detailed knowledge of measurement uncertainties, including
all calibrating procedures.

3.2 Electron Bernstein Emission Diagnostic
The diagnostic, whose setup was described in the last annual
report, takes advantage of black-body emission and mode
conversion of electron Bernstein waves (EBW)  to provide
electron temperature profiles at densities above the ECE
cutoff (Fig.13).

FIG.13: Left: Spectrum of EBW emission at 1st harmonic.
Right: Temperature profile reconstructed with the aid of an
EBW ray-tracing code (solid circles). Thomson scattering
data are also shown for comparison (blank circles).

The heat wave propagation method for determining local heat
transport coefficients was also extended for the first time
beyond the ECE cutoff density by combining EBW emission
measurements at the 1st harmonic (63-78 GHz) with
modulated second-harmonic EBW heating at 140 GHz
(Fig.14).

FIG. 14: Amplitude and phase of heat waves generated by
off-axis EBW deposition (reff 5 cm) and measured by EBW
emission.

3.3 Li beam Diagnostic
3.3.1.  Two-dimensional electron density fluctuations

Two-dimensional electron density fluctuation profiles were
measured by means of the Lithium (Li) beam diagnostic with
a poloidally deflected beam. From the fluctuation
measurements the radial, poloidal, and temporal correlation
of density fluctuations was determined. The results agreed
well with Langmuir probe measurements in the scrape-off
layer.

3.3.2 Ion temperature and poloidal rotation measured
by CXRS

The Doppler shift and broadening of the C6+ charge
exchange radiation (529 nm) with the high-energy neutral Li
beam is measured with a 0.75 m imaging spectrometer.
Spectra at 5 radial channels can be simultaneously
 collected with a frame transfer CCD camera. Typical
operational limits are ne < 5 × 1019 m-3 and Te > 100 eV with a
time resolution of about 100 ms, necessary for signal
averaging. Limits are imposed mainly by the attenuation of
the Li beam. In high Ti discharges, ion temperatures between
40-700 eV and poloidal rotation velocities up to 30 ± 2  km/s
were determined. The diagnostic is well suited to
documenting the edge region and provides supplemental
information to the hydrogen diagnostic beam.

3.4 Bolometer Camera for Tomography
Installation of a divertor in W7-AS necessitated extension of
the present 32-channel gold foil bolometer camera used to
measure radial profiles of radiated power. For measurements
of the radiated power in the divertor, 3 bolometer cameras
comprising 44 channels were recently installed. Radiated
power measurements in the divertor chamber show that on
detachment the radiating volume moves away from the
divertor plate. Three-dimensional simulations of energy,
particle, and impurity transport in the divertor magnetic
configuration with magnetic islands at the plasma boundary
support these observations. On detachment the radiating
volume then moves to the separatrix.

Measurements of radiated power in the divertor were also
made with photodiodes.  Two unbiased AXUV 16 channel
photodiode arrays with a bandwidth of 3 kHz are connected
by 10 m of cable to the data acquisition system. Bursts in
radiation power during the discharge are suspected to be
carbon flakes from the divertor plates. This could be directly
confirmed from spectroscopic measurements of carbon line
emission.  The value of a photodiode system measuring only
radiation losses was demonstrated in detached discharges.

3.5 Divertor Diagnostics
3.5.1 2D divertor observation

The divertor camera observation system based on CCD
cameras (12-bit dyn. range) equipped with interference filters
has now been completed. The bottom divertor in module 1
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can be simultaneously observed in the light of Hα, Hγ and CII,
the top divertor in module 2 in the light of Hα. The entire
system can be remotely operated. First studies dealt with the
up/down asymmetry and the degree of detachment across the
entire divertor modules. A simpler, uncooled version of the
CCD camera was installed in module 5. Two cameras with
Hα interference filters observe the top and bottom module.
This system allows the toroidal symmetry of the divertor
plasma to be studied. A further camera with a CMOS detector
was installed with a toroidal view. Due to its logarithmic
response the dynamic range covers up to 6 decades, allowing
faint signatures in the plasma edge region to be observed
together with strong ones from the divertor without
saturation. Moreover, each pixel can be individually read-out.
A linescan camera with 2,048 pixels, 12-bit dyn.  range views
a radial section of the divertor at an image rate of 4.5 kHz.

3.5.2 Thermal He beam

A thermal He-beam diagnostic was installed in the W7-AS
divertor in order to measure ne and Te profiles (10 eV < Te <
200 eV, 2 ×   1018 m-3 < ne < 5 × 1019 m-3) with high spatial
resolution (vertical 1-3 mm, radial 0.8-6 cm increasing with
height above the target due to the beam divergence) in the
zone between the target plate and separatrix. Two
independently operating thermal He beam nozzles were
integrated into the central part of the upper divertor in
module 2. The nozzle and gas control system were supplied
by FZ-Jülich. The He beam, formed by a 33 mm long, 8 mm
diameter nozzle made of 340 ×   0.27 mm inner-dia. micro-
tubes, has a beam divergence of 42° FWHM. To avoid any
influence on core plasma performance, the pressure in the gas
reservoir for the nozzles was kept at less than 25 mbar. Te and
ne are derived from intensity ratios of 3 spectral lines
simultaneously recorded with an f = 0.19 m, f/3.9 imaging
spectrometer. The emitting zone is observed through a cut-
out in the divertor baffle via two mirrors. A UV-VIS-IR
achromat is used for direct imaging of the emission zone onto
the entrance slit of the spectrometer, which is equipped with a
magnetic-field-hardened water-cooled back-illuminated 2D
CCD camera. The time resolution is limited by the readout
time of the CCD and depends on the freely selectable vertical
resolution (binning of lines), e.g. at  3 mm resolution the time
resolution is limited to 25 ms.

3.5.3 Passive divertor spectroscopy

A spectrometer with a triple grating turret is being used in the
He-beam observation system. Under conditions close to
detachment (high ne, low Te), i.e. when the He beam
technique can no longer be meaningfully employed, this
allows one to record the Balmer series spectrum, from which
line of sight averaged ne and Te profiles across the 9 cm
region between target plate and separatrix can be derived for
Te < 5 eV and ne > 1020 m-3. The system can also be used to
monitor the movement of the carbon radiation zone towards
the separatrix during detachment. This system is
complemented by a higher-resolution imaging spectrometer
of similar type (f = 320 mm, f/4.1) equipped with the same

CCD detector. That system views a radial section across the
divertor, e.g. at the location of the thermal He-beam nozzles,
from a port on the opposite side of the torus via a row of
25  quartz fibres, giving a radial resolution of 7 mm. The
system allows one to determine the emission from molecular
bands, the radial distribution of the impurity radiation zones,
and line of sight averaged radial electron density profiles
across the target from Stark broadening of spectral lines.

3.5.4 Zeff

Two PC plug-in card-based microspectrometers (resolution
1.5 nm, 25 µm entrance slit, 600 g/mm grating) with 2,048
pixel linescan detectors (time res. 7 ms), one for the UV-Vis
and one for the IR region, together covering the spectral
range 250 - 1175 nm, look toroidally via two optical fibres in
the midplane through the plasma axis. As imaging optic a
UV-Vis-IR achromat (f = 50 mm, f/4) is used. The system
has a time resolution of 7 ms. The great advantage of the
system over an interference filter based one is that one can
automatically select all truly spectral line-free regions over
the entire range, which ensures very high reliability of such a
system.

3.5.5 IR divertor observation

A second IR camera was put into operation and now permits
one to measure the temperature distribution of the upper
divertor target plates in module 2 with a spatial resolution of
2 mm. The new camera operates with a frame rate of up to
315 Hz.

3.6 2D ECE Correlation Measurements
3.6.1 Radial-poloidal correlation of temperature

fluctuations

2D ECE correlation measurements were made,
supplementing earlier temperature fluctuation measurements.
The setup of the 2D ECE correlation diagnostics is already
described in last year's Annual Report. Structures were found
which are elongated in the radial and poloidal directions.
These structures show a higher coherency in the poloidal than
in the radial direction and are found to move in the electron
diamagnetic drift direction. They are thought to be of the
drift-wave type of fluctuations. Numerical simulations are
under way in order to identify the type of fluctuation (ITG;
TEM). Scaling experiments show that electron temperature
fluctuations decrease with increasing ECRH heating power,
in agreement with earlier studies. The vanishing of the
structures can be attributed to increasing velocity shear which
arises from higher radial electric fields with increasing
heating power. This tears the structures apart to smaller scale
lengths, then too small to be detected by the two-dimensional
ECE correlation diagnostics.
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3.7 Emissive Electrical Probes for Plasma
Potential Measurements

Fluctuations of density (ion saturation current) and electric
plasma potential and the correlation between these two
fluctuating quantities has to be measured to calculate the
fluctuation-induced (turbulent) particle transport, which was
shown to account for the anomalous transport observed in the
edge of fusion devices. Instead of the plasma potential,
usually the so-called floating potential was measured by
means of electrical probes (Langmuir probes). The floating
potential deviates from the plasma potential by an amount
which depends on the electron temperature and on several
further quantities, which are experimentally hard to access. A
hot probe which thermally emits a sufficiently high electron
current density charges to an electric potential value much
closer to the plasma potential than a non-emissive probe,
which has been used for many years in laboratory plasmas.
The aim of this project is to develop indirectly heated LaB6

probe tips more capable of withstanding the thermal loads
imposed on them in the edge of a fusion plasma than the thin
tungsten filaments used in laboratory plasmas.

3.8 Fluctuation Measurements by Laser
Blow-off

A repetitive laser blow-off system was put into operation on
W7-AS. It has been used to inject lithium atoms as well as
aluminium micropellets.
The micropellets have been observed with a two dimensional
CCD camera to detect the cloud distribution of different
aluminium ions that were formed during the ablation of the
micropellets in the scrape-off layer and the edge plasma. The
lithium was observed with a radial 8-channel photomultiplier
array to investigate the electron density fluctuations as well
as with a CCD camera to determine density profiles.
The aim of the fluctuation studies was to verify the results of
similar investigations made with a high-energy lithium beam
and to have a closer look at the changes that can be seen in
the inner and outer vicinity of the separatrix.
It could be shown that the autocorrelation of the signals from
the confinement region shows a wavelike structure that
cannot be seen in the scrape-off layer. This is in agreement
with the results from the high-energy beam.
Due to the better radial resolution of the laser blow-off
(2 mm) compared with the high-energy beam (1 cm) a
change in the apparent radial velocity can be seen at the
separatrix which cannot be seen so clearly by other methods.
One has to take into account, however, that this apparent
radial velocity can be the result of the poloidal movement of
structures that are inclined in the radial-poloidal plane. This
kind of structure has been observed on W7-AS with
Langmuir probes.
By reversing the magnetic fields, it could be seen that the
apparent radial velocity in the scrape-off layer is reversed as
well. This observation can give some hints on the formation
process of the structures.

4.3 Neutral Beam Injection
The final stage of neutral beam injection at W7-AS has now
been reached. A new co-injector and a new radial injector are
operational. Co-injection on W7-AS affords better heating
efficiency, especially at the low magnetic fields necessary for
high-beta experiments. The radial injector with an almost
perpendicular injection angle allows the possibility of
studying both interaction of perpendicular injection and
generation of a radial electric field.

4.3.1 Tangential co-injecton
The new co-injector started with plasma operation in April.
When W7-AS operates with reversed field there are now two
tangential co injector boxes. Each box is equipped with
four filament sources running at 50 kV/25 A (hydrogen) or
55 kV/23 A (deuterium). The total tangential NBI power is
3.4 MW.
Co-injection on W7-AS has better heating efficiency,
especially at low magnetic fields. For example, for a B-field
of 0.9 T and ne (0) = 2.1 1020 m-3 the efficiency for co-
injection is in excess of 80 %, while for counter-injection it is
less than 40 %. This increase in heating efficiency was used
to improve the <ß> obtained at W7-AS. A <ß> of 3.1 % was
obtained in a quiescent discharge with eight tangential co-
NBI sources at 0.9 T. The old <ß> value with co- and
counter-NBI from 1997 was <ß> = 2 % at 1.25 T.
Since W7-AS has its new island divertor in operation a
maximum density of ne (0) = 3.5 × 1020m-3 is now possible
with stationary plasma discharges and four NBI sources at
2.5 T and Te = 500 eV. Although the NBI deposition profile
starts to become hollow, an efficiency of about 85 % is
achieved with tangential NBI.

4.3.2 Radial injector
This injector is equipped with two new RF sources with a
total power of 550 kW. Installation of the ion sources, their
connection to the high-voltage supply, and the remaining
electrical and mechanical work were finished in summer.
The radial injector has been in operation since November. It
is not a "heating injector" but is intended for studying
the interaction of radial injection and electric field
generation. The injection angle of 15° is a compromise
between optimum ion loss and transmission. High fast ion
losses need a mirror magnetic field configuration, a sufficient
density of ne (0) = 1 × 1020 m-3 to minimize shine through and
high Te to have low collisionality. The W7-AS fast ion loss
detector finds the expected dependence of the fast ion
loss rate on the magnetic field configuration. The first
measurements of the change of Ti and the radial electric field
with radial injection were also completed.
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WENDELSTEIN 7-X CONSTRUCTION
(Head of Project: Dr. Manfred Wanner)

Members of the W7-X Construction team and contributors to
the project: see section "Division and Groups, WENDEL-
STEIN 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 system
control.

The main components of the stellarator are the superconducting
magnet system to confine the plasma, the cryostat to 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 pulses of 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, supply the
heating systems, and provide power for cryogenic refrigeration.
At a later stage NBI heating is to be upgraded to 20 MW to
explore the high-density regimes and the β-limit of W7-X.

The R & D activities have been completed. These cover
construction and testing of the DEMO coil, an original-sized
superconducting magnet, the DEMO cryostat, a sector of the
W7-X stellarator, and prototypes of the plasma-facing
components. 

Meanwhile most of the main components of the basic machine
and the power supplies have been contracted to industry. Series
production of the superconductor and winding of the coils has
started. Several sectors of the massive coil support structure
have been welded and machined. Manufacture of the plasma
vessel, outer vessel and ports has started. The first module of
the high-voltage power supply is being commissioned. 

Assembly of the machine is being studied in detail and the tool
for stringing the coils across the plasma vessel was delivered. 

FZK contributes the complete ECRH system for W7-X. Joint
development of a continuously working 140 GHz gyrotron by
FZK, European industry, and CRPP Lausanne led to a first
prototype, which was successfully tested. The design of the
microwave transmission line was continued by IPF Stuttgart. 

The Low Temperature Laboratory of Commissariat à L'Énergie
Atomique (CEA) in Saclay started commissioning of the test
facilities for the cryogenic acceptance tests of the coils.

The University of Rostock and the Universities of Applied
Sciences at Stralsund and Neubrandenburg are supporting the
project with specific tasks.

The project schedule is determined by production of the
superconductor and winding and assembly of the coils. Since
delivery of the superconductor is severely delayed, the
acceptance tests at Saclay need to be accelerated and assembly
of the stellarator re-organised to adjust the assembly to the new
delivery dates of the coils. The date for commissioning W7-X
and mapping the magnetic field will be moved to the end of
2007. 

2. BASIC MACHINE

2.1 Magnet System

The detailed design of the magnet system was basically
completed, taking into account the enhanced cooling
requirements of the coil casings. The engineering groups of the
Central Technical Services (ZTE) of IPP at Garching were
involved in the design and construction of several components
as well as in structural analyses of the coils and the coil support
structure and in supervision of production in industry.
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2.1.1 Superconductor

The superconducting cable is composed of 243 strands
enclosed by an aluminium jacket. Strands with the required
critical currents were manufactured by the VAC/EM
consortium. The consortium encountered, however, unexpected
difficulties with cabling the ropes, jacketing the cable, and
verifying the specifications of the conductor. The strands
manufactured by VAC and EM behaved differently during
cabling. Several iterations to adjust the nozzle of the extrusion
tool were required to keep the void fraction within the specified
range and the minimum wall thickness at 2 mm. The tolerance
band for the void fraction had to be relaxed to 35 – 39 %.
Although the qualification lengths had already been
manufactured at the end of 2000, series production could only
be initiated in May 2001. At the end of 2001, about 30 lengths
of conductor have been manufactured, but the output is still
below the needs for coil manufacture and measures to speed up
production are being implemented. The delay of the conductor
has meanwhile had a serious impact on production of the non-
planar and planar coils and hence on the overall project
schedule.

2.1.2 Superconducting coils

The Babcock-Noell Nuclear (BNN)/Ansaldo consortium made
progress on the design and manufacture of the fifty non-planar
coils. In 2001, design of the coil casings was completed and
several half-shells were successfully cast, heat-treated, and
machined to the required accuracy by the Swedish
subcontractor, Österby Gjuteri AB. 

To wind the different types of coils, three parallel winding lines
have been set up at Ansaldo and two parallel winding lines at
BNN's subcontractor ABB. Winding starts with preparation of
the conductor by straightening, sand-blasting, and insulating
with glass tape. For each winding package 108 turns are wound
to form six double layers electrically connected in series. One
double layer is wound from one conductor length. Since all
conductor terminals need to be located on one side of the
winding package, winding starts midway of a double layer. For
that purpose the conductor is first re-spooled on two hasps
before it is wound and fixed by clamps. By the end of 2001 one
winding package was completed by ABB. The first winding
package from Ansaldo is expected in January 2002.

To improve cooling of the coil casings, the casings have to be
coated by 2 mm thick copper. Sheet copper can only be applied
to a fraction of the surface of the casings. To cover the more
complicated areas economically with copper, spray technology
was suggested and successfully qualified by BNN. The
measured thermal conductivities of samples of spray copper
were 38 W/mK at ambient temperature and 9 W/mK at 4 K.
Since the conductivity of sprayed copper is considerably lower
than that of sheet material, the number of cooling pipes around
the casings was increased. By using a pre-series coil casing
BNN was able to optimise the application of copper and fixture
of the cooling pipes and to practise different steps of assembly
of the coils.

Design of the twenty planar coils at Tesla Engineering has been
largely completed and the winding line for manufacturing the
winding packs was prepared. To check the winding process, a
test layer was successfully wound and hardened using a test
length of conductor. With the delivery of the first lengths of
superconductor, production of the first winding package started
in October. 
FIG. 1: Two half-shells of a non-planar coil casing
during final inspection (by courtesy of BNN)
The coil casings of the planar coils are manufactured from plate
material. For each casing a U-shaped base part and a plane top
plate are screwed together. As a consequence of structural
analyses of the casing it was decided to fix the top plate
additionally by local welding. After some reworking the first
casing was manufactured according to specification.

The double layers of the coils need to be electrically connected
in series by low-resistance joints. To limit the ohmic heat at
cryogenic temperatures, the resistance of a single joint must be
below 1 nΩ. Prototypes tested by Ansaldo and Tesla showed
that this stringent requirement can be met.

In order to insulate the electric circuits of the windings against
the helium pipes, special voltage breakers were designed and
tested. For such joints two stainless-steel pipes are connected
by an insulating piece of glass-fibre-reinforced epoxy. The
voltage breakers have to withstand a maximum voltage of
13 kV and allow for the different thermal contractions of the
dissimilar materials during cool-down. During multiple cool-
down to liquid-nitrogen temperature the function of prototype
voltage breakers was demonstrated.

At the Low Temperature Laboratory of CEA in Saclay two test
cryostats were installed, the current supply was upgraded to
20 kA, and the data acquisition system was adopted for the
tests. Support rings were manufactured and mechanically tested
at IPP Garching to allow any combination of two coils to be
tested in one cryostat. The facilities were successfully tested
using the DEMO coil. 

2.1.3 Coil support structure

The coil support structure consists of ten identical sectors with
a total weight of 72 t which will be joined by screws to span a
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central pentagon. Ten supports carry the structure and provide
the thermal barrier between the cold parts and the machine
foundation. The coil support structure is made from steel plates
and precisely cast steel elements for the coil fixtures. Precise
fitting of the flanges between the sectors without additional
interlayers requires machining to a precision of a few tenths of
a millimetre. 

The coil support structure needs to be kept at the same low
temperature as the coils. For that reason helium-cooling pipes
are fixed to the surface of the structure. To enhance the heat
transfer, both the steel pipes and the contact areas of the
fixtures are copper-plated. The fixtures of the structure are
coated by the same spray technique as used for the coil casings. 

Uniform transmission of the forces at the screw connections
between the coils and the coil support structure is achieved by
epoxy fittings. Samples of epoxy were tested at 7 K by FZK.
After 5,000 pressure cycles of up to 60 MPa the samples failed
only at a static load of 300 MPa. This means that the material
has a safety factor of five against the expected loads in W7-X.

The support elements which carry the coil support structure
have to pass through openings of the outer vessel. To allow for
thermal shrinking of the coil system against the outer vessel
during cool-down, the support elements are equipped with
bellows and gliding bearings. A special mechanism will ensure
self-centring of the structure. The coil support structure is being
manufactured by the Spanish contractor, Equipos Nucleares,
S.A. 

2.1.4 Magnet current supply

The five types of non-planar and two types of planar coils
require seven power supplies which provide direct currents of
up to 20 kA at voltages of less than 30 V. The Swiss contractor,
ABB, selected the concept of twelve-pulse rectifiers to ensure
that the currents will be stabilised to an accuracy of 2x10-3.

Fast and reliable discharge of the superconducting magnets in
case of a quench is realised by a fast circuit which short-circuits
the coils and dumps the magnet energy to nickel resistors.
These resistors feature a high heat capacity and a strong
increase of the resistance with temperature. The switching
voltages can thus be kept low. The results of tests with arc
shoot breakers and a newly developed ignition device were in
accordance with the specification. The proposed control
concept of ABB was accepted, including the detection of
defects in the grounding of the electric circuits. 

A test facility was built at Greifswald to test electrical
components in a magnetic environment of up to 100 mT.

2.1.5 Current leads

Fourteen current leads which are able to carry 20 kA are
required to connect the seven groups of superconducting coils
with the power supplies. A study conducted by the National

High Magnetic Field Laboratory at Tallahassee (USA) showed
that conventional current leads designed for lower than nominal
current, but operated under overload conditions, can be
superior to leads based on high-temperature superconductors,
which were considered as an alternative. The reason for this is
that the magnet system of W7-X is energised to 2.5 T during
only 10 % and to 3 T during only 1 % of the total operation
time. Designing the current leads for lower current reduces the
stationary heat conduction during the long idle current period at
the expense of slightly higher heat loads during peak current
operation. If the cold end of the current lead is allowed to
warm-up during stand-by, the refrigeration power can be
further reduced. Therefore, the lower heat losses of high-
temperature superconducting leads during current operation do
not warrant the development effort and higher investment costs. 

2.1.6 Control coils

Ten copper coils will be installed in the plasma vessel behind
the baffle plates to correct 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. 

Each coil can be supplied with a direct current of 3 kA at a
voltage of 30 V, which can be modulated at frequencies of up
to 20 Hz by a dedicated power supply. Manufacture of the ten
power supplies is nearly completed by the Spanish contractor,
JEMA, and the first units have passed the specified works
acceptance tests.

The basic design for the coils was finished. The coils, with
dimensions of 2x0.3 m2, will be wound with 8 turns of a hollow
copper conductor and cooled by water.

2.2 Cryostat

The cryostat provides the thermal protection of the coil system.
Its main components are the plasma vessel, the outer vessel, the
ports, and the thermal insulation. The German company,
Deggendorfer Werft und Eisenbau GmbH (DWE), is
responsible for manufacturing the plasma vessel and outer
vessel. 

The plasma vessel will be assembled from steel rings bent
precisely to the required shape and carefully welded together to
keep local tolerances of 3 mm. DWE has meanwhile
determined bending edges and radii as well as the shrinkage of
the welds. Water pipes around the outside of the vessel allow
its temperature to be controlled during plasma operation and
for bake-out. Tests for welding the thin-walled steel pipes to the
vessel have started.

Design of the outer vessel is being detailed and envisages
approx. 1,500 openings for ports, manholes, and feedthroughs.
The structural design of the vessel is being checked. The results
are required to design weldseams and the dimensions of
flanges. The fabrication halls and tools for assembly of the
vessels have been prepared.
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Manufacture of the 309 ports is being done by the Swiss
company, Romabau. Comprehensive tests showed that the
material for the ports and bellows satisfies the outgassing
requirements of W7-X. Manufacture of the first ports started at
the end of 2001.

Efficient insulation of the superconducting coils requires
careful reduction of heat conduction and shielding of thermal
radiation by high vacuum and many layers of reflecting metallic
foils. Efficiency of the thermal protection is further improved
by metallic shields which additionally cover all areas which are
at ambient temperature. These shields are kept at temperatures
between 40 K and 70 K by circulating cold helium gas.
Components which penetrate the shields, such as current leads,
helium pipes and supports, need to be individually insulated.
The call for tenders has been issued. 

2.3 In-vessel Components

2.3.1 Divertor engineering 

With respect to plasma interaction three different types of
surfaces can be distinguished in W7-X: The divertor target
plates are hit predominantly by hot particles from the plasma
and have to withstand heat loads of up to 10 MW/m2. Baffles,
which influence the fluxes and density of neutralised particles
in front of the target plates, need to be designed for heat loads
of 0.5 MW/m2. The wall protection of the plasma vessel is
mostly interacting with neutral particles and radiation from the
plasma boundary and has to withstand heat loads of up to
0.2 MW/m2. To control the reflux of impurities to the plasma
all plasma-facing surfaces have to be covered with low-Z
material. For conditioning the target plates, baffles and wall
protection need to be baked at a temperature of 150° C. 

During a symposium international experts reviewed and
discussed the present design of the W7-X divertor. They
confirmed that the first divertor should already be designed for
steady-state cooling since the expected time constants of the
plasma, in particular the time to stabilise the bootstrap current
and the time constant of the target plates, are of the order of
several seconds. It was also agreed to design the first divertor
already for maximum heat load. Because of the difficulties,
experienced during construction of carbon fibre armoured
limiter components for Tore Supra, it was recommended that
the target plates be armoured with a new carbon fibre
composite (CFC) material.

Modelling of the behaviour of the neutral particles in the
boundary layer of the plasma and recycling of impurities near
the divertor needs to be improved by taking into account the
3-dimensional geometry of the plasma boundary.

In summary, the divertor design was confirmed and considered
to be sufficiently detailed to start with procurement of the
components.

A divertor advisory board comprising members of EFDA, Tore
Supra, and the Materials Research Division of IPP was
established to monitor progress and advise the project.

2.3.2 Target plates

Appropriate positioning of target plates relative to the magnetic
field lines allows the particle and energy flows from the plasma
to be controlled. With two target plates per divertor unit, a total
of twenty target plates will be arranged along the plasma
column and cover an area of 30 m2. 

The target plates were designed in detail. The design
considered that the exact position and shape of the target plates
will intercept the particle flow from the plasma along the open
flux bundles at the boundary at a maximum distance from the
confinement region. To keep the local heat load to below
10 MW/m2, 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 was chosen large enough to allow operation
throughout the accessible range of the rotational transform from
5/6 to 5/4.

The ideal shape of the target plates, which has to follow the
3-dimensional boundary of the plasma, is approximated by a
series of planes. Five standardised plane target elements with
dimensions ranging from 55x270 mm2 to 55x500 mm2 are
sufficient to achieve a nearly constant angle of particle
incidence. After assembly of the target elements, the plasma-
facing surface is machined to the required 3-dimensional shape.

Each target element is composed of a water-cooled metallic
support and flat CFC. Prototype target elements using
SEPCARB® N11 were produced in combination with various
heat sink materials. N11 tiles which were either brazed to TZM
(titanium zirconium molybdenum) or welded to a Cu alloy
structural support were successfully tested at heat loads of up to
12 MW/m2. Similar elements using N11 and CuCrZr, which
were manufactured for the Ciel project of Tore Supra, revealed,
however, bonding defects after some time, which were
attributed to excessive stresses in the bond between the support
material and the N11 tiles. The project therefore decided to
manufacture the cooled supports of the W7-X targets from
copper alloy (CuCrZr) and the armour from 7 mm thick tiles of
CFC of a new type NB31. This combination was successfully
tested for ITER. The advantage of NB31 is its higher tensile
stress property and its better heat conductivity perpendicular to
the tile surface Alternatively to brazing, bonding of the CFC
tiles to the copper support can be accomplished by first
applying a thin layer of copper to the tile (Active Metal Casting
technique, patented by Plansee AG) and welding this layer to
the support by an electron beam. The good heat conductivity of
the copper alloy helps to keep the temperature of the divertor
well below the tolerable limit of 1200° C. To enhance heat
transfer to the cooling water by turbulence, the cooling
channels are equipped with a twisted tape. 

The call for tenders for the target plates started at the end of
2001. Due to the long delivery time of NB31 this material was
ordered in advance from the French company, SNECMA. 

To avoid misalignment of in-vessel components due to thermal
expansion or contraction of the plasma vessel, the temperature
of the plasma vessel will be stabilised by a water-cooling loop. 
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2.3.3 Baffle and wall

Baffles are installed in front of the target plates to enhance the
concentration and improve pumping of the neutral particle
fluxes. These baffles span a total area of 30 m2 and will be
covered by flat graphite tiles of approx. 150x100 mm2. These
tiles are clamped to water-cooled support structures made of
copper alloy CuCrZr. Tubes which are brazed to cooling
structures to get high cooling efficiency are used for the baffle
and the highest-loaded parts of the wall elements. Prototypes of
such elements were tested in the FIWATKA device at FZK.
Sufficient heat transfer between the tiles and the support was
achieved by fixing the tiles with TZM screws, Inconel washers,
and a thin, flexible graphite interlayer. Exposure of the samples
to stationary heat fluxes of up to 500 kW/m2 and 500 cycles of
400 kW/m2 lasting 200 s showed that the target value for the
heat transfer of 2000 W/m2K was achieved. Meanwhile the
design has been further detailed to start call for tenders.

The wall of the plasma vessel spans a total area of approx.
120 m2. Two concepts will be used to provide protection of the
plasma vessel: At critical areas where the distance between the
plasma boundary and the wall is small the concept of clamped
tiles as developed for the baffles will be applied. For the major
part of the area, covering 70 m2, a panel concept with an
integrated cooling loop and a surface coating of B4C is
preferred. This approach allows us to reduce the number of tiles
and the carbon inventory and simplify mounting within the
plasma vessel. The arrangement of the different types of
plasma-facing components of one module is shown in Fig. 2.

A design study showed that the complicated surface of the
plasma vessel can be approximated by cylinder segments of
different radii, which further simplifies production. A single
embossed prototype made of stainless steel with an area of
approx. 200x600 mm2 with representative curvature was built
by industry to the required accuracy. 

B4C is to be applied to the stainless-steel panels by the vacuum
plasma spray technique. The Materials Research Division of
IPP analysed the physical properties of several samples. Layers
with a thickness between 0.2 mm and 0.5 mm were applied to
stainless-steel samples and showed a smooth surface, good
homogeneity and adherence under thermal loads, as well as
sufficient heat conductivity and electrical resistivity (see
section "Plasma-facing Materials and Components" for further
details).

