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View into the test chamber of the new ion beam facility GLADIS for the testing of plasma facing components. 

In the central part of the picture, an actively cooled Wendelstein 7-X pre-series divertor target element is loaded with a H beam. The

beam power density of 10 MW/m2 heats the CFC surface up to ~1000 °C during the test.
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The year 2005 represents an extremely impor-
tant milestone in the history of fusion: The EU
and its partners decided on 28th June to go
ahead with the ITER project and selected the
European site in Cadarache, France. It is
expected that the seven partners will initial the
ITER Implementing Agreement later this
spring. IPP is extensively involved in the
development of this important experiment,
which is universally accepted as the decisive
“next step” in fusion research.

Changes in the organisation of the Wendelstein
7-X stellarator project took place in 2005: Prof.
Thomas Klinger became Co-Director; the other Co-Director, Dr.
Remmelt Haange, formerly at JET and until recently Head of the
ITER Site in Naka, assumed his position – also as Technical
Director – in September. The Directorate and the Board of
Scientific Directors have thanked Prof. Friedrich Wagner on sever-
al occasions for his dedicated and unstinting contribution to the
construction of this experiment, which is so important for IPP and
for the fusion community as a whole. There was considerable
progress on construction in 2005, but the project still struggles
with assuring the punctual delivery of components of the required
high quality from the many hundred suppliers. The highly complex
vacuum vessel – a milestone in welding technology – was complet-
ed and delivered to Greifswald. Also, the first two segments of the
massive central support ring are now undergoing final machining
and will be delivered shortly. Most of the contracts for manufactur-
ing and delivery of components are running smoothly from the
technical point of view. Most importantly, the assembly of the first
half-module began on 6th April. Meanwhile, coils of the various
types are being delivered in Greifswald and prepared for assembly.
Staff numbers are being increased further, almost exclusively on
the engineering side. The substantially improved manpower situa-
tion and the growing in-house expertise have now put the project
into a position to cope more efficiently with the day-to-day issues
of contract supervision, quality assurance, change management,
test and design, structural analysis and other areas. The network of
international collaborations on Wendelstein 7-X diagnostics devel-
opment has been extended, with special emphasis on new EU
member states. 

The programme on the ASDEX Upgrade tokamak, conducted in
close collaboration with our EU partners, continues to address
physics questions that have an immediate impact on the ITER
design. Moreover, it plays an important role in establishing the
physics base for ITER operation in both the standard scenario as
well as in scenarios with improved performance. Moreover, physics
issues with impact beyond ITER, i.e. for future power plants such as
DEMO, have already been identified and are being addressed. This
is accompanied by the development of the relevant technologies in
diagnostics, heating and current drive, but also control systems. 

A technical highlight in 2005 was the success-
ful commissioning of a new integrated control
and data acquisition system that is specially
adapted to ITER needs. This system is now in
routine use at ASDEX Upgrade. The coverage
of the vessel interior with tungsten, which will
be crucial for future machines, was further
extended in 2005. Complete coverage of tung-
sten is the aim for the 2006 summer shut-
down. The parameter range for improved H-
mode operation has been extended to the
ITER collisionality and beta values. This
mode of tokamak operation, discovered at
ASDEX Upgrade in 1999, now promises –

under nominal ITER operating conditions – either higher fusion
performance or, alternatively, longer pulses of up to one hour. In
view of ITER, efforts to study the behaviour of fast ions in ASDEX
Upgrade have also been vigorously pursued. Using a new fast ion
loss diagnostics, it has been possible for the first time to identify
directly the phase correlation of fast ions losses with MHD activity
such as neo-classical tearing modes or ELMs.

The past year for JET was marked by a series of technical difficul-
ties, which have prevented several key experiments from being car-
ried out. The major project of the last shutdown, namely the ITER-
like antenna, could not be installed. A major highlight is the
approval of a further enhancement programme involving invest-
ments of ca. 50 MEuro. The main elements are the installation of
an ITER-like wall and an upgrade of the neutral beam heating
power. IPP is involved in the preparation of the coming campaigns
as well as in some enhancement projects, notably the development
of tungsten coatings for the ITER-like wall.

Plasma-wall interaction studies and materials research have led to
major advances in the understanding of the hydrogen retention
processes in tungsten and carbon materials. For ITER the very
important question of the hydrogen behaviour in mixed materials is
now being addressed in a special programme. The European Task
Force on Plasma-Wall Interactions will now led by Dr. Roth of IPP
for of the next three years, indicating the significance of IPP work
in the European context. 

In a similar connotation IPP continues to coordinate the EU
Integrated Project “ExtreMat” in which 37 European partner insti-
tutions have joined to develop materials for extreme environments.
In this project one key application for such newly developed mate-
rials is of course fusion energy.

Again this year, the Directorate and the Board of Scientific
Directors note with pride the outstanding scientific results obtained
in the Divisions as well as the high level of dedication of the IPP
staff. Their success will ensure that IPP will continue to play a piv-
otal role in fusion research in the years to come.

III

Alexander M. Bradshaw
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1 Overview

1.1 Scientific aims and operation
The tokamak fusion experiment
ASDEX Upgrade (AUG) went
into operation in 1991 after
nearly 10 years of planning, de-
sign and construction. The AUG
design combines the successful
divertor concept with the re-
quirements of a next step fusion
reactor, in particular the need
for an elongated plasma shape and poloidal magnetic field
coils outside the toroidal magnetic field coils. AUG is close
to ITER in its magnetic and divertor geometry and in particu-
lar the relative length of both divertor legs compared to the
plasma dimensions. The installed heating power of up to
28 MW ensures that the energy fluxes through the plasma
boundary are equivalent to those in ITER. The scientific
programme gives priority to the preparation of the design
(heating, fuelling, first wall materials), physics basis and
discharge scenarios of ITER and the exploration of regimes
beyond the ITER baseline scenario. The studies were guided
by four Task Forces (TF) consisting of 
– Confinement and performance of the ITER base-line

scenario, the ELMy H-mode, and the advanced scenario
of the “improved H-mode” leading to enhanced perfor-
mance and longer inductive pulse lengths by non-induc-
tive current drive,

– H-mode pedestal physics and ELM mitigation and control,
– Magnetohydrodynamic (MHD) stability, active stabilisa-

tion of β limiting instabilities as well as avoidance and
mitigation of disruptions,

– Scrape-off layer and divertor physics with the aim of opti-
mizing power exhaust and particle control (ash removal)
and optimization of first wall material with emphasis on
tungsten.

The similarity of ASDEX Upgrade to ITER makes it particu-
larly suited to testing control strategies for shape, plasma 
performance and MHD modes. The similarity in cross-section
to other divertor tokamaks is important in determining size
scalings for core and edge physics. In particular, the 2005
physics programme was based on the conclusions and find-
ings of the last years, persisting ITER requirements and
tokamak concept improvement. Our programme largely
covers the “High Priority Physics Research Areas” provided
by the ITPA Coordinating Committee. Again, several items
have been further investigated in joint experiments at all
major tokamaks as proposed by the ITPA Topical Groups
and approved in the framework of the IEA Implementing
agreements. In summary, the AUG programme in close col-
laboration within the EU fusion programme is embedded in
a framework of national (see section on University contribu-

ASDEX Upgrade
Head: Dr. Otto Gruber

tions to IPP programme) and
international collaborations
(see section 10).
The AUG Programme Committee
established in 2001 enables the
Associations to take responsi-
bility for our programme. This
body defines the Task Forces
responsible for the different ele-
ments of our programme, nomi-
nates the Task Force Leaders
and approves the experimental

programme. Furthermore, the bodies that work out the pro-
gramme proposals are open to external participants, and
remote participation in the meetings is used. For the 2005
campaign 153 proposals were received including 49 propo-
sals from outside IPP. With this structure, we have achieved
a compromise between the increased international participa-
tion and the flexibility that has so far been typical for the
AUG programme. 
In 2005 65 % of the AUG first wall area was covered with
tungsten including the upper divertor targets allowing a
comparison between a tungsten (top) and graphite (bottom)
divertor. As prototypes for the LFS limiters one ICRH pro-
tection limiter (out of 8) and one guard limiter (out of 4)
were covered with 200 μm tungsten in the 2004 shutdown.
These LFS limiters show the highest erosion due to orbits
from beam injected high-energy particles and ICRF induced
effects. At the beginning of March we detected the detach-
ing of W layers from the coated ICRH limiter, most proba-
bly caused by manufacturing defects. In a short vessel vent
the damaged tiles were replaced by pure graphite tiles, and
damaged carbon protection tiles in one NBI port and a water
leak in one NBI calorimeter were repaired. After two days
of operation a fire starting in a cable joint caused damage to
high voltage and control cables and needed four weeks for
repair. These technical problems caused a considerable
delay to the 2005 programme and a re-assessment of the 
priorities. The programme reduction was mitigated by addi-
tional operation shifts, but roughly 40 % of the high priority
discharges have been postponed till 2006. AUG was opera-
ted in 58 shifts at high availability with a total of 1,070 pulses
(technical tests, diagnostic calibrations and plasma dis-
charges) from mid December 2004 until mid August 2005.
The flexible heating systems consist first of the neutral
beam heating (NBI), which delivered powers up to 20 MW.
The ion cyclotron resonance system (ICRH) is capable of
routinely coupling up to 7 MW in ELMing H-mode dis-
charges. The present electron cyclotron system was kept
available up to a coupled power of 1.2 MW allowing pure
electron heating (ECRH) and current drive (ECCD), elec-
tron heat transport studies and MHD mode control of saw-
teeth and neo-classical tearing modes (NTM).