During a symposium experience at IPP, FZJ, and FZK on B4C
coating was exchanged. Arcing observed at limiter elements in
TEXTOR was not considered critical to W7-X due to the larger
distance of the wall from the plasma. The compatibility of the
low electrical conductivity of B4C with glow discharge
conditioning still has to be investigated in more detail. 

Removal of a maximum heating power of 15 MW from the
divertor and the wall requires a water flow of 2750 m3/h. The
water cooling of each divertor unit is divided into several
circuits which can be independently controlled to allow
economic distribution of the cooling water. The pressure in the
water cycle will be kept above 10 bar to avoid boiling. Process
design of the water cycles and routing of the pipes inside the
cryostat as well as in the torus hall were continued.

2.3.4  Pumping

Vacuum pumps are required to evacuate the plasma vessel to a
level of less than 10-8 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. Additional cryo-pumps allow the pumping capacity to
be increased during high-density plasma discharges. In such
cases particle fluxes of 5x1021 s-1 have to be handled at
pressures of about 10-3 mbar.

Turbomolecular pumps (TMP) will be connected to the
10 divertors in series with Roots and rotary pumps and will
provide an effective pumping speed of 4200 l/s for H2. The
degraded performance of turbomolecular pumps in magnetic
fields above approx. 5 mT made detailed examination of their
positioning necessary. 

The cryo-pumps will be designed for a total pumping capacity
of 150,000 l/s in 2 hours.

2.3.5 Divertor diagnostics

The diagnostics required to operate and protect the divertor are
designed by the Plasma Diagnostics Division, Berlin. The
diagnostics include instruments for target thermography and
thermometry, water flow control, and measurement of thermo-
currents. 

Other methods such as remote microscopy and analysis of
acoustic emission from the target elements were tested but
FIG. 2: Arrangement of the plasma-facing components
using CFC (dark grey), graphite (middle grey) and B4C (light
grey)
turned out to be not sensitive enough to diagnose potential
target erosion. Supplementary diagnostics will be used to
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provide physical data on the plasma boundary and interacting
areas. They are described in detail in the section "Diagnostics
for W7-X".

The thermography system will consist of 10 uncooled
microbolometer cameras which can inspect all ten horizontal
and vertical divertor targets in the wavelength range from 8 to
15 µm. Supervision of the whole target area requires a viewing
angle of 107° of the camera optics. CAD studies have shown
that this can be achieved with the optics being placed in either
the F or B port. The infrared light will be transmitted through
endoscopes and an optics with 24 lenses made from ZnSe or
ZnS. 

The proposed concept of cooling-water control requires
analysis of signals from about 100 flow meters and some 2,000
Pt100 temperature sensors within cycle times of 1 s. A PROFI
bus system (SIMATIC) for real-time data processing was
constructed and connected to an ET200S field bus system and a
PC running WinCC. In order to store signals, sufficiently fast
cycles with data block transfer are considered. Knowledge of
the time required to transmit and process these data blocks
allows to estimate the time needed to process all measured data
with the system now in use. As a result of the data analysis the
power to individual divertors and the total power absorbed will
be visualised on a PC. 

Experiments to investigate the electric currents to the target
plates were continued and showed that the water-cooling pipes
to the target plates have sufficiently high resistance for use as
shunt resistors. Final layout of this diagnostic depends on the
detailed design of the target plates and their electrical
insulation. 

2.4 System Control

The W7-X experiment will be controlled by a master control
system with local controllers for all subsystems such as
magnets, cryogenics, heating systems, diagnostics, and data
acquisition. The local controllers will run automatically
according to predefined routines and parameters, which will be
set from the master control system whenever the units have to
operate together. In order to structure operation of the
experiment, machine, and related subsystems, all periods of
operation will be divided into segments of variable duration. A
"segment programme" defines the operational rules and
parameters which determine the state and activity of each unit
in use. 

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 real-time
operating system. Real-time information such as measured
values will be shared between all units using a switched
Ethernet. A network protocol has been developed which copies
selected data structures from any computer which acts as data
source into any other computer or PLC which is connected to
the network and activated to receive these data.

Work on the software required for segment control was
continued. This includes the technology of switching between
segment control objects within the control units and accessing a
central SQL data base from the VxWorks control units. A clear
structure of the software making maximum use of common
modules for the many computers required was defined. It will
be further developed and a documented version will be
controlled with the programmes SniFF+ and CVS.

A prototype of the TTE cards which provides trigger, time and
event handling for each unit and which was developed in co-
operation with the university of Rostock was manufactured and
is being tested. A specification for the central TTE unit was
prepared.

2.5 W7-X Assembly

Basically, assembly of the stellarator is performed by joining
five prefabricated modules to a torus. Each module is
composed of two half-modules which are mirror-symmetric to
each other. 

A paramount prerequisite for proper confinement of the plasma
is exact fivefold symmetry of the magnetic field. As a
consequence, errors in the shape of individual coils or
deviations from their ideal position which break the symmetry
must be smaller than 0.1 mm on a scale of one metre. Such
small tolerances require high precision during manufacture of
the components and assembly. Measurement and control of the
positions of the major components to the required accuracy will
be performed by computer-controlled theodolites and a laser
tracker. The reference points in the assembly hall and
appropriate measuring marks were defined with the support of
the University of Applied Sciences at Neubrandenburg.

Studies were performed to avoid collisions between the
complicatedly shaped components during assembly and to
support the detail design of various handling devices.

Ultimate alignment and stiffness of the plasma vessel and the
coil system will be achieved only after closing the torus. To
keep the precise shape and alignment of these components
during handling, assembly, and transport, several temporary
supports were defined and designed.

The assembly sequence starts with pre-mounting and adjusting
the coils of one half-module and preparing the inter-coil
supports. Next the coils are strung across the plasma vessel.
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 innermost coil to be strung across the
vessel. 

Next, the vessel is welded together, and part of the thermal
insulation is mounted. A special handling tool was built and
delivered by the German company, RST, to move and rotate the
non-planar coils with masses of up to 6 t precisely according to
the calculated path (see Fig. 3). A second coil-handling tool is
required to handle the planar coils. Two assembly stands were
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ordered from the Austrian company, Siempelkamp
Nukleartechnik, to allow assembly of the half-modules.

Two half-modules are joined in a further mounting stand
fabricated and delivered by the German company, AKB.
Hydraulic cylinders allow precise alignment of the half-
modules in three directions. The sectors of the coil support
structure are bolted, the plasma vessel is welded, and electric
bus and cooling lines are connected. Design of the electric bus
was started. The design has to consider a bifilar routing of the
conductor to avoid disturbance of the magnetic configuration,
electric insulation against 13 kV, assembly of approx. 300
disconnectable low-resistance joints, and numerous mechanical
supports. Tests of detachable electric joints have started at CEA
Saclay.

After assembly of the modules the units are moved into the
torus hall and lifted into the insulated lower half of the outer
vessel. After integration of supports, the outer vessel is closed
and some sixty ports and the in-vessel components are
installed. Design of a device for module integration and
assembly of the torus has started. Steel structures with a mass
of about 55 t each and hydraulic actuators are used to move and
align the modules with masses of 145 t on a steel ring resting
on five supports. 

After connection of the coil support structure is complete, the
plasma vessel and the outer vessel are closed by welds. Finally,
all temporary supports are removed, some remaining ports are
mounted, the thermal insulation is completed, and the final bus
connections are made. 

Design of the distribution of the cooling water and helium
started and has to consider routing of some 20 km of cryogenic
and water pipes, with diameters of up to 600 mm, and
installation of some 750 valves.

The high-quality requirements resulting from the accuracy of
the magnetic field, low-temperature operation, and cleanness of
the plasma-facing components call for stringent quality control
after every step of assembly. Dedicated techniques which
consider the restricted accessibility and complicated shape of
the components tested are being developed. 

3. HEATING SYSTEMS

3.1 Electron Cyclotron Resonance Heating

The electron cyclotron resonance heating (ECRH) system is
being developed and built by FZK as a joint project with IPP,
IPF Stuttgart, and CRPP Lausanne. The ‘Projekt
Mikrowellenheizung für W7-X’ (PMW) at FZK co-ordinates
all engineering and scientific activities in the laboratories and
in industry. 

ECRH is the main heating system in the first operation phase
with 10 MW steady-state heating power at 140 GHz. Ten
gyrotrons with 1 MW each will provide the required microwave
power. A European R&D programme for the development of
the W7-X gyrotrons was launched in 1998 as a joint effort of
European industry, FZK, IPP, IPF, and CRPP Lausanne.

The first prototype (‘Maquette’) provided by the French
company, Thales, was tested at FZK. A maximum RF output
power of 1.15 MW was measured during short pulses of
1.5 ms. Operating the tube with a collector voltage depression
of up to 33 kV recovered energy and increased the output
efficiency to almost 50 %. At the beginning arcing in the RF
load limited the pulse length to about 5 s at power levels of
840 kW. After improvement of the internal optics of the
dummy load the arcing was shifted beyond 1 MW and an
output power of 1 MW could be obtained during a pulse length
of 10 s with an efficiency of almost 50 %. Pulse lengths were
set to 45 s with 0.89 MW, 100 s with 0.74 MW, 140 s with
0.64 MW, and 180 s with 0.47 MW of output power. The
pressure increase in the tube caused by outgassing, however,
indicated that the pulse lengths were near the expected limits.
Video images of the diamond window of the gyrotron showed
light emission with a star-like spot distribution. Since these
spots were detected only on the vacuum side of the disk, they
were not considered dangerous for operation of the gyrotron.
After completion of the tests the tube was sent back to the
manufacturer. Visual inspection after dismantling showed a
damaged collector and some melted spots in the mirror box,
which could be explained by sweeping the magnets at a too low
frequency or operating the gyrotron in wrong modes. Design
was modified to improve the cooling, increase the absorption
surface for the stray radiation, and add a relief window. These
design changes are being implemented in the prototype tube.
The Maquette tube was reassembled and is now used at FZK to
optimise the behaviour of the long-pulse RF load. 

IPF Stuttgart is responsible for the entire transmission system
as well as the ECRH-specific HV system. After successful low-
power testing of the prototype transmission line, work in 2001

FIG. 3: Coil- handling unit during tests using a coil dummy
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concentrated on detailed design and specification of the
mirrors. Two prototypes for the multi-beam mirrors were built
and passed the acceptance test. The diameter of the cooling
channels varies across the surface of the mirror and thus allows
the local cooling to be matched to the Gaussian distribution of
the power deposition on the mirror. 

The temperature distribution of one of the cooling channels
during a simulation with hot water and using thermography is
shown in Fig. 4.

Several fabrication contracts were placed, and a large number
of components, e.g. supports for the matching optics and the
multi-beam mirrors, mirror substrates, and polarizers were
delivered. Beam and power monitors and a calorimeter are
being designed. Work on the final version of the acceleration
voltage supply with modulator, cathode heater, and protection
system was continued at IPF. A prototype of this HV
equipment was extensively tested on the test stand at FZK. At
Greifswald the HV cabins for the gyrotrons were built, and
installation of the cables is under way. Several mirror supports

and the main water-cooling system for the transmission line and
dummy loads were installed in the transmission duct.

RF background radiation at W7-X introduces additional heat
load to the first wall, plasma-facing components, and
plasma-exposed diagnostic parts. During particular heating
scenarios some areas in the neighbourhood of the launching
ports will be exposed to directed RF radiation. Samples of
tungsten-covered graphite tiles were examined by the Materials
Research Division of IPP and IPF to study their microwave
properties. This kind of material is a good candidate for the
inner-wall microwave reflectors due to its low microwave
absorption. A low microwave absorption was also found for

molybdenum alloys, which are candidates for in-vessel
structures.

The collaboration with CNR-Milano on experimental and
theoretical investigations of non-absorbed ECRH stray
radiation was continued. Due to their similar geometry the
experimental results from W7-AS can be transferred to W7-X.
Results from the experiments in W7-AS were used to
benchmark the code modelling, thus improving the accuracy of
the predictions on the expected radiation levels for W7-X.

3.2 Ion Cyclotron Resonance Heating

In view of the good results with ion resonance heating (ICRH)
on W7-AS and on LHD a steady-state operating system is
planned for W7-X. A frequency range of 25 to 76 MHz will, at
different magnetic fields, allow 3He and H minority heating in
D plasmas, mode conversion heating in H/D mixtures, and
second-harmonic heating of hydrogen. The system is to deliver
a RF power of 2x2 MW using two double-loop antennas.
Steady-state heating requires further development of the
antennas, generators, RF transmission lines, and impedance-
matching systems.

The layout of the ICRH system has been worked out in more
detail. The antennas are located on either side of the kidney-
shaped symmetry plane of the plasma. They are radially
movable to facilitate launching of the RF power into differently
shaped plasmas. Basic design principles of the antennas and a
mechanism for installation and radial movement were
developed.

Specification of a RF generator which would also satisfy the
requirements of ITER and Tore Supra is being worked out in
co-operation with other European ICRH groups. This approach
helps to reduce the cost of upgrading the existing generator
technology to steady-state operation.

A ferrite system matches the antenna impedance to the
generator impedance for load variations slower than 0.1 ms.
Such a system is now being developed and will be tested at
ASDEX Upgrade. For faster load variations, e.g. during ELMs,
the generators are passively protected by 3 dB couplers.

Active cooling of the coaxial transmission lines and other
components has to be developed for steady-state operation.
With a transmission line resonator designed for the ICRH test
bed at Garching the 50 kW steady-state capability of an
ASDEX Upgrade generator is sufficient to achieve locally the
high voltages and currents occurring during full power
operation in W7-X. Technologies for active cooling of
components, movable contacts, and ceramic spacers can thus be
tested. 

3.3 Neutral Beam Injection 

Neutral beam injection (NBI) is planned in W7-X for bulk
heating of the plasma in the high-density, high-ß regime. A
neutral beam power of up to 20 MW will be available using

FIG. 4: Thermographic picture of the cooling channels of a
Multi-Beam-Waveguide (MBWG) mirror. The channels are
embedded in a SS-Cu sandwich
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100 kV deuterium injection. This power will be available in
two stages. Stage I, which is fully approved by EURATOM and
is now being realised, comprises two injector boxes of the
ASDEX Upgrade type with one neutral beam source each. This
system will deliver up to 5 MW for 10 s using 60 keV
deuterium injection. During Stage II the system is to be
upgraded to 20 MW for 15 s by adding three more beam
sources in each beam injector box and replacing the titanium
evaporator pumps with cryo-pumps. The phase II application
for preferential support has been submitted to EURATOM and
is waiting for approval. 

4. AUXILIARY SYSTEMS

4.1 Refrigeration System

The helium refrigeration system comprises a powerful helium
refrigerator, a plant for helium purification, a subcooler, vessels
for the storage of liquid and gaseous helium as well as for
liquid nitrogen, cryogenic distribution boxes, and transfer lines
between the refrigerator hall and stellarator. 

The storage vessels for pure helium gas with a volume of
1000 m³ and the reservoirs for liquid helium and liquid nitrogen
with capacities of 10,000 l and 30,000 l resp. were delivered
and accepted.

The refrigeration concept was refined, taking into account the
increased cooling requirements of the coil casings. Since the
current leads are major consumers of refrigeration power
during magnet operation, they are supplied directly from the
liquid-helium storage reservoir. Peak withdrawal will be
replenished overnight, which allows economic operation of the
refrigerator.

Design of the coolant distribution within the cryostat was
detailed and the interfaces between the refrigerator and the
components were defined. A worst-case failure analysis showed
that in case of a quench a total of 500 kg of helium could be
expelled at a rate of up to 80 kg/s. 

4.2 Gas Supply and Wall Conditioning

The gas supply for plasma discharges was built and installed by
the German company, INTEGA. It allows local, remote, and
automated controlled supply of the gases hydrogen, deuterium,
helium, nitrogen, methane, and mixtures thereof. In addition
diborane or silane mixtures can be provided for wall coating.
Safety of the system is ensured by continuously venting the gas
cabinets, by interlocks, and by safety alarms. To vent the
plasma vessel after the experiments a high-purity nitrogen gas
supply was built.

W7-X will ultimately require a method of cleaning the plasma
vessel which works in a steady-state magnetic field. Although
glow discharge cleaning is not compatible with magnet fields,
its use during shutdown of the magnet system is for the time

being the only practicable method known. Experiments were
run in the DEMO cryostat for the purpose of optimising the
electrode geometry and discharge conditions. Tests with rod-
shaped steel anodes mounted along the wall at a distance of a
few centimetres allowed discharge breakdown without auxiliary
ignitors and stable macroscopic discharges in the whole
volume. It was observed that the discharge current oscillates
with high amplitude at a frequency of a few 10 kHz. This
phenomenon is also observed in other experiments but is not
yet understood. Proper grounding and filtering will protect the
power supply and reduce electromagnetic interference with
other electronic systems in the vicinity of the machine.

The high-voltage anodes must resist the heat load during glow
discharges and the radiation from steady-state plasma
discharges. Graphite anodes which would resist these loads at
high temperatures are technically feasible. It has to be checked
whether the radiation emitted by the glowing anode is a serious
disturbance for certain diagnostics. If necessary, water-cooled
anodes need to be developed.

4.3 HV Power Supply

The power requirements of W7-X 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
ECR, ICR, and NBI heating systems will be supplied with DC
power spanning the ranges 50-160 A and 18-130 kV. Ten
modules are required to supply the heating units. They can be
operated either in series to deliver high voltage or in parallel to
deliver high currents. In a first step, eight modules using the
advanced pulse step modulation (PSM) technique were ordered
from the Thales/Siemens consortium.

Work in 2001 concentrated on the installation of the complete
high-voltage switch-gear distribution, the load for full power
tests, the control system, and the first two modules of the power
supply. Commissioning started in autumn. Almost all
parameters have met the specification. The overvoltage after
fast turn-on and the ripple were larger than specified and need
to be improved.
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1. OVERVIEW
On the basis of the generally accepted set of diagnostics for
W7-X which has been discussed in detail with the International
Diagnostics Advisory Board, the project’s work concentrated on
feasibility studies and on detailed front-end design especially of
those diagnostics which share a common port and those to be
integrated into cryostat or vessel components of W7-X. This
work, carried out and conducted in the technically oriented
group of the project, has almost been completed. Infrastructure
requirements concerning vacuum, power, cooling etc. are being
defined now. Concerning the scientifically oriented nine expert
subgroups of the project, the Annual Report 2000 gave a
concentrated summary of all diagnostics envisaged. In this
present brief summary, progress and new developments of
individual diagnostics are reported.

In various fields international collaborations are being
established, contracts are being prepared.

2. STATUS REPORTS OF SUBGROUPS
2.1 Fluctuations
The emphasis in the preparation of the W7-X fluctuation
programme was in collecting reference data on W7-AS and
continuing the development and testing of a number of
fluctuation diagnostics, specifically fast-swept Langmuir probes
for the simultaneous measurement of density, electron
temperature and plasma potential fluctuations in the plasma

edge, a 2D-resolving ECE system for the spatially resolved
investigation of electron temperature fluctuations in the core, a
Doppler-reflectometer for poloidal velocity measurements, two-
dimensional beam emission spectroscopy measurements on a
fast Li-beam in collaboration with KFKI-RMKI, Budapest and
a CO2 laser collective scattering system in collaboration with
Risø National Laboratory, the last two for the observation of
density fluctuations in the edge and in the core, respectively.

2.2 Plasma Edge
Activities continued to specify the individual diagnostic‘s
viewing lines and to define and to design in more detail
necessary breaks through baffle and target elements of the
divertor. Of importance in this context is a probe manipulator.
Design studies of such a device have been started.

It is planned to make those target elements of the divertor
which need diagnostic instrumentation replacable. In a later
stage these elements can then be substituted by elements which
are removable without braking the vacuum. They will be
separately cooled and equipped with, for example, probe arrays
or nozzles for atomic beams etc., adapted to special diagnostic
needs.

2.3 Microwave Diagnostics
Diagnostics in the mm, sub-mm and IR wavelength regions are
proposed. Work concentrated on the development of the
laboratory version of a single channel proptotype interferometer
with vibration compensation. The system uses simultaneously
two lasers in the infrared and the visible spectral regions
respectively. The system operates in a heterodyne detection
scheme. Since it is envisaged to install a ten-channel system at
W7-X, sightlines through the plasma must be defined. In
collaboration with the Technical University Helsinki a
theoretical model is being developed to elaborate the optimum
sightlines with respect to spatial resolution obtainable from
Abel inversion particularly in the edge region of the density
profile. In addition the development of new fluctuation
diagnostic techniques in the fields of Doppler-reflectometry and
2D-ECE correlation radiometry continued at W7-AS.
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2.4 Charge Exchange Diagnostics
To diagnose the local energy spectra of plasma ions, 5 neutral
particle energy analyzers will be operated together with a
neutral beam injector. 24-channel E//B analyzers are being
developed in collaboration with the Ioffe-Institute, St.
Petersburg. R&D work was started at the Budker-Institute of
Nuclear Physics, Novosibirsk with the aim to develop the
diagnostic injector and all and its subsidiary components.

2.5 Spectroscopy
The spatial requirements of the individual spectroscopic
diagnostics have been estimated and their compatibility in
shared ports investigated in detail. First contracts have been
placed to investigate possible optical designs for divertor
observation endoscopes. The detailed technical specifications
required for an international tender of a double SPRED and a
compact flat-field grazing incidence spectrometer system have
been completed so that the tender procedure can be initiated
early in 2002. Newly developed bolometer electronics for W7-X
have been tested on W7-AS. A prototype of the planned 2D
interference filter based divertor observation systems installed
on W7-AS has been found to be adequate. For a single line of
sight, a dual channel system of the proposed bremsstrahlung-
based Zeff-profile diagnostic has been constructed and installed
for testing on W7-AS. First results are promising while a
detailed investigation of the concept will be performed in 2002.
The suitability of a Li-beam as a source for edge CXRS
measurements of the ion temperature, the impurity density and
their velocity on W7-X was successfully demonstrated on W7-
AS by a newly installed multi-channel observation system.

2.6 Thomson Scattering
Work concentrated on the bulk and on the edge Thomson
scattering systems proposed. The scattering geometry at W7-X
has been fixed. Contrary to an earlier proposal, the laser beam
line and the observation sightline of the edge scattering system
have been exchanged to reduce the demand on divertor break
throughs. Design studies have been carried out to define in
more detail the laser beam imaging system for guiding the laser
beams from the peripheral diagnostic hall to the ports
envisaged. In addition studies at W7-AS are continued with
remote beam position recognition and alignement control. At
W7-AS good progress was achieved with the high resolution
edge scattering system employing CCD-cameras as preparatory
work for the dedicated systems for W7-X.

2.7 Soft X-Ray and Electromagnetic Diagnostics
Detailed design studies have been started for the soft X-ray
cameras to be installed inside the vacuum vessel as well as first
tests of detectors, vacuum feedthroughs and different
mechanical components.

The induction loops forming the set of electromagnetic
diagnostics have been designed in more detail, in particular the

saddle coils and toroidal flux loops with most complex
geometry. The paths and positions have been defined applying a
specially developed software tool which includes W7-X
magnetic field and vessel geometry. In this way optimal
conductor geometry could be determined under the constraints of
circumventing portholes in the vessel surface, meeting other
optimization criteria as well, such as being as close as possible
to given current filaments in the plasma.

2.8 Heavy Ion Beam Probe
The heavy ion beam probe is capable of measuring the local
plasma potential and is therefore of great importance for W7-X
transport studies. A primary beam of singly ionized gold with a
maximum energy of 3 MeV is being considered. The accelerator
can be installed outside the W7-X experimental hall. A beam
line between the place of installation and W7-X has been
designed and beam trajectories re-calculated within the vacuum
vessel to study its compatibility with the divertor baffles.

2.9 Fusion Product Diagnostics
It was decided to concentrate on the development of 6 neutron
detectors to be installed around the torus for total yield
measurements. For detector design purposes calculations of the
plasma as a neutron source under various heating scenarios as
well as neutron fluxes and neutron transport calculatiuons in
the experimental hall and the near counter positions will be
performed. All work will be done in close collaboration with
the Alfven Lab Stockholm and the PTB Braunschweig.

3. TECHNICAL COORDINATION
Before fixing the large number of proposals of the full
diagnostic set for W7-X, detailed feasibility studies and front-
end design investigations have been carried out. For this
purpose CAD-drawings of the estimated outer envelopes of the
different diagnostics were created and integrated into the port‘s
design. Also place holders marking the spatial requirements
behind the ports outside the vessel have been designed and
included in the overall CAD-model of the machine. The set of
place holders was employed to check their mutual compatibility
and also the compatibility with subsidiary components of the
machine. These checks so far include the divertor, the divertor
cooling conduit as well as the plasma chamber lining.
Necessary changes were initiated. The infrastructure for the W7-
X diagnostics was further prepared by aiding the installation of
cranes. In addition the definition and the design of a gas exhaust
system to be installed in the experimental hall was started.
Preparatory work begun to define the electrical grounding
concept at the experiment and in the peripheral rooms. This
concept includes also the definition of the electrical power lines
for  the diagnostics electronics and the data acquisiton hardware.
Closely related to these subjects is the discussion which has
been started on the necessary  emergency and safety systems for
the planned diagnostic installations.
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1. INTRODUCTION

In 2001, the work of the Stellarator Theory Division was
concentrated on widening the scope of the theoretical work at
the Greifswald Branch Institute /4, 795/ and on further
development of the stellarator concept /732/, notably for quasi-
axisymmetric /302, 323/ and quasi-isodynamic configurations
/701/.

2. CONFIGURATION STUDIES

3-period stellarators of the quasi-isodynamic and quasi-
axisymmetric types were optimized with respect to a set of
physics objectives with the help of computational tools more
complete than those that had been available for the Wendelstein
7-X optimization. Fig. 1 shows a comparison between two
such configurations20).

                                                
1)Chalmers University Göteborg, 2)CRPP&EPFL, 3)Columbia
University, 4)New York University, 5)FZ Jülich, 6)NIFS, 7)Kurchatov
Institute, 8)KFKI Budapest, 9)Institute for Nuclear Research Kiev,
10)Universität Innsbruck, 11)IESL FORTH Kreta, 12)Universität
Joensuu, 13)INRS Varennes, 14)PPPL, 15)Keio University Yokohama,
16)LLNL, 17)State Technical University St. Petersburg, 18)Universität
Thessaloniki, 19)Institute of Plasma Physics and Laser Microfusion
Warsaw, 20) contributions to ISW 2001/2002 Canberra

FIG. 1: Flux surface cross-sections of two 3-period
stellarators: qi (top), qa (bottom). Shown are sections at the
beginning, quarter of and half period. The scale has been
chosen as the size of W7-X (R = 5.5m), the corresponding
volumes are about 102 m3.

3. IDEAL MHD STABILITY

In 2001, the 3D global ideal MHD stability code CAS3D
/297, 410, 298, 168, 683/ has further been generalized to offer

a response version 20).

FIG. 2: Peaks indicate global eigenmodes of a high-_ high-
mirror W7-X-type equilibrium: TAEs (toroidicity-induced), and
HAEs (helicity-induced) with one or no radial nodes and
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dominant toroidal Fourier indices of  to the N = 1 mode
family.

Now, the MHD spectrum of 3D equilibria may be studied in a
more comfortable way, with the stable, global free-boundary
eigenmodes being indicated by peaks in an appropriately
chosen measure when performing a frequency scan.

5. MHD-STABILITY WITH KINETIC
EFFECTS

Recently, a kinetic energy integral was constructed from the
solution of the drift kinetic equation in three-dimensional
geometry assuming zero radial orbit width.21) This integral is
formally similar to the MHD energy principle and allows a
perturbative determination of growth rates and frequency shifts
with MHD eigenmodes. The three-dimensional ideal MHD
stability code CAS3D has been extended to include kinetic
effects of hot particles using this theory. The particle orbits
have been integrated along field lines using a Fourier transform
technique in which particle drifts are approximated as bounce
averaged drifts. The code keeps track of all possible orbits in
this approximation and retains the complete field strength
structure. Good agreement between the local approximation
from the CAS3D3K code and analytical tokamak result has
been found for the Landau damping rate (all drifts are
neglected). The comparison with the NOVA-K code is shown
in Fig. 3. The KIN-2DEM code includes gyrokinetic effects
and  therefore yields smaller growth rates /651/.
FIG. 3: Benchmark of growth rate and frequency shift for a

circular tokamak with A = 4.4, _pol-fast = 1 and a Maxwellian
distribution with T(_) = const  and n(_) = n0  exp(-11_).

5. INFLUENCE OF KINETIC ELECTRONS
ON ION-TEMPERATURE-GRADIENT
(ITG) DRIVEN INSTABILITIES

ITG driven instabilities are likely to be one main mechanism
to drive turbulence leading to transport in magnetic confined
plasmas. For tokamaks, it is found that the growth of these
modes is increased by the influence of trapped electrons due to
the bad curvature on the outer side of the torus where they  are
located. In W7-X, their influence on the ITG modes is expected
to be smaller than in a tokamak, because most reflected
particles are located in smaller curvature regions.
The influence of the trapped electrons has initially been
investigated in the configuration of a bumpy pinch as a
simplified but reasonable model. The linear gyrokinetic
particle-in-cell (PIC) code GYGLES (CRPP) for ITG modes in
tokamak configurations22) and modified for the bumpy pinch

                                                
21) A. Könies, Phys. Plasmas 7, 1139 (2000)
22) M. Fivaz et al. Computer Comm. 111, 27 (1998)

configuration at IPP23) has been modified by substituting the
adiabatic response of the electrons by their gyrokinetic
treatment. First test calculations lead to two results: For a
straight _ pinch configuration, the results show a convergence
to the results obtained with adiabatic electrons when the mass
of the marker electrons is decreased sufficiently.
For a bumpy cylinder with a spatial variation of the magnetic
field  comparable to that of W7-X, the increase of the growth
rate of the ITG modes due to the trapped electrons is much less
than that found for typical tokamaks.

6. DRIFT WAVES IN STELLARATORS

The formerly developed global eigenvalue code for linear
resistive electrostatic drift instabilities in general geometry was
applied to a  sequence of _ = 1,2 stellarators with aspect ratio
A = 10, five field periods and ellipticity _ = 0.3. The sequence
parameter _ is a measure for the excursion of the magnetic axis
out of the plane. In the pure _ = 2 case the most unstable mode
shows a dominant toroidal ballooning structure modified by
tiny helical variations and large radial structures /199/.
Increasing _ up to 0.5 leads to a slight variation of the
growthrate, decreasing toroidal ballooning and a build up of a
small scale radial structure.  For  _ = 0.6 a mode which shows
nearly no toroidal ballooning becomes dominant.

FIG. 4: Mode amplitude for the mode with poloidal
wavenumber MP=5000 in the _-_-plane, _= 0.6.

7. FREE BOUNDARY EQUILIBRIUM
CALCULATIONS

Computation of 3D MHD equilibria for W7-X was pursued
using the PIES code. The method of interfacing PIES to initial
equilibria obtained with VMEC was applied, with an extended
domain used in the VMEC computation providing extra
clearance between the plasma boundary and the edge of the
computation domain during the PIES calculation. These PIES
calculations were taken to values of <_> up to 3%. An
extension code was written to compute the magnetic field
beyond the PIES computation domain. This allows
investigation of the _ = 5/5 islands without having to include
the corresponding region in the computation domain of PIES.

FIG. 5: Upper half of Poincaré plot for a free-boundary W7-X
equilibrium at the triangle shaped cross section.
                                                
23) R. Hatzky et al. Eur. Conf. Abstr. 22C, 1804 (1998)
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8. PLASMA EDGE THEORY

8.1         3D Edge Modelling

The 3D SOL transport code BoRiS was extended to solve /41,
826/, in addition to the electron and ion heat equation, the
equations for the parallel momentum and the plasma density.
In implementing the new equations, several tests were
performed in different geometries from simple slabs to full 3D
setups.
Fig. 6 shows the results for a simple 1D test case which was
benchmarked against UEDGE and B2. At the left, the
following boundary conditions were used: Te = Ti = 100 eV, ni

= 1019 m-3, up = 0.01 sound speed. At the right, sheath
conditions were assumed. While the temperatures show little
variation, the parallel velocity approaches sound velocity being
accompanied with a drop of plasma density by two orders of
magnitude.

Fig. 6: Electron and ion temperatures along the magnetic field
(top). The plasma density drops as the parallel ion velocity
approaches sound speed (bottom).

In parallel to the development of the full 3D code, existing 2D
codes are used to test numerical techniques suitable and
necessary also for the 3D problem. Here, the B2-solps6.0 edge
plasma multifluid code was developped. All equations are now
solved for cell-centered grids (no longer using a staggered grid
for the velocities) /58, 508/. By this, automatic local grid
refinement is made possible. In contrast to experience with
simplified problems solving only a single equation, the benefit
of this for the complete set of equations (heat equations,
continuity equation, momentum equations, potential equation)
is not a large reduction in grid size (because the different
equations have quite different locations of gradients requiring
refinement) but an improved numerical stability.
To extend the transport models to ergodic configurations two
different methods are used. The first model solves the transport
equations with Monte-Carlo techniques making use of
mappings. This code was benchmarked in a 2D-case with
BoRiS and a standard-solver from NAG for the solution of the
electron heat equation /763/. Successful applications to

TEXTOR-DED /336, 762/ and core transport barriers /617/
were done.
As an alternative ansatz a finite-difference discretization of the
transport equations on a custom-tailored grid is used. This grid
is generated by field-line tracing to guarantee an exact
discretization of the dominant parallel transport (thus
minimizing the numerical diffusion problem). The
perpendicular fluxes are then interpolated on a 2-D plane (using
local orthogonal coordinates), where the interpolation problem
for a quasi-isotropic problem has to be solved. First successful
tests on 3D slab geometries for the solution of the electron heat
equation were performed.

8.2 Pellet Modelling

Numerous scenario calculations were performed for pellet-
fuelled tokamak discharges of ASDEX-Upgrade. The measured
pellet penetration depths were reproduced, both for LFS and
HFS injection scenarios, within the error bars of the
experimental data, by means of a single code and by ignoring
the existence of possible grad(B)-caused drift effects /402/. The
results indicate that, in the cases considered, the penetration
depths were not affected by the grad(B)-induced drift of the
pellet cloud. Apparently the drift trajectories of the ionized
pellet particles did not  interfere with the path of the injected
pellets. The same code was used also for the stellarator W7-
AS. Assuming Maxwellian energy distributions for the
recipient (background ) plasma particles, the measured
penetration depths for the majority of the discharges considered
were reproduced. In a number of cases, a distinct difference was
observed between the calculated and measured penetration
depths: the calculated ones being notably larger than the
observed ones. In agreement with experimental hints, adding a
small number of super-thermal electrons (approximately 1%,
with energies of 15 to 20 keV) in the code to the peripheral
region of the plasma reduced substantially the discrepancy
between the calculated and measured penetration depths.

8.3 Plasma Surface Interaction

Modelling of ECR-heated methane plasmas is done to get a
better understanding in the problem of carbon layer production
and chemical sputtering in such plasmas, which serve as a
model system of divertor plasmas being dominated by carbon
sputtering, especially at detached conditions. A hierarchy of
models is applied starting with 0-D particle balance rate
equations (accounting for 171 reactions) and representing
already quite well experimental observations. Improved
understanding is hoped to be reached by using fully kinetic
models (resolving also the sheath in front of the wall)
including all relevant species and their reactions (neutrals,
molecules, ions, electrons).

Also a new generalized version of the binary-collision codes
TRIM and TRIDYN is developped to be used as a new master
version using modern computing and code management
techniques.
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STELLARATOR SYSTEM STUDIES

(Dr. Horst Wobig)

T. Andreeva, C.D. Beidler, E. Harmeyer, F. Herrnegger, Yu. Igitkhanov, J. Kisslinger, Ya.I. Kolesnichenkoi, V.V.

Lutsenkoi, I. Sidorenko, A. Wieczorekii, H. Wobig, Yu.V. Yakovenkoi

1. WENDELSTEIN 7-X
In 2001, the Stellarator System Study Group performed
some work for the Wendelstein 7-X device, which is

under construction in Greifswald, Mecklenburg-
Vorpommern. The magnetic field at the location of the

current feeders to the coils has been calculated in view

of special superconducting material in these regions.
Furthermore, magnetic field calculations were made in

the regions of the current feeders of the test
arrangement of CEA-DAPNIA in Saclay, where the W

7-X coils will be tested individually.
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Fig:1.  Wendelstein 7-X. The figure shows the total

neutron flux density per cm2s as function of the radial

position of the ring detector. The neutron source (ring

source) is at 550 cm. The envisaged positions of the

neutron point detectors (in fact zylindrical boxes) and

of the concrete wall are indicated by arrows. The

concrete wall acts also as neutron reflector.

2. THE HELIAS REACTOR
The investigations on a Helias Reactor (HSR) were
continued. Particular attention was devoted to a coil

system of HSR4/18 with 4 field periods and 18 m
major radius. This system comprises 40 modular coils

with NbTi-superconducting cables. The reduction from

5 to 4 field periods and the reduction in size will also
reduce the cost of the Helias reactor.

For performing the elastomechanic stress analysis of
the coil system the ANSYS code was used. By means

of shape functions the magnetic force density distri-
bution is transformed into nodal forces of the finite

elements. The coils are surrounded by strong stainless

steel housings, in order to withstand the large value of
the virial stress which characterizes the specific

magnetic load of the coil system. The magnetic field at
the coils is reduced by using a trapezoidal shape for the

coil cross-section and splitting the winding pack into 8
double pancakes with a wedge between the two halves.

By this method the maximum magnetic field at the

coils can be reduced to about 10 T, sufficient for NbTi-
technology at a temperature of 1.8 K. The coil

pancakes are embedded in the coil housing with an
epoxy layer between winding pack and housing. The

coil housing is designed with a box-type profile having
seven webs between the double pancakes for the

reason of mechanical stiffening, as shown in Fig.2.

The coil support is carried out as a common vault
support; the coils of a field period are connected to a

module. This intercoil structure is similar to that
already applied in former 5-period systems, but some

optimization work was done to achieve a more

appropriate material distribution. For each individual
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coil the cross-section of the double pancakes is
subdivided into 32 elements and the coil housing 87

elements, resulting in a total number of 60151

elements with 72016 nodes for half a field period.

764

834

792

FIG. 1:  Coil cross-section of HSR, showing the 8

double pancakes of the winding pack, the insulation

and the housing. For the reason of stiffness this coil

housing must be reinforced.

At the boundaries of the half period model the

conditions of stellarator symmetry and the five-fold
field periodicity of the system is taken into account,

applying a coupled degree of freedom for congruent

nodes. Maximum values of the equivalent stress (av.
element solution) of about 750 MPa were found in the

stainless steel structure.
In order to evaluate the stress and strain distribution

inside the winding pack, the geometric nonlinear
behaviour of the embedding of the double pancakes is

taken into account. As one result of the computations a

typical behaviour of strong compression at the outer
radius of the pancake, which varies along the coil

circumference was obtained, while the surface at the
inner radius was detached. In the actual design, maxi-

mum radial compression stress values of about 70 MPa

for the winding pack compound, and of about 94 MPa
for the embedding layer were found in the winding

pack of HSR4/18. A protection system for the coil
system of HSR4/18 has been investigated.

The magnetic energy stored in the coil system of
HSR4/18 at an operational current of 40 kA and 5 T on

magnetic axis amounts to about 100 GJ. The classical

method of protection is dissipating the stored magnetic
energy of the coils via external resistors. A safety

discharge must be initiated, disconnecting the magnet
from the power supply by means of fast-acting

switches. The current is fed into an external dump

resistor according to the system time constant. The
dump resistor is composed of stainless-steel elements

which absorb the magnetic energy, thus heating up to

about δθ=700°C. Since the coils of HSR4/18 are

magnetically coupled to each other, simultaneous
dumping of currents in the entire coil system is

necessary.

The proposed 40 kA superconductor has a dump time
constant of about 12 s which ensures that the maxi-

mum temperature of the superconductor will stay
below 100 K. On the other hand, the maximum voltage

between windings and ground should not exceed 20
kV. For these reasons, the dump resistor of each coil

group was subdivided into 4 units, connected to the 8

coils of this group. A heat production of 1.9 kW was
estimated for these current leads. With a liquefation

factor of 1300 this results in a 2.5 MW electric input
power for cooling of the current leads, which is an

acceptable value of about 5% of the total power of the

cryogenic system of HSR4/18.

2.1 Neoclassical transport.
The model magnetic field employed in the General

Solution of the Ripple-Averaged Kinetic Equation
(GSRAKE) has been extended to account for changes

in local ripple topology due to non-zero rotational

transform per field period. Such changes are critical to
an accurate description of the radial transport

processes in the high-mirror Helias configurations
being considered as reactor candidates; an example is

given in the figure.

FIG. 3:  The mono-energetic diffusion coefficient D,

normalized by the plateau value of the equivalent

tokamak, Dp, is plotted as a function of collisionality,

ν*=Rν/ιv, for a reactor candidate with five field

periods. Numerical results from a Monte Carlo simu-

lation (circles), the Drift Kinetic Equation Solver



Stellarator System Studien

(triangles) and GSRAKE (solid curves) are compared,

assuming normalized values of the radial electric field

to be E/vB0=0 (upper results) and E/vB0= 2x10-3

(lower results). The dotted curves are obtained from

GSRAKE when the ripple averages are simplified by

using the common assumption that the rotational

transform per field period is negligible.

2.2  Destabilization of Alfvén eigenmodes
A theory of Alfvén instabilities excited by circulating
energetic ions in optimized stellarators of the Wendel-

stein line has been developed and the characteristic

magnitudes of the growth rates of Alfvén eigenmodes
(AE) of various types in a Helias reactor were

calculated. It is predicted that several sideband reso-
nances may considerably contribute to the instability

growth rate in stellarators (in contrast to tokamaks). In

particular, a significant role of the resonance associated
with the helicity-induced drift motion of the energetic

ions is revealed. An important practical consequence of
the new resonances discovered is that tangential

neutral-beam injection can destabilize Toroidicity-
Induced Alfvén Eigenmodes (TAE) even when the

velocity of the beam particles is less than one third of

the Alfvén velocity (the latter is the case in, e.g.,
experiments on W7-AS).

Aimed at calculating the continuum damping of AEs, a
set of resistive magnetohydrodynamic (MHD) equa-

tions, which generalize the ideal MHD Alfvén eigen-
mode equations obtained in 2000 [Physics of Plasmas

8 (2001) 491—509] was derived. The derived

equations were solved numerically to investigate the
damping of waves of global character in a Helias

reactor.
A new set of reduced ideal MHD equations allowing

for effects of the plasma compressibility, which are
known to be of importance for the low-frequency part

of the Alfvén spectrum, were derived. The equations

are suitable for stellarator geometry and perturbations
of arbitrary spatial scale. A new code COBRAS

(COntinuum BRanches of Alfvén and Sound waves)
was developed. The code is intended for numerical

calculations of the low-frequency part of the MHD

continuum in stellarators. Calculations of the MHD
continuum in W7-AS with the new code were

performed. It was found that because of the com-
pressibility the TAE continuum gap is compressed and

shifted upwards in frequency. In addition, coupling
with sound waves produces new Alfvén-sound gaps in

the Alfvén continuum.

2.3  Stochastic diffusion
Various mechanisms of stochastic diffusion were
analysed: the orbit-transformation-induced diffusion of

transitioning particles, the Goldston-White-Boozer

diffusion of toroidally trapped particles, and the
cyclotron-resonance-induced diffusion. It is concluded

that the first mechanism, which was considered for the
first time in C.D. Beidler, Ya.I. Kolesnichenko, et al.

Physics of Plasmas 8 (2001) 2731—2738, dominates.

2.4  Concept of a breeding blanket
 Neutronic calculations using the MCNP code have
been made, in particular the effects of the 3-D geome-

try of the blanket on the tritium breeding ratio and on
the activation of the structural material need to be

investigated. The tritium breeding ratio has been com-
puted as a function of the thickness of the breeding

zone for a geometric model where the results can be

benchmarked against results published in the literature.
The model consists of a nested system of axisymmetric

toroidal shells, the innermost contains the plasma
followed by a vacuum region, the breeding zone

(lithium or lithium-niobium) and some reflecting
material (stainless steel of variable thickness or

carbon). Whithin this model a tritium breeding ratio of

1.16 can be achieved for a breeding zone of 40 cm
thickness and 5 cm steel on the backside acting as

reflecting material. The impact of varying the Li-6-
enrichment on the breeding ratio has been analysed.

A similar study has been done for various lithium-lead

mixtures as breeding material but whitout a reflecting
zone. In an eutectic lithium-lead mixture of 40 cm

thickness (17 atomic % lithium) the tritium breeding
ratio is 1.15 and is increased to 1.21 if the Li-6 content

is increased from 6.4 % to 8.0% of weight. If the
natural lithium content is increased to 30 atomic %

(melting temperature about 350 °C) a breeding ratio of

1.47 can be achieved. The real 3-D geometry of the
blanket of a Helias reactor has been prepared as input

data for the MCNP code and the wall loading due to
the 14 MeV fusion neutrons has been calculated. The

wall loading is more inhomogeneous than in a tokamak
reactor which underlines the importance of a careful

investigation of the 3-D geometry.

                                                  
i Scientific Centre “Institute for Nuclear Reseach”

03680 Kyiv, Ukraine
ii Fachhochschule Regensburg



Stellarator

IEA IMPLEMENTING AGREEMENT

for Co-operation in Development of the Stellarator Concept

1. 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 2000 the Agreement was
extended until June 2005. The contracting parties are
EURATOM, the U.S. DoE, Japan, and Australia. In Septem-
ber 1994, Russia became an Associate Contracting Party. Also
the Ukraine will join the Implementing Agreement . Signature
of the contract is envisaged for spring 2002.

2. STATUS OF THE AGREEMENT
In 2001, there has been no meeting of the Executive
Committee. The next meeting will be held at Canberra,
Australia, in February 2002.

3. REPORT ON 2001 ACTIVITIES
In 2001, 16 physicists participated in the exchange of
scientists.

O. Shishkin from the University of Kharkov, Ukraine,
participated in the studies on the magnetic field of the Helias
reactor on the basis of Gourdon codes from 7 January to 13
February. Y. Kolesnichnenko from NUCRESI, Kharkov,
Ukraine, investigated energetic ions in toroidal fusion devices
during his stay from 17 February to 30 March. A short visit of
L. Zakharov from PPPL Princeton in April was devoted to
studies on the reference coordinate system for 3D equilibria. A.
Kislyakov from Ioffe Institute, St. Petersburg, conducted
neutral particle analyses during his stay at Garching from 6
May to 3 June. S. Murakami from NIFS worked on Monte
Carlo and Fokker-Planck modelling from 6 to 17 June. From 8
July to 5 August, A. Shyshkin from the University of Kyiv,

Ukraine, worked on impurity transport studies on W 7-AS. At
the same time, Y.V. Yakuvenko and V.V. Lutsenko, both
from NUCRESI, Kharkov, Ukraine, studied energetic ions in
toroidal fusion devices. During a 3-day visit to Garching in
October, H. Yamamoto from NIFS held discussions about
MHD instabilities. A short visit of H. Mikkelsen from PPPL
in December was devoted to intensifying international
collaboration in neo-classical theory, in particular the quasi-
axisymmetric configuration of the NCSX.

M. Hirsch attended the 5th Reflectometry Workshop at NIFS,
Japan, from 5 to 7 March. G. Michel participated in the 14th

Topical Conference on Radio Frequency Power in Oxnard,
USA, from 7 to 9 May. A 2-week stay of J. Geiger at NIFS in
October  was devoted to transferring the 3D-MHD equilibrium
code of NIFS to IPP. A. Weller attended the 5th NCSX Pro-
gramme Advisory Committee Meeting at Princeton from 13 to
16 November. P. Grigull and H. Wobig participated in the 12th

International Toki Conference from 11 to 14 December.

4. CONFERENCES AND WORKSHOPS
From 5 to 7 March, the 5th Reflectometry Workshop was held
at NIFS, Japan. A workshop on Innovative Concepts and
Theory on Stellarators took place at Kyiv, Ukraine, from 28 to
31 May. The 13th International Stellarator Workshop,
originally scheduled for September 2001 at Canberra, Australia,
was postponed to 25 February to 1 March 2002. The 12th

International Toki Conference took place at Toki City, Japan,
from 11 to 14 December.
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PLASMA-FACING MATERIALS AND COMPONENTS

(Heads of Project: H. Bolt, J. Roth)

During the operation of fusion devices the plasma facing materials are subjected to particle fluxes from the plasma (ions, electrons,
atoms) and to electromagnetic radiation. This results in a multitude of complex processes termed as “plasma-wall interaction” . The
understanding of these processes helps to improve the materials used for applications on the first wall of fusion experiments. It also
leads to optimised operation conditions and thus to performance improvement during the plasma discharge. New materials with
improved properties in terms of e.g. erosion behaviour and heat flux capability are to be developed and characterised under plasma
interactive conditions. The integration of new materials into the plasma facing components also requires detailed work on interfacial
engineering, since dissimilar materials with different functions have to be used. Within the project „Plasma Facing Materials and
Components“ the areas of plasma wall interaction studies, material modification under plasma exposure, development of new
plasma facing materials and their characterisation have been merged to form a field of competence at IPP. The work supports the
exploration and the further development of the fusion devices of IPP and also generates basic expertise with regard to the PFC re-
lated questions in ITER and fusion reactors.
Starting from the analysis of loading and exposure conditions of plasma facing materials in the IPP devices, materials and model
systems of plasma facing material surfaces will be tested under equivalent laboratory conditions. They are subjected to particle
fluxes and to thermal exposure in laboratory experiments to quantitatively determine erosion, hydrogen desorption, and thermally
induced chemical and physical surface processes. Based on this knowledge, new materials are being developed for experiments in
ASDEX Upgrade and in W7-X. These materials which are firstly being synthesised on laboratory scale will be characterised with
regard to their properties and may subsequently be further developed within an industrial environment. Results gained from the
operation of these materials in ASDEX Upgrade and -later- in W7-X are of direct relevance also for ITER. Plasma material
interaction processes in ASDEX Upgrade can be scaled to ITER conditions and the issues of stationary heat fluxes to plasma facing
surfaces are a fundamental aspect of the stationary plasma operation of W7-X. The tasks of the project are:
• High Z materials, • Low Z Materials, • Surface processes on plasma exposed materials, • Component related aspects, • Migration
of materials in fusion devices

1. Members: M. Balden, I. Beguiristain, B. Böswirth, K. Durocher, W. Eckstein, K. Ertl, M. Fußeder, X. Gong, H. Greuner,        
Q. Guo, E. de Juan Pardo, K. Klages, F. Koch, S. Kötterl, K. Krieger, S. Lessmann-Bassen, D. Levchuk, S. Lindig,                 
Ch. Linsmeier, J. Luthin, H. Maier, K. Marx, G. Matern, P. Matern, M. Mayer, O. Ogorodnikova, W. Ottenberger,
E. Oyarzabal, C. Popescu, O. Poznansky, S. Rolle, J. Roth, J. Schäftner, K. Schmid, H. Schmidl, D. Valenza, A. Weghorn,       
A. Wiltner, M. Ye, J.-H. You

2. Contributors: W. Bohmeyer, M. Laux, R. Neu, H. Renner, V. Rohde, S. Schweizer

1. HIGH-Z MATERIALS

1.1 Tungsten Coatings for the First Wall

Since the application of tungsten as a first-wall material in
ASDEX Upgrade proved to be very successful, the central
column was almost completely covered with tungsten-coated
fine-grain graphite tiles in 2001. Further extension of the tung-
sten-coated first-wall portion may necessitate utilization of
fibre-reinforced carbon materials (CFC). Since such materials
are inhomogeneous and possess anisotropic thermal properties,
e. g. thermal expansion and heat conduction, test coatings were

investigated. The coatings were manufactured by the same
method as the bulk of the already installed coated fine-grain
graphite tiles, e.g. plasma arc deposition by Plansee AG.
To study possible influence of the mentioned substrate anisot-
ropy on the film properties, the residual stress state of the
coatings was investigated by means of X-ray diffraction em-
ploying the newly installed device of the Materials Research
Division. All films deposited were found to be in a state of
compressive residual stress. In the case of a bidirectional CFC
substrate this stress significantly depended on the orientation of
the substrate fibre planes, see Fig. 1. In cooperation with For-
schungszentrum Jülich thermal loading tests were performed
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using an electron beam facility. In spite of the thermomechani-
cal anisotropy of the substrates, no macroscopic cracking or
delamination was observed. The only observed failure was
melting. Using a power ramp-up time of 0.7s and a flat-top
time of 2s this occurred at a thermal load of about 30 MW/m².

1.2 Erosion of W by C and H Isotopes

The complex erosion and deposition processes occurring dur-
ing simultaneous bombardment of W by C and H isotopes were
investigated both experimentally and in modelling calculations.
In order to describe the transition from C layer deposition to W
erosion under plasma conditions, controlled ion beam experi-
ments were performed to determine temperature-dependent
parameters such as the C diffusion coefficient and radiation-
enhanced sublimation (RES). It was found that RES cannot be
neglected for elevated temperatures and that C diffusion in W
is strongly concentration-dependent and becomes pronounced
above 1000 K. To model the simultaneous carbon bombard-
ment and diffusion, the TRIDYN Monte Carlo code was cou-
pled to the newly developed DIFFUSEDC diffusion code. With
this code package and the experimental information about C
diffusion and RES it is possible to simulate the temperature-
dependent erosion and deposition processes occurring during
bombardment of W by C without any free parameters and
compare them with experimental results. These calculations
showed that for pure C bombardment and surface temperatures
below 1073 K a shielding C layer builds up on the W surface,
protecting it from further erosion. To model the simultaneous
bombardment of W with C and D from a plasma, the chemical
erosion of C due to D was added to the
TRIDYN+DIFFUSEDC code package. Taking into account the
Maxwellian energy distribution and the acceleration of the
incident C4+ and D+ in the sheath potential, we calculated the
W sputtering yield due to a D plasma with varying C impurity
concentration. These calculations showed that in contrast to
pure C bombardment simultaneous bombardment of W with C
and D leads to continuous erosion of the W for C concentra-
tions below a concentration limit that depends on the plasma
temperature and surface temperature. In Fig. 2 the results for
the weight change of a W surface (dW/dΦ) in equilibrium is
shown as a function of the C concentration in the incident C/D

particle flux and the plasma temperature Te. The weight change
is a measure whether net erosion of W (dW/dΦ < 0) or deposi-
tion (dW/dΦ > 0) of C occurs. A weight loss of -0.03 µg/1016

ions is roughly equivalent to a W erosion yield of 10-2. One can
see that for low C concentrations no shielding layer buildup is
possible due to chemical sputtering and that net erosion occurs,
whereas at larger concentrations a transition to C deposition
occurs.

2. LOW-Z MATERIALS

2.1 Low-Z Coatings for the First Wall of W7-X

On the outboard-side first-wall panels of W7-X the application
of thick plasma-sprayed low-Z coating is envisaged. The use of
such coatings on water-cooled stainless-steel panels should
result in good plasma compatibility as well as a long erosion
lifetime. The heat flux in these zones is estimated to be 100
kW/m2 with local maxima of 200 kW/m2. In collaboration with
an industrial partner, Plansee AG, plasma spray coatings of
both B4C and Si-B-C were developed and deposited on stain-
less-steel AISI304 substrates, Fig. 3. Deposition was done by
the vacuum plasma spray method without interlayer and with
Mo or mixed steel/B4C interlayers, and the thickness was var-
ied in steps of 150 µm, 300 µm and 500 µm. Actively cooled
specimens of 300 mm x 80 mm surface area were prepared for
heat flux testing of the coatings. The tests were carried out in
the FIWATKA facility at Forschungszentrum Karlsruhe. For
all specimens the heat flux was increased in steps of up to 500
kW/m2. During each of these steps stationary heat removal
conditions were obtained. In addition the specimens were sub-
jected to 100 thermal cycles. Except for one specimen, no
change or damage was observed on the coatings.
Local failure, crack formation, and partial delamination took
place on a predamaged zone of the directly bonded 500 µm
thick B4C coating. In a highly stressed edge zone pre-existing
fissures grew in the heat load range of 200 to 500 kW/m2 and
led to delamination of approx. 2 cm2 of the coating. B4C and
Si-B-C coatings with stainless-steel/B4C interlayer were also

FIG. 1: Residual compressive stress in a W film on 2D
CFC in various directions with respect to the fibre planes.

FIG. 2: Weight change in equilibrium of W surface under C/D
irradiation as a function of C concentration and the plasma
temperature.



Plasma-Facing Materials and Components

subjected to thermal cycling experiments at 500 kW/m2 for
1,000 cycles. No change or damage occurred. It was concluded
that coatings up to 500 µm thick with interlayer can be applied
under the heat load conditions envisaged for W7-X.

2.2 Reduction of Chemical Erosion of Carbide-
doped Graphites

Chemical erosion by low-energy deuterium bombardment (tens
of eV) of fine-grain graphites doped with SiC, TiC, VC, WC,
and ZrC was investigated by weight loss measurement and
mass spectrometry. The graphites were produced in co-
operation with CEIT, San Sebastián, and characterised with
respect to the catalytic effect of the dopant on the graphitisa-
tion, to the thermal conductivity, and to the mechanical prop-
erties. The highest thermal conductivity of 170 W/mK has been
achieved with 4 at% ZrC doping.
Preferential erosion of the pure carbon phase of the doped
graphite leads to enrichment of the dopant on the surface with
fluence and subsequently to reduction of the erosion. Together
with this enrichment a rough surface morphology is created.

For the low-energy low-temperature erosion regime a reduction
of the erosion by one order of magnitude has been achieved at
high deuterium fluences. Fig. 4 shows the fluence dependence
of the total erosion yield of TiC-doped graphites. The decrease
of the yield with fluence depends on the grain size as well as
on the dopant concentration, as expected due to the enrichment.
But the dopant enrichment does not exceed 25%. Therefore, in
addition to the geometrical shadowing other mechanisms re-
duce the erosion: The enhanced re-deposition of the eroded
hydrocarbons in the rough morphology could be important and
the change in the chemical processes could make a small con-
tribution.

3. SURFACE PROCESSES ON PLASMA-
EXPOSED MATERIALS

3.1. Carbide Formation on Iron

Carbide formation at the interface of thin carbon layers on iron
as a function of the annealing temperature was studied by X-
ray photoelectron spectroscopy (XPS). Formation of carbides
on Be, Si, Ti, and W, which is an exothermic reaction, could be
explained by carbon diffusion governed by the carbide struc-
tures and the negative enthalpy of formation. Iron carbide,
however, is an endothermic compound. First measurements of
thin (1 and 2 nm) carbon films showed the reaction between
carbon and iron to iron carbide already at room temperature.
The surface carbon amount is stable up to ~650 K, where car-
bon starts to diffuse into the bulk iron. Between 670 K and
770 K the integral C 1s intensity rapidly decreased to a few per
cent of the initial value. The binding energy shift indicated a
loss of elementary carbon and carbide formation. Further an-
nealing up to 970 K did not change the amount of carbide in
the surface region. No elementary carbon could be detected in
this temperature regime.

3.2 D+ Ion Bombardment of Mixed Materials

The effects of deuterium ion bombardment of elementary mate-
rials (highly oriented pyrolytic graphite (HOPG), polycrystal-
line W and Ti) as well as multi-component materials (vapour-
deposited C layer on Ti) were studied at ion energies of 1 and
4 keV. The chemical composition and state of the surface were
analysed by XPS. The D+ bombardment led to shifts in the C 1s
and Ti 2p peaks on the graphite and titanium samples, respe-
ctively. The C 1s shift on HOPG was -0.15 eV, whereas the
Ti 2p signal shifted by +0.2 eV. D+ bombardment of a 2.9 nm
carbon layer on Ti led to significant erosion of the surface
which is not explained by physical sputtering, simulated by
means of the kinematic TRIDYN code. This behaviour indi-
cates chemical erosion of carbon by D+ ions.

3.3 Deuterium Retention in W

The physical mechanism of hydrogen trapping and migration in
tungsten is not yet completely understood. We investigate the
retention of ion-implanted deuterium in polycrystalline tung-
sten as a function of (i) incident ion energy (between 100 eV
and 3 keV), (ii) temperature (between 300 K and 600 K), (iii)

FIG. 3: Cross-section of B4C coating (500 µm) with mixed
B4C-steel interlayer on stainless-steel substrate.
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fluence (up to 1025 D/m2), and (iv) surface conditions. It is
shown that the retention strongly depends on the tungsten
structure, sample preparation, and pre-implantation history. An
increase in the ion energy results in a slight increase of the
retention. As a function of temperature, a maximum is found
around 430-470 K. An increase of the fluence results in an
increase of the deuterium inventory until saturation is reached
at approximately 3×1024 D/m2. The saturation value of the
retained deuterium is about 3×1021 D/m2 at room temperature
and has a maximum of about 5×1021 D/m2 at 470 K.
Calculations based on the diffusion including thermodesorption
and the modified trapping equation show that most of the deu-
terium is trapped in W in two kinds of defects with trapping
energies of about 1.0 eV and 1.4 eV. The first kind of trap is
associated with natural traps (dislocation, some impurities,
presence of bulk oxide), which are always present in polycry-
stalline W. Both the increase of the temperature and time of W
pre-heating and pre-implantation of W by deuterium ions at
high temperature strongly decrease the concentration of 1.0 eV
defects owing to removal of residual stresses, impurities, va-
cancies, and dislocation near the surface and reduction of the
dislocation content in the bulk. The concentration of 1.4 eV
traps increases with fluence and incident energy of implanted
deuterium, and has a maximum as a function of temperature. It
seems that the second kind of trap is connected with the growth
of hydrogen bubbles.