The main aim of the ASDEX Upgrade pro-
gramme is to prepare the physics base of ITER
and DEMO. Significant progress has been made
in the operation with tungsten-clad walls, under-
standing of transport and impurity control, ELM
mitigation by frequency control, and control of
performance limiting instabilities. The improved
H-mode operation was extended into ITER
parameter ranges and beyond the ITER baseline
specifications for nTτ and the pulse length.
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and developed suitable actuators for control. In the presence
of a predominantly tungsten-clad first wall the W concentra-
tion could be kept below 10-5 avoiding both the influx of
impurities through the edge barrier by ELM control through
pellet pacemaking as well as the central impurity peaking by
tailored central electron heating. In terms of reproducibility
without performance affecting impurity behaviour the dis-
tance to the last boronization of the first wall is important. 
Progress was made again in the understanding of anomalous
transport (energy, hydrogen and impurities) showing a
multi-faceted picture of mode dominance in different plas-
ma parameter regimes of ITG, TEM and ETG turbulence,
but an agreement of experiments and theory extending over
a broad range of these conditions (section 2). NTMs were
successfully controlled with very localized ECCD, TAE
modes excited by ICRH beat waves, and fast ion losses
caused by NTMs and TAEs were determined (section 4).
The hypothesis that the ELMs triggered by pellets start from
the LFS, despite the pellets being injected from the HFS,
was confirmed and the triggering mechanism further 
clarified (section 5). In August 50 hours of oxygen glow 
discharge were run to manifest the reduction of carbon lay-
ers in a divertor tokamak as needed in ITER for tritium 
control and in AUG to get rid of C on the way to an all-metal
machine.
Further results are discussed in section 8 dealing with core
plasma physics, namely NBCD, active MHD mode control,
TAE modes, ITB collapses, turbulence and radial electric
field measurements, and disruption mitigation by fast impu-
rity puffs. Section 9 covers edge and divertor physics, edge
transport, plasma flows in the SOL, tungsten erosion and
material migration, parameter and flux profiles in SOL and
divertor.

1.3 Technical enhancements and programme in 2006
In order to achieve the consolidation of the ITER design and
its base line scenario and the exploration of new improved
scenarios, it is necessary to successively upgrade the AUG
technical systems. The step-by-step transition from a
graphite to a tungsten device has the highest priority in the
present AUG hardware extension programme. The main
task of the 2005 shutdown (mid August-mid December) was
the further tungsten coverage of the LFS poloidal limiters 
(8 ICRH protection and 4 guard limiters) and the roof baffle
of the lower divertor chamber with thin 3.5 μm W coatings.
The positive experience in AUG up to now with tungsten-
clad PFCs has encouraged us to proceed towards an all-
tungsten machine in summer 2006, including the target
plates of the bottom divertor. Here we need 200 μm thick 
W coatings whose manufacturing was tested at several com-
panies followed by a careful qualifying procedure at IPP. In
addition, all ICRH antennas are now equipped with new
central conductors with higher voltage stand-off. 

These versatile heating methods allow the effects of heat,
particle and momentum deposition on energy and particle
transport, MHD stability and fast particle physics to be
separated. Both RF systems allow the control of particle and
impurity transport via the heat deposition profile. Provisions
for current drive and for active control of current profiles in
advanced scenarios were available with more perpendicular
on-axis or off-axis tangential NI and ECRF using steerable
mirrors. Stationary discharges with up to 10 s flat-top allow
steady state investigations not only on the transport and
MHD time scales but also for up to 10 current diffusion
times, still a unique feature for tokamaks with ITER plasma
geometry. The new fast CODAC system, which is based on
commercial hardware and implements an increased diagnos-
tic set for control at a reduced cycle time, was commissioned
and is close to completion. In the 2005 shutdown further
technical and service improvements as well as control appli-
cations have been included. This puts us in a good position
for the integrated control of both standard and advanced 
scenarios (section 6).

1.2 Main results in 2005
During 2005 we have extended the operation scenarios of
the “improved H-mode”, realized in ASDEX Upgrade in
1998 and now forming the basis of the long pulse ITER
hybrid scenario. The improved H-mode demonstrates the
stationary integration of advanced performance beyond the
standard H-mode over a broad range of ITER relevant 
conditions: moderately peaked electron density profiles
ranging from n=nGW down to values corresponding to the
ITER collisionality, heating scenarios with significant cen-
tral electron heating resulting in Te=Ti, q95 values from 3 to
5.5, βN values of at least 3 (with only benign MHD-activity),
bootstrap fractions up to 50 %, and the ITER ρ range acces-
sible within a factor of 4. At stiff temperature profiles limi-
ted by drift-wave turbulence the peaked density profiles 
contribute to the confinement improvement. A further con-
tribution was found, by enhanced pressures at the edge bar-
rier pedestal top and at the ρ=0.9 surface both increasing
with input power (section 3). The maximum performance
parameters obtained would allow ITER operation either at a
more than doubled performance factor H98(y,2)βN /q95

2 or
Q>30 at q95~3 or the ITER design value Q~9 at a 30 %
reduced plasma current allowing long inductive pulse
lengths of one hour. Applying not only “early” heating to
freeze a flat current density profile but also “delayed” addi-
tional heating well in the current flattop results in even better
confinement (H98(y,2)=1.5 as compared to 1.3 for the early
heating scheme, section 8.1).
For active control of discharges we have refined our diagnos-
tic systems (particularly in the plasma edge region), opti-
mized shapes to allow for better diagnostic access of the plas-
ma edge transport barrier and enhanced divertor pumping,
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The pellet ELM-triggering capability will be extended to
frequencies of 140 Hz and smaller pellets by a new blower
gun. The upgrading of the ECRF power to 4 gyrotrons each
of 1 MW/10 s pulse length at tunable frequencies between
105 and 140 GHz is in progress together with the installa-
tion of on-line steerable launchers for feedback of the depo-
sition location. The first 2-frequency gyrotron was commis-
sioned at IPP.
In the mid term range we will focus even more on advanced
tokamak operation as the hybrid scenario of the improved
H-mode and the ITB discharges with reversed magnetic
shear. Reliable creation and sustainment of optimal shear
profiles requires an additional current profile control
method such as LHCD with about 5 MW installed power at
AUG. In order to overcome the lower ideal MHD limits of
reversed shear plasmas we have to rely on wall stabilization,
which needs a stabilizing shell at the low field side much
closer to the plasma than the present walls. This shell has to
be combined with internal coils to actively control the MHD
instabilities growing on the resistive time scale of the shell
(RWMs). As such internal coils have several other interest-
ing applications, such as rotation control, ELM tailoring and
tearing mode control, their installation as a first step of the
package is planned.
The programme in 2006 will be executed in cooperation
with the EU Associations and in close connection with the
JET programme and the ITPA joint experiments. Out of the
160 submitted proposals 60 were from 14 EURATOM
Associates, the US and Japan. According to the unique
strengths of the ASDEX Upgrade device and the particular
expertise and competence of our team the proposals were

ASDEX Upgrade

prioritized, and the 2006 programme was approved by the
AUG Programme Committee in November. The experimen-
tal effort will be mainly focussed on the development of
consistent high performance scenarios operating with a
tungsten wall and a suite of control tools (heat deposition,
ELM tailoring, MHD mode control) to access and stabilize
these regimes.
In this annual report, besides sections 2-6 mentioned above,
we describe in section 7 the ASDEX Upgrade technical and
heating systems. Section 8 deals with core plasma physics,
namely NBCD, active MHD mode control, TAE modes,
ITB collapses, turbulence and radial electric field measure-
ments, and disruption mitigation by fast impurity puffs.
Section 9 covers edge and divertor physics, as edge trans-
port, plasma flows in the SOL, tungsten erosion and materi-
al migration, parameter and flux profiles in SOL and diver-
tor. Section 10 describes the AUG international cooperations.

2 Heat, particle and momentum transport

Transport is governed by micro-turbulence and neoclassical
collisional phenomena in variable fractions, depending on
the channel and on plasma conditions. Experiments and com-
parison with theory have been carried out in ASDEX Upgrade
to assess the respective contributions to the different channels.

2.1 Electron transport
It has been shown that electron transport is very strongly
dominated by turbulence. In particular, in plasmas with domi-
nant electron heating, at low collisionality and with Te>Ti,
transport phenomena are dominated by the Trapped Electron
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Figure 1: Left graph: Electron heat flux versus R/LTe.The significance of the symbols is given in the legend. Right graph: Perturbative diffusion coefficients
deduced from amplitude and phase of the heat pulses excited by ECRH modulation.