3.4 Recombination Coefficient of Hydrogen on a
Clean Metal Surface

Knowledge of the recombination coefficient is necessary for esti-
mating the hydrogen isotopes’ behaviour in the metallic structures
of a thermonuclear reactor. The recombination coefficient of
hydrogen on a clean metal surface was derived. It is shown that
the recombination coefficient is a function of the diffusion pre-
exponential factor, D0, and the heat of solution, Qs:

)/2exp(2
0 kTsQDclean

rK λ= , where λ  is the distance be-

tween two adjacent interstitial sites in the lattice, k is Boltzmann’s
constant, and T is the temperature.

Comparison of the calculations of the recombination coeffi-
cient of hydrogen on a clean metal surface with experiments are
in a good agreement (Fig. 5).

4. COMPONENT-RELATED ASPECTS

4.1 Metal Matrix Composites

Copper alloys and reduced activation martensitic steels
(RAMS) have been considered as structural materials for the
plasma-facing components of a future fusion reactor. Since
such components will be subjected to high heat flux loads,
sufficient mechanical strength at elevated temperatures is one
of the crucial prerequisites. Component performance is ex-
pected to be significantly improved by applying ceramic fibre
reinforcement due to the high strength and high temperature
stability of the fibres.
To assess the feasibility of long SiC fibre-reinforced metal
matrix composites (FRMMCs), the overall mechanical proper-
ties of two FRMMCs, each with a matrix of precipitation-
hardened copper alloy and RAMS, were estimated by micro-
mechanical methods.
In Fig. 6 the predicted mechanical properties of the RAMS
composite are compared with those of the matrix steel and the
oxide-dispersion-strengthened RAMS. The calculated values
are given in relation to those of the RAMS composite with 40
% of the fibre volume fraction at room temperature. It is seen
that most of the mechanical properties could indeed be im-
proved by long-fibre reinforcement.
In addition to this theoretical work, galvanic coating experi-
ments of SiC long fibres with Cu were carried out. It was found
that thick and homogeneous Cu coatings could be deposited as
a key step in the processing of Cu-SiC fibre MMCs. With this
process SiC fibres of 140 µm diameter were coated with a Cu
coating to a total diameter of up to 500 µm. Initial characteri-
sation was done by metallography, scanning and transmission
electron microscopy.
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4.2 Al2O3 Coatings for Hydrogen Permeation
Barrier Applications

Penetration of hydrogen isotopes into and through metallic
structural materials will be an issue in the construction of
fusion reactors. Surface coating with thin films acting as diffu-
sion barriers is a promising approach for handling this hydro-
gen isotope migration problem. Films are deposited by a fil-
tered vacuum arc from an aluminium/oxygen plasma.
In a first step the morphology and crystal structure of the films
are investigated. Since deposition is performed from a plasma,
a bias voltage can be applied to influence the kinetic energy of
deposited particles. The newly installed X-ray diffraction de-
vice of the Materials Research Division was used to obtain a
tentative phase diagram of crystal phases as a function of the
bias voltage and substrate temperature. Deposition of the ther-
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at substrate temperatures below 400° C.
In a second step the hydrogen retention performance of the
coatings is investigated in a custom-built permeation measure-
ment setup. This setup has produced first data and the suitabil-
ity of the employed sample mounting and sealing technique has
been confirmed up to operating temperatures of around 500° C.
In addition, cooperation has been initiated with the National
Institute of Fusion Science (NIFS), Japan, where sample coa-
tings prepared at IPP are being investigated with respect to
their ability to withstand corrosive processes in a lithium-
containing breeder environment.

4.3 HHF tests of PFC for ASDEX Upgrade and
W7-X

During operation the plasma-facing components of fusion
devices are subjected to heat loads from the plasma. Both for
ASDEX Upgrade and for W7-X the thermomechanical beha-
viour of plasma-facing components was examined. In coopera-
tion with ASDEX Upgrade high heat flux tests of the newly
designed inner heat shield elements were carried out on the
MARION ion beam facility at Forschungszentrum Jülich. The
heat shield elements made of graphite (FP 479, Schunk) were
loaded with transient heat pulses of 4 MW/m² for 5.5 s and 35
MW/m² for up to 300 ms. For the same type of element, but
coated with a 1 µm W layer, these experiments were repeated.
The metallographic investigation of both types of sample re-
vealed few fissures but no delamination or losses of W coating.
The spatial and temporal temperature distributions for these
transient loading conditions were simulated by FE methods.
The calculated results are in good agreement with the recorded
experimental data. These results support the application of such
elements for the neutral beam dumps of the inner heat shield.
For W7-X heat flux tests were performed on prototypes of
baffle and first-wall components. These components were
tested with stationary heat loads of up to 500 kW/m² on the
FIWATKA facility at Forschungszentrum Karlsruhe. As a
result, the thermomechanical basis of the component design
was confirmed. (see section "W7-X construction")

5. MIGRATION OF MATERIALS IN
FUSION DEVICES

5.1 Erosion and Migration of Tungsten Em-
ployed at the Central-Column Heat Shield
of ASDEX Upgrade

In ASDEX Upgrade, tungsten-coated graphite tiles were em-
ployed as plasma-facing components at the central-column heat
shield in the plasma main chamber. Within the frame of  this
experimental programme plasma-wall interaction studies were
carried out. The technical setup of the tungsten tiles in cam-
paign 2001 is described in section ASDEX Upgrade Project. In
addition to the W-coated tile rows at the upper and lower edges
of the heat shield, a complete poloidal column of tungsten-
coated tiles with reduced layer thickness was introduced to
analyse the spatial distribution of the tungsten erosion. The
campaign-averaged W erosion flux was determined by meas-
uring the difference of the W layer thickness before and after
the experimental campaign by Rutherford backscattering spec-
troscopy. In addition, the small-scale distribution of the re-
maining tungsten layer after the experimental campaign was
studied by scanning electron microscopy. From the observed
strong lateral variation (see Fig. 6) and the measured total
amount of eroded tungsten, erosion by impact of ions from the
scrape-off layer plasma is identified as the predominant tung-
sten erosion mechanism.
Migration and redeposition of eroded tungsten were investi-
gated by quantitative analysis of tungsten deposited on collec-
tor probes and on a complete poloidal set of divertor tiles. The
maximum deposition is found on tiles in contact with the far
periphery of the plasma scrape-off layer. This observation and
the spectroscopically observed low tungsten plasma penetration
probability indicate that a major fraction of the eroded tungsten
migrates predominantly through direct transport channels in the
plasma boundary region without entering the confined plasma.

FIG. 7: Electron backscattering image of W-coated tile. The
bright areas correspond to remaining W in scratches and
shaded regions after exposure to plasma discharges. Dark
areas correspond to the carbon substrate.
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EXPERIMENTAL PLASMA PHYSICS DIVISION 4

(Head of Division: Prof. Dr.-Ing.  Kurt Behringer)

Experimental Plasma Physics Division 4 (E4) consists of the ASDEX Upgrade and the W7-AS Diagnostics groups. Their work is
described in the ASDEX Upgrade and W7-AS project reports. Experimental Plasma Physics at the Augsburg University is closely
linked to E4, allowing physics students to participate in IPP’s scientific programme or do basic research at Augsburg. Recent results
in the Augsburg laboratories are given under University Contributions to IPP Programme.

ASDEX Upgrade: I. Altmann,  D. Bolshukhin, R. Dux, W.
Engelhardt, J. Gafert, A. Geier, S. Higashijima,  A. Kallenbach,
R. Pugno,  R. Neu, C. Maggi, H. Meister, Si-Woo Yoon, M.
Zarrabian. W 7-AS:  J. Baldzuhn, R. Burhenn, R. König
Augsburg:  U. Fantz, , M. Biberacher, J. Günther, B. Heger, S.
Meir, M. Kirch, T. Pütterich, S. Richter, J. Schabert, P. Starke,
B. Waldmann, D. Wünderlich. Technical Staff: G. Daube, M.
Hien, J. Fink, K. Grosser.

Co-operation:  IPP Berlin, JET, FZ Jülich, TU München, Uni-
versity 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,
and chemical erosion of carbon and silicon. Impurity transport
at the H-mode edge is being studied from silicon soft X-ray
radiation. As an alternative to carbon, a successively higher
part of the ASDEX Upgrade walls has been covered by tung-
sten and neoclassical high-Z transport is therefore being inves-
tigated. The interest in W 7-AS is focused on measurements of
electric fields, neoclassical impurity transport, impurity pellet
injection and magnetic field structures. Spectroscopic diagnos-
tics for W7-X are also being developed.

Spectroscopic measurements of line or continuum intensities as
well as molecular band radiation 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 interna-
tional co-operation. Recently, an improved set of electron ex-
citation rate coefficients for neutral helium has become avail-
able [1]. These data are very important, since helium line inten-
sities or line ratios are being used for plasma edge diagnostics
(thermal helium beam). High energy helium beams are being
discussed for main plasma diagnostics. The new theoretical
calculations have been evaluated by means of  low temperature
laboratory plasmas experiments (see also Augsburg University
contribution). In microwave discharges, the population of n=3
levels was obtained from emission and the n=2 population from
absorption measurements. Figure 1 shows selected results in
comparison with ADAS calculations. The latter were carried
out with or without considering the re-absorption of spectral
lines in these plasmas. Due to the low ionisation degree, re-
combination is negligible. The diffusion losses of the two me-

tastable levels were taken into account by artificial transition
probabilities to the ground state. As can be seen in Fig. 1, the
triplet metastable level is little influenced by optical thickness.
The singlet 2p state is shifted up by three orders of magnitude
due to the opacity of the corresponding resonance line and it
also influences the 2s level.  Similar effects are seen for n=3.
They are less pronounced due to population paths from n=2 and
a smaller A-value. The transition 2s-2p in the triplet is also
optically thick, considerably enhancing the 2p level. A com-
parison with experimental results demonstrates the necessity of
including opacity effects. Then, the ADAS rate coefficients can
be confirmed within less than 30%. The most important re-
maining problem is the singlet 3s population. This is unfortu-
nate, because lines from this levels would otherwise be best for
plasma diagnostics, since they are least affected by assumptions
on opacity and diffusion.

[1] Summers H P 2001, private communication
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FIG. 1: Boltzmann plot of neutral helium levels. Shown are
calculations using the ADAS collisional-radiative code and the
latest HeI atomic data set with and without re-absorption of
spectral lines in the plasma (Doppler profile, T=500 K). Ex-
perimental results were obtained in microwave plasmas for
n=3 from emission and for n=2 from absorption studies.
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EXPERIMENTAL PLASMA PHYSICS DIVISION 5 (VINETA)

(Head of Project: Prof. Dr. Thomas Klinger)

The VINETA group consists of  Experimental Plasma Physics Division 5 and guests. The work is described in the VINETA report.

Experimental Plasma Physics Division 5
R. Bhattacharyay, G. Bonhomme4, C. M. Franck, O. Grulke,
S. Hanske, T. Kinder, T. Klinger, C. Schröder, A. Stark

Guests
R. Boswell1, V. Naulin2, E. S. Scime3

1   ANU Canberra (Australia)
2   FZ Risø (Denmark)
3   WVU Morgantown (USA)
4   L.P.M.I Université Henri Poincaré Nancy (France)
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STELLARATOR THEORY

(Head of Project: Prof. Dr. Jürgen Nührenberg)

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:
X. Bonnin, M. Borchardt, M. Drevlak, S. Gori, R. Hatzky, R.
Kleiber, A. Könies, V. Kornilov, H. Leyh, K. Matyash, N.
McTaggart, P. Merkel, A. Mutzke, C. Nührenberg, A. Pulss,
J. Riemann, R. Schneider, S. Sorge, R. Zille.



TOKAMAK PHYSICS

(Head of Project: Prof. Dr. S. G¨unter)

The aims of the activities in the tokamak physics division are twofold: On the one hand it provides theoretical support for the current
tokamak activities of the IPP. On the other hand it is developing further the theoretical basis for tokamak physics. The main topics
of the theoretical activities are: modelling of the scrape-off layer and divertor plasmas, investigation of MHD stability, analysis of
transport properties, propagation and absorption of waves in inhomogeneous plasmas, and the simulation of the turbulent transport.
The contributions described here are mostly concern with model and code developments in the stage prior to specific applications
or those aspects of theory where comparison with experiments is still in the qualitative rather than the quantitative phase. That
part of the scientific work which has been carried out in close collaboration with experiments is reported in the respective sections
on the projects: ASDEX Upgrade, JET and ITER.

Head: S. G¨unter, Deputy: M. Brambilla
R. Arslanbekov, M. Apostoliceanu, G. Becker, A. Bergmann,
R. Bilato, K. Borrass, D. Correa-Restrepo, D. Coster, K. Di-
mova, W. Feneberg, M. G¨otz, V. Igochine, F. Jenko, O. Kar-
daun, A. Kendl, J. Kim, R. Kochergov, P. Lauber, P. Mar-
tin, P. Merkel, R. Meyer-Spasche, Y. Nishimura, G. Pautasso,
A. Peeters, G. Pereverzev, S. Pinches, E. Poli, S. Riondato,
S. Schade, T. Schmidt-Dannert, W. Schneider, E. Schwarz, B.
Scott, G. Spies, D. Strinzi, E. Strumberger, G. Tardini, H. Tasso,
C. Tichmann, Q. Yu, H.-P. Zehrfeld,

Guests: C.V. Atanasiu, Institute of Atomic Physics, Roma-
nia, A. H. Boozer, Columbia University, New York, USA, P.
Lalousis, IESL.FORTH, Heraklion, Greece, P. McCarthy, Uni-
versity College, Cork, Ireland, G. J. Miron, Institute of Atomic
Physics, Romania, E. Quigley, University College, Cork, Ire-
land, V. Rozhansky, State Technical University, St. Peters-
burg, Russia, Samuli Saarelma, Helsinki University of Tech-
nology, Finnland, J. Tataronis, University of Madison, USA,
G.N. Throumoulopoulos, University of Ioannina, Greece, I.
Veselova, State Technical University, St. Petersburg, Russia,
S. Voskoboynikov, State Technical University, St. Petersburg,
Russia, H. Weitzner, Courant Institute of Mathematical Sci-
ences, New York, USA

1. Tokamak Edge Physics

D. Coster, K. Borrass, J. Kim, Y. Nishimura,V. Rozhansky*,
S. O. Voskoboynikov*1

The edge physics group has continued work on a number
of fronts: continued support and development of the SOLPS
suite of codes (which includes B2-Eirene), direct modelling in
support of the experiment, the development of techniques for
coupling the results from turbulence codes to edge transport
codes and the improvement of our understanding of the edge
physics.

The natural H-mode density, i.e. the plasma density evolv-
ing in an H-mode discharge without active fuelling, reaches
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Fig.1 1.1: DensitynND;fit calculated from the scaling found
for the natural density versus experimental natural densities
nND;exp from JET (circles) and ASDEX Upgrade (squares).

Greenwald fractions in JET typically higher than in ASDEX
Upgrade. According to general thinking this reflects device-
specific differences as regards recycling-induced fuelling and
beam fuelling. A study has been performed which presents
evidence for a different view, namely that at sufficiently low
plasma fuelling rates any fuelling rate dependence of the plasma
density vanishes and the plasma particle content is completely
determined by the plasma itself. It has been shown that this
limit, which would constitute an additional H-mode operational
boundary, is reached in JET and ADSEX Upgrade natural den-
sity discharges and its scaling is determined, figure1.1 . The
observed differences between JET and ASDEX Upgrade are
found to be due to the combined effect of size and triangular-
ity. The question, whether the gap between natural density and
density limit may decrease further or even vanish in ITER (in-
dicating a vanishing H-mode operation window), is important.
The answer depends on the density limit scaling that is used
for comparison. While one would be on the safe side for the
Greenwald scaling, the situation would be marginal for the re-
cently established JET-ASDEX Upgrade scaling. Extension of
the empirical database on the triangularity dependences of both
the natural density and the density limit, insufficient at present,
is mandatory for a final clarification of this issue.



In making predictions of the edge plasma for future devices, one
large uncertainity is the value of the anomalous radial transport
to use. Last year we reported the development of a scaling to
experimentally determined profiles; a separate, complementary,
technique is to couple the edge plasma transport code to an edge
turbulence code so that the fluxes (or transport coefficients) are
determined from first principles. This coupling has been per-
formed with a 2d turbulence code (developed by Bruce Scott
of the turbulence group), both directly (by alternately running
the two codes) and by parametrization of the turbulence code
results and then using the parametrization in the transport code
to give the transport coefficients. The numerical simulation (in
B2) demonstrated a new feature of spatially inhomogeneous
transport coefficients that increase towards the divertor sepa-
ratrix regions. The current effort focuses on the evolution of
the radial electric field structures in the H-mode regimes by
including turbulence suppression effects by theEr shear.

In other work, simulations of He compression reproduced the
experimental observation that only small differences were to be
expected between the DivII and DivIIb divertor structures on
ASDEX Upgrade, and the observation that the power asymme-
try to the target reduced, or could even reverse, during ELMs.

1.2 MHD Theory Group

1.2.1 Drift Tearing Modes

Q. Yu

The non-linear MHD code in cylindrical geometry (TM code)
has been generalized dealing now with two-fluid equations and
thus allows model drift tearing modes.

Although previous theories have shown that the electron dia-
magnetic drift is stabilizing for vanishing perpendicular heat
transport, it becomes destabilized as soon as a finite perpendic-
ular heat conductivity is taken into account. Therefore, tear-
ing modes can be driven unstable by a temperature gradient.
That way, experimental observations on ASDEX Upgrade of
linearely unstable tearing modes at large� �values can be
explained

1.2.2 Extension of the DIVA equilibrium code

H.-P. Zehrfeld

The DIVA equilibrium code has been extended and is now
capable of calculating free- and fixed-boundary axisymmetric
equilibria with and without flow. For stability studies of such
MHD equilibria these can be pre-calculated and stored in a
generic form. For mode analysis with the CASTOR (tearing,
kink), GATO (peeling) and GARBO (ballooning) codes corre-
sponding access and evaluation interfaces have been developed
and are now used routinely.

1.2.3 Application of 3D MHD codes to Tokamaks

E. Strumberger, S. G¨unter, P. Merkel, E. Schwarz, C. Tich-
mann, H.-P. Zehrfeld

A generalized version of the MFBE code called MFBE_2001
has been developed. It is able to compute magnetic fields of

finite-� equilibria with net toroidal current and general symme-
try in a form suitable for field line tracing. The code system
VMEC/NEMEC+MFBE_2001+GOURDON was used to study
the influence of non-resonant helical fields on the tokamak mag-
netic field topology. An ergodization of the edge region was
observed.

1.2.4 MHD Stability Analysis of Type II
ELMs in ASDEX Upgrade

S. Saarelma, S. G¨unter

An MHD stability analysis of the type II ELM discharges on
ASDEX Upgrade was conducted. This analysis was compared
with an earlier analysis of type I ELMs. It was found that
for the type II ELMy plasma conditions (high density, high
triangularity, high safety factor at the edge, almost double
null configuration), the bootstrap current driven peeling mode
instability becomes more localized to the edge. This could
explain the smaller ELMs in the type II regime

1.2.5 The CAS3D-G MHD Stability Code

P. Merkel, C. N̈uhrenberg2

For the 3D CAS3D MHD stability code a generalized version
of the vacuum part has been developed. The conducting wall
in the vacuum region can now be multiple connected using a
finite element method. The integral equation for the vacuum
field is solved by a Galerkin type technique. The new version
of CAS3D allows us to study wall stabilization by arbitrar-
ily shaped conducting structures including holes, poloidal and
toroidal gaps.

1.2.6 Interpretation of Experimentally Observed
MHD Activity Using MHD-IC Code

V. G. Igochine, S. G¨unter

For the investigation of MHD activities inside the plasma the
MHD Interpretation Code (MHD-IC) has been developed. The
code uses a collection of all available information about the
observed MHD activities from Mirnov coils, SXR, ECE and
MSE measurements. To determine the shape of the eigenfunc-
tion of the perturbation a comparison to theoretical predictions
by the non-linear resistive MHD code XTOR is used. The code
has successfully been applied to different types of instabilities
in conventional and advanced tokamak scenarios on ASDEX
Upgrade.

1.2.7 Triggering of ITBs by fishbones

S. D. Pinches, S. G̈unter

Fishbones have been found to be able to trigger ITBs on
ASDEX Upgrade. Using the HAGIS code which describes the
non-linear interaction between MHD modes and fast particles
it has been shown that fishbones generate a sheared plasma
rotation by redistributing the resonant fast particles. If the
fishbone repetition rate is larger than the damping rate of
the poloidal plasma rotation, the generated shearing rates are

2 Stellarator Theory division
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comparable to the linear growth rates of the ITG modes, and
thus should cause surpression of the turbulent transport.

1.3 Transport analysis Group

A. G. Peeters, G. Becker, A. Bergmann, O. Kardaun, G. V.
Pereverzev, E. Poli, G. Tardini, M. Apostoliceanu, W. Feneberg

The group studies neoclassical as well as anomalous transport.
This year the study of anomalous tokamak transport has con-
centrated on the comparison of theory based transport models
with the observed electron transport, the evolution of the den-
sity profile and the physics of internal transport barriers. This
work is described under the ASDEX Upgrade section. Below
two topics (bootstrap current in island structures and linear the-
ory of plasma instabilities) of the work on theory development
are discussed in more detail.

The study of the behaviour of the bootstrap current in the
presence of a magnetic island has been performed for vari-
ous plasma conditions (size, isotope) using a drift kinetic de-
scription of the plasma (numerically integrated). When the ion
banana widthwb is comparable to the island width W, the is-
land is overlapped by the trapped particles and a significant
current is generated inside the island. This process is not con-
sidered in the standard theoretical description of the mode. No
drop of the bootstrap current is observed forwb=W = 1 or
for even lower values of this ratio if the density profile is flat.
Moreover, the non-local nature of the process is confirmed by
the fact that the value of the current is not consistent with the
local pressure profile in the island. A linear scaling for the
value of the poloidal� at the mode onset with the ion poloidal
gyro-radius��p can be obtained on the basis of this overlapping
effect. This is consistent with the experimental observations of
ASDEX Upgrade. In 2001 we have also started the calculation
of the polarization current that is generated by the island rota-
tion. So far these studies have been performed for a prescribed
rotation frequency aiming at the collisionality dependence of
the polarization current.

The influence of a uniform radial electric field on the linear
stability of toroidal ion temperature gradient driven modes has
been studied using the ballooning representation. The field
rotates the modes in the poloidal direction into the region where
the curvature is favourable and hence leads to stabilization. the
most important result found in this study is a simple criterion
for the field necessary to stabilize the mode, which states that
the mode is stabilized if the rotation frequencyEr=rB is larger

than the linear growth rate of the mode. For linear modes
an alternative theoretical formulation has also been developed
which is described below.

A modification of the WKB method, the beam tracing has
been developed and applied for solving the boundary value
problem in multi-dimensionally inhomogeneous plasma. In this
method, eigenfunctions are constructed as wave patterns located
in the vicinity of closed ray trajectories (basis contour). The
existence of such a contour can be considered as a necessary
condition for an eigenmode. The implementation of the beam
tracing technique to gradient-driven instabilities in a tokamak
sheds new light on this type of plasma instabilities. They
can be thought of as waves propagating in the purely toroidal
direction (alternatively one can think of a standing wave), while
interaction with a plasma defines whether such a wave absorbs
or releases energy. Being in some aspects more restrictive than
a similar asymptotic technique, the ballooning representation,
the beam tracing can provide a solution in many cases of
interest when the ballooning representation fails. An additional
advantage is that the beam tracing technique is well suited for
numerical treatment and results in numerical codes which can
be by orders of magnitude faster than the conventional codes.

1.4 Computational Studies of Turbulence
in Magnetised Plasmas

B. Scott, F. Jenko, A. Kendl, D. Strinzi, T. Schmidt-Dannert

Our studies of the low frequency fluidlike drift turbulence be-
lieved to underly anomalous transport in magnetically confined
fusion experiments continue. We employ fluid models extended
to capture important kinetic effects (Landau damping, finite gy-
roradius), and kinetic models intended to treat all phenomena
at the scales of interest (1 mm to 10 cm, 10 kHz to 1 MHz).
The latter models are called gyrokinetic, and we have been the
first to reliably extend these to the electromagnetic, nonlinear
regime.

The fluid studies are naturally less expensive and so have been
used to treat a wider variety of cases. In 2001 we have stud-
ied further the way in which the drift wave turbulence in the
tokamak edge interacts with zonal flows, using a newly de-
rived energy theorem which identifies the pathways between
the zonal flows, the global Alfv́en oscillations which form the
Pfirsch-Schl¨uter current system (‘‘sidebands’’), and the ther-
mal reservoir (‘‘background’’). A toroidal coupling mechanism
known as geodesic curvature acts to transfer free energy into
the sidebands, which are mixed back into the turbulence by
the nonlinear three-wave interactions. This serves to limit the
growth of long-lived zonal flows to levels too small to strongly
suppress the turbulence. The consequence is practical — this
is the ultimate reason these codes run in proper flux surface ge-
ometry have never produced a self consistent sheared ExB flow
layer which could represent the L-to-H confinement transition
in the tokamak edge. To model the H-mode, a shear layer must
not only be initialised but also artificially maintained. In prac-
tical terms, some mechanism associated with the neoclassical
equilibrium is required to produce the transition, quite exter-
nal to the dynamical system of the turbulence (the sections
on edge modelling). Computational studies of the H-mode by
other groups entail manual insertion of the pedestal by use of



a local heating profile. However, if the heating effects (e.g.,
ramping of the interior temperature) are properly confined to
the edges of the computational domain, linear profiles for the
density and temperatures always result. The actual mechanism
of pedestal formation remains a goal for ongoing study, which
is also being extended to stellarators through collaboration with
the W7-X group in Greifswald.

A set of investigations using the fluid model for core turbulence
was initiated, using the well known Cyclone Base Case from
the gyrokinetic studies in the USA. Our codes are able to treat
the fully electromagnetic response of the electrons, not sim-
ply the very restricted electrostatic, adiabatic electrons model.
Preliminary results show that the pressure (plasma beta) gra-
dient is typically large enough to support free energy access
of the gradient by passing electrons. Large changes in the
computed heat transport appear to result. This study will be a
major theme for 2002, as it has obvious implications for the
performance of future tokamaks. We are also addressing this
situation with the kinetic model, although all research groups
are finding it difficult to produce a definitive numerical scheme
for the electromagnetic gyrokinetic model. The kinetic model
is also being employed on the very largest computers in both
the IPP and the Bavarian State Computing Centre in order to
understand possible coupling between the ion- and electron-
gyroradius scales of motion. It is still possible that the ‘‘ETG’’
modes that the smaller electron scales produce may be respon-
sible for constraining the internal transport barriers addressed
in the ASDEX Upgrade experimental section (sec.???).

1.5 Wave Physics Group

M. Brambilla

The efforts to improve numerical simulations of plasma heating
and current drive in the Ion Cyclotron range of frequencies have
been pursued. The toroidal full-wave code TORIC has been
modified to allow interfacing with MHD equilibrium codes.
The range of applications of TORIC has been extended to
higher frequencies by taking into account damping at higher
ion cyclotron harmonics, and to lower frequencies by including
ion Landau and Transit Time damping.

R. Bilato, M. Brambilla

For the consrurction of the bounce-averaged quasilinear diffu-

sion coefficient for the electrons using the wave fields evaluated
by TORIC, an algorithm has been developed which ensures that
power absorption profiles predicted by the solver of the Fokker-
Planck kinetic equation and by TORIC will agree. This makes
the evaluation of reliable profiles of the driven current possible.
Fast-Wave current drive scenarios for ASDEX Upgrade have
been explored.

D. Correa-Restrepo, D. Pfirsch

Drift and gyrokinetic theories have been further investigated
based on a previously derived Lagrangian for the system of
Maxwell and kinetic equations, focusing in particular on the
derivation of conservation laws. The method employed, con-
trary to other current approaches, enforces the exact gauge
invariance in the definition of the approximate Lagrangian,
thereby avoiding inconsistencies, in particular in the derivation
of the energy-momentum tensor.

H. Tasso, G. N. Throumoulopoulos

Wall stabilization of MHD modes has been modelled by dis-
sipative Mathieu-Hill equations. “Negative energy” modes are
found to be stabilized by the combined action of parametric
excitation and damping coefficient. The region of stability is
significantly increased for the “two-step” Hill’s equation. This
is a strong indication that the “resistive wall” mode could be sta-
bilized by the joint action of a properly tailored time-dependent
wall resistivity and sufficient viscous dissipation in the plasma.

Investigations of MHD equilibria with flows have been ex-
tended to take into account anisotropic resistivity, Hall term,
and two-fluid theory. Many properties and exact solutions have
been found. In particular, calculations of sheared flows and
magnetic fields for cylindrical plasmas show good agreement
with the known evidence concerning Internal Transport Barri-
ers.

R. Meyer-Spasche, M. G¨otz, K. Dimova

Electron trajectories in a gyrotron were studied. Methods of
optimum control were used to optimize the electron efficiency
in the so-called cold-cavity approximation of gyrotron theory.
The nonlinear dynamical properties of Runge-Kutta difference
schemes have been further investigated, in search of difference
schemes allowing for large time-steps and improving the com-
puting efficiency for the solution of evolution equations.
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TECHNOLOGY DIVISION

(Prof. Dr. Rolf Wilhelm)

The Technology Division (TE) is responsible for the development and operation of the three heating schemes employed for the
present fusion experiments, ASDEX Upgrade and W7-AS. Neutral Beam Injection (NBI) and the two wave heating schemes, Ion
Cyclotron Resonance Heating (ICRH) and Electron Cyclotron Resonance Heating (ECRH) for ASDEX Upgrade, and NBI and
ICRH for the present Garching stellarator, W7-AS. In addition, the development and installation of long-pulse NBI and ICRH
systems for the new W 7-X stellarator under construction at Greifswald are also the responsibility of the TE Division. A further
R&D programme is dedicated to a RF-driven plasma source for negative-ion production for the ITER-NBI system.
Specific results of these activities are given below, while more detailed information about heating systems and results from the
machines are to be found in the respective sections of this report.

1. NEUTRAL INJECTION HEATING
NI Group

1.1. Development of Negative RF Ion Sources

The development of a large-area RF source for negative-ion
beam production was continued with the Type 6-1 prototype
source. Although the H- yields reported in 2000 were not
exceeded, progress was made in several areas.
The long-pulse capability achieved with an internal Faraday
shield was demonstrated by long-pulse operation with a dura-
tion of up to 15 s.
By changing the number of permanent magnets, the maximum
field strength was varied in steps from 10 G to 80 G, cor-
responding to 100 Gcm to 800 Gcm when the field is inte-
grated inwards from the plasma grid. The H-current was found
to have a broad maximum between 200 Gcm and 600 Gcm, or
20 G to 60 G, respectively.
During the discharge the source pressure drops by up to 40 %,
depending on the RF power (Fig. 1). This is possibly due to
heating of the neutral gas by the plasma, leading to a higher
particle flow through the grids and thus a lower gas density in
the source. For the stripping losses in the extraction system
only the particle density is important, and so the source
pressure during the pulse is the relevant value.
The maximum H- current densities of 15 – 20 mA/cm2 mea-
sured in 2000 were not exceeded in recent experiments. This is
partly due to overestimation by the previous data evaluation
method, which relied on extrapolation of the beam profile
measured at low current densities. Comparison with the new
improved analysis methodology leads to a reduction of 25%
for the highest current densities.
Generally, in the RF source, the increase of the H- yield by
caesium seeding is a factor of only 1.2 to 2, which is much
lower than in arc sources. A further, rather general finding, not

FIG. 1: Pressure in the source during 3 s 100 kW pulse with
5 s gas feed.

only in the RF source, is the unsatisfactory reproducibility with
caesium. This is a strong motivation to look for alternatives.
Eight different grid surface materials were therefore tested as
potential options for caesium-free operation: Ge
(semiconductor), C (high surface conversion rate for H), Al
(high secondary emission), Ag, Au and Pt (low adsorption),
Mo-La-alloy (low work function), and Mo as a standard
material. No clear-cut conclusion can yet be drawn due to
unexpected copper sputtering from the Faraday shield onto the
plasma grid. To avoid this problem in future, the Faraday
shield will be coated with the same material as the plasma grid.
In a first experiment silver was tested in this way. The H-

currents were significantly lower than with a coating of the
plasma grid only.
In Fig. 2 it is shown that, if the difference between the total ex-
tracted current Idrain and the electron curent Ielec is used to
calculate the H- current density, then the value determined is
much higher (12 -19 mA/cm2) as  compared with 2 -5 mA/cm2

from  the calorimetric measurement.  The current  density  also
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FIG. 2: H- current density derived from calorimetric mea-
surements or from the difference between Idrain and Ielec, (ex-
traction area A) and the electron current Ielec, and as function
of the source pressure for 95 kW with argon.

shows a significantly smaller reduction at low pressures. It is
known that only in RF sources does the addition of argon and
other noble gases have a considerable impact on the H- yield.
In recent experiments 6 mA/cm2 at 140 kW and 0.65 Pa with
20 % Ar were obtained as compared with 3 mA/cm2 without
argon. This effect may possibly be due to the higher plasma
density observed in probe measurements. Another reason may
be the ponderomotive (jRF x BRF) forces in the driver, which
cannot be neglected at the power level of this source. These
forces may lead to energetic noble gas ions, which can enhance
the generation of vibrationally excited H2 molecules by direct
collisions.
The next steps will be to improve the diagnostic system:
- laser detachment measurement of the H- density,
- spectroscopic measurement of the dissociation degree and of
  the gas temperature,
- in-situ measurement of work function of the plasma grid.
A number of new developments are approaching completion.
These include Faraday shields with different coatings, an
electromagnet filter and a second prototype with two smaller
drivers 14 cm in diameter. On a small test bed a RF-driven
hollow cathode will be investigated. It could be a potential
alternative to the inductive RF drivers.

2. ION CYCLOTRON RESONANCE HEATING

ICRH Group

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

2.1 Influence of the Plasma on RF High-voltage
Breakdown

Breakdown on ICRF antenna at high voltages can sometimes
limit the power that can be launched into the plasma. A well-
diagnosed RF probe for ASDEX Upgrade has been developed
to study voltage limits of the antenna in the presence of
plasma. The open end of a coaxial line represents a model of
the antenna high-voltage region.
It appears that various breakdown phenomena can be consider-
ed as candidates responsible for the power limitation. Initially
in experiments in the ICRH testbed the following effects were
observed:

- after pumping to a pressure of 10-7 mbar vacuum arcs on
coaxial stainless-steel electrodes were observed at voltages
below 20 kV,

- the electrodes could be conditioned to a voltage of 60 kV
and a pulse length of 200 ms,

- at voltages higher than 40 kV field emission dark currents
were observed,

- the presence of a plasma density of 109 cm-3 produced by a
large-aperture ion source did not affect voltage stand-off
of the probe unless the neutral pressure of the working gas
was increased, giving rise to a glow discharge,

- the critical pressure for starting glow discharges in He or
air in the presence of the external plasma was about one
order of magnitude lower than what is required for ignition
of self-sustained glow discharges.

Secondly, the RF probe was operated as a tool to expose high
RF voltages to an antenna-like electrode under real conditions
of ASDEX Upgrade peripheral plasmas. H-mode discharges
with a plasma shape fitted well to the ICRF antenna contour,
the so-called Edge Optimized Configuration (EOC), were used.
By electrode conditioning between ASDEX Upgrade
discharges the voltage stand-off in vacuum was kept high and
stable operation at 55 kV on the probe head for 100 ms in the
discharges was achieved. However, it was observed that
breakdowns often appear to be induced by ELMs.

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.

The application of step-tunable gyrotrons requires broadband
torus windows. One option is Brewster windows. Since such a
window can only transmit one polarization, internal polarizers
inside the vacuum system are necessary, leading to a new
optics design. Another alternative is the use of double-disc
windows. They require additional tuning, but can transmit any
polarization. In this case it is possible to use the existing mirror
system. Figure 3 shows the calculated reflectivity of two dia-
mond discs with a thickness of 1.797 mm and a distance of
15 mm. There are broad minima around 105 and 140 GHz,
where the two discs have a resonant thickness (3λ0/2 and 4λ0/2
at 105 and 140 GHz, respectively). Additional reflection
minima between these frequencies are due to Fabry-Perot
resonances. These resonance frequencies are adjustable by
changing the distance between the two discs.
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FIG. 3: Calculated reflection of a double-disc window.
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SURFACE PHYSICS DIVISION

(Heads of Project: Prof. Dr. Dr. h.c. Volker Dose

Prof. Dr. Jürgen Küppers)

The surface physics division is organised in two groups. Contributions to the project "Plasma Facing Materials and Components"

constitute the main activity of the Plasma Wall Interaction group and are reported under the respective project. More fundamental

laboratory studies are described on the next two pages. The second group is part of the Centre for Interdisciplinary Plasma Science,

and deals with fundamental plasma theory, Bayesian data analysis, and low temperature plasma surface interaction. CIPS activities

are described in a separate section.

Deputy Head: E. Taglauer

Scientific Staff:
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1. ION BEAM ANALYSIS METHODS

Fundamental laboratory studies on ion beam analysis methods
concern the determination of scattering cross sections and the
data evaluation including surface roughness.

1.1 MeV Ion Beam Analysis with Li Ions

Rutherford backscattering spectroscopy (RBS) and elastic
recoil detection analysis (ERDA) with incident alpha particles
are widely used techniques for elemental analysis and depth
profiling of the surface layers of solids. According to
theoretical considerations heavier ions such as lithium should
offer several advantages over conventional RBS and ERDA,
namely improved depth and mass resolution and higher
sensitivity. The analytical possibilities of  6Li and 7Li ions were
investigated experimentally. In RBS, Li ions gain only a small
improvement in depth resolution owing to the degraded
detector energy resolution for backscattered heavier ions, while
higher sensitivity and mass resolution can be achieved. In
ERDA applications for detecting hydrogen isotopes, a clear
gain in depth resolution of about 50% is achieved in
amorphous hydrogenated carbon multi-layers consisting of
alternating layers of a-C:H and a-C:D by using Li ions instead
of He.
A drawback in using Li ions is the mostly unknown
backscattering cross-sections from light elements above the
threshold for non-Rutherford scattering. The backscattering
cross-sections for 6Li and 7Li ions from carbon and oxygen
were determined at a scattering angle of 165° in the energy
range 3–6 MeV. Above the threshold energy, the cross-sections
decrease monotonically below their Rutherford values,
rendering this energy range less suitable for RBS. The
experimental values for the threshold energies are in good
agreement with theoretical predictions by Bozoian for 7Li,
while for 6Li the theoretical values are considerably lower than
the experimental ones.

1.2 Ion Beam Analysis of Rough Thin Films

Quantitative application of MeV ion beam analysis methods is
usually restricted to laterally homogeneous and smooth films.
The influence of surface roughness on RBS spectra was studied
experimentally by measuring the surface topography of various
samples with a profiler and the corresponding RBS spectra.
Measured spectra are compared with computer simulations
with the SIMNRA code. In the code, rough thin films are
described by a gamma distribution of film thicknesses, while
rough substrates are approximated by a Lorentz distribution of
local inclination angles. Correlation effects of surface
roughness are neglected. Backscattering spectra obtained
experimentally from long-term samples exposed to JET
plasmas, limiter tiles exposed in the TEXTOR-94 tokamak, and
tungsten layers deposited on JET divertor tiles show good
agreement with simulation calculations. For films of high-Z
elements on rough substrates multiple scattering in the film
plays an additional important role. The capability of calculating
surface roughness effects allows quantitative analysis of the
composition, depth profile, and roughness parameters of
arbitrarily rough surfaces, which are often encountered in the
research of plasma-wall interaction phenomena.

2. SURFACE SCIENCE - SFB 338

Cooperation of the Surface Science group within the
Sonderforschungsbereich (SFB 338: Adsorption on Solid
Surfaces) was continued and terminated with its last term at the
end of the year. Recent contributions include quantitative layer
analysis by low-energy ion scattering (LEIS), preparation of
self-organised nanostructures, and studies of the catalytic
activities of rhodium model catalysts.

An advanced procedure for analysis of crystalline alloy
surfaces by means of experiments and simulations was
exemplified with CuAu(100). This kind of analysis is not
restricted to that case but, with the necessary modifications,
can be applied to other crystalline materials. In studying the
surface segregation of alloys it turns out that the second layer
concentration is crucial. Here oscillatory and non-oscillatory
segregation profiles differ and provide information on the
nature of the interatomic forces.
Evaluation of the intensity distributions from the second layer
is complicated owing to focusing and neutralisation effects.
Quantitative evaluation of the experimental LEIS intensities
was performed by comparison with numerical simulations
using the MARLOWE computer code. The necessary
calibrations for scattering potentials and surface vibrational
amplitudes were carried out with the pure-element samples,
Cu(100) and Au(110)(1x2), as standards. For calculations of
the ion scattering processes screened Coulomb potentials are
used, the screening length being a critical parameter. Values
slightly below the Firsov screening length were determined for
1.5 keV Na+ scattering from Cu and Au by making use of
multiple scattering intensities. In contrast to the common
practice of simulating polar angle distributions for calibration,
this procedure is less-time consuming and hence more accurate
under fixed conditions with respect to computational effort.
The ordered CuAu(100) alloy shows nearly bulk truncation
with Au termination below the critical temperature Tc of
chemical ordering and exhibits strong first-layer Au
segregation above Tc. The second-layer Au concentration is
strongly reduced. Both first and second-layer Au
concentrations do not seem to reach values of statistical
equipartition even at temperatures close to the melting point.
The results indicate the appearance of an oscillatory
segregation profile and are in good agreement with theoretical
predictions by Tersoff; see Fig. 1.
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MATERIALS RESEARCH DIVISION

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

The plasma-facing materials of fusion devices 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 material sur-
faces. Radiation from the plasma as well as the incident particles cause energy deposition on the surface of the plasma-facing com-
ponent. 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 minimised. 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
optimised 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 call for intense effort. This entails clarification of the loading mechanisms in fusion devices
and of  the response of materials to these loading conditions, as a basis for the development and qualification of suitable materials.
The Materials Research Division of IPP is developing and characterising materials for plasma-facing components of fusion devices.
The development of materials includes metal and ceramic coatings for plasma-facing applications as well as thin films with barrier
function. The equipment and expertise comprise:
Thin-film synthesis by plasma-assisted deposition methods (PAPVD and PACVD) together with the full range of process analytical
instruments; materials characterisation involving metallography and scanning electron microscopy for morphological examinations,
elemental analysis (EDX), and structure and texture analyses (EBSD); structure, texture, and stress analyses by X-ray diffraction;
measurement of the thermal diffusivity of materials by the laser flash method; measurement of  micromechanical properties by nano-
and microindentation; computational analyses of the thermomechanical behaviour of plasma-facing compounds including microme-
chanical modelling.
The scientific work carried out by the division is part of the “Plasma-Facing Materials and Components”  project and is described in
the “Projects” section of this report.
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CENTRE FOR INTERDISCIPLINARY PLASMA SCIENCE
(Prof. Dr. Dr. h.c. Volker Dose, IPP, Prof. Dr. Gregor Morfill, MPE)

1. PLASMA TECHNOLOGY

The Low-temperature Plasma Physics group (LTPP group) at IPP
is concerned with the application of low-temperature plasmas for
surface treatment, such as deposition of thin films, erosion, and
surface modification. The main focus is on the investigation of
plasma-surface interaction processes of hydrogen and
hydrocarbon plasmas (e.g. CH4) with hydrocarbon layers. These
processes play an important role in the transport of carbon in the
boundary layers of fusion experiments. The main activity in 2001
was to investigate deposition of hydrogenated carbon films from
neutral radical beams in an UHV experiment and study of the
synergistic interaction of argon ions and thermal hydrogen atoms
during erosion of carbonaceous surfaces.

1.1 Basic Studies of Thin-film Deposition and
Erosion Processes

1.1.1 Synergistic interactions of thermal radicals with C:H
surfaces

Recent experiments using H and CH3 radical beams as a model
system for plasma deposition of C:H films revealed that CH3
chemisorption at dangling bonds at the film surface is an
important step for film formation. Dangling bonds are mainly
created via hydrogen abstraction by incoming hydrogen. This
interplay between CH3 and H leads to a pronounced synergistic
effect: the presence of H increases the effective sticking
coefficient of CH3 by up to two orders of magnitude. The cycle of
hydrogen abstraction and CH3 chemisorption implies net
incorporation of two hydrogen atoms per carbon atom during
steady-state growth, although the H/C ratio of the deposited
layers is only ~1. Dedicated experiments to verify the existence
of a hydrogen elimination step were therefore conducted. The
binding structure of the growing film was observed with in-situ
real-time infrared reflection spectroscopy. By this technique, it
was possible to prove that incorporation of carbon from the CH3
beam into the film is a two-step process: (i) First CH3 chemisorbs
at a dangling bond at the surface forming a trihydride-terminated
surface site; (ii) incoming atomic hydrogen transforms these
trihydride sites into crosslinked structures such as CH2, thereby
lowering the hydrogen content of the film. This process is self-
limiting leading to a characteristic H/C ratio of 1 as a
stoichiometric limit. Hydrogen elimination by atomic hydrogen is
therefore a key step for C:H film growth.

1.1.2 Flux dependence, dynamics, and Bayesian parameter
estimation

A rate equation model was developed which includes our
knowledge that hydrogen elimination is almost as important as
the chemisorption process itself. This model also correctly
describes the measured dependence of the synergistic growth rate
on the hydrogen flux. Our hypothesis of a partly trihydride-
terminated surface during growth is further corroborated by time-
resolved measurements during switching events using in-situ
ellipsometry.

The dynamics following the switching-on of the CH3 flux at t=0s
is shown in the left part of Fig. 1. The H flux is present all the
time. Immediately after the CH3 flux is switched on, a high
growth rate is observed which slowly decreases towards a steady-
state value. Our model predicts two time constants: an initial
large spike is caused by instantaneous consumption of dangling
bonds by chemisorption. This effect is predicted to be beyond the
experimental time resolution. The second time constant results
from the formation of a trihydride coverage, which slows down
the growth process. This is visible in the data. As soon as the CH3
flux is switched off (right part of Fig. 1), the synergistic growth
breaks down and the trihydride coverage is reduced by two
processes: hydrogen elimination (observable via infrared
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FIG. 1: Experimentally observed growth rate of C:H layers
as determined by in-situ ellipsometry (upper frames) and
corresponding model results (lower frames). The experiments
were conducted at a constant atomic hydrogen flux. At time 0 a
simultaneous flux of CH3 radicals was switched on (left-hand
side) or switched off (right-hand side).
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spectroscopy) and direct erosion of these CH3 endgroups. The
latter process is apparent in the data and predicted by the model.
Five parameters describing reaction cross-sections enter into the
model. A sound estimation of these parameters is achieved by
following the concepts of Bayesian probability theory. The
influence of experimental uncertainties with respect to both
measured quantities and the input parameters is included in the
algorithm. The analysis requires considerable computation effort,
but yields complete probability distributions for the parameters
rather than simple best estimates.

1.1.3 Synergistic erosion of C:H surfaces by energetic argon
ions and thermal hydrogen atoms

Erosion of hard a-C:H films by simultaneous exposure to an Ar+

ion beam and a beam of thermal, atomic hydrogen was
investigated by in-situ real-time ellipsometry. Experiments were
performed at room temperature, where erosion by atomic
hydrogen is negligible. The energy of the Ar+ ions was varied
between 50 eV and 800 eV. Bombardment of the film with Ar+

ions alone yields physical sputtering at energies higher than about
100 eV. Below that energy no physical sputtering can be
observed under steady-state conditions. This is in agreement with
TRIM.SP computer simulations. However, if both beams are
switched on, a strong increase of the erosion rate by a factor of
more than 2 is observed at an ion energy of 800 eV, and even at
50 eV substantial erosion was found, although neither ion
bombardment nor atomic hydrogen leads to erosion on its own.
This effect can be explained in terms of ion-assisted chemical
erosion: At room temperature chemical erosion by atomic
hydrogen alone is negligible because one of the reaction steps –
desorption of CH3 – is a thermally-activated process effective
only at temperatures above 400 K. However, with additional low-
energy ion bombardment thermal activation can be replaced by
physical momentum transfer to these weakly-bound end groups,
thus leading to the release of CH3 groups.

1.2 Inductively-coupled Plasma Device for In-
situ Studies

A new low-temperature plasma experiment was set up. The
plasma is produced by inductive coupling at a frequency of
13.56 MHz. The experiment is equipped with a number of
surface and plasma diagnostics. A commercial Langmuir probe is
applied to measure electron temperature and density and a plasma
monitor (= energy and mass analyser) is used to determine
charged and neutral fluxes reaching the substrate surfaces.
Growth and erosion of layers are investigated by real-time, in-situ
ellipsometry and in-situ infrared spectroscopy. First
investigations will focus on deposition and erosion of
hydrocarbon layers from pulsed discharges.

1.3 Exhaust-pipe Experiment

Co-deposition is a big problem for ITER or any other fusion
experiment involving tritium. If plasma surface interaction
produces reactive species with a low surface reaction probability

somewhere in the plasma containment, they can in principle reach
any surface area of the vacuum chamber and lead to deposition of
hydrogen (or deuterium and tritium) containing carbonaceous
layers. For a machine operating with tritium this will lead to
continuous build-up of a tritium inventory. For this effect to occur
reactive species have to have a low, but not vanishing surface loss
probability (PL). PL has to be low to enable the particle to survive
many surface collisions, so that it can also reach remote areas; on
the other hand, it must not be zero in order to lead finally to some
film deposition. A candidate for such a species is the CH3 radical
with PL = 10-4 as measured in radical beam experiments. The
question whether a CH3 radical can really be transported over
long distances was investigated in a dedicated test experiment.
An ECR methane plasma was applied as a source of a flux of
reactive species. It is known from earlier investigations that the
particle flux emanating from such a discharge comprises a wide
variety of species with widely varying surface reaction
probabilities. A fraction of this reactive flux was extracted from
the discharge through a baffle into a stainless-steel tube (1 cm in
diameter, 30 cm long). Species with a high PL (such as ions and
C2H radicals) will deposit at the entrance of the tube and only
species with a low PL will reach the end. At the end of this tube a
sniffer probe was mounted to extract a fraction of the remaining
flux. It consisted of a stainless-steel pipe 70 cm long with an
effective inner diameter of 3 mm. The remaining particle flux
reaching the end of the sniffer probe was injected into a
quadrupole mass spectrometer for mass analysis. By threshold
ionisation mass spectroscopy the CH3 radical was clearly
identified as a constituent of the particle flux. This experiment
proves that CH3 radicals can survive many wall collisions (of the
order of 10,000) and be transported over long distances to very
remote areas of a fusion device. In future experiments the
composition of the particle flux shall be examined as a function
of the temperature of the tube, in order to find an optimal
temperature range to minimize CH3 migration.

2. PLASMA THEORY
2.1 Decay Properties and Statistics of Two-

dimensional MHD Turbulence

In a strongly magnetised plasma turbulence dynamics is highly
anisotropic, since the stiffness of the mean magnetic field
prevents sharp bending so that small-scale fluctuations can only
be excited perpendicularly to the mean field, making the
turbulence practically two-dimensional. (In fact, 3D turbulence
studies have shown that with increasing strength of the mean field
statistical properties approach those observed for 2D turbulence.)
The 2D approximation is very convenient for numerical studies
because much higher Reynolds numbers become accessible than
in fully 3D turbulence studies. Direct simulations with spatial
resolutions of up to 81922 collocation points have been
performed, which should be compared with the maximum
achievable resolution of 5123 in 3D. The results concern two
different areas, viz. decay properties of integral quantities and the
statistical properties of the small-scale dynamics. The turbulence
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decay proceeds in a selfsimilar way characterised by invariance
of the ratios of kinetic to magnetic energy, of viscous to resistive
dissipation rate, and of parallel to perpendicular kinetic energy.
The selfsimilarity of the decay allows one to calculate the energy
decay law from the constancy of the mean-square magnetic
potential. In contrast to isotropic 3D turbulence, the energy
spectrum is found to agree essentially with the Iroshnikov-
Kraichnan power law, but it is modified by a logarithmic factor.
A rather complete description of the statistical properties is
obtained from the set of scaling exponents of the structure
functions. These show that MHD turbulence is significantly more
intermittent in 2D than in 3D.

2.2 Scaling Laws in Two-dimensional Turbulent
Convection

In the presence of a strong magnetic field convection in a
stratified medium is essentially two-dimensional. The statistical
properties of 2D turbulent convection were studied numerically in
the Boussinesq approximation. We consider an open system with
periodic boundary conditions for the fluctuations that simulate
conditions in the central part of a convection zone away from
boundary layers. While we find the spectra of velocity and
temperature fluctuations roughly consistent with the Bolgiano-
Obukhov scaling, the intermittency of the temperature
fluctuations is very strong, being similar to that of passive scalar
turbulence, though in thermal convection the temperature is not
passive. The reason for this behaviour lies in the ramp-and-cliff
structure of the temperature field, which is similar to that of a
passive scalar. By contrast, the velocity fluctuations exhibit
almost no intermittency.

2.3 Fast Magnetic Reconnection due to Resisti-
vity Localisation

The effect of localising the resistivity in a small region around the
X-point is studied self-consistently in the coalescence of two
magnetic flux bundles. The reconnection rate is found to be
almost independent of the value of the resistivity taking place in a
finite-angle X-point magnetic configuration, which differs
strongly from the case of a homogeneous resistivity distribution,
where the reconnection process occurs in a macroscopic current
sheet and the time scale strongly depends on the resistivity. The
results, which agree quantitatively with a recent theory, indicate
that the clue to fast reconnection dynamics is that the
reconnection mechanism be localised. While such localisation
does not naturally occur with collisional resistivity, it is enforced
by the dispersive properties in high-beta as well as low-beta
collisionless plasmas, which explains the observed fast
reconnection rates observed in the latter.

2.4 Three-dimensional Particle-in-cell Simulation
of Complex Plasmas

In order to achieve a fully self-consistent numerical model for
simulation of complex plasmas in RF-driven discharges, a highly

efficient parallel particle-in-cell code was extended to plasmas
containing dust particles. The program was designed for
operation on massively parallel architectures and is at present
running on Cray T3E and IBM SP systems allowing realization of
up to one billion interacting particles.
To evaluate the physical influence of different hybrid approaches
to dust modelling, we implemented a Yukawa system as the
simplest approximation for studying the dynamics of plasma
crystallisation, wave propagation, and thermodynamic properties.
The abstraction level of the complex plasma model will be
successively lowered by introducing an ion particle species,
leading to self-consistent dust shielding and dust-dust interaction,
the electrons being regarded as adiabatically adjusting to electric
potential differences. This will allow comparisons between full-
particle simulations and different potential-modelling approaches.

2.5 Local Anisotropy of Homogeneous Magneto-
hydrodynamic Turbulence

In the wake of recent theoretical advances, homogeneous
incompressible magnetohydrodynamic (MHD) turbulence with
and without a mean magnetic field was studied by direct
numerical simulation. As it has been argued that the presence of a
magnetic field, even in a globally isotropic system, would locally
introduce spatial anisotropy, we considered the two-point
statistics of the turbulent fields parallel and perpendicular to the
local magnetic field. It could be shown that there is indeed such
statistically significant anisotropy. While the turbulence exhibits
hydrodynamic features perpendicular to the local magnetic field,
it shows a pronounced reduction of intermittency in the parallel
direction. Interestingly, in spatially isotropic statistics the
evidently different field-parallel dynamics do not dominate the
overall statistical behaviour of the turbulent system, i.e. one
observes Kolmogorov scaling ~k -5/3 of the energy spectrum in
combination with statistical behaviour which is consistent with
nonlinear interactions based on eddy scrambling.
Additional studies where a mean magnetic field of varying
strength penetrates the fluid allowed detailed examination of the
local anisotropy in the physical mechanisms underlying MHD
turbulence. First theoretical results based on well-supported
intermittency phenomenologies have been achieved. Work on a
consistent theory for this new phenomenon is under way.

2.6 Three-dimensional Particle Simulations of
Collisionless Magnetic Reconnection

Some of the most challenging problems in laboratory and space
plasma physics, such as collisionless magnetic reconnection and
the dynamics of collisionless shocks, require three-dimensional
large-scale and high-resolution simulations, which are only
feasible on massively parallel computer systems. To allow such
simulations a new particle-in-cell code was developed for the
Cray T3E system which treats the Poisson equation with a
parallel multigrid solver and is therefore particularly well suited
to computer systems with a distributed memory architecture. With
this new code simulations were performed to investigate the



CIPS

stability of current sheets and boundary layers which develop
during magnetic reconnection of anti-parallel fields in
collisionless plasmas. The strong current layers which are driven
near the X-line remain surprisingly laminar, with no evidence of
turbulence and associated anomalous resistivity or viscosity.
Neither the electron shear flow instabilities nor kink-like
instabilities which have been observed in these current layers in
earlier simulations are present. The sharp boundary layers which
develop between the inflow and outflow regions downstream of
the X-line are unstable to the lower hybrid drift instability. The
associated fluctuations, however, do not strongly impact the rate
of reconnection. As a consequence, magnetic reconnection in the
3-D system remains nearly two-dimensional.
To allow even larger simulations which exceed the memory limit
of the Cray T3E system, the code was ported to use MPI
(Message-Passing Interface) as an architecture-independent
communication scheme. In this new version the code is, in
particular, ready to run on the IBM SP system. As another
extension additional modules were added which allow the code to
be operated in hybrid and two-fluid mode. In the hybrid mode the
ions are treated as in the full-particle case, whereas the electrons
are modelled as a massive fluid with isotropic pressure. The
resulting Helmholtz equation is treated with a multigrid solver
very similar to that introduced for the full-particle version. In
two-fluid mode, finally, a Hall-MHD model is used which again
contains a Helmholtz equation as in the hybrid case.

3. DATA ANALYSIS

Measured data are usually spoiled by noise. Background
information necessary for the measurement descriptive model is
often uncertain. A ubiquitous problem in data analysis is to
identify and quantify sources of errors of a measurement system
and describe the data with a model including all uncertainties in a
concise formalism in order to obtain the most reliable result
including its credibility. Bayesian probability theory (BPT)
provides a general and consistent frame for combining various
kinds of information taking into account the degree of uncertainty
of data and models.
Joint automatic evaluation of experimental data from different
plasma diagnostics to derive reliable spatial profiles of plasma
quantities (ne, Te, Ti, Zeff ...) suffers from a lack of systematic
statistical modelling of the uncertainties involved. BPT allows a
systematic combination of all information entering the
measurement descriptive model that takes into account all
uncertainties of the measured data, calibration measurements,
physical model parameters, and measurement nuisance
parameters. As a first step the validation procedure was applied to
the Nd:Yag-Thomson scattering diagnostics and the Ruby-
Thomson scattering diagnostics at W7-AS to obtain the most
reliable ne and Te profiles. The results of the Nd:Yag diagnostics
are consistent with the long-established ratio-evaluation data
evaluation method. Systematic consideration of all raw data
obtainable, in particular those data suffering from low signal
levels, results in improved evaluation for weakly informative
data. Sensitivity analysis of model parameters allows one to find

crucial uncertainties with an impact on diagnostic improvement.
The results of the ruby diagnostics benefit from the concise
formulation of the measurement descriptive model without
successive analysis steps. The prospect is to combine the two
diagnostics after mapping on magnetic surfaces.
Temperature measurements in tokamak edge plasmas frequently
suffer from outliers of unknown origin. Such outliers have an
important unwanted influence on the estimation of parameters for
edge temperature model functions in conventional least-squares
fits. BPT is applied to deal with such outliers and develop a
robust procedure which performs highly satisfactorily.
In the analysis of the spectra recorded with mass spectrometers
one has to infer the concentration of the contributing molecule
species from the signal intensities in the mass channels. Though
every molecule produces a particular spectrum (referred to as
cracking pattern), the pattern of various species in a gas mixture
may overlap and have to be disentangled. Since the data are noisy
and the cracking pattern itself originates from a noisy calibration
measurement, a method for decomposing mass spectra based on
BPT was developed.
Given a set of spectra, the algorithm combines the measurement
of the gas mixture with the result from the calibration
measurements and returns the relative concentrations and the
associated margin of confidence for each component of the
mixture. In addition to the concentrations, such a data set allows
one to derive improved values of the cracking coefficients of all
contributing species, even for those components for which the set
does not contain a calibration measurement. This latter feature
also allows one to analyse mixtures which contain radicals in
addition to stable molecules. As an example we analysed and
discussed mass spectra obtained from pyrolysis of azomethane
which contain the radical CH3 apart from nitrogen and C1 - and C2
-hydrocarbons.
For the future this work will serve as a basis for proper analysis
of vector mass spectra like hydrogen-helium gas mixtures such as
arise in fusion machines.
Elastic recoil detection analysis is improved in respect of depth
resolution and reliability of the measured spectra by
deconvolving the measured spectra by the adaptive kernel method
in the framework of BPT. The growth process of tetrahedral
amorphous carbon (ta-C) was studied on deconvolved 13C depth
profiles including the uncertainties.
Measured spectra consisting of a collection of ‘peaks’ were
analysed by the recently proposed reversible-jump Markov chain
Monte Carlo method. The numbers of mixture components and
component parameters were jointly estimated. The method was
applied to data from Rutherford backscattering spectroscopy and
high-resolution electron energy loss spectroscopy.
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1. PSI-2 PLASMA GENERATOR
In 2001, the activities of the PSI group were concentrated on
four main topics: hot-liner experiment, measurement of the
Balmer spectrum, plasma flow velocities, and heat flux
measurements. To understand both the formation of amorphous
hydrogenated carbon layers and the process of deposition in
tokamaks with ITER-like conditions, the hot-liner experiment
was designed in close co-operation with the EFDA group in
Garching. To produce the hydrocarbons, a heated graphite
target is used (diameter 80 mm, max. target temperature
6000 C). The efficiency of hydrocarbon generation in front of
the target was determined as a function of the plasma
conditions: a flow from the target of more than 1018 C atoms s-1

was measured. In addition, the hydrocarbons' distribution at the
entrance of the hot liner was determined and modelled by
Monte Carlo methods. The sticking coefficient of the
hydrocarbons will be measured as a function of temperature
using Si wafers and cavities attached to the inner structure of
the hot liner (max. temperature 10000 C). As a new topic the
Balmer spectrum (lines and continuum) was investigated under
conditions where three-body recombination prevails (Fig. 1).
The results from the spectroscopic diagnostics are compared
with those from Langmuir probe measurements. The aim is to
resolve the discrepancy observed in tokamaks for two different
methods of electron temperature diagnostics. Probe
measurements in tokamaks tend to give systematically higher
temperatures. Another topic was measurement of the plasma
streaming velocity by means of a Mach probe. The Mach probe
offers the advantage over other spectroscopic techniques (e.g.
LIF) of providing good spatial resolution and easy application.
An important result is that the magnetic field strength along the
PSI generator has a large effect on the flow velocity. Earlier
investigation of the heat flux was complemented by measuring
this quantity for different orientations of the sensor surface to
the magnetic field direction. Generally, the results agree fairly

well with theoretical predictions. Only the result for helium
shows larger discrepancies in relation to theoretical values for
the heat flux. It turns out that the difference is due to the effect
of helium atoms in metastable states.