Mode instability, as indicated by gyro-kinetic stability calcu-
lations. In such conditions, one observes that the density 
profile flattens when ECRH is applied, which is attributed to
the increased activity of the TEM modes. One of the main
properties of TEM instability is the existence of a threshold
in both R/LTe and R/Ln. The threshold dependencies upon
plasma parameters such as collisionality and magnetic shear
have been investigated systematically in gyro-kinetic stabili-
ty calculations and put into a formula. Experimentally, the
threshold in R/LTe is expected to be revealed by nonlinear
behaviour of the heat flux versus R/LTe, and a jump-like
behaviour of the propagation speed of heat pulses generated
by ECH power modulation. Experiments have been carried
out, in which the electron temperature gradient has been var-
ied over the adequate range using two ECH beams. The
analysis exhibits the expected nonlinear behaviour of the
heat flux around R/LTe =3 (figure 1 left).
These results are compatible with gyro-kinetic calculations
for TEM stability, as shown in the same figure. In addition,
as visible in figure 1 right, a jump-like increase of the heat
pulse diffusivity at R/LTe =3 confirms that these results can
be considered as evidence for the existence of a threshold.
These results are also in agreement with an empirical model
based on the existence of a threshold in R/LTe.
As the effective collisionality (νeff) increases, the TEMs are
gradually stabilized and the ITG turbulence plays an increa-
singly dominant role in electron transport. This is reflected
simultaneously in electron particle and heat transport.
Indeed, as νeff increases, the reaction of the density profile
changes from flattening at low νeff, to peaking at intermedi-
ate values of νeff, this effect being then attenuated by a fur-
ther increase of νeff. This is shown in figure 2a. 

These observations are consistent with the predicted effects of
TEM and ITG on particle transport, as shown in figure 2b,
which presents results from gyrokinetic stability calculations.

At low collisionality, the TEM modes dominate and lead to
a flattening of the observed density flattening. At high colli-
sionality the ITG modes dominate leading to a more or less
strong peaking of the density profile. Consistently, the propa-
gation of heat pulses is observed to be fast at low collision-
ality and to decrease gradually with increasing νeff and to
eventually drop below the power balance diffusivity. This
behaviour also agrees with the stabilization of the TEM tur-
bulence by collisionality and with a transition to ITG domi-
nated heat transport. The drop of the heat pulse diffusivity
below the power balance value is explained by the fact that
the ITG has a weak dependence upon R/LTe, which explains
the very low heat pulse diffusivity. This phenomenon has
been proposed as being responsible for the transition from
the linear Ohmic regime to the saturated Ohmic regime.
The existence of convective terms in the electron heat flux is
predicted by electrostatic turbulence theories. The possible
existence of an inwardly directed convective flux (heat
pinch) has been advocated to explain the peaked profiles
despite strong off-axis ECH. Power modulation at low fre-
quency allows diagnosing such a convective effect and 
dedicated experiments have been carried out in ASDEX
Upgrade. Indeed, the analysis shows that the behaviour of
the modulated Te for different frequencies exhibits charac-
teristics, which could be attributed to convection in a region
inside the ECRH deposition. However, transport modelling
based on the existence of a threshold in R/LTe can well
reproduce the data. This is attributed to the fact that, in this
region, the plasma is just above the threshold, as for some
time during each period of the modulation. This induces an
apparent convection in the modulation data, equivalent to a
continuous convective term. A small inward convection 
(1-3 m/s) might be required to model the steady-state data,
but it cannot alone explain the observed modulation data.

2.2 Ion and momentum transport
In the past, studies on ASDEX Upgrade have shown that the
toroidal momentum transport timescale is similar to that of
the energy. More recently, this has also been shown to hold
locally, i.e. the diffusion coefficient for momentum transport
is roughly equal to the heat conduction coefficient, (error
bars are quite substantial in this comparison). Quasi-linear
gyro-kinetic calculations (ballooning approximation) using
the code LINART have been undertaken to better understand
this phenomenon. From the gyro-kinetic equation it follows
that, for experiments with a substantial momentum input by
the neutral beams, the radial flux of toroidal momentum can
be written as the sum of a diffusive contribution and pinch
velocity. For a dominant ITG, the diffusion coefficient χϕ is
indeed, almost equal to the ion heat transport coefficient χι ,
with the ratio χϕ/χι being virtually independent of the plasma
parameters. The consequences of the pinch velocity are not
yet clear, both theoretically as well as experimentally.
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Experiments planned for 2006 will hopefully shed more light
on this topic. Toroidal rotation plays a special role since its
radial gradient can influence the stability of the plasma. In
fact, a radial gradient in the toroidal rotation can be either 
stabilising through the E×B shear associated with it, or desta-
bilising through the gradient in the parallel velocity. The latter
does not only modify existing instabilities but can also drive
the parallel velocity shear instability. Using the parameters of
ASDEX Upgrade, it has been found that the latter instability
does not appear and that for the modification of the existing
instabilities the E×B stabilization should dominate.
Experiments, in which Electron Cyclotron Resonant
Heating (ECRH) has been added to neutral beam heated
plasmas at low-density gives more insight into the relation
between the gradients of the ion temperature and toroidal
rotation. Interestingly, the increased electron heating leads
to an increase in Te/Ti through a decrease in Ti rather than an
increase in Te. Together with the decrease in ∇Ti the gradi-
ent of the toroidal rotation ∇vtor also decreases. Using diffe-
rent plasma densities and power levels of ECRH, it has been
shown experimentally that the normalised gradient length of
the ions R/LTi is more strongly correlated with ∇vtor than
with Te/Ti. This correlation is shown in figure 3, which sum-
marizes the experimental results obtained at a normalised
toroidal flux radius ρtor=0.5. The experimental results are
not in agreement with the theoretical predictions shown in
the graph by the lines. The theory predicts a stronger
dependence on Te/Ti and a weaker dependence on ∇vtor.

3 Influence of the edge in improved H-mode

The improved H-mode is an interesting scenario for ITER,
since it combines high confinement (H98(y,2)>1) with high
stability (βN>2.5) in stationary discharges (longer than 
40 ⋅ τE or more than twice the current diffusion time) and the
absence of sawteeth activity. Typically, improved H-modes
are operated at low collisionalities ν* and with Ti>Te. This
scenario has been developed at ASDEX Upgrade since
1998. Its optimisation in terms of plasma performance and
compatibility with a tungsten wall and the understanding of
the physics governing the observed confinement improve-
ment over the ITER reference ELMy H-mode scenario, are
key elements of the present ASDEX Upgrade programme.
Whereas in improved H-modes Ti profiles are stiff with the
same gradient length as in standard H-modes, one aspect of
the confinement improvement with respect to the reference
ELMy H-mode scenario is density peaking: higher core den-
sities lead to higher stored energies at fixed temperature pro-
files. However, performance improvement due to density
peaking is limited by impurity accumulation and the con-
comitant increase in core radiation. Control of density peak-
ing (and impurity accumulation) has been established as a
routine tool in ASDEX Upgrade using central wave heating

(both ICRH and ECRH). Improved H-modes have also been
obtained with strong central ICRH (up to half of the total
input power) with the goal of exploring heating conditions
similar to those of a reactor.
The other aspect of confinement improvement is the role of
the edge transport barrier (ETB). It is found that high-densi-
ty peaking factors are correlated with high values of
H98(y,2), but that there is a large excursion in confinement
factor for a given value of density peaking. Analysis of
selected discharges, lying at the extreme ends of H98(y,2)
variation at fixed density peaking, shows that the global
confinement improves with increasing electron pressure at
the top of the pedestal, pe

PED related to an increase of heating
power. This increase in input power leads to an increase of
total stored energy due to an increase of electron pedestal
pressure, while: i) the density peaking remains constant, or
ii) the density peaking increases, or iii) the density peaking
decreases. For the data the electron density profile was
obtained by simultaneously fitting the data from the core
Thomson scattering (TS) diagnostic, the five horizontal
interferometer channels and the edge Li-beam data when
available. The electron temperature profile was obtained
from the combined fit of the core TS and ECE diagnostic
data. Since for these discharges edge measurements were
not available, the pedestal region was fitted assuming a
fixed position for the pedestal top and a constant pedestal
width of Δρpol=0.02 for both electron density and tempera-
ture profiles. The pedestal profiles are best described by a
hyperbolic tangent function. The value of the pedestal, the
width of the transport barrier and the location of the barrier
are all obtained directly from the fitting parameters. A linear
term is added to the tanh function to provide a good connec-
tion to the core profiles.
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The results discussed above indicate that the contribution to
the global confinement from the ETB region may increase
with input power. In order to test this, however, detailed
measurements of the pedestal profiles are necessary. The
first detailed measurements of pedestal profiles in improved
H-modes were carried out in 2005 in discharges where the
input power was increased with three neutral beam power
steps up to 10 MW. A constant level of central ICRH heating
was added in order to avoid strong density peaking, with
3 MW of power coupled to the plasma.
The pedestal parameters were obtained from tanh fits to the
ECE and edge TS data for Te, to the Li-beam and edge TS
data for ne and to the core CXRS data for Ti, assuming fixed
pedestal Ti position and Δρpol=0.02.
During the input power steps the density peaking factor
remains constant at a value of ~1.4. The observed global
confinement improvement with power is predominantly due
to the contribution of the pedestal region: the total stored
energy increases as Wth~PTOT