FIG. 1: Balmer spectrum of hydrogen between 364 and
380 nm. The highest series member (n = 22 to n = 2) that could
be resolved in the spectrum is marked.

2. ELECTRON BEAM ION TRAP (EBIT)
The investigation of magnetic dipole radiation from highly
charged tungsten in the range from 500 to 1000 Å was
continued (in cooperation with the Racah Institute of Physics,
Jerusalem). Many lines could be identified and marked as
diagnostics for tokamak measurements. In addition, time-
resolved measurements of the X-radiation produced by argon
and barium were made, demonstrating for the first time
sawtooth activity of the ion population in the trap.
One major topic of investigation at EBIT was high-resolution
measurements of the characteristic X-ray emission from helium-
like argon. Helium-like ions with a well-known level structure
allow prediction of a few distinct line ratio combinations to
determine the electron temperature Te or density of the plasma.
These theoretical predictions require, however, knowledge of
quite a number of accurate cross-sections and need to be check-
ed by benchmark experiments. We have investigated with EBIT
the intensity ratio of individual dielectronic satellites to reso-
nance lines for He-like Ar, since argon is an element delibe-
rately added to tokamak plasmas for diagnostic purposes. By
sweeping EBIT's electron beam over a wide range of energies
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we can excite and sample the He-like Ar ions, simultaneously
recording the emitted radiation with a high-resolution crystal
spectrometer. Thereby, information on the different processes
of resonantly excited dielectronic recombination and direct ex-
citation can be separated into emission wavelength and excita-
tion energy. Since the so-called j and z lines blend and can only
be separated by the differential technique used for this EBIT
experiment, they are usually treated together. The ratio of j+z
lines to the w line previously used in TFR experiments shows
only a weak Te dependence (Fig. 2). However, the strong k and
w lines are particularly well suited to diagnostics because they
can easily be distinguished in the X-ray spectra. Furthermore,
as the graph demonstrates, the line ratio has a steep temperature
dependence, which is also predicted by HULLAC calculations.

FIG. 2: Line ratios of dielectronic satellites to the w reso-
nance line of argon. Experimental values from the Berlin EBIT
are compared with measurements at tokamak facilities and
calculations.

3. UHV LABORATORY
Layers of B4C are envisaged for use as plasma-facing material
for the W7-X stellarator. To investigate the properties of such
layers, a movable mushroom-shaped Cu limiter was coated
with a 170 µm thick B4C film and exposed to the TEXTOR-94
plasma during 40 ohmically and NB-heated discharges. During
exposure, intense light spots were observed on the limiter
surface, and at the same time the current to the limiter and the
infrared radiation were enhanced. Preferably, these features
were detected during high-power discharges or disruptions
when the position of the limiter was close to the separatrix. The
spots have a lifetime of up to several seconds. Instead of
moving in a retrograde direction, as expected for arcs in
magnetic fields, they persist at a fixed position. Post-mortem
investigations of the limiter revealed that there are craters on
the B4C layer at positions which correspond to the light spots
observed in the experiment. Using laser profilometry, the
diameter and depth of a single crater were measured to be 250
and 170 _m, respectively. Note that the depth just corresponds
to the thickness of the B4C layer. Surface analysis using SIMS
and AES revealed that the bottom of the largest craters consists
entirely of substrate copper. In the re-solidified region sur-
rounding the craters, the surface concentration of Cu was up to
8 %. In order to clarify some specific aspects of the spot
formation, laboratory experiments were conducted with

vacuum arc discharges. The arcs were ignited on a B4C-coated
Cu cathode in the presence of a magnetic field of 0.4 tesla. The
discharge current was limited to 20 A, and the discharge
duration was 1 ms. Observation of the arcs was made by means
of a fast CCD camera. The arcs generated in vacuum behave
similarly to the ligth spots observed in the tokamak
experiments: on the cathode they burn through the B4C coating,
and there is hardly any change in the position of the arc as a
function of time. In fact, the arc spot seemed to stay at the
location of the ignition. Furthermore, the craters produced by
the vacuum arcs are very similar to those found on the limiter
surface. The crater depth increases with the number of arc
discharges (provided the ignition takes place at the same
position) and reached the thickness of the the B4C coating (170
_m) after about 10 discharges. This corresponds to a total
charge transfer into the crater of approximately 70 mC. Surface
profilometry revealed that only a minor part of the eroded B4C
material (less than 30 %) was redeposited. In a region of about
1 mm around the craters, copper was found with surface
concentrations of up to 30 %. The formation of craters on
plasma-facing B4C components due to arcing and damage to
the substrate can be a serious problem, in particular if the
structure contains water pipes for cooling purposes.

4. THEORY AND MODELLING
The following topics were covered by the theory and plasma
modelling group:
(i) Bifurcation and chaos in radiative edge plasmas. The
problem was tackled by using a periodically driven reaction-
diffusion equation which resulted from the time dependent 1-D
heat conduction equation. The transition to chaos by the
Feigenbaum route was demonstrated. When spatial variations
are included, Hopf bifurcation and intermittence phenomena
also exist.
(ii) Charge shielding in magnetised plasmas. The
shielding of a test charge embedded in a magnetised plasma
was investigated by means of a particle-in-cell (PIC) model. It
is shown that the ratio of the gyration radius to the Debye
length is the main parameter in the analysis. For small values
of this parameter, plasma shielding of a test charge does not
occur. For high values, the effect of the magnetic field vanishes
and the electric forces dominate.
(iii) PIC code simulations of plasmas. The PIC code,
PLAS, was developed to model a plasma with a given density
profile embedded in an external magnetic field. It is shown that
the difference in the electron and ion gyration radii leads to
charge separation resulting in the origin of an electric field.
Whereas the electrons with their extremely small gyration radii
stay relatively fixed at the magnetic field lines, the ions need
this additional force, which ensures near equality of the elec-
tron and ion density profiles.
(iv) B2-EIRENE modelling. Numerical calculations were
made to predict the effect that a probe could have on the pro-
perties of a plasma. The probe was modelled as a ring-shaped
target at floating potential embedded in a magnetised plasma.
In front of the probe, the electron temperature increases along
the flux tubes; the increase in temperature is typically 2 eV.
Behind the probe, there is a decrease of the temperature by
about the same value. The predicted effect is in qualitative
agreement with a recent observation in the PSI plasma
generator.
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1. INTRODUCTION

The linearly magnetized helicon plasma device, VINETA,
went into full operation in spring 2001. It was originally
designed for conducting basic research in plasma dynamics
and equipped with specialized diagnostics. The current
scientific programme is project A15 in the DFG special
collaborative research centre (SFB 198) “kinetics of partially
ionized plasmas” at Greifswald University. The project is
focused on electromagnetic plasma waves and plasma
instabilities, in particular Whistler waves, Alfvén waves, and
drift waves.  

2. DEVICE DESIGN AND DIAGNOSTICS

The VINETA device is designed for versatile operation and
maximum flexibility. It consists of four identical cylindrical
modules; each of them immersed in a set of 8-10 water-
cooled magnetic field coils that can be freely adjusted along
the axis. The assembled device has a homogeneous magnetic
field of maximum B = 0.1 T. If desired, axial gradients in
the magnetic field can be tailored to create magnetic bottle,
mirror or separatrix configurations. The total length of the
VINETA device is 5m. Figure 1 shows a picture of the
experiment.

VINETA is usually operated in steady state and a long, large-
volume (V = 40l) magnetized argon plasma column with
electron densities of up to 1019 m-3 is established. The
electron temperature is in the range of 2-10 eV. Owing to the
high efficiency of the helicon plasma source, the β-regime of
electromagnetic drift waves (β≥me/mi) can be experimentally
explored. Another consequence of the high density is that the
Alfvén wave length vA/fci is fairly low, which allows one to
study compressional and torsional Alfvén waves without too
strong influence of the axial boundaries.

Electrostatic probes are used for standard plasma diagnostics
with high spatial and temporal resolution. Probe positioning
in the plasma is done by various computer-controlled servo-
motor systems. Plasma wave measurements are done with
HF-matched electrostatic and magnetic probes.

The latter have been carefully frequency calibrated. The ion
kinetics and ion dynamics will be non-intrusively observed
by laser-induced fluorescence (LIF), for which a 60 mW 661
nm cw diode laser system is already set up. Finally, the line-
integrated density will be steadily monitored by a tuneable
microwave interferometer, which is under construction.

FIG. 1: Full view of the VINETA device. The magnetic field
coils (brown ring structures) can be adjusted along

the axis. On the right-hand side, the helicon plasma
source is installed .

3. EXPERIMENTAL PROGRAMME

3.1      Whistler and Helicon Waves

Whistler waves are right-hand polarized electromagnetic
waves with frequencies in the range of  ωLH <<  ω  <<  ω ce.
They are of fundamental importance in ionospheric plasma
physics and radio sciences. Recently, Whistler waves received
much attention in the context of non-resonant plasma wave
heated discharges: Long-wavelength Whistler waves,
launched in a target plasma, form eigenmodes, so-called
“helicon” modes. It was discovered that helicon modes
perform surprisingly efficient transfer of wave to particle
energy. The actual transfer mechanism is not yet well
understood. The primary goal of this research project is to
investigate systematically the transition from unbounded-
plasma Whistler waves to bounded-plasma helicon modes; in
particular the change in dynamics and dissipation.  

RF power is coupled to the plasma by a Nagoya type III
double-half-turn right-helical antenna. This antenna geometry
drives the m=1 helicon mode. Figure 2 shows radial density
profiles of the three consecutive discharge modes – capacitive,
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inductive, helicon - established if the RF input power is
gradually increased from zero to a few kW.

FIG. 2: Radial profiles of the plasma density for increasing
RF power at B = 80 mT. Note the scaling factor
applied to the profiles of the capacitive (black) and
the inductive (red) mode. The dotted lines indicate the
radial  positions of the helical double-ring  antenna.

Since in the capacitive mode plasma production takes  place
in the antenna sheaths only, a hollow  profile forms. Above a
certain power threshold, the discharge suddenly jumps into
the inductive mode with a factor of ten higher flat-top density
profiles. The sudden transition to wave-heated helicon
discharge finally occurs at relatively high power. It is
characterized by high plasma densities (up to 1019 m-3) and a
peaked density profile. In all three cases, the electron
temperature remains moderate in the range 2-10 eV.

Figure 3 shows probe measurements of the poloidal plasma
density profiles in the three discharge modes. The profiles are
fairly axisymmetric and compatible with the conclusions
drawn from Figure 2.

FIG. 3: Poloidal plasma density profiles for capacitive,
inductive, and helicon discharge mode (left to right).

In progress is the investigation of electron and ion Whistler
waves in a bounded cylindrical plasma. This is accomplished
by axially-radially movable magnetic loop probes and by
laser-induced fluorescence (LIF) techniques. The final goal is
to develop a consistent picture of the dynamics of circularly
polarized electromagnetic waves in a bounded, cylindrical,
and magnetized plasma.

3.2 Drift-Alfvén Waves

The high density achieved in the helicon discharge mode
allows one to approach the electromagnetic regime of drift
waves. So-called drift-Alfvén waves (DAWs) have been
thoroughly investigated in the Tokamak Theory division of
IPP. However, there is still a need for well-defined
experiments on DAWs. This project aims to close this gap

by systematic investigation of the transition from
electrostatic drift waves 
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1. INTRODUCTION
The Programme of the group consists in investigating novel
phenomena in photoionization and the mechanisms concerned.
Such processes are important in the cold regions of fusion
plasmas. The experiments are conducted with an advanced light
source in the VUV and X-Ray regime: at the BESSY II syn-
chrotron radiation storage ring in Berlin. While further pursuing
our studies of high resolution molecular photoionization, we
have also broadened their scope. For photoionization of chiral
molecules with circularly polarized light, first reported in 2000,
there are new results, and a new project on autoionization of
Van der Waals clusters has been successfully initiated.

2. TECHNICAL ACHIEVEMENTS
For future experiments we are developing methods of detecting
two electrons resulting from the same photoionization event in
co-incidence. This necessarily requires detection systems which
separately register every electron. The original readout of our
hemispherical electron analyzer, in which a 10% range of the
pass energy is detected by a microchannel plate via a CCD
camera, was far too slow for efficient single-electron detection.
We have adapted a commercially available fast position-
resolving anode to our spectrometer. With this equipment we
recorded the time-of-flight broadening of trajectories pertaining
to equal electron kinetic energy, using a pulsed-beam mode
(‘single bunch’) of the BESSY II storage ring. At the same
time, this development has permitted us to increase the detec-
tion efficiency.

3. RESULTS
In nine weeks of synchrotron radiation beam time the following
results were achieved:

3.1 Photoionization of Chiral Molecules
A chiral molecule is defined as being different from its own
mirror image. The two forms of opposite handedness are called
enantiomers. The optical effects of enantiomerically pure sam-
ples on light are well established, but are small (10-4 range).
We have studied a potentially much larger effect resulting from
the interference of electric dipole photoionization amplitudes.
This differential effect does not lead to a net asymmetry, but to

a redistribution of the photoelectron intensity between forward
and backward directions that flips sign with the helicity of the
ionizing light and the handedness of the molecule. For the
normalized intensity difference of the carbonyl C 1s photo-
electron line of gaseous, unoriented camphor recorded with a
54.7° forward scattering geometry, we validated the measure-
ment of an asymmetry of up to 6 % reported last year, and
showed that this effect can be observed from threshold up to
kinetic energies as high as 20 eV.

3.2 Experiments on Van der Waals Clusters
Intensities at BESSY II are sufficient to study directly photo-
ionization of a free cluster beam. We produced noble gas clus-
ters by supersonic expansion, and recorded their photoelectron
spectra with a resolution vastly improved compared to earlier
studies. Recently, a new type of charge transfer process has
been predicted for Van der Waals clusters. This so-called ‘Intera-
tomic Coulombic Decay (ICD)’ is mediated by autoionization
of inner valence hole states in clusters, i.e. for Ne the 2s-1 state.
We have tried to detect the signature of this process and indeed
have observed a significant increase in the yield of low kinetic
energy electrons above the Ne 2s threshold. To state definitely
that this proves the existence of the ICD effect is, however,
premature before further checks of the spectrometer characteris-
tics in this energy region have been performed.

FIG. 1: Ne 2s photoelectrons from a free cluster beam. The
separation of the peak into monomer, cluster surface and cluster
bulk fraction can be seen with unprecedented clarity.
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RZG traditionally provides supercomputing power and archival services for IPP 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. Large 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. The experimental 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.

I. Ahlert,  A. Altbauer, G. Bacmeister, J. Cox **, K. Desinger, R.
Dohmen, S. Gross, A. Hackl,  S. Heinzel, C. Hennig,  A. Jacob,
K. Lehnberger, H. Lederer, R. Mühlberger, K. Näckel*, W.
Nagel, M. Panea-Doblado, P. Pflüger, F. Pirker, A. Porter-
Sborowski, H. Reuter, S. Sagawe*, H.-G. Schätzko, R. Schmid, J.
Schmidt, A. Schott, H. Schürmann*, H. Soenke, U. Schwenn, R.
Tisma, S. Valet*, I. Weidl, V. Weinert

Data Acquisition Group:

P. Heimann, J. Maier, J. Reetz,  M. Zilker

* IPP Greifswald ** till June 2001

1. MAJOR HARDWARE CHANGES

The massively parallel Cray T3E system (with 816 processors,
102 GB main memory, and a peak performance of 0.49 TFlop/s)
is used for projects with highly scalable parallel applications
that require a large main memory. For non-parallel vectorizing
codes, a NEC SX-5 vector system with high single processor
performance with 3 processors and 12 GB of main memory is
available. Since Oct an 8-processor test system for the
forthcoming new IBM supercomputer has been in operation.
For high requirements in mid-range computing power, the
following dedicated compute servers of client institutes of RZG
have been newly installed and are being operated by RZG: SGI
Origin 3400 system (12 processors, 24 GB main memory) for IPP;
SUNFIRE 3800 system  (8 processors US III, 32 GB main
memory) for MPI of Developmental Biology; SUNFIRE V880
system (4 processors, 8 GB of main memory) for MPI of
Extraterrestrial Physics.

2. DATA MANAGEMENT

2.1 Multiple-resident AFS and OpenAFS

In October 2000 AFS became an open source. This allowed
RZG to bring all extensions needed in the client for MR-AFS
into the OpenAFS source. The most important change is that
the OpenAFS client now has large file support for AIX, LINUX,
and SOLARIS. Other changes now allow the MR-AFS
extensions to the "fs" command to do their RPCs via the cache
manager, which is much more efficient than before /757/.
The major changes in the MR-AFS fileserver are that the old
technique to store files without directory entries abusing fields
in the inode has been replaced by a technique where the files
are visible in the directory tree. This technique, called NAMEI
interface, had first been used by Transarc (IBM) for the Linux
client some years ago. The main advantage is that no special
file system check program (fsck) is required any more and
therefore any kind of Unix file system can be used.
A low-cost fileserver based on Intel PC hardware with RAID
adapters and DIE disks has been tested. This is the same kind
of server as used by CERN and DESY. The performance of this
server turned out to be very good, but many disk failure
problems were encountered. After replacement of all disks from
a different vendor, the stability increased, but did not achieve
that of the much more expensive SSA disks on IBM machines.
Since this disk system could not be used for high- availability
purposes, it is now used for replicated software and for
replications of user home volumes. This additional backup
strategy to automatically replicate the home directories every
night to this stand-by server would allow recovery from the
loss of a server partition in a significantly shorter time than
would be required to restore the volumes from the TSM system.
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2.2 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, backup data, not MR-AFS was used, but the so-
called “arc” software developed at RZG had been used for the
most common system platforms. This system has been replaced
by the commercially available product TSM (Tivoli Storage
Manager, formerly ADSM) from IBM. The tape drive capacity
of the TSM server, an IBM H80 machine,  has been extended:
three new STK 9940 drives have been added to the already
existing six STK 9840 (“Eagle”) tape drives, served by the
Grau/ADIC robot system and tape silo. “Arc” backup service
stays in operation only for the high-performance systems Cray
T3E and NEC SX-5, for which no TSM clients are available. For
routinely performed backups of all other systems, TSM is now
used as standard. The migration of “arc”- based archival data
into the TSM system is ongoing. For TSM archival data,
security against physical damage has been significantly
improved: A second tape copy is being routinely generated at
Leibniz Rechenzentrum München (LRZ) in downtown Munich,
whereas LRZ has the option of second-tape generation and
storage at RZG.

3. DEVELOPMENT FOR HIGH-END
PARALLEL COMPUTING

High-performance computing is a key technology for IPP and
other Max Planck Institutes. Application development and
support for high-end parallel computing is of great importance
for disciplines especially in the fields of plasma physics,
materials science, and astrophysics. Projects to support new
developments in close collaboration with the respective
scientists  are described in detail, as well as the preparation for
a new supercomputer generation /573, 574/.

3.1 Fusion Research

3.1.1 P3D particle-in-cell code

The P3D particle-in-cell code of A. Zeiler had been
highly optimized for the Cray T3E system, using the proprietary
shmem library for one-sided communication. For a cooperation
project with the University of Maryland, the code is to be used
on a large IBM system at NERSC, Berkeley. The T3E-specific
communication scheme was therefore redesigned. The
hierarchical group structure for efficient I/O was adapted. The
P3D code is thus also already ported to the T3E follow-up IBM
system at RZG.

3.1.2 SDTrimSP code

The new standard-version SDTrimSP (static/dynamic
Trim sputtering) of the generalized TRIDYN code package was
further extended in cooperation with R. Schneider. New features

include implementation of particle statistics (especially tracing
of particles of different classes)  and a new, universal I/O
interface. This allows the fine tuning of the amount and
complexity of dynamically selected physical quantities such as
moments of  the distribution function in phase space and the
energy transfer. Portability could be achieved by implementing
a portable parallel random number generator.

3.1.3 Plasma edge transport EMC3 code

The combined parallel EMC3 / EIRENE code allows
study of plasma transport in edge regions. The EMC3 Monte
Carlo part is suited to fluid approaches (solution of Navier-
Stokes-like fluid equations especially for protons and
electrons), the EIRENE part (from FZ Jülich) is suited to
treatment of neutral atoms or molecules (solution of the kinetic
Boltzmann equations). The code had been ported to the SR8000
Hitachi system at LRZ, where 1 GB of memory is available per
processor. The limited memory of 128 MB per T3E processor at
RZG did not allow sufficiently large problem sizes. Attempts
were made especially to further optimize the single-processor
performance of the Hitachi system. The Monte Carlo part,
however, appeared to be not well suited to the pseudo-vector
architecture of the Hitachi system.

3.2 Materials Sciences

The new portable parallel version of the WIEN97 code package
for the  LAPW method (Linearized Augmented Plane Wave)
/76/ was tested under production conditions on the Cray T3E
system, and  first implementation tests for the new IBM system
were carried out. The parallelization scheme was adopted for
the new WIEN2K version by the authors of the WIEN97 code.

3.3 Astrophysics

The 16-processor IBM power3 system (Nighthawk II) of MPI of
Astrophysics can be considered as the predecessor system of
the new IBM Power4 system (Regatta) with a similar macro
architecture. On this shared memory system, for parallel
processing no explicit message passing is required for commu-
nication, but the new standard for shared-memory parallel
processing, the OpenMP model, can be applied.  For three
parallel codes based on OpenMP, scalability comparisons with
an SGI Origin system revealed a higher degradation on the IBM
system. For two codes, application of specific compiler options
in combination with the tuning of those environment variables
which are responsible for the behaviour of the multi-user
interrupt handling could significantly improve the scalability.
For the third code, the reduction of work per processor with an
increasing number of processors turned out to be the limiting
factor specifically on the IBM system: the 4-way parallelism for
floating-point operations on the Power3 processor (with
independent multiply/add operations on the two floating-point
units) could no longer be exploited, whereas on the MIPS
processors of the Origin system. 2-way parallelism for floating-
point operations was the maximum anyway. By code
restructuring the amount of work per processor was increased,
and good scalability was achieved.
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3.4 Geo Sciences / Climate Research

The ECHAM climate model codes of MPI of Meteorology are
to be used by MPI of Chemistry on parallel machines at RZG.
The parallel efficiency of the code is therefore of general
interest, and RZG became involved in the analysis and
optimization of ECHAM. Prior to the availability of the new
ECHAM5 version, work was based on the ECHAM4 standard
version. In close cooperation with the MPI of Meteorology, the
ECHAM4 output procedure was parallelized which significantly
improved the overall scalability. In a second step, this
parallelization scheme was migrated to ECHAM5. Since the
ECHAM4 to ECHAM5 transition was accompanied by a
revised memory allocation scheme, the new output routines
could only be incorporated  after further modifications.

Parallelizing strategies for the new advection part in ECHAM5
were discussed with scientists from MPI of Meteorology, and
the SPITFIRE option for the advection part was efficiently
parallelized for distributed memory systems. The new version
was developped on the Cray T3E system and ported to the IBM
Power4 system. Parallel I/O and the parallel spitfire routine are
now part of the new ECHAM5 standard version.

3.5 Preparing  for a new supercomputer

In spring, IPP and MPG contracted IBM to deliver a follow-up
system for the current Cray T3E/816 supercomputer by the end
of 2001. From October on an early 8-processor test system was
in operation that allowed tests on operating system features
and on application level. Essential T3E production codes could
be tested prior to delivery of the ordered system /573, 574/.
Communication patterns used for parallel processing included:
a) direct message passing with portable MPI (possible as on
T3E), b) shared-memory parallel processing with portable
OpenMP (not possible on T3E), c) one-sided communication
with the low-level application programming interface (LAPI),
IBM proprietary. Especially c) proved to be an interesting
option for easy porting shmem-based T3E codes with one-
sided communication. Bugs and design problems could be
directly discussed and overcome with the US developers at the
IBM software laboratories.

4. VECTOR COMPUTING

The 3-processor NEC SX-5 vector system is used for projects
which require a fast single processor and can benefit from the
vector architecture with access up to 10 GB of shared memory
for a single code. A   postprocessing code of MPI of Micro-
structure Physics for SX-5 output data could be significantly
improved in vector performance. The netcfd library which
supports a universal data format was implemented for usage
with the ECHAM climate codes both on the SX-5 and the
temporarily installed SX-4 system for MPI of Biogeochemistry.
Gaussian was installed for MPI of Coal Research.

5. MULTIMEDIA

5.1 Visualization

The W7-X animations based on simulations by the stellarator
theory group were selected to be shown at the  “Medienfestival
Bilder aus der Physik”,  organized by IWF (BMBF and DPG) .
The infrastructure and multimedia tools have also been
extensively used for the colloquium of the PhD students at IPP
and the annual summer university .

5.2 Video Conferencing

The IPP solution for the lecture halls at Garching and
Greifswald proved to be very reliable over the last year. Rare
problems arose from breakdowns of the ISDN links (approx. 10
times) and the GWiN. The VC systems together with the audio
systems worked reliably, NetMeeting has more or less replaced
the PowerPoint conference mode for practical reasons and is in
regular use.

The present IPP infrastructure in videoconferencing (VC) has
been presented together with a concept for a smooth transition
from the ISDN-based standard H.320 to the IP-based H.323 in
/802/. This led to an ad hoc study group from EFDA to set up a
functionality requirements list for videoconferencing within a
general teleconference infrastructure to support the remote
participation activities of EFDA.

A H.323 concept for IPP has been worked out. This includes
concrete propositions for ASDEX Upgrade, the replacements of
the H.320 codecs in Greifswald and Garching, and use of the
now available multipoint control units (MCU) of the DFN-
Verein  /802/.

6. DEVELOPMENTS IN NETWORKING

New network infrastructure was implemented at IPP. The goal
was to 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
switches at a few central locations which directly connect to all
endpoints via links based on copper or fibre. This structure
drastically enhances overall network performance, for all
connections between centralized switches are now at a speed
of 1 Gigabit/s (Gigabit Ethernet technology) with the option of
implementing even more powerful trunks. Due to the availability
of both multimode and monomode fibre optic cables between
the premises it is also possible to adopt upcoming new network
technologies such as 10 or 40-Gigabit Ethernet.  With this
structure we also improved the security and integrity of data
because eavesdropping is almost impossible.

For logical security based on the functionality of the internet
protocol suite TCP/IP a packet filter firewall at the access point
to the internet was implemented, where all the incoming/outgo-
ing packets are checked against a set of blocking or granting
rules. Additionally all incoming electronic mail is scanned for
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viruses and only clean and unobjectionable data (based on
known problems) will be passed to the internal network.

During the last two years an innovative technique was built up
and periodically extended for the new generation of the German
science network, called G-WiN. As one out of nine, RZG is one
of the core sites making up the backbone topology. A lot of the
attachments to the internet for scientific and educational
institutions are therefore implemented via RZG.

RZG itself also migrated to this powerful G-WiN  with a speed
of 155 Mbit/sec and an actual allowed incoming traffic of 6000
Mbyte/month, satisfying at the moment the need for high-
bandwidth backups, which is realized for remote sites (as well
as for all local machines, of course) by Tivoli Storage Manager
TSM (see also 2.2)

7. PILOT PROJECTS FOR THE GERMAN
GIGABIT  SCIENCE NETWORK

In so-called Gigabit Testbeds (GTB), funded by the German
government, pilot projects for the Gigabit Wissenschaftsnetz
(GwiN) had been carried out. Results of the metacomputing
project led by RZG were presented /234/. The experiences  made
facilitate future work with fast long-distance networks. Fast
wide-area networks primarily offer chances for loosely coupled
distributed applications. Tightly coupled distributed
applications, however, still strongly benefit from the
infrastructure of local-area networks.

8. DATA ACQUISITION AND DATA BASES
FOR PLASMA FUSION EXPERIMENTS

The XDV group supports the experiments at IPP in data
acquisition, archiving and  processing. At the moment the data
acquisition system for W7-X, which is just under construction
at the institute in Greifswald, is in development. This system is
responsible for archiving all diagnostic data that are produced
during the long discharges of ca. 30 minutes. New procedures
had to be developed to handle the huge amount of sampled
data over the discharge period  /595, 596, 658, 752, 872/.

Based on the experience with the first prototype of  the data
acquisition system proposed for W7-X, the concepts have
been further developed. In addition to the continuous archiving
of the sampled data, new requirements of the control system led
to major extensions of the previous concepts. Both control
systems of W7-X and of the ASDEX Upgrade tokamak
experiment need information from distinguished diagnostic
systems in “real time”.  The idea behind this requirement is to
use the expertise of the diagnostic physicist to handle his own
data and deliver meaningful values, in a physical sense, for
control of the machine. To reach this objective, part of the
previously introduced data streams are stripped off and
processed immediately. The total concept with the extensions
mentioned was verified  with a second prototype.

The whole object-oriented design of the data acquisition was
reviewed. The software and the corresponding objects,
defining the configuration and the control parameters, were
brought together and led to a global view of the total system.
Development of the classes for the acquisition software and the
persistent descriptor classes was started and has to be finished
in the near future.

The object-oriented Objectivity database is used as data store.
All measured values are archived together with the logged
parameters and configuration in one database. This database
contains all information that an analysis task needs for
processing. The results are written to the same database by
identical means. The setup parameters and configuration are
stored in a second database. Some effort was expended on
development of a general GUI-based object editor, which is
needed for generating and editing parameter and configuration
objects. The user interface for accessing database information
was further developed. A whole set of new access routines for
descriptor objects were implemented.

The time-measuring system of W7-X consists of a central clock
and time-generating device that connects via a star-like fibre
optic network to numerous slave time-capturing devices
(TDC’s and TTE’s). Development of the hardware for the slave
devices was started. Both interfaces are implemented as PCI
cards. A first version of the TDC (“time to digital converter”)
was available for testing in the prototype system. To use the
card,  drivers for Windows NT and Linux had to be developed.
The second improved version of the TDC is now under
construction and will be available very soon. The TTE (time
trigger event module) and the central timing device is being
developed by the control group.

In close cooperation with the control groups of W7-X and
ASDEX Upgrade, an abstraction of the real-time requirements
was introduced. This “real-time data field” is a system-wide
collection of data structures that in principle looks to an
application like a global shared memory. The implementation of
this data field will be different for W7-X and ASDEX Upgrade.
W7-X intends to use the commonly available Ethernet as the
transport medium. Data are transferred by means of the
multicast properties of the Ethernet. ASDEX Upgrade uses
special interfaces that implement the global shared memory in
hardware. Implementation of the “real-time data field”, as far as
the diagnostic subsystems are concerned, has been started.

The second prototype also included a sample implementation
of the monitoring system. The status of the experiment and the
diagnostic stations will be presented during the long
discharges. Distribution of the data of interest is done by
means of the IP multicasting protocol, where one data stream
corresponds to one IP multicast address. The data streams are
reduced on the diagnostic stations and sent to one or more
monitor servers. The server publishes evaluated and physically
meaningful data on the net. The tasks of the monitor server
have to be investigated in close cooperation with the
physicists. This is also necessary for the event detection
system, which was implemented only in a rudimentary form in
this prototype. Further work has to be done on these subjects.
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CENTRAL TECHNICAL SERVICES

(Head of Project: Dr.-Ing. Harald Rapp)

The Central Technical Services (ZTE) of Max-Planck-Institut für Plasmaphysik support the experimental divisions with the design,
development, and construction of experiment components and diagnostic equipment. They also run all kinds of utilities for facility
and experiment operation. The staff at Garching comprises approximately 140 craftsmen, technicians, and engineers plus 20 appren-
tices. At the Greifswald branch of IPP the Technical Services have rapidly developed and now have approximately 51 members.

1. MECHANICAL DESIGN AND
CALCULATION
(J. Simon-Weidner)

Most of the department designs and calculates mechanical struc-
tures and components for experimental devices. Manpower was
again dedicated to W7-X design with coil and vessel supports,
feeds for cooling and current and in-vessel components. New
activities were the supervision of construction of the vessel at
the manufacturer’s and construction of testing equipment for the
modular coils at CEA in Saclay and coil diagnostic equipment.
Other activities were contributions to ASDEX Upgrade and to
high frequency heating devices and FE calculations for ITER.
The commercial documentation software was replaced by a
home-made solution.

1. ELECTRONICS DEVELOPMENT
(Acting: H. Rapp)

The department develops analogue and digital electronic
equipment, including fast voltage switching and control devi-
ces for plasma heating systems. Successful development of a
bolometer amplifier led to the production of 170 units, 70 of
them for the Culham MAST tokamak. A new electronic timer
was developed on the basis of special skills in the field of
PLD’s. Activities of the HV group were focused on system
reliability and modulator development. The group assisted the
Greifswald Technical Services in commissioning the new high-
voltage pulse-step modulator device for plasma heating.

2. MATERIALS DEVELOPMENT
(J. Perchermeier)

The department offers services for functional surface treatment,
galvanic technique, UHV plasma welding and vacuum testing,
optical spectroscopy, chemical processing, including boroniza-
tion and plastics technology. Special tasks were measurements
of roughness and contamination of superconducting cables,
vacuum tests of superconducting coil feed-throughs, killer
pellet production for ASDEX Upgrade, and development of
silicon carbide fibre coating. Support was given to developing
plastics and insulation technology at Greifswald and supervi-
sing coil fabrication at the manufacturer’s.

4. EXPERIMENTAL POWER SUPPLY
(M. Huart)

The department is responsible for supplying electric energy to
the experiments. It consists of three groups for generators, high
DC current, and high DC voltage. Its tasks include provision of
operational support (incl. fault investigation and repair), speci-

fication and procurement of new equipment, refurbishment of
old equipment, and regular maintenance. In addition, conceptual
design studies are undertaken in-house. The overhaul of the EZ2
generator was completed and the generator re-assembled. The
support of the EZ2 foundation slab was renewed by a set of
improved spring-damper assemblies. The vibrations of the
foundation slab were substantially reduced. A design study on
paralleling of the EZ3 and EZ4 variable frequency grids was
placed with Industry. A new 4 MVA thyristor converter was
commissioned. Installation of thyristor converter No. 6, rated 2
* (1.25kV, 45kA or +/-22.5kA), started in June and was sub-
stantially completed. The control of HV modules 9-16 was
upgraded to Simatic S7. Installation of two new HV outputs
for the ECRH was nearly completed.

3. FACILITY OPERATION (acting: H. Rapp)
The department is charged with planning and supervising all
kinds of facility installations and ensuring their maintenance. A
contract for maintaining airing installations was placed and a
600 kVA diesel generator was installed. Due to the planned
subway construction in front of IPP new groundwater pumping
stations for experiment cooling were built. The Geographical
Information System was continuously enlarged with data of all
kinds of equipment.

4. WORKSHOPS (M. Keiner, W. Lösch)
The personnel and key posts were rejuvenated. Both experi-
ments at Garching were strongly supported by mechanical and
electrical manufacture and construction work. For the W7-X
stellarator work-flow control at Garching was continued.
Documentation of the demo cryostat was finished and forwar-
ded to the project. Work routing and co-ordination of work-
shops and industry increased. The coil supports for testing at
Saclay/France were completed.

5. GREIFSWALD TECHNICAL SERVICES
(G. Pfeiffer)

After finishing most of the construction work on the buildings,
Technical Services were fully charged with facility operation
and workshop and laboratory equipment. A major task became
the installation and commissioning of the high DC voltage
supply for the additional heating systems. With completion of
one module the first step has nearly been completed. Technical
support for stellarator experiment construction was continued
with installation of platforms and the ECRH channel. Moreo-
ver, the WEGA experiment for plasma studies has been con-
structed and equipped with power and cooling supplies.
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OFFICE OF THE DIRECTOR

(Dr. Hans-Stephan Bosch)

The Office of the Director provides the scientific management infrastructure of IPP and is responsible for project planning, informa-
tion services, public relations, and general energy studies. In particular, it supports the Scientific Director in his overall responsibili-
ty for health and safety.

Scientific staff:
M. Biberacher*, Dr. W. Dyckhoff, Dr. T. Farid, Dr. T. Hamacher, A. Hohaus, Dr. M. Hüls, Dr. P. Nieckchen, I. Milch, U.
Schneider-Maxon, S. Richter*
*Doctoral students

1. HEALTH AND SAFETY
The group supervises and coordinates all activities relating to
industrial safety, radiation protection, laser protection, handling
and transport of hazardous substances, special waste disposal,
fire protection, and site supervision. In particular, it attends to
safety matters which, for legal or practical reasons, cannot be
delegated to the persons in charge of safety and radiation protec-
tion in the various divisions of IPP and therefore have to be
supervised centrally.
Furthermore, the Health and Safety Division supports the le-
gally responsible superiors and radiation safety officers in the
execution and coordination of their duties and assists with
safety organisation in the context of administrative and techni-
cal supervision of the divisions of IPP.

2. PUBLIC INFORMATION DEPARTMENT
The department informs the public on scientific research at IPP
and on the latest developments in nuclear fusion research in
general. This is done by providing information to the media
through press releases and press conferences. In 2001 this resul-
ted in 450 articles in German newspapers and magazines rela-
ting to IPP or fusion research. Brochures and publications for
the general public and IPP’s internet presentation are also pro-
vided by the Public Relations Department.
The group organises public events such as open days, public
talks, and presentations at exhibitions and fairs. Special offers -
tutorials and practicals - are provided for schoolchildren. A visi-
tors service organises tours through the IPP sites at Garching
and Greifswald. A quarterly newsletter in German “Energie-
Perspektiven” (Energy Perspectives) is to stress the importance
of energy

research in general. It is published in a printed version as well
as on the internet: www.energie-perspektiven.de.

3. LIBRARY
This group runs the central libraries in Garching and in Greif-
swald, and oversees the smaller divisional libraries. Further-
more it provides support with respect to electronic search and
retrieval of scientific literature.

4.  PROJECT PLANNING
In annual programme presentations the projects and groups
discuss the status and the plans of their research. Based on these
data this group sets up the annual man power and budget needs
as well as the medium-term planning of the institute.

5. EQUAL OPPORTUNITIES
The equal opportunities officer of IPP offers personal counsel-
ling in cases of career restraint, family care, mobbing, personal
stress, sexual harassment, etc. As an important instrument in
human resources development and as affirmative action, mento-
ring for scientists is planned to be implemented in cooperation
with universities and other research institutions. Introducing the
accepted strategy of gender mainstreaming will improve equal
opportunity in the administration and scientific divisions.
Furthermore, in 2001 we had six vacation project activities for
children, two of them for girls only; a total of 70 children took
part in these activities. More information at
www.ipp.mpg.de/cg/.
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6. ENERGY STUDIES
The energy studies supply information on the possible devel-
opment of the energy system and the possible role of fusion
therein.

6.1 SERF Studies
In 1997, the European Commission launched a series of studies
called Socio-Economic Research on Fusion (SERF). After
SERF I and II were concluded in 2001 preparation of SERF III
was completed. IPP took responsibility for the macro tasks on
“Long-term Energy Scenarios” and “External Costs of Fusion”
The goal of implementing a global energy model based on
TIMES is to produce pictures of the future energy system – so-
called scenarios - which include fusion as a major technology.
TIMES is an energy model supported by the IEA to describe
future energy systems. The dynamics of the system is described
by a least-cost approach. In cooperation with the University of
Stuttgart, the IER, the software tool is to be installed at IPP.
The TIMES model describing Europe, adapted from the ECN
MARKAL model, is to be further developed and used as nu-
cleus of a global model. In cooperation with the Indian Institute
of Management in Ahmedabad (IIMA) and the Netherlands cen-
tre of energy research (ECN), a study of long-term develop-
ments in the Indian energy system was launched. Results indi-
cate that Indian energy supply is on the way to becoming very
strongly dependent on coal. Fusion might play a role if reduc-
tion of greenhouse gas emission is seriously pursued.
The introduction of new electricity sources such as renewables
or fusion might pose problems with their integration in the
electricity network. The electricity network has to provide a
reliable supply at all times at a fixed voltage and frequency. The
study is being made in cooperation with the Chair of Electrical
Engineering of the University of Rostock. A software tool
capable of simulating the entire UCTE net is applied.
External costs are those costs incurred by an economic activity
but not covered by the price paid by the consumer. In the
framework of the European ExternE study a methodology was
developed for application to fusion plants. The results indicate
that the external costs of fusion are low.

6.2 EISS Study
Cadarache in France is one of the possible sites in Europe for
ITER. A comprehensive study (   www.efda.org  ) underlined 
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ADMINISTRATION AND GENERAL SERVICES

Administration and General Services is responsible for the commercial and administrative operations of IPP. In particular, these
services support the scientific divisions in personnel, financial, legal, organisational and social matters as well as in procedures
relating to purchasing and buildings. Control and planning are handled by the Auditing Department and the Control of W7-X pro-
ject. Administration and General Services reports to the Managing Director (Dr. Karl. Tichmann) and Heads of Administration at
Garching and Greifswald (Dr. Michael Winkler, Dr. Winfried König).

PERSONNEL DEPARTMENT
The personnel department is responsible for administrative
matters relating to personnel. The personnel figures of the
institute for 2001 were as follows (22.01.2002): Total
personnel (including Greifswald and Berlin) 1069: 278
Scientists, 466 Technicians, 41 Directorate and Staff
Representative Council, 37 General Services, 78
Administration, 169 other personnel.

CONTRACTS AND PURCHASING
DEPARTMENT
The contracts and purchasing department is responsible for
placing survey and follow-up of the relevant contracts and
orders placed by IPP. In 2001, approximately 10,890 orders
were made. They include complex contracts, many of which
were signed after Europe-wide calls for tender. Furthermore,
all export and import formalities are handled within this
department: about 176 international and European shipments
were carried out in 2001.

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 2000: 134 MEURO
These expenses were financed as follows:
Federal Republic of Germany, through Federal Ministry of
Education and Research (BMBF) 78,5 MEURO
Bavaria 17,0 MEURO
Berlin 0,5 MEURO
Mecklenburg-Vorpommern 12,0 MEURO
EURATOM 21,0 MEURO
Other income 17,0 MEURO

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, the Greifswald branch of IPP and
various guesthouses at Garching and Greifswald.

SOCIAL SERVICES DEPARTMENT
The social services department gives assistance to employees
seeking housing, provides accommodation for guests in IPP
residences, organizes transportation to outside locations, runs
cleaning services and canteen service, supports staff in
obtaining loans for the purchase of accommodation and
surveys the public liability, fire and electronic insurance
business of IPP.

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 2001 the division supervised 72
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 individual tasks are defined
in an auditing plan, which is drawn up every year according to
the directives of the Managing Director.

ORGANISATION DEPARTMENT
The main task of the Organisation Department is data
processing for the IPP administration, i.e. coordination and
development of SAP-related hardware and software, and SAP
users throughout IPP as well as about 120 PC users, their
workstations, software and the network in the administration.
In addition, the department is in charge of organisational
material such as forms and charts, organsiation manuals and
phonebook. Travel expense accounting was switched over to
SAP in 2001.
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LEHRSTUHL FÜR EXPERIMENTELLE PLASMAPHYSIK DER UNIVERSITÄT AUGSBURG
(Prof. Dr. Kurt Behringer)

PLASMA EDGE DIAGNOSTICS

(K. Behringer, U. Fantz, B. Heger, S. Meir, P. Starke, D.
Wünderlich, M. Berger, J. Günther)

In continuation to the work of the previous years, the
experimental investigations are focused on spectroscopic
diagnostics of atomic and molecular low pressure plasmas. The
application of the diagnostic methods to the plasma edge of
fusion experiments is in close co-operation with the
Experimental Plasma Physics Division E4.

1. Atomic Spectroscopy

The data base of neutral helium was experimentally checked by
a comparison of results of the collisional-radiative model
ADAS with measured population densities of the excited states
in the main quantum numbers n=2 to n=4 in the singlet and the
triplet system (see E4 contribution, which discusses also
discrepancies in absolute populations). As diagnostic line for
Te measurements the He line at 728nm (31S-21P transition) was
identified. Furthermore, it has been found that the line ratio
668nm/728nm (31D-21P/31S-21P) is sensitive on ne variations
as shown in Fig. 1, whereas the other examples are almost in-
dependent of ne for the parameters of the microwave discharge.
It has to be pointed out that the line ratio 501nm/728nm (31P-

21S/31S-21P) is very sensitive on the opacity of resonance lines
at low Te and is therefore an indicator whether opacity plays a
role in the investigated plasma. These identifications of
diagnostic lines for Te, ne and opacity in laboratory plasmas are
transferable to plasma edge diagnostics by using a thermal
helium beam. 

2. Molecular Spectroscopy

The acquisition of a spectroscopic system, which enables a
recording of the whole visible spectral range (300-750nm) with
a spectral resolution of 25 pm, allows measurements of
molecular spectra (H2, CH, C2) simultaneously with atomic
lines in the same line of sight. Furthermore, the small size and
robust construction of the system favour a mobile usage at
different plasma discharges. This Echelle system (ESA3000) is
maintained in Augsburg, which implies the check at laboratory
experiments and the absolute calibration. First measurements
were carried out in the divertor of ASDEX Upgrade to
demonstrate the possible operating conditions. Figure 2 shows
an example spectrum of the wavelength region around the CH
band, commonly used for erosion measurements of carbon
materials. Typical integration time is 100 ms and, either one
survey spectra per discharge can be obtained, or a sequence of
spectra with reduced wavelength range. It is intended to
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FIG. 1: Electron density dependence of measured population
ratios of helium (31P, 31D, 33S/31S)  in comparison with ADAS.

FIG. 2: Example spectra of the mobile spectroscopic system
(ESA3000) for use at different plasma experiments.
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measure CH and C2 emission simultaneously during gas puffs
of methane and C2Hy gases to determine the D/XB ratios for
flux measurements. In a similar manner, molecular hydrogen
fluxes are determined and the corresponding (S+D)/XB ratio
will be measured at different plasma parameters. Furthermore,
measurements at W7-AS are planned. For a characterisation of
negative ion sources first measurements were carried out at the
inductively coupled plasma of the neutral injection group at the
IPP. 

On the basis of measured molecular radiation and comparisons
with predicted radiation from a collisional-radiative (CR)
model for molecules (see annual report 2000, university
contributions), the interpretation of molecular spectra of
hydrogen has made progress. The deviations between
calculated and measured population densities of almost a factor
of ten were reduced by extending the underlying CR-model
(Fig. 3). Here, the important reactions of dissociative
attachment from electronically excited states and the quenching
of the metastable state in the triplet system of the molecule
have been identified to reduce the population density even in
the low pressure plasmas.  As a next step the remaining
discrepancy has to be clarified and the extrapolation of

calculations to plasma parameters of the plasma edge of fusion
experiments has to be checked experimentally.

3. Plasma Wall Interaction

As in the last years, chemical erosion of carbon materials have
been investigated in a HF-discharge in hydrogen and
deuterium, separately. In co-operation with the group of
material research at the IPP doped graphite materials were
exposed to the plasma. The time resolved intensities of CH
(CD) and C2 emission bands were converted to carbon fluxes
by using time integrated weight loss measurements. The
erosion yields depending on the fluence (atomic hydrogen flux
times exposure time) are shown in Fig. 4. The decrease with
increasing fluence point out reduced erosion yields by covering
the graphite with the remaining dopand which reduces the
effective carbon surface. 

The influence of various materials on the atomic hydrogen
density above an additional surface in the plasma have been
measured. The atomic density decreases with steel, copper and
graphite in comparison with the density without a probe in the
plasma, whereas a strong enhancement (factor of 2) was
measured in case of aluminum. 
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FIG. 3: Comparison of measured population densities of the
upper Fulcher state of H2 with calculations from the CR-model
using the plasma parameters ne and Te as input parameter.

FIG. 4: Erosion yields as a function of the incoming hydrogen
flux times exposure time (fluence) of TiC and tungsten doped
graphite measured in an ICP discharge.
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LEHRSTUHL FÜR EXPERIMENTALPHYSIK III
DER UNIVERSITÄT BAYREUTH

(Prof. Dr. Jürgen Küppers)

Elementary Reactions Of Hydrogen Atoms with
Adsorbates and Solid Surfaces

(J. Biener, C. Lutterloh, D. Kolovos-Vellianitis, Th. Zecho,
A. Dinger, B. Brandner)

Cooperation between IPP and the University of Bayreuth is
concentrated on investigating fusion-relevant plasma-wall
interaction processes. Accordingly, the hydrogen atom
surface chemistry on possible reactor wall materials is the
primary research topic.

A considerable fraction of the species impinging on the first
wall of a fusion experimental vessel are neutrals and ions in
the energy range below a kinetic energy of about 10 eV.
These particles are not capable of causing physical sputtering,
but can induce several processes, such as chemical erosion,
abstraction etc, which contaminate the plasma. It is therefore
desirable to understand the elemental processes and
mechanisms of these processes. Recent work of the IPP/UBT
collaboration was concentrated on investigating these issues.
Since low-energy ions are neutralised in the immediate
vicinity of a substrate by resonance neutralisation, it is
sufficient to study the low-energy atom-surface interaction.
For experimental reasons, the work utilised only thermal
atoms with energies in the 0.1 eV range.

Siliconisation is a widely used technique to cover the first
wall with a thin Si:H layer prior to performing plasma
discharges. Due to the fact that current plasma vessels cannot
reach UHV, a substantial fraction of the Si:H will be
oxidised. But by the action of a dense hydrogen boundary
plasma the oxidised amorphous Si film may be hydrogenated
back and then exhibit a reasonably clean Si surface.

The existence of a near-unity coverage of SiH3 on Si surfaces
was recently reported. It is therefore a concern that a high
coverage of SiH3 on the Si-coated wall may lead to
significant Si erosion through the H + SiH3  SiH4 reaction. A
high SiH3 coverage would cause chemical erosion of Si in a
H-rich environment to be a factor of about 10 bigger than
erosion of Si by H deduced from laboratory experiments.

To investigate this, the saturation coverage of SiH3 on Si was
determined by exposing disilane to Si surfaces. In constrast to
the literature, it was found that the maximum coverage of
SiH3 on Si is only about 0.15. Accordingly, SiH3-covered Si
surfaces should not exhibit enhanced chemical erosion as
compared with Si. Through an in-situ comparison it was
confirmed that upon H admission the silane erosion yield at
SiH3-covered Si surfaces is the same as the yield at Si.

Our new facilities for in-situ mass spectroscopy product
measurements while admitting a flux of H atoms in the 1013

to 1016 s-1cm-2 range at a surface enables us to study product
distribution during chemical erosion. This was applied to
erosion of thick a-C:H layers deposited on a Pt carrier. The H
fluxes employed were sufficient to completely erode few nm
thick layers in up to 1000 s. The product kinetics of C1
(methane) to C6 (benzene, cyclohexane) and C7 (xylol)
product molecules were recorded as a function of time at
constant T (figure 1) or while ramping the temperature up.

FIG.1 Product kinetics in the C1, C2, and C3 channels during
eroding of 3.8 nm thick C:H films at various temperatures

with a H flux of 1016 s-1cm-2.
The H flux was started at
t=0 s.

The results from these
measurements were
compared with data obtained
through temperature-
activated film erosion
(without an acting H flux).
As expected, film erosion

while admitting H produces substantially more hydrocarbons,
especially higher hydrocarbons. However, even with the H
flux acting, C1 and C2 represent the dominating erosion
products, about 85%. Only 2% of the erosion yield is due to
C4 and higher hydrocarbons. The product-specific erosion
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maxima are located between 600 K and 900 K, similar to the
erosion maxima determined for purely thermal erosion. The
occurrence of unsaturated hydrocarbons (CnHm with double
bonds) as products is in accordance with an erosion
mechanism proposed by us a few years ago: H-induced
erosion of hydrogenated carbon is connected with the
formation of a radical C either on the surface or in the erosion
product.

Since it is known that ordered graphite (HOPG) exhibits a
very small H erosion yield, we investigated whether high-
temperature annealed a-C:H displays also this feature. One
would expect that in H-depleted a-C:H the structural
transition of the carbon network towards higher cross-linking
of the small graphitic clusters leads to a reduction of the
erosion yield. However, it was observed that annealing to 800
K did not alter the erosion of a-C:H as compared with not-
annealed films. Only the product distribution was affected.
One has therefore to conclude that during erosion of
amorphous carbon, annealed or non-annealed and H-rich or
H-depleted, the acting H flux “prepares” the target in a state
which only slightly depends on the initial target condition.
Only if by annealing the above-mentioned cross-linking
approaches the graphite limit, can one expect substantially
reduced erosion. The annealing temperatures needed are very
high, in excess of 2000 K, and cross-linking is a slow
process.

Reactions of H atoms with adsorbates (O, Si, H) on various
metal surfaces were also investigated and confirmed the
dominance of hot-atom mediated processes, for which we
recently provided a consistent kinetic model.
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PLASMA DEPOSITION OF METAL-

CONTAINING AMORPHOUS  

HYDROCARBON FILMS 
(D.Rohde, M. Balden, H. Kersten, W. Jacob; R. Hippler) 

 
The cooperation of the MPI-IPP and the University of 
Greifswald concentrates on investigating fusion-relevant 
plasma wall interaction processes. 
 
Plasma enhanced techniques for the deposition of thin solid 
films have received considerable interest in the past decades. 
Of special importance are metal-containing amorphous 
hydrocarbon films (e.g., a-C:H:Mo, a-C:H:Ti), which are 
under consideration for a number of applications in wear 
protection, surface coating, 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 re-deposited C:H-layers from previously 
eroded carbon and abundantly available hydrogen /1-5/.  
 
Titanium and molybdenum doped amorphous hydrogenated 
carbon films were deposited by means of magnetron 
sputtering. The doping material (Ti, Mo) was magnetron 
sputtered in a reactive gas atmosphere consisting of a mixture 
of argon and methane, the latter contributes to the layer 
growth. The goal of this work is to find useful correlations 
between the plasma parameters (electron temperature, electron 
density and energy influx) and the layer properties of the 
deposited films. Mass spectrometry was employed to control 
the particle fluxes, the reactive gas, the sputter products and 
the gas crack patterns. X-ray photoelectron spectroscopy 
(XPS) measurements were used to investigate the film 

properties and the chemical composition of the deposited 
layers.  
 
Thin films were deposited in an argon atmosphere with 
different discharge power and reactive gas admixture (CH4). 
Figure 1 shows a typical XPS spectrum of a molybdenum-
containing a-C:H film. The spectra were fitted with 
Lorentzian-type curves and from the peak areas the 
concentration of the fractions of  metallic (Mo), oxidised 
(MoO2, MoO3), and carbonised (Mo2C) molybdenum were 
determined. In addition, since the hydrogen fraction of the 
films cannot be determined in this way, the elemental 
composition was determined by means of electric recoil 
detection analysis.  
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Fig. 1: XPS spectra of a molybdenum containing amorphous 
hydrocarbon film and its deconvolution into different 
contributions.  
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Fig. 2: Composition of a titanium containing amorphous 
hydrocarbon film versus  methane gas flow. 
 
Results of such an ion beam analysis are displayed in Figure 2. 
The analysis shows that the carbon content increases with 
increasing methane gas flow (Fig. 2). At the same time the 
metal (Ti) content decreases. The origin of oxygen in the 
deposited film is not yet clear since no oxygen was admitted 
during the deposition process.  
 

First studies of the erosion behaviour of metal-doped 
amorphous carbon layers due to irradiation with 30 eV 
deuterium ions were performed on the High Current Source at 
IPP, Garching. Weight loss measurements and mass 
spectroscopy confirm the expected decrease of the erosion 
yield of doped carbon compared with pure carbon materials 
with increasing deuterium fluence. The fluence necessary to 
reduce the yield of a 7 at% Ti-doped layer to 50% of the initial 
value was 1022 D/m2, i.e. several orders of magnitude lower 
than for conventionally doped carbon materials. Applying ex-
situ analysis (XPS) the titanium enrichment for this 7 at% Ti 
layer was determined to be 0.44 Ti per C atom. Only a portion 
of the titanium formed carbide; the largest amount was found 
to be metallic or oxidised. 

 

These layers are excellent test material for fundamental 
investigations of the influence of dopants on the processes of 
chemical erosion, especially for atomic and very low energy 
(<10 eV) hydrogen.  
 
 
 
 
 
 
 
 

 
 
 
 
 
References 
[1] G. Federici, C.H. Wu,  

J. Nucl. Mater. 207 (1993) 62. 
[2] J. Winter,  

Plasma Phys. Contr. Fusion 38 (1996) 1503. 
[3] A. Annen, A. von Keudell, W. Jacob,  

J. Nucl. Mater. 231 (1996) 151. 
[4] W. Wang, W. Jacob, J. Roth,  

J. Nucl. Mater. 245 (1997) 66. 
[5]    A. Schüler, R. Gampp, P. Oelhafen, Phys. Rev. B     
        16 (1999) 164-169. 
 
Publications: 
D. Rohde, H. Kersten, W. Jacob, R. Hippler: „Plasma 
deposition of titanium- and molybdenum-containing a-C:H-
films“, in preparation 
 
D. Rohde, P. Pecher, H. Kersten, W. Jacob, R. Hippler 
The energy influx during plasma deposition of amorphous 
hydrogenated carbon films 
Surface and Coatings Techn. 149, 206 (2002) 
 
 



University of Kiel

INSTITUT FÜR EXPERIMENTELLE UND ANGEWANDTE PHYSIK

DER CHRISTIAN-ALBRECHTS-UNIVERSITÄT ZU KIEL

(Head of Project: 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. THE PROJECT TJ-K
(N. Krause, C. Lechte, S. Niedner, J. Stöber, R. F. Greiner)

The torsatron TJ-K is operated with a low-temperature plasma
at typical electron temperatures of 10 eV and densities of up to
6*1018 m-3 at a heating frequency of f = 27.12 MHz. The
objectives of the experiment are to carry out studies on
turbulent transport and plasma waves. Although the magnetic
configuration is that of a fusion experiment, the plasma
parameters are considerably reduced. This allows Langmuir
and magnetic pick-up probe access in the plasma core.
Turbulence measurements are compared with drift-wave
simulations and wave field measurements with cylindrical
models for helicon waves.

2. HELICON WAVE STUDIES
In the described parameter range the right-handed helicon wave
can propagate in the plasma. The wave is coupled to the
plasma with a double-half-turn Nagoya-type-III antenna. The
antenna is electrically insulated and placed inside the vacuum
chamber. Experiments were carried out to measure the
dispersion relation and the two dimensional magnetic wave
field. The dispersion relation relates the density increase with B
to the wavelength. In a toroidal plasma an integer number of
wavelength must fit in one toroidal circumference: 2πR  = Nλ.
Discontinuities in the density evolution and phase occur due to
changes in the toroidal wave number from N to N+1. The blue
core, which is characteristic for high-density helicon sources,
is only observed at high neutral gas pressures of about 10-2

mbar. In this case, the wave is toroidally damped stronly, the
plasma becomes inhomogeneous. Wave field measurements
were carried out in the poloidal plasma cross-section. The
phase between radial and poloidal wave components is 90o, as
expected for right handed polarized waves. The wave fields
were compared with a cylindrical model, which gives analytic
solutions (bessel functions in radial direction) as a function of
the poloidal mode number. The measured wave field could be
qualitatively reproduced by a superposition of 30% of m=0 and
70% of m=+1. These are the first systematic studies of helicon
waves in a toroidal geometry.