0.69 and the pedestal contribu-
tion to the stored energy, WPED, increases as WPED~PTOT

0.59.
In ASDEX Upgrade, the pedestal electron pressure in type I
ELMy H-modes is known to scale weakly (~PTOT

0.2) with
input power, as shown in figure 4 (open diamonds). In the
broad type I ELMy H-mode database the electron pedestal
pressure is defined as the electron pressure at ρpol=0.9, with
Te and ne from core TS, a quantity, which is routinely avail-
able. By overlaying the results of the improved H-modes
discharge a stronger dependence of the electron pedestal
pressure on input power is found than that of the broad data-
base. The red squares represent the electron pressure at the
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pedestal top, pe(PED-top), as obtained from the fits of the
measured pedestal data, while the blue triangles represent
the electron pressure for the improved H-mode discharge
calculated from the fitted profiles at ρpol=0.9, pe(ρpol=0.9),
for direct comparison with the database. At the pedestal top, a
significant input power dependence, pe(PED-top)~PTOT

0.61, is
found for this discharge, while an even stronger power depend-
ence is found at the ρ=0.9 surface, pe(ρpol =0.9)~PTOT

0.93. This
result shows that the offset between pedestal top and the
region inside the edge transport barrier is important. Future
analysis and further experiments are aimed at determining
whether this is a feature of improved H-modes only or if it is
typical of any H-mode.
The observed increase of pedestal pressure with input power
occurs for different reasons at each power step. In the first
step, from 7.6 to 9.6 MW, the increase in pedestal pressure is
due to an increase in density, while Te and Ti both decrease
slightly. This density increase is, in turn, due to an increase in
the separatrix density. Therefore, in this first power step the
increase in pedestal pressure, and the consequent global 
confinement increase, is found to be largely a SOL effect. In
the second power step, from 9.6 to 11.3 MW, the pedestal
pressure increases largely due to increases in the electron and
ion temperature. The increased pedestal electron temperature
is due to an increased slope rather than an increase of the
pedestal width. Ideal MHD calculations of the stability limit
in these discharges are planned for the near future.
The pedestal measurements presented here are compatible
with our current understanding of core transport in improved
H-modes. Simulations of the discharges discussed above
were carried out with ASTRA in a predictive mode using the
GLF23 transport model with boundary conditions from the
experimental profiles at ρtor=0.8. The model reproduces 
fairly well the measured Te, ne and Ti profiles across the con-
finement region, ρtor~0.3-0.8. The one exception is that the
simulations predict a higher Ti gradient in the confinement
region in the lower power phase. In the plasma centre 
(ρtor<0.3) the model over predicts the experimental profiles.
In this region the code predicts the transport to be predomi-
nantly neoclassical. A possible explanation for this difference
could be MHD activity in the plasma core (e.g. fishbones),
which may introduce additional transport not accounted for
in the model. In any case, the global confinement is relative-
ly insensitive to this core region due to its small volume.

4 MHD modes and fast particle behaviour

4.1 Interaction of MHD modes and fast particles
The interaction of fast ions (i.e. Eparticle>Ethermal) with MHD
modes will become of increasing importance towards ITER,
where a large fraction of fast α-particles is expected to 
interact with various kinds of MHD modes. On ASDEX
Upgrade, we have therefore increased our efforts in studying
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this interaction experimentally, to better understand the
underlying physics mechanisms, and also to develop diag-
nostic tools suitable for ITER. In parallel, the theoretical
base for this is being enlarged by new code developments
(see Theoretical Plasma Physics section).

4.2 Excitation of TAE modes by ICRH beat waves
Earlier studies had shown that TAE modes could be destabi-
lized in low-density plasmas if a high enough ICRH power
was applied (see Annual Report 2003). In 2005, it was clearly
demonstrated that by applying beating ICRH waves, i.e. injec-
tion of RF power at two slightly detuned frequencies ω1 and
ω2 such that ω1-ω2 is of the order of the expected TAE fre-
quency, TAE modes are triggered. Figure 5 shows an example.
Here, ICRH at a power level of 2.5 MW and frequencies
ω1=30 MHz, ω2=30.18 MHz is injected into a plasma with
target density ne=4×1019 m-3. The spectrogram of magnetic
fluctuations shows a clear dynamic variation of the ampli-
tude at ω1-ω2=180 kHz, indicating the nonlinear response of
the plasma to this perturbation. Since injection of the same
amount of ICRH power into a discharge with similar para-
meters without beating does not excite TAEs, we conclude
that a direct drive, not involving the usual fast particle 
excitation, exists. With this method, we now have on hand a 
reliable method of triggering TAEs for physics studies. This
will be used in future to better understand TAE physics, as
e.g. the TAE damping from a comparison of the line width
of the driven TAE to that predicted by code modelling.

4.3 Fast ion loss diagnostics
In 2005, a new fast ion loss diagnostic became operational.
As shown in figure 6, it is based on a scintillator mounted on
a moveable manipulator close to the plasma edge. An
entrance slit defines the gyro radius, i.e. energy, and pitch
angle of the detected particle. The light from the scintillator
plate is observed with a CCD camera as well as with fast
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photo multipliers. The diagnostic principle has been
employed on TFTR and W7-AS before, but the temporal
response of the scintillator material is much faster (<1 μs)
than that previously used, allowing us to study in detail the
effect of rotating MHD modes on fast particle losses.

In the 2006 campaign, this diagnostic will be complemented
by first measurements with collective Thomson Scattering
(collaboration with Risø, DK) that will give information on the
fast ion distribution in the confinement region of the plasma.

4.4 Fast ion losses during MHD activity
In the 2005 experimental campaign, the fast ion loss diag-
nostic described in the previous section was used to study
(with high temporal resolution) the loss of fast ions from the
plasma, in particular in the presence of MHD activity.
First of all, during ELM activity, we observe a spiky, irregu-
lar signal in many channels of the diagnostic, as shown in
figure 7. This implies a stochastic loss of fast particles from
the edge, probably due to an ergodisation of the magnetic
field there. We note that the individual spikes, however, cor-
respond to structures seen on other diagnostics such as
Mirnov coils or thermography.
These have been interpreted before as indicative of a fila-
mentary structure of the ELM event.

Figure 5: Spectrogram of a magnetic coil during ICRH beat wave injection
(ω1-ω2 = 180 kHz). A dynamic response of the plasma is seen, indicating
nonlinear excitation of a TAE. 

Figure 6: The principle of the new fast ion loss diagnostic
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Figure 7: Fast ion losses during ELMs; note the correlation between the
bursts and the spikes observed on the Mirnov coil (‘MHD’).
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and so the loss mechanism has to be different from that pro-
posed e.g. for fishbones, where the banana precession drift
is in resonance with the mode rotation. Analysis to resolve
the loss mechanism is ongoing. 
Finally, we note that TAEs have also been observed to
eject particles in phase with the travelling TAE mode. An
example is shown in figure 9 for the beat wave experiment
from figure 5.
The particles expelled here have energy beyond 100 keV, so
they are ICRH generated fast ions. In line with that, they are
very perpendicular (vperp/v>0.93), so that they must be on
trapped orbits. A detailed analysis will reveal if the resonant
interaction in this case is via the banana precession or
through the bounce frequency.

5 Physics of edge localized mode (ELM) triggering by
pellet injection

A promising solution to the type-I ELM power load prob-
lem in ITER is ELM pacing via quasi-continuous injection
of cryogenic hydrogen isotope pellets, as demonstrated on
ASDEX Upgrade, culminating in successful, quasi-statio-
nary ELM frequency control in radiative H-mode edge
scenarios. While the latter was still possible on an empiri-
cal basis, extrapolation to next step fusion devices requires
sufficiently detailed knowledge about the basic physics
involved. Therefore dedicated pellet injection experiments
have been done, exploiting the existing high-resolution
edge diagnostics, supplemented by high-speed cameras
(run by KFKI, Hungary). The experiment was set up to
investigate how and where in the edge pedestal an ELM is
triggered, and the minimum perturbation required to 
trigger it. The experiments were performed by launching
pellets from the magnetic high field side (HFS) with velo-
cities between 240 and 1000 m/s at a repetition rate much
smaller than the intrinsic ELM frequency. The spatial pellet
motion was determined by the fast framing cameras taking
snapshots of the ablation cloud at different times and from
different directions. The plasma response, especially the
ELM onset, was monitored by various fast diagnostics
around the torus, the most important ones being the magne-
tic pick-up coils, recording the local magnetic activity with
a 2 MHz sampling rate.
In an initial step we measured the correlation between the
ELM onset delay times, tos (relative to the pellet arrival at a
reference flux surface) as a function of the time elapsed
since the previous intrinsic ELM, dtel. The result is shown in
figure 10, where we have chosen the reference surface in
such a way that points for different pellet speeds essentially
fall onto the same curve. The fact that such a unique refe-
rence radius can be found, despite a variation in pellet velo-
city by a factor of four, may have a simple physical interpre-
tation: An ELM is triggered once the ablating pellet has

ELM induced fast particle losses are enhanced in the pres-
ence of (3,2) NTMs, where the hypothesis is that the NTMs
redistribute the fast particles towards the edge, without lead-
ing to direct losses in these cases. We do, however, observe
direct losses in some cases during NTMs. An example is
shown in figure 8, where a (2,1) NTM leads to particle losses
modulated with the NTM frequency in a certain time interval
of the discharge, indicating a resonant loss mechanism.
There is no correlation with the Dα signal, indicating that
ELMs do not play a role in this process.

The ejected particles have energy in the range of 60 keV, i.e.
corresponding to the full injection energy of the NBI sources
used in this experiment. Since pitch angle scattering is negli-
gible at these energies, we conclude that the particles must
have the pitch angle, with which they were born at ionisation.
The measured pitch angle is vperp/v≈0.7, which points at parti-
cles born on the high field side of the tokamak. Surprisingly,
this also indicates that the particles are on passing orbits,

#20103  

 

 

5.372  
time  (s)

5.374 5.376 5.378 5.385.37

(2/1) NTM (Mirnov coil)

Fast ion losses

Divertor Dalpha

Figure 8: Fast particle losses during a (2,1) NTM. Note the phase correla-
tion, indicating a resonant loss mechanism.

Figure 9: Spectrogram of fast ion losses for the TAE beat wave excitation
experiment from figure 5. It can be seen that fast particles are expelled in
phase with the mode.
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penetrated to a specific position inside the edge barrier, with
the resulting perturbed edge plasma gradients exceeding
some critical value for stability. This hypothesis is supported
by the fact that the critical penetration depth obtained in this
way (40 mm inside the separatrix, measured along the
inclined HFS pellet path, or 13 mm, if mapped to the low
field side (LFS) mid-plane) approximately coincides with
the pedestal top. Since the pellet ablation increases strongly
with the background plasma temperature, an elevated radial
pressure gradient is expected outside that radius.
Following this procedure, we were able to disentangle the
pellet flight time from the ELM onset time tos. Shortly after
a previous ELM, tos can reach values up to 150 μs, but
decreases later on in the ELM cycle, approaching tos≈70 μs,
as seen in figure 10. Still, the observed tos may be the sum of
two components, the communication time from the local
HFS pellet perturbation to the region where the ELM first
appears (usually the LFS edge), and the ELM growth time
to sufficiently large amplitude (usually a few e-folding times
of the responsible instability). Presently we can only rely on
simple estimates based on the most likely involved mecha-
nisms and the corresponding time scales, keeping in mind
the empirical upper limit, e.g. ≈70 μs for both components
together. Assuming an ELM growth time of the order of ten
microseconds, the time left for communication may be well
below 70 μs. For pedestal top parameters, e.g. 500 eV, the
pellet induced ion sound wave arrives at the LFS midplane
after ≈50 μs, and may just be able to initiate a local ELM
event within tos, if the arriving perturbation is sufficiently
large. Much faster communication is provided by shear
Alfvén wave and fast electron transport along field lines.
With a typical Alfvén velocity vA=5*106 m/s the magnetic 
perturbation created by a local diamagnetic plasmoid travels
50 m in 10 μs, corresponding, e.g. to five toroidal revolu-
tions and one full poloidal revolution for typical edge q95~5. 
For edge barrier parameters, similar scales apply to electron
transport, e.g. the electron cooling front initiated by the 
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pellet ablation cloud (acting as an ‘energy sponge’) loca-
lized toroidally, but extended radially along the pellet path.
The electron cooling front and the magnetic perturbation
travelling along a (magnetic shear distorted) flux bundle are
expected to change the local radial gradients along that heli-
cal flux bundle in a complicated way, eventually triggering
an ELM seed event, where the local gradient first exceeds
the stability limit, most likely at the LFS. A final discrimina-
tion between these effects might be possible in the future,
when pellets are injected into the same plasma at different
poloidal positions as planned.

The need for a perturbation deep in the barrier region is fur-
ther supported by ELM trigger attempts with an LFS loca-
lized supersonic gas jet. It was shown that the reason for the
absence of any prompt ELM triggering with the latter was a
self-blocking of the gas jet near the separatrix. Despite a
strong diamagnetic plasmoid layer formation near to and out-
side the separatrix, even the effective gradient in the barrier
region inside the separatrix was reduced, and corresponding-
ly no prompt ELM could be driven. Figure 11 shows a typi-
cal LFS edge pressure profile together with the region, where
the pellet imposed perturbation causes an ELM even with the
smallest pellets used, and the range where the gas jet induced
plasmoid layer is formed without any visible ELM effect.

6 New plasma control system

Since the start of operation in 1990 with the first digital
plasma control, ASDEX Upgrade has been on the leading
edge of vertical plasma stabilization and shape control, 
performance optimisation and disruption mitigation. Now, 
an advanced follow-up plasma control has been devised, 

Figure 11: Radial edge pressure profile with the pellet ELM trigger region
and the gas jet affected region indicated
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serial fibre optics to 20 diagnostic and 23 actuator systems.
Plasma control application processes are data driven and
can be freely allocated to controllers. Executed processes
publish computed data via the RT network for pending
processes waiting for this data. This self-organizing struc-
ture makes it easy to add new processes or data or modify
or remove them. 
In view of control functionality we distinguish three groups
of application processes (figure 13). Sensor input applica-
tions convert raw data into physics data. These feed plasma
control applications to compute abstract reference values and
feedback (FB) commands. Then, actuator applications con-
vert this physics data back into equipment specific output.
Sensor input includes processes to read diagnostics and
front-end measurements and convert these into physics data
(in SI units). Magnetic evaluation uses function parameteri-
sation to calculate 25 equilibrium quantities from magnetic
measurements. Performance evaluation computes heating
and fuelling related quantities, including plasma regime
state, disruption and instability indicators. Other processes
evaluate the power supply status, check currents in coils,
thyristor converters and generators, or compute TF and PF
coils’ thermal and mechanical stress. 
For plasma control, processes check plasma and device
states, which might influence applied control methods, and
compute reference values. These are applied to instances of
a generic plasma FB processes with multivariable matrix PI
law (includes feed forward control, and advanced features
such as saturation rules and anti-windup strategies, and
switching in RT between controlled quantities or control
laws). Three instances of this process are used for magnetic
FB via PF coils, and performance FB via heating (NBI,
ICRH and ECRH) and fuelling actuators (gas puff, pellet
centrifuge and killer gas). 

with extended diagnostic input and enhanced algorithms.
Major requirements were flexibility to add and adapt control
processes, good connectivity, and an evolutionary path
upgrade to profit from faster IT hardware, high reliability,
and verification support. 
The new control system uses industrial components to build
a scalable, distributed system of real-time (RT) controller
and diagnostic nodes under SOLARIS, LINUX and
VxWorks (figure 12). Application processes on these nodes
exchange measured or evaluated data through a transparent
data exchange process hiding RT network specifics (now a
shared memory, with an option for a switched network).
Nodes access an absolute experiment time, broadcast
through a dedicated time network (joint AUG/XDV/W7-X
development), to time-tag data or run control cycles.

The control system actually consists of 6 RT nodes.
Various IO options are supported: fast RT diagnostics or
controllers write processed data immediately onto the RT
network; moderate speed diagnostics send data via low-
cost LAN to a gateway connected to the RT network; and
dedicated controller interfaces match the old control’s 

Figure 12: Hardware structure and connectivity of new plasma control
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platform was finalized to automate experiment operation. 
To develop ITER scenarios, ASDEX Upgrade will extend the
plasma control, allowing a: (1) faster overall control cycle
time (currently at 1.6 ms), (2) FB of the radiated power, (3)
full integration of the new ECRH system with diagnostic
information to control NTMs and (4) further improvement of
FB with heating systems to control β, central impurity accu-
mulation, current drive and density peaking. 
Tests to integrate RT diagnostics via LAN communication
were successful. As soon as the manometer and bolometer
become available their data will serve for FB control of den-
sity or radiated power respectively. In addition RT Thomson
scattering, MSE and ECE are being prepared, enabling
delivery of high-level physics quantities for control.

7 Technical systems

In 2005, the experiment was in operation for 65 days per-
forming 1083 shots in total. 57 days were dedicated to
physics with 1029 discharges. There was one unscheduled
vessel opening in mid March caused by a thick tungsten
layer that detached from an ICRH tile. The routine summer
opening lasted from early August until the end of November.

7.1 Machine core
In the following, the vacuum vessel, its gas feeding and
pumping systems, and the AUG supply systems for cryo-
gens and electrical power are described:
Vacuum Vessel: In 2005, the companies Plansee and Sulzer
improved the W-coating technique for thick layers (200 μm)
on graphite tiles. Then heat-flux tests were carried out on the
Garching ion beam facility GLADIS. The tests showed
favourable results but came too late to respond to the sum-
mer opening period. Thus thin layers of W-coating (3.5 μm)
were applied to the four protective limiters, the vertical
ICRH-limiters and the roof baffle.

They are individually configured, so new or modified con-
trol scenarios need not be encoded, but simply reconfigured.
FB control schemes for commissioning and initial operation
are summarized in figure 14.
Actuator handling processes interpret the FB processes’
abstract command outputs to modulate switched actuators,
compensate failures with actuator priorities, and provide
state-dependent actuator clipping limits for the FB proces-
ses’ anti-windup mechanism.
A novel control feature is a central reference computation
process. References are interpolated from the experiment
leader’s pulse schedule, or generated by algorithms in RT.
This allows the discharge to be intelligently steered, brin-
ging experiment leader expertise into plasma control. The
first demonstration is the soft landing algorithm, used to
compute the best ramp-down for position shape, heating and
fuelling, from the plasma state at a time of alarm. This
method has great potential for performance optimisation or
instability suppression. 
As with AUG’s old control, the pulse schedule is split into
segments for distinct phases of a discharge, and alternate
segments to be activated under given technical or physical
conditions (e.g. a plasma regime or technical state). For safe
operation the control process may map dangerous states into
alarms and forward these to a central protection process. It
also monitors the termination of application processes, and
manages the control’s appropriate internal response (specific
action, soft landing), or coordinates alarms with external
protection systems (pulse termination, emergency-off). 
For commissioning, IO signals were replaced (simply modi-
fying generic processes’ input quantity description) with
manipulated data (replay data from old control’s discharges,
or simulated with additional RT processes) to verify the 
system’s in-situ response. Routine operation started in mid
2005. In parallel, user interfaces were developed to edit pulse
schedule and parameters, and the experiment management
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Figure 14: Overview of feedback controllers used in 2005

Feedback Controlled variables Number of

modes

Actuators

(number of channels)

Plasma current lp 3 OH coil current (1)

Plasma position (r,z) of center or midplane edge 7 fast control coil currents (2)

Plasma shape strike point positions
δ, gaps

6 slow vertical field coil currents (8)

Fuel ne
n0 in main or divertor chamber

7 main gas channels (3)

Radiation radiated power, divertor temperature 2 impurity gas channels (2)

Heating βpol 1 total heating power
NBI (8 sources)
ICRH (2 antenna pairs)



In 2006 the W-coating of the divertor transition and strike
point modules together with the entrance protections of
NBI-ports will provide a complete first wall made out of
tungsten. Problems in the past with leading edges emer-
ging in-between scheduled vessel maintenance periods
have initiated a complete dimensional control of the first
wall with a new FARO manipulator. This device has a
radius span of 1.5 m and a precision of ±0.5 mm. The present
dimensional control has shown, within an octant, devia-
tions in the range of ±1 mm with few exceptions up to
±2 mm. Calibration of the octant references to the global
coordinates of the torus hall is envisaged for 2006. The
calibration will be performed through the A-ports with a
laser system.
Gas feeding and Turbo Molecular Pumping (TMP) system:

The majority of the gas bottles have now been removed
from the experimental hall and installed in cubicles in
front of it. In spring 2006, the last gas bottles will follow
with the associated diagnostic extensions. The new matrix
system for supplying 20 fast valves was delivered in sum-
mer 2005 and integrated into the SIMATIC control system.
Hydrogen removal from the plasma vessel behind the
roughing pumps causes a small explosive risk in case the
chimney venting system fails. Therefore, a redundant safe-
ty system using exhaust line flushing with nitrogen gas
will be implemented. In 2005, its hardware consisting of
an air evaporator for stored liquid nitrogen and the
required transfer lines was installed. Commissioning will
start in early 2006.
Cryogenic supply system: The SIMATIC control circuit
for LHe production, storage, distribution and gas recovery
was optimized in 2005 for supplying the AUG cryo-pump,
the NBI test stand, the pellet systems, and the ECRH gyro-
trons. The average LHe demand of these systems adds up to
10,500 litres per week. With LN2 pre-cooling the TCF 50’s
weekly liquefaction capacity is 16,200 litres. The direct
recirculation of clean He flash gas to the suction side of the
TCF 50 compressor has a capacity of 80 m3/h.
Consequently, only transient actions with a large rate of flash
gas, like tank filling, require the He-recovery (120 m3/h).
Together with the LHe storage capacity of 8,000 litres, 
a consistent system is now available for covering the
demands. As a result, the LHe-supply worked reliably
throughout 2005. The pumping speed of the AUG cryo
pump was measured for D2, H2 and a mix of He and D2. The
cryo panel temperature was 4.3 K for D2 pumping and
3.3 K for H2 and the He/D2-mix. For pumping the He frac-
tion, cryo sorption via Ar was applied with a ratio 1:30.
Deuterium and H2 were assessed over the full range from
molecular to viscous flow. For the He/D2 mix, varied 
in the He range from 5 % to 20 %, the pumping speed
remains independent of the He fraction and amounts to the
one of pure D2. The low divertor conductance drops the 
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D2 pumping speed to only 40 % in the plasma chamber.
The divertor support structure was therefore modified to
widen the channel leading from the divertor to the cryo
pump.
Power supply: In autumn 2005 the order for stage 1 and 2
of the new modular flywheel generator EZ5 was placed.
Each of its units has a final rating of 8MVA/32 MJ. Stage 1
contains the plant engineering and one generator unit, 
stage 2 uses a further two units to verify the control of par-
allel operation. For the EZ3 and EZ4 damping system of
shaft oscillations the two planned air-cooled thyristor
groups were ordered in November 2005. They will be com-
missioned in early 2006. Then the thyristor group 6 will
again be fully available for AUG operation. To reduce the
intervals between plasma discharges, an optional manual
ramp-up of the generator flywheels was implemented. This
option is independent of the discharge control system and
can be used by the experiment leader to speed up the dis-
charge sequence. The automatic system is still available for
particular cases.

7.2 Data acquisition and computer infrastructure
The real-time PCI/cPCI DAQ concept based on Sun Solaris
V240 workstations, already mentioned last year, has further
greatly influenced the diagnostic development and this year
led to a strong increase of data amount per shot. The con-
cept was so successful that, e.g. the Mirnov Probes diag-
nostic now not only regularly delivers 3.2 GBytes of data
per shot but also will soon be extended from 5 to 7 compu-
ters (80 to 112 channels). A similar cluster of 8 diagnostic
computers acquiring on 128 Soft-X-ray channels another
2 GBytes has replaced the old Transputer based Soft-X-ray
system.
To adapt the data storage facilities to this dramatic accre-
tion, the shotfiles archive in MR-AFS has been restructured
with two aims in mind: first to adapt the archive design to
the actual demands and second to have as many files as
possible on-line on disk rather than staged on long term
tape library storage. While up till now the collection of
shotfiles was organized per diagnostic in open-ended data
volumes for all past and future shot numbers, the new struc-
ture collects files of all diagnostics but of only ten shot
numbers into four AFS volumes (Level-0 (L0), Level-1
(L1), Mirnov (MH), and Soft-X-ray (SX)). The advantage
is that these volumes tend to be of moderate size (i.e. less
than 50 GBytes), collect only a limited number of a few
thousand files, and, after the ten shots in question are made,
the respective data volumes are filed with respect to the rate
of changes. This simplifies the archive management sys-
tem. The new volumes containing mostly “small” files (i.e.
L0 and L1) have been located on mirrored RAID 5 storage
systems whereby finally the intended permanent on-line
availability could be achieved.

14



The remote participation (RP) facilities have been upgraded
to accommodate the increasing demand of remote meetings.
An additional seminar room with H.323 video conferencing
facilities now extends the number of RP rooms to three.
Along with the new room, the existing rooms have been
upgraded to achieve consistent standards. All of the rooms
now have a central media control for integrated manage-
ment, and the KEM970 from Microtech Gefell with its 
cardioid plane directivity characteristic has become the
microphone of choice for unhindered remote comprehensi-
ble discussions in all rooms.

7.3 Neutral Beam Heating 
Re-commissioning of the neutral beam injection (NBI)
system on ASDEX Upgrade was completed in time for the
start of the 2005 experimental campaign. As in former
years, NBI was used as the “work horse” for plasma heat-
ing. It reliably provides up to 20 MW (D0) from two injec-
tors with four ion sources each and offers a large flexibility
in power variation and injection geometry to serve the
experimental needs. The availability of parts of the NBI
system, however, was reduced due to three major problems:
First, a broken carbon tile protecting the A-port wall of the
SE injector caused, until its replacement, a limitation of
beam energy, injected through this port. An interlock based
on a video-camera signal prevented overheating of the
damaged tile. As a second major failure, a water leak
occurred in one of the actively cooled calorimeter plates of
the NW injector. The faulty plate was replaced, together
with further plates showing the first signs of deterioration.
The failure happened after about seven years of operation
– roughly the time, after which the same fault occurred in
the other injector. The leaks developed from cracks start-
ing from the cooling channels inside the plate as a conse-
quence of thermal cycling. Following the earlier failure,
new calorimeter plates have been ordered, for which a 
different manufacturing technique is applied: electron
beam welding is used instead of brazing to join the CuCrZr
elements of the plates. By doing this, the temperature of
the bulk material during manufacturing remains lower, and
the high values of yield strength and thermal conductivity
of CuCrZr are therefore maintained. This should result in 
a significantly longer lifetime with respect to thermal
cycling. A prototype of the new plates was installed during
the repair and inspection after some months of operation
proved the superiority of the new fabrication technique. As
a third major failure, the opening of the torus valve
between SE injector and torus vessel became blocked and
this injector had to be taken out of operation shortly before
the end of the operational campaign. Damaged bearings
inside the valve housing were identified as the reason for
this failure.
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Intense inspection and maintenance work, including the
repair of the faulty valve and moving the gas inlet system
bottles from the torus hall into an outdoor cubicle, was car-
ried out during the summer shut down. Both injectors were
back in operation for the new operational campaign.

7.4 Ion Cyclotron Heating 
The ICRF system fulfilled its role in providing a reliable
central heating power to the AUG plasma. Maximum power
(6.2 MW) and maximum energy input (31 MJ) were even
higher than in the 2004 campaign and the maximum energy
input was now obtained at a second frequency (36.5 MHz).
Two broken driver tubes were quickly replaced with on-site
reserve tubes, so that experiments were not hampered. One
of the tubes has been successfully refurbished; the other one
is still outstanding.
Progress was made along three lines: improving the infor-
mation, automation and capabilities of the ICRF system. 
The first goal allows better optimisation and easier diagno-
sis in case of a fault. A video system provides immediate
visual feedback of the inside of the generators and records
when an arc occurs. The second goal reduces the burden on
the operators and avoids mistakes. The change of frequency
has been automated to a large extent. The third goal allows
for more reliability and experimental flexibility. The anode
voltage of the generators is now controlled depending on the
requested power (even following the power variation during
a discharge). We are investigating the possibility of increa-
sing the power of the driver stage to re-establish the nominal
power of the generators. With the rewinding of a trans-
former in 2005, and the replacement of a thyristor rectifier
in 2006, we will be able to test this option in the 2006-2007
time frame. Beat wave excitation with shifted but fixed fre-
quencies of two antenna pairs with respect to each other has
been successfully tested in 2005. Hardware for a beat wave
frequency sweep during AUG experiments, compatible with
the generator phase control has been prepared for the expe-
riments in 2006.
During the summer break, all side limiters of the antennas
were replaced with W-coated graphite limiters with a new
geometry, optimized for the coating. The central conductors
were replaced on antennas 3 and 4. These now have
reduced electric fields, and allow for better vacuum condi-
tions in the antenna through the use of apertures. Their judi-
cious placement also equalizes the electrical properties 
(S parameters). The ICRF system was available from the
restart of the experiments. 
No progress was made on the refurbishing of one of the
final stage tubes, or on the AFT ferrite tuners. The develop-
ment of steady state ICRF components for Wendelstein 7-X
was supported through work on the test stand and follow up
of component manufacturing.
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7.5 Electron Cyclotron Resonance Heating
The old ECRH system with 140 GHz/2 MW/2 sec was used
regularly, but since one old gyrotron failed, only 1.5 MW of
power was available. 
A new ECRH system with 105-140 GHz/4 × 1 MW/10 sec
is in construction in 2 steps. The first gyrotron, a two-fre-
quency gyrotron (Odissey-1, design IAP Nizhny Novgorod)
was installed and tested. Short pulse tests with 150 msec
into a calorimeter load gave a maximum power of 0.82 MW
at 140 GHz, and 640 kW at 105 GHz. By changing the total
beam voltage, via body voltage and/or cathode voltage, the
power can be varied from 10 % to 100 %. Pulses of 100 msec
have also been transmitted up to full available via the HE-11
transmission line (design IPF Stuttgart) to the calorimeter
load at the torus. The transmission loss was found to be
10 % at 140 GHz, and 12 % at 105 GHz. Tests with 10 sec
pulses were limited by arcs in the high power load.
Parameters achieved up to now are 770 kW at 140 GHz and
510 kW at 105 GHz. Modulation was done up to 200 Hz by
switching both cathode and body voltages on/off. High fre-
quency modulation was tested up to 25 kHz by modulating
only the cathode voltage. Use of this gyrotron for experi-
ments may start in March 2006.
The second gyrotron is presently in the GYCOM test stand.
Delivery is expected in April 2006. Its output is prepared for
insertion of a second window disc to realize a tunable dou-
ble disc output window, which will thus convert the basic
2f-gyrotron into a multi-frequency gyrotron. Brazing of this
insert disc, as well as the construction of a tunable double
disc torus window is in progress in cooperation with 
FZ Karlsruhe.
The extension to four gyrotrons is subject to a Euratom pref-
erential support project. This was approved at the end of
2005 and should be realized by mid 2008. We have com-
menced the ordering of major components.
A specific task of the new system is feedback-controlled
deposition for NTM suppression. For this purpose two fast
launcher sets have already been installed in the torus and
have been tested during discharges. The basic idea for the
feedback was already tested off-line long ago. This uses an
on-line determination of the ECRH deposition and of the
NTM location, by analysis of the corresponding modulation
of the ECE signals. Algorithms are currently being deve-
loped in cooperation with CNR Milan, which include the
dynamic behaviour of the mirror drive mechanism for the
actual application during the discharges.

8 Core plasma physics

8.1 Extension of the improved H-mode operational space
Further studies of the improved H-mode scenario introduced
above focussed on the reproducibility, on the extension of
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the operational space towards low and high values of q95,
and on the comparison to standard H-modes.
In terms of reproducibility, distance to the last boronisation
of the first wall is important. In the first few operational
days after a boronisation, minimum electron densities are
lower, maximum temperatures are higher, He-concentration
is lower and W-content is lower as compared to phases with
poor machine conditions, resulting in neutron rates twice as
high as before and 30 % increased τE. The reasons for the
increased He- and D-release of the de-conditioned walls and
the connection to the extended tungsten coverage of the first
wall components are still being studied.
The improved H-mode is a candidate for the ITER hybrid-
scenario, in which operation with Q=10 as in the standard
scenario but longer pulse-length shall be achieved at
reduced plasma current (increased q95≈4.0). Operation with
improved H-mode at lower or higher values of q95 is also of
interest for ITER: q95=3 as in the standard scenario, which
would allow Q>10, while higher q95 increases the fraction of
bootstrap current and allows significantly longer pulses at
reduced Q. The operational range of improved H-modes has
been extended in 2005 in both directions. At q95≈3.0 a value
of 0.4 has been reached for the performance indicator
H98(y,2)βN/q95

2 with feedback control of β, which is twice as
high as the value of 0.2 required for ITER. It is currently
being investigated, which Q-value would result from a simi-
lar performance of ITER. For high-q95 plasmas (q95=5) a
bootstrap fraction of 0.4 was achieved and a total of 70 %
non-inductively driven current. H98(y,2)βN/q95

2 was slightly
below 0.2 and also here the extrapolation to ITER is ongo-
ing. In general it is observed that the βΝ-limit is around 3.2
independent of q95.
An interesting new field of study has been opened when try-
ing to produce reference standard H-modes by delaying the
heating phase by two seconds, in order to prevent the early
freezing of the flat current profile. These discharges turned
out to have an even better confinement (H98(y,2)=1.5, as
compared to 1.3 for the early heating scheme). These expe-
riments were done towards the end of the campaign and it is
not known if the late-heating regime will allow steady-state
operation (so far only 1.5 s of good confinement were
obtained, which is of the order of the current diffusion time).
The stationarity, the relation to the early heating scheme and
the effect of varying q95 will be investigated in the coming
campaign. Obviously a new way of obtaining a reference
standard scenario is needed, possibly an increased level of
gas puff.

8.2 Current profile modification by off-axis NBI
Experiments regarding NBI current drive, as discussed in
last year’s report, showed measurable changes in the cur-
rent profile only for modest total heating powers. Above a
certain threshold – depending on plasma shape – however,
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neither MSE signals nor the location of MHD resonant sur-
faces showed any detectable changes. Detailed analyses
using the TRANSP-code have shown that the observed
total driven current agrees very well with the predictions.
At low heating power this agreement also extends to the
spatial distribution of the driven current. At high heating
power one has to assume anomalous broadening of the
driven current, consistent, for example, with an anomalous
diffusion of the slowing-down fast particles. Assuming a
diffusion coefficient for the fast NBI ions of about 0.5 m2/s,
good agreement between the observed and predicted time
traces for the MSE measurements have been achieved.
Such a diffusion of fast ions does not lead just to a symme-
tric broadening of the NBI current profile. Fast ions trans-
ported towards the plasma centre result in stronger on-axis
current drive due to their longer slowing down time. The
opposite effect occurs for those ions transported towards
the plasma edge. Off-axis NBI current drive is therefore
much more affected by a diffusion of fast ions than on-axis
current drive. On the other hand, the totally driven current
remains nearly unaffected by fast ion diffusion. As a result
of our investigations, we find that current drive by NBI
seems to be a reasonable tool to decrease the required
inductive flux. It has only limited capabilities, however, for
current profile control. The hypothesis of a turbulent redis-
tribution of fast ions by background turbulence still needs
to be checked by including fast ions as a third species into
turbulence codes.

8.3 Sawtooth tailoring
The sawtooth activity in fusion plasmas plays an important
role for the determination of performance and plasma pro-
files. Since its effects can be both favourable (removal of
impurities from the core) and detrimental (triggering of
NTMs, loss of fast particles, profile flattening), it is impor-
tant to be able to externally control the sawtooth activity in
order to maximise the favourable and minimise the
unfavourable effects. ECRH is a powerful tool for this pur-
pose, because it allows very localised and intense power
densities to be deposited and drives current (ECCD), thus
permitting sawtooth stability to be locally modified at q=1.
Previously, the effects of pure ECRH (perpendicular injec-
tion) and co-/counter-ECCD (injection with toroidal compo-
nent) have been investigated in H-mode plasmas heated by 
5 MW NBI, with fixed toroidal angle, ϕtor=15 °. These studies
have demonstrated full sawtooth stabilization in co-ECCD
using 800 kW of power. When ϕtor is increased above zero,
the total EC driven current increases and the current density
profile jCD broadens. jCD reaches a maximum value around
ϕtor=5 °, where it is a factor of 2 higher than at ϕtor=15 °.
Since the local shear at q=1 is a key element for the saw-
tooth stability, jCD is expected to play the key role, rather
than the total driven current (maximised at ϕtor=15 °).

Hence, new experiments have been performed with the
toroidal injection angle set at ϕtor=5 °. The effects on the
sawtooth period between wide and narrow CD widths have
been compared. It was shown that the strongest effects are
obtained in co-ECCD and with narrow CD width. In addi-
tion, the effects of ctr-ECCD with wide deposition are 
dominated by the heating contribution, while the ones with
narrow deposition by the driven current density contribu-
tion. The higher efficiency observed with the narrow deposi-
tion can play an important role for ITER, because it could
reduce the constraints on both the launching geometry and
on the ECRH power needed for sawtooth control.

8.4 NTM stabilization
The NTM stabilization with local current drive replacing the
missing bootstrap current within the island by Electron
Cyclotron Current Drive (ECCD) has been continued. The
increase of the achievable βN with narrow ECCD deposition
width d, at which both a (3/2) and a (2/1)-NTM can be stabi-
lized, has been further established. An extension towards
lower q95 comparable to the ITER target value of q95=3.3
has been performed. At q95≈3.8 the (3/2)-NTM could be sta-
bilized at βN≈2.7. The improvements have been done with a
deposition d smaller than the marginal island width W
(d<W). The sawtooth tailoring could be improved, as also
here the efficiency increases with decreasing deposition
width and more peaked driven current profiles.
First experiments have been performed with ECCD applica-
tion before an NTM gets excited in collaboration with FOM.
Broad ECCD deposition could delay the onset of a (3/2)-
NTM by several 100 ms. More detailed experiments are
foreseen for 2006.
For ITER the ECCD deposition d might be larger than the
marginal island width W (d>W). In this case theory predicts
a higher efficiency for the stabilization when the ECCD is
phase locked modulated in order to only deposit power in
the islands O-point. Experiments have been performed for a
direct comparison between DC ECCD and O-point modulat-
ed ECCD and have re-established the technical capabilities
of all required systems. Due to the interference with FIR-
NTMs no clear answer could be achieved. These experi-
ments will continue with the highest priority in 2006, due to
its relevance for the ITER launcher design.
A modified formulation of the Rutherford Equation for (3/2)
NTMs has been developed and used for fitting the time
development of NTMs to experimental data. The remaining
two free coefficients in the equation account for non-circu-
lar plasma shaping and toroidal geometry. They have been
determined to be of the order of unity, c*~0.6 and cj~0.31.
The analysis of further discharges in 2006 will give more
precise estimates of these coefficients in order to evaluate
how much ECRH power is necessary to marginally stabilize
NTMs and to apply this model to ITER as well.
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8.5 Ion ITB dynamics
The Internal Transport Barrier (ITB) features a high boot-
strap current fraction and enhanced core energy confine-
ment, thus being an attractive scenario for a steady-state
tokamak reactor.
In ASDEX Upgrade ion temperature (Ti) ITBs are robustly
produced with 10 MW pure NBI heating. The high confine-
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ment performance, however, lasts only several energy con-
finement times. In most cases the ITB loss occurs clearly
before the first ELM.
Linear stability analysis with the gyrokinetic code GS2
highlights the fast ions fraction as the key parameter trigge-
ring the ITB, predicting a threshold of nfi/ne~30 % at the
ITB onset. An important role is also played by ωE×B. 
Once the barrier is established, Ti/Te significantly stabilizes
the Ion Temperature Gradient (ITG) driven mode.
Time dependent Monte Carlo simulations of NBI particle
dynamics predict fast ion profiles in good agreement with
the gyrokinetic nfi/ne threshold, returning the correct timing
and width of the experimental ITB.
The proposed mechanism can also explain the density
threshold for ITB formation and the ITB duration, which is
of the order of the slowing down time. Indeed, the back-
ground density increases on a beam slowing down time
scale, reducing the beam penetration and the fast ions frac-
tion. As soon as confinement worsens and as the back-
ground density increases, also Ti/Te and ωE×B decrease, thus
weakening their stabilising effect on the ITG mode. This
possibly causes a runaway mechanism, which leads to the
ITB decay.

8.6 Investigations on key ionisation states of tungsten
The tungsten content of fusion plasma needs to be well
controlled and diagnosed, as even small concentrations of
10-4 lead to unduly large radiation losses cooling the plas-
ma. The tungsten diagnostics are developed and refined at
ASDEX Upgrade. Spectrometers in the VUV to soft X-ray
wavelength range are monitoring various spectral lines of
tungsten, which are emitted by different ionization states.
To interpret these measurements, which are integrals along
a line of sight, it is necessary to know, at which electron
temperature, i.e. plasma radius, the respective ionization
states are emitting the spectral lines. The so-called frac-
tional abundance of an ionization state gives the fraction of
the impurity ions, which reside in a certain ionization state
and is determined by fundamental processes that result in
an equilibrium of ionization and recombination. The frac-
tional abundances have been determined for ionization
states between Ag-like W27+ to Ni-like W46+ by monitoring
spectral lines undergoing a characteristic modulation of
intensity during a local change of electron temperature.
The results for Ge-like W44+ and Ga-like W43+ are presented
in figure 16.
The experimental data is compared to two theoretical sets of
data. The ‘ADPAK’-data, originating from the Average Ion
Model (AIM) exhibits clear discrepancies, while the ioniza-
tion rates from configuration averaged distorted wave
(CADW) calculations combined with recombination rates
from recent ADAS (Atomic Data and Analysis Structure)
calculations agree well with the experimental data. 
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Figure 15: Time dependent Monte Carlo simulations of the fast ions popu-
lation compared to the linear gyrokinetic threshold (shaded region)



8.7 Zonal flows and GAM oscillations
Geodesic Acoustic Modes (GAMs) are a form of high fre-
quency (~kHz) zonal flows – radially localised E×B
poloidal plasma flows. Theory predicts that, in addition to
being generated by turbulence via nonlinear interactions
they also moderate the turbulence amplitude via shear de-
correlation. Their role in anomalous transport makes them
of major interest for tokamak confinement. Using Doppler
reflectometry to directly measure coherent Er fluctuations
revealed long wavelength GAM-like modes localised to
the steep density gradient region inside the separatrix
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(where turbulence vorticity is largest). The mode frequen-
cy scales as f=Gcs/R, as shown in figure 17 for a range of
discharges. The factor G~O(1) varies inversely with the
plasma shape (elongation) κ but directly with local q. Such
dependencies are now being investigated numerically and
theoretically. Results also show the GAM is suppressed at
high q and at high collisionality. Measurements are cur-
rently in progress to investigate profile dependencies as
well as to confirm the mode structure and to search for
core zonal flows.

8.8 Core ITG & TEM turbulence transitions
Previous observations on electron heat flux and density
peaking were attributed to a transition from TEM to ITG
dominated core turbulence with increasing collisionality.
A new series of experiments aimed to confirm this hypothe-
sis by directly measuring changes in the turbulence phase
velocity using Doppler reflectometry – which measures the
propagation velocity u⊥=vE×B+vph of the turbulence moving
in the plasma. Electron drift wave turbulence dominates in
the plasma edge with vE×B>vph, however, in the core of non-
NBI heated discharges vE×B~vph. By raising the collisionality
over two orders of magnitude in ohmic plasmas (i.e. small
vE×B) the core u⊥ reverses from the ion to the electron drift