3. TURBULENCE STUDIES
Turbulence simulations were carried out with the drift-Alfvén
code DALF.  The dimensionless parameters which govern the
fluid equations are similar to those in the fusion plasma scrape-
off layer. Poloidal wave number (k) resolved cross-phase
spectra between density and potential fluctuations are relevant
to disentangle different turbulence driving mechanisms. With
parallel dynamics turned off, phases of π/2 are found for all
wavelengths (MHD turbulence). In the pure drift-wave case,
with magnetic curvature neglected but parallel dynamics taken
into account, the phases are around zero. Transport, which is
concentrated in the transition from injection to inertia region of
the spectra, increases with resistivity. At realistic TJ-K
parameters with both effects included, a drift-wave like result
is found. Since experimental k spectra are not available yet,
comparison with experimental cross-phase spectrum are done
in frequency space. In a range from 10 to 500 kHz the cross
phases are close to zero. This is consistent with the
simulations. The measured spectra are typical for plasma
turbulence. The slopes in the inertial region are somewhat
lower than in the simulation. Measured and simulated PDFs for
density and potential are Gaussian, while  the transport PDF is
peaked. Hence, the statistical features agree reasonably well
with simulations of drift wave turbulence. More advanced
studies like the comparison of wavelength spectra or the effect
of Reynolds stress on transport are planned for the near future.
The spatial structure was investigated by correlation
measurements between a movable array and a fixed probe.
Large events of 5 cm size and 80 µs duration were found,
which is smaller than in the simulations. The motion is in the
electron diamagnetic drift direction and coincides with the flux
surfaces. The density-density and density-potential correlations
are between 70\% and 90\%, respectively. This is less than that
observed over longer distances in W7-AS. It has to be
investigated, whether this is due to the strong local shear in
TJ-K.
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The cooperation IPP – Technische Universität München is concentrated on the development of speckle- measurement 
techniques to detect arc traces, deformation, erosion, surface roughness, surface structure and surface contour in the divertor 
region of experimetal fusion devices. The optical method is superior to any mechanical method with respect to data 
acquisation time and non-perturbing neasurement. 

 
SPECKLE-INTERFEROMETRY IN 
VIBRATING ENNVIRONMENTS 

 (A. Meixner, P.Evanschitzky, A.W. Koch) 

The Speckle-Interferometry is a well known technique for 
measuring contours and deformations of technical surfaces 
at a high precision. One major disadvantage of 
interferometric measurements in general is the enormous 
susceptibility of the whole setup to vibrations during and 
between several exposures. For this reason, an 
interferometer was developed which is capable of 
recording all necessary data simultaneously during one 
laser shot. Thus a contour measurement of moving or 
vibrating objects becomes possible.   
In most interferometers the measurement object has to be 
included in the setup itself. Such a kind of setup is not 
capable to investigate different areas of large and fixed 
objects like the divertor region of a fusion device. 
Therefore the aim of the developement is a dynamic 
sensor-head which is separated from all bulky parts like 
powerful laser-sources and PCs.    
The contour measurement in general requires two single 
interferograms of different wavelengths. The sensitivity of 
this kind of measurement depends on the so called 
synthetic wavelength synthλ  which can be calculated out of 
the two single wavelengths 1λ  and 2λ  and the angle Θ  
between surface and direction of observation as can be seen 
in equation (1): 

 

( )
1 2

1 22synth cos
λ ⋅ λλ =

⋅ λ − λ ⋅ Θ
   (1) 

 

In order to avoid disturbances caused by vibrations of the 
environment it essential to get these two wavelength data 
simultaneously. For these purposes the interferometer is 
supplied with several wavelengths at the same time. The 
two superposed interferograms are separated by 
interference filters situated in front of two cameras 
recording exactly the same image. (See Fig. 1). A 
superposition of different wavelengths of a coherent 
multiline Ar - ion laser is passed to the setup by an optical 
fiber as can be seen at the bottom left of Fig. 1. This 
multiline beam is devided in an reference beam and an 
object beam by beam-splitter 1. These two beams are 
expanded separately in order to be able to vary the 
illuminated area on the measurement object without 
influencing the reference beam. The object beam is passed 
to the measurement object by two mirrors. The surface of 
the object is imaged by a system of two lenses which 
operate as a zoom objective and allow to vary both 

measurement distance and area. The scattered light from 
the surface is superposed by the reference beam by beam 
splitter 2. With beam splitter 3, the emerging interferogram 
is directed to two separate cameras. An optical bandpass-
filter in front of each camera selects one single wavelength 
in each case.  

 
 
 
FIG. 1: Sensor-Head 
 
The complete interferometer is integrated in a dynamic 
sensorhead separated both from the laser-source and 
from the PC. Fig. 2 shows an example of a 
measurement result with this sensor head. 
 

 
 

 
FIG. 2: result of a measurement of a saddle like 
contour on an aluminium plate; synthetic wavelength 
24 µm; measurement area: 12 mm x  8 mm    
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INSTITUT FÜR PLASMAFORSCHUNG (IPF) DER UNIVERSITÄT STUTTGART

(Prof. Dr. U. Schumacher)

For almost three decades, Max-Planck-Institut für Plasmaphysik (IPP) at Garching and Institut für Plasmaforschung (IPF) at 
University of Stuttgart are collaborating closely on developments, measurements, and interpretations of heating and diagnostic sys-
tems. The main topics of the co-operation are application of microwave heating, current drive, and diagnostics  - mainly for W7-X,
ASDEX Upgrade and W7-AS -  and contributions to emission and absorption spectroscopy for bulk and divertor plasma diagnostics.

1. PLASMA HEATING

(W. K a s p a r e k,  P. Brand.1), G. Gantenbein, H. Hailer,
E. Holzhauer, S. Klenge, H. Kumric, J. P. Meskat.2),  G. A.
Müller, B. Plaum, P. G. Schüller.3), K. Schwörer, R. Wacker)

1) since May 1, 2001 2) until January 31, 2001
3) until November 30, 2001

In collaboration with IPP Garching, FZK Karlsruhe,
and IAP Nizhny Novgorod.

The investigation of the application of electron cyclotron
resonance heating (ECRH) to fusion plasmas was continued.
On the technical side, work on the ECRH system of W7-X
formed the major part. Nevertheless, the supporting aid for W7-
AS and ASDEX Upgrade was kept on. In addition, studies of
the MHD stability of high-β discharges in ASDEX Upgrade
and the use of ECRH / ECCD to control instabilities continued
to be a major issue. Moreover, 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

Technical support of the ECRH system on W7-AS was
continued. The generator as well as the transmission system
could be maintained at a high level of reliability. Plasma ex-
periments with ECRH were performed using four gyrotrons at
140 GHz and one at 70 GHz, each of them delivering 0.5 MW.

1.1.2 ECRH system for ASDEX Upgrade

The existing ECRH system on ASDEX Upgrade (four gy-
rotrons, 0.5 MW each) will be extended by four gyrotrons de-
livering 1 MW output power each. The new system will be used
to optimise the confinement and stability of plasma operation
by flexible deposition of the RF power. A special feature of the
system is that the gyrotrons will be operated at different fre-

quencies. First it is planned to install a pair of tubes operating
at 104 GHz and 140 GHz. In a second step an additional pair of
gyrotrons will be installed operating at various frequencies in
the range 114 – 140 GHz (step-tuneable gyrotrons).

In co-operation with the ECRH group at ASDEX Upgrade,
IPF designed a system for broadband RF power transmission
from the gyrotrons to the tokamak. Components for corrugated
waveguides were designed at IPF and ordered from industry.
Special parts of the waveguide system were developed and
manufactured at IPF. A beam waveguide system with individ-
ual mirrors (matching optics) will be used to couple the free-
space gyrotron output radiation to the HE11 waveguide.

Since the foreseen pulse lengths will be up to 10 s, cooling
of the components is an essential issue. Thermo-mechanical
calculations were performed and resulted in a simple and com-
pact design which does not require an extensive cooling system.

The development of polarisers which allow broadband
transmission at high power levels was started. First measure-
ments using a preliminary design show sufficient bandwidth.

1.1.3 ECRH system for W7-X

Work on the 140 GHz, 10 MW CW ECRH system for the
stellarator W7-X continued. IPF has taken responsibility for the
quasi-optical transmission lines as well as for the development
of the acceleration voltage modulator, the thyratron crowbars
and cathode heater supplies for the depressed collector gyro-
trons which are under development at FZK Karlsruhe.

1.1.3.1 Multi-beam transmission system

In 2001, the prototype transmission system was further
improved, and some water-cooled mirrors finally envisaged for
the transmission system in Greifswald were implemented. With
these components, various tests on integration into the system,
thermo-mechanical properties as well as steering of the mirrors
by PLC could be performed. Furthermore, two water-cooled
mirrors were tested in the gyrotron test stand at FZK under
high-power conditions (until now up to 740 kW, with pulse
lengths up to 100 s) without exhibiting any problems. These
mirrors are equipped with a grating coupler, a waveguide cou-
pler integrated into the surface of a mirror, as well as sensors
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for calorimetric measurement of millimetre wave absorption.
They were used to optimise the beam and power diagnostics of
the CW ECRH system on W7-X.

Investigations of the deformation of mirrors and polarisers
were continued. It turned out, that deformation under applica-
tion of a heat load equivalent to the absorbed power from a
1 MW millimetre wave beam was in the tolerable range for all
components. (The maximal change of the surface curvature was
0.001 m-1.)

The main work concentrated on the detailed design, specifi-
cations, and supervision of the industrial mass fabrication of
mirrors and other components for the ECRH system at IPP
Greifswald. (For reference, confer the CAD drawing in Fig. 1.2
of IPF Annual Report 2000). The mirrors and holders of type
M3 were designed and completed with the exception of the
surface. The mounting frames for 10 matching optics of type
M1 and M2 together with 22 polarisers and 10 switching mir-
rors were built by industry and FZK. These components as well
as the beam conditioning optics are now ready to be installed.
The design of the beam combining and distribution optics type
M4/M12 was completed, four units are on order now.

Two prototypes for the water-cooled mirrors of the multi-
beam waveguide (MBWG) were built, and, after some prob-
lems with the bonding between stainless-steel body and copper
surfaces as well as with the surface quality, finally passed the
acceptance test. An example for the test of one of the cooling
channels by thermography is shown in Fig. 1.1. At the end of
the year, the order for series production of 12 MBWG mirrors
(M5 – M11) could be placed with industry.

Absolute power measurements and absorption of MW CW
gyrotron power will be necessary in the ECRH-system of W7-X
during conditioning and test operation of the gyrotrons by
matched loads. At the test stand of the TTE 1 MW test-
gyrotron ("Maquette tube") at FZK, the maximum output power
was limited to 0.64 MW due to arcing in the load (Calabazas
Creek Research, Inc., USA). Therefore, as an immediate meas-
ure IPF designed and built a copper cone reflector with opti-
mised surface structure which replaced the plane rotatable
reflector in the load. As a result it was possible to extend the
maximum power level to 1.05 MW with a pulse length of 5 s.
Generally it turned out that further work has to be done to im-
prove this load for application to the gyrotrons of the next de-
velopment step.

The IPF development of a short-pulse calorimeter (1 MW,
0.5 s) which will be installed on W7-X near the output window
of each gyrotron was continued. Due to the lack of a supplier
for an appropriate cylinder of silicon nitride in this load the
design was revised for use of a quartz cylinder. This change
possibly will lead to a small reduction in the prospected pulse
length.

FIG. 1.1: Thermal image of
the mirror surface illus-
trating the (warm) cooling
water channel situated
below the surface.

1.1.3.2 Voltage regulator for gyrotron power control and
tube protection

The output power of a gyrotron depends on the electron
beam energy. In a gyrotron with a voltage depressed collector
the output power depends sensitively on the beam accelerating
voltage between cathode and resonator body, whereas the de-
celerating voltage between body and collector has its main
influence on the power efficiency of the tube.

The experience obtained with the first prototype of a
140 GHz, 1 MW CW gyrotron from THALES shows that the
tube can operate with a poorly stabilised voltage of about
50 kV between cathode and collector whereas the voltage be-
tween cathode and body must be highly stable for constant
output power. Due to the quality of the electron beam only a
very small fraction of the electrons is collected by the body
section. Therefore, a medium power HV-amplifier whose out-
put is connected between body and collector is sufficient for
stabilisation and control of the accelerating voltage.

In contrast to the HV high power source for the gyrotrons
on W7-AS consisting of a classical transformer with rectifier
and an additional tetrode for HV switch on-off and voltage
regulation, the HV high power (65 kV, 50 A) source for the
gyrotrons on W7-X consists of individual 1 kV DC sources
connected in series via semiconductor switches. The number of
connected sources determines the output voltage of the HV-
supply. The speed of voltage control is governed by the
switching cycle at a frequency of 100 kHz. This type of HV-
source (pulse-step modulator, PSM) was realised by THALES,
France. First tests for system approval are under way.

Due to the necessity of an output filter for suppression of
the switching frequency consisting of reactive elements where
electrical energy is stored, an adapted protective system has to
be designed which limits the amount of energy released in a
short circuit by arcing in the gyrotron load. A crowbar circuit
with a thyratron and snubbers was simulated by PSpice. The
circuit elements depend on the final design of the PSM and are
presently adapted to the changed specifications.

Owing to the residual noise from the PSM high voltage
source, the design of the HV-amplifier for accelerating voltage
regulation has to be revised for a higher regulation speed and
slew rate of the amplifier output voltage. Different circuit de-
signs are compared by PSpice simulation of the amplifier which
will be realised in semiconductor and tube technology.

1.1.4 ITER contributions

In 2001, work on an ITER-relevant concept of remotely
steerable antennas based on the imaging properties of a four-
wall corrugated square wave guide was continued. Measure-
ments were performed to confirm calculations showing that the
low-loss integration of mitre bends into the antenna (e.g. for
neutron screening) is possible provided that the position of such
"dog-legs" is optimised. For this case, the usable steering range
of the antenna is at least ϕ = ϕ0 ± 10° similar to the straight
antenna.

An essential issue of this antenna is the transmission loss.
For the straight remote-steering antenna, the efficiency (in-
cluding scanning mirror, coupling loss to the waveguide as well
as mode conversion and ohmic loss in the guide) can be ap-
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proximated by η = 0.98 - 0.005⋅ϕ[°] ± 0.05 in the relevant
steering range. At present, a separate measurement of the ohmic
loss and the characterisation of a full antenna mock-up includ-
ing steering mirror, vacuum window, and mitre bends is in
progress.

1.2 MHD stability studies

The gradients of the toroidal current density and the plasma
pressure in a tokamak can drive MHD modes. These modes
may limit the energy content of magnetically confined fusion
plasmas and may lead in some cases to a complete loss of con-
finement. Basically it is possible to avoid these modes by oper-
ating the machine at sufficiently small values of the plasma
pressure which of course is in contradiction to the requirement
of maximum fusion power. Therefore, possibilities have to be
explored to control or prevent such instabilities. In the case of
the so-called neoclassical tearing modes (NTM) these instabili-
ties are associated with the development of magnetic islands
with a relatively small width. Thus, a well localised power
deposition is required to influence the current distribution
within the islands. Electron cyclotron current drive (ECCD) or
electron cyclotron resonance heating (ECRH) are excellent
candidates to stabilise NTMs since they enable flexible and
narrow deposition of the RF power in the plasma. On the toka-
mak ASDEX Upgrade we use both ECRH and ECCD to study
MHD stability of fusion plasmas.

1.2.1 Active control of neoclassical tearing modes using
ECRH / ECCD on ASDEX Upgrade

Recent experiments on the stabilisation of NTMs in ASDEX
Upgrade showed that ECCD can suppress the m = 3, n = 2 tear-
ing mode. To extend the accessible parameter space on ASDEX
Upgrade it is planned to use additional neutral beam heating to
increase the value of β and to stabilise simultaneously the 3 / 2
tearing mode using ECCD.

In some discharges the occurrence of the 2 / 1 NTM was a
serious problem and led in many cases to a dramatic deterioration
of the confinement. First considerations have been undertaken to
use ECRH/ECCD for this experimental scenario.

The first experiments to control NTMs on ASDEX Upgrade
were performed using phased injection of the RF power into the
O-point of the island. Although these experiments were success-
ful it could be shown that in the plasma parameter range of AS-
DEX Upgrade the more simple DC-scheme is also possible.
However, for larger machines like JET or ITER, the DC opera-
tion may not stabilise NTMs. Therefore, preparations were made
to resume AC operation.

1.3 General developments in millimetre
wave technology

1.3.1 Investigations of materials for in-vessel components
and absorbers

To get exact data on heat loads under millimetre wave irra-
diation, the absorption of plane ground samples made from

materials relevant for ECRH systems was studied. These mate-
rials include copper and aluminum used for reflecting surfaces
in mirrors and mitre bends etc. as well as stainless steel, mo-
lybdenum alloy (TZM), tungsten and graphite, which are used
in vacuum for antennas and vessel walls. The measurement
technique is based on the comparison of the quality factor of a
two-mirror reference resonator with the quality factor of a
three-mirror resonator having identical dimensions and includ-
ing the mirror to be tested.

In Table 1.1, the measuring results are summarised. A typical
finding is that the ohmic loss of metal samples with grinding
quality is about 15% higher than predicted by theory due to sur-
face roughness. For graphite tiles with tungsten coating the meas-
urements support the assumption, that very thin coatings (thick-
ness 0.9 µm) suffer from porosity leading to an increase of the
losses by more than 50%.

 Material
(plane ground sample)

Measured loss
at perp.  inci-

dence [%]

Theoretical loss
at perp. inci-
dence [%]

 Copper 0.115   ± 0.005 0.103
 Copper,  quartz-coated 0.134   ± 0.003
 Aluminium alloy AlMgCuPb 0.20    ± 0.003 0.163
 Molybdenum alloy TZM 0.246  ± 0.003 0.208
 Stainless steel (1.4301) 0.702  ± 0.003 0.674
 Graphite + tungsten coat., 10 µm 0.229   ± 0.004 0.185  (pure W)
 Graphite + tungsten coat., 3.8 µm 0.245   ± 0.008 0.185 (pure W)
 Graphite + tungsten coat., 0.9 µm 0.298   ± 0.005 0.185 (pure W)
 Graphite EK98 4.8       ± 0.1 3

TABLE 1.1: Measured and theoretical loss for perpendicular
incidence of various plane samples of microwave reflecting
materials. The errors represent the standard deviation of the
mean value of seven measurements.

To study the reflection loss at 140 GHz of in-vessel materi-
als (like TZM-alloy and stainless steel, with copper as a refer-
ence) at high temperatures, measurements with a two-mirror
resonator set-up in an oven were performed in the temperature
range 30 – 600 °C. The apparatus is described in the 1999 and
2000 Annual Reports. Results for reflective properties are as
follows: The absorption increases with temperature according
to the increase of the ohmic resistivity of the samples under
test. No anomalies were found. A small discrepancy (15%) to
theory can again be explained by surface roughness.

1.3.2 Design of components for oversized waveguide
systems

The existing computer codes for numerical optimisation and
design of overmoded waveguide systems (based on scattering
matrix method, coupled wave equations and simulated anneal-
ing) were further improved. The development focuses on cal-
culations of far field patterns radiated from waveguide antennas
based on the mode mixtures generated in the corrugated or
smooth waveguide structures. The programs use analytic for-
mulas and are suitable for both cylindrical and rectangular
waveguides. In addition, the implementation of optimisation
algorithms for waveguide structures with varying diameter
(tapers, mode converters, horn antennas) is in progress.



University of Stuttgart

For the next step of ECRH on ASDEX Upgrade when
140 GHz microwave power will be injected into the plasma
calculations of mode mixtures for optimum coupling and nar-
row power deposition have been discussed. Broadband con-
verters for HE11 + HE12 mode mixtures with quasi-rectangular
power distribution on the aperture are under design.

1.3.3 Microwave beam propagation and diagnostics

Computer programs for analysing measured patterns of
microwave beams and for calculating beam propagation were
developed further and applied to actual problems like beam
analysis at the test mirror waveguide for W7-X and beam cal-
culations for ASDEX Upgrade.

1.3.4 Alignment of beam waveguides for non-stationary
targets

In collaboration with the National Institute for Fusion Sci-
ence, Japan, the problem of alignment control of beam
waveguides was investigated. Especially the movement of large
fusion experiments (W7-X, LHD) during cool-down and mag-
netisation requires remote alignment of at least two mirrors in
front of the vacuum barrier windows. Four methods to generate
appropriate signals for re-alignment were studied, and the most
promising versions (which use the high-power millimetre wave
beam itself, in contrast to others requiring a separate alignment
beam) were tested: A grating coupler, which produces an image
of the main beam is not very sensitive to spurious modes con-
tained in the main beam; however, the alignment has to be
performed by scanning a single maximum. A mirror equipped
with four waveguide couplers delivers separate signals for
spatial and angular alignment, and, as it applies nulling of an
interference minimum, it is adapted best to automated re-
alignment systems. Low- and high-power tests confirm the
simulations, showing that a precision for the mirror orientation
of about ± 0.1 degrees can be achieved. If in addition the dif-
ferential power signal of a coupler pair is used, such an inte-
grated direction-finding antenna could be used for automatic
spatial and angular re-alignment.

1.4 Millimetre wave diagnostics

1.4.1 Doppler reflectometer for density fluctuation and
plasma rotation studies

Doppler reflectometry is a new diagnostic method for the
investigation of propagating density perturbations. It probes the
plasma by a microwave signal with a line of sight which is non-
perpendicular with respect to the reflecting layer. The diagnos-
tic selects density perturbations with finite wave number k⊥ in
the reflecting layer defined by the tilt angle. Criteria were de-
veloped to optimise the antenna spot size with respect to
plasma curvature effects in order to obtain maximum k-
resolution. From the Doppler shift of the returning microwave
the propagation velocity of the selected density perturbations v⊥

can be directly obtained. Numerical studies were continued in
2001 using numerically calculated drift wave turbulence (B.
Scott).

1.4.2 Microwave reflectometry on W7-AS

The 2000-2002 experimental campaign of W7-AS com-
prises the first island divertor operation as well as externally
triggered radial electric fields. For this campaign fast changes
in the radial profile of turbulence level and propagation veloc-
ity must be diagnosed. Until end of 2001, a multi-channel Dop-
pler reflectometer with four channels was installed (plus two
channels under construction), which simultaneously probes
densities between 0.4 and 5.8×1019 m-3. The reflectometers use
a common antenna with gaussian antenna characteristics and a
fixed tilt angle of +14 deg with respect to the normal onto the
reflecting layer. A second symmetric antenna with -14 deg
allows differential measurements if the orientation of the cutoff
layer changes with the magnetic configuration. Values of up to
10 MHz were observed for the Doppler frequency shift which
correspond to a poloidal velocity of up to 70 km/s. Analogue
spectrum analysis with high temporal and dynamic resolution is
used. In cases where a comparison of the poloidal propagation
velocity of the turbulence with the results from radial electric
field measurements (CRX spectroscopy) were available agree-
ment was found within the error bars of the diagnostics.

1.4.3 Microwave reflectometry on ASDEX Upgrade

The optimised O- and X-Mode antennas together with the
improved receiver module of the Doppler reflectometer now
allow measurements of rotation velocities v⊥ perpendicular to
the magnetic field. An example for a rotation velocity profile is
given in Fig. 1.2.

FIG. 1.2: ASDEX Upgrade shot #14147. Comparison of
measured rotation velocity profiles perpendicular to B

r
.

In this particular shot only toroidal rotation velocities from
the CXRS diagnostic were available. For ρpol < 0.85, where the
poloidal component of v⊥ can be neglected, there is good
agreement between the two diagnostics.

Although in the H-mode barrier the density fluctuations are
strongly reduced, the scattered microwave power is sufficient to
allow rotation velocity measurements. Since the new antennas
have small divergence, measurements are no longer restricted
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to the plasma edge. The accessible radial region where rotation
velocities can be determined now extends to a normalised flux
radius of ρpol ≈ 0.6 .

The k-selectivity of the antenna system with respect to
fluctuations is calculated by numerical modelling of the Dop-
pler reflectometer experiment using a 2D full wave code
(B. Kurzan). In principle, the comparison of this k-selectivity
with the measured k-spectrum yields the k-spectrum of density
fluctuations, e.g. Fig 1.3. The spectrum shows a steep decay
with about k-6 for k ≥ 2 cm-1, in reasonable agreement with
expectations from theory.

FIG. 1.3: The k-spectrum of fluctuations, calculated for AS-
DEX Upgrade H-mode shot #14147 with ρpol ≈ 0.85 .

1.4.4 Collective Thomson Scattering (CTS) using micro-
waves

This project is continued together with the IAP Nizhny
Novgorod within the framework of “Kinetic stability analysis of
distribution functions”. As radiation sources the ECRH gyro-
trons are used. The CTS diagnostic serves to measure the ve-
locity distribution function of ions and the propagation of
plasma waves in the frequency range of ion-cyclotron harmon-
ics, and the LH-frequency (up to 1.3 GHz).

During a brief campaign the LH-instability was studied in
detail. In some cases side bands from cyclotron harmonics were
found. In addition, broadband magnetic antennas are used to
measure magnetic fluctuations up to 1 GHz. The results will be
compared with predictions from kinetic theory in the frame-
work of a PhD thesis carried out jointly at IAP and IPP.

1.5 WEGA

The revision and improvement of the Gourdon code were
continued. With respect to the imminent magnetic field meas-
urements on WEGA special adjustments were applied to this
code. Especially, a subroutine allowing better approximation of
the real geometry of the helical windings of WEGA has been
integrated. Examples for data sets were set up and hints about
the application of the code were provided.

Meanwhile the computational power of personal computers
is sufficient to run programs like the Gourdon code. This code
was made portable by replacing system-dependent functions
and by emulating the graphics routines called from the RZG
GGLIB1 library by equivalent routines in Fortran source code.
Gourdon code versions were run on PCs in Fortran 90 under
Windows NT and in GNU FORTRAN 77 under Linux.

2. PLASMA EDGE DIAGNOSTICS

(U.  S c h u m a c h e r,  I. Altmann, G. Dodel, K. Hirsch,
J. Krüger1), P. Lindner1), B. Roth, K. Schmidtmann2),
J. Schneider, R. Stirn1), and A. Tawfik)

1) since April 1, 2001 2) until January 31, 2001

2.1 Developments for spectroscopic measure-
ments of plasma parameters in the divertor
of ASDEX Upgrade

The determination of spatially resolved temperature and
density profiles of hydrogen isotopes, wall materials and impu-
rities are the goal of this project.

Laser induced fluorescence (LIF) is an established method
in plasma physics to determine atomic and molecular species by
spatially and spectrally resolved measurements, which also
allow to measure the velocity distribution of the species.

Preparatory work for such experiments in a small scale
device was started to qualify the laser system, the frequency
conversion and the wavelength tuning as well as the detection
system. In a first laboratory experiment the applicability of LIF
using fibre optics was analysed.

ND:YAG
LASER

DYE 
LASER

ECR-discharge

Spectrometer

PC

BOX-CAR
AVERAGER

Photo 
diode

Hollow
cathode

FIG. 2.1: Experimental set up of the LIF diagnostics.

Figure 2.1 shows the experimental set up of the laboratory
version of the LIF diagnostics. A frequency doubled Nd:YAG-
Laser (λ = 532 nm, τpulse= 7 ns) is used as a pump laser for the
dye laser. The spectral ranges of the system depend on the
applied dye. The first measurement was done with the DCM dye
with a specified spectral range between 600-660 nm.
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The opto-galvanic effect on a Neon filled hollow cathode
lamp is used to calibrate the dye laser wavelength by tuning
with the grating. This effect is due to absorption of light which
increases neon ionisation resulting in an increased lamp current.
The change of the current signal is detected via capacitive cou-
pling. As an example a measured signal is shown in Fig. 2.2.
The negative signal occurs when the ionisation probability of
the excited state is lower than that of the ground state.
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FIG. 2.2: Opto-galvanic signal from a Neon filled hollow
cathode lamp.

To complete the experimental set up with the laser system
and the detection system an ECR discharge is used. Figure 2.3
shows an LIF-Signal of neon at 618 nm in an ECR discharge at
p = 7 mbar and PECR = 200 W.
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FIG. 2.3: LIF signal of neon at λ = 618 nm from which
Aik =3.47×10 7 s-1 is deduced.

The first test of the power load for the fibre at λ = 532 nm
shows that the specification of the maximum power load of
1 GW/cm² will be achieved. The tests at 656 nm are in prepara-
tion. Calculations show that with a power density of 1 GW/cm²
the LIF signal should be 10 times greater than the noise and
consequently should be detectable.

2.2 Erosion studies from emission and absorp-
tion spectroscopy

The determination of erosion mechanisms and erosion rates
as a function of the plasma parameters is of major importance
not only for tests of thermal protection materials for reusable
space transportation systems but also for plasma facing compo-
nents in thermonuclear fusion devices. Plasma jets interacting
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 Si I reso-
nance spectra of the multiplet lines at 251 nm and the singlet
lines at 263 nm, 288 nm, or 390 nm, respectively. The silicon is
eroded by the plasma jet and forms a disc like radiating cloud
in front of the target.

The experimental set up was further improved to allow
measurement of the axial line intensity profiles in front of the
sample surface simultaneously up to a distance of 8 mm and
hence determination of the silicon ground state density profile
and the electron temperature profile. Figure 2.4 shows an ex-
ample of measured axial line intensity profiles of Si I at
λ = 251 nm and λ = 288 nm.
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FIG. 2.4: Axial line intensity profiles of Si I in front of the
sample surface.

In addition to the determination of the spatial distribution of
the ground state density of silicon from the line ratios of the Si I
multiplet at 251 nm the determination of electron temperature
distribution from the line intensity ratios of different energy
levels (251/263/288/390 nm) was started. The electron colli-
sional excitation coefficients corresponding to the relevant
energy levels were calculated in cooperation with H.P. Sum-
mers, Strathclyde University (Scotland), using modelling of the
Si atom with the R-matrix method especially for low energies
near threshold. Together with the collisional radiative model
and the ADAS data source the populations of the energy levels
relevant for the line ratios were calculated as a function of
electron density and electron temperature (cf Fig. 2.5).

From the measured line ratios of Si I lines (after relative
calibration) the electron temperature was determined (cf Fig.
2.6). In a few mm distance from the front of the sample surface
the electron temperature is in good agreement with laser Thom-
son scattering results. The experiments show that self absorp-
tion is of significant influence.

In a further step the influence of self absorption has to be
calculated by ratios within the Si I multiplet at λ = 251 nm.
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FIG. 2.5: Calculated emissivity ratios for different electron
densities.
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FIG. 2.6: Measured axially resolved intensity  ratios of Si I in
front of the sample surface.
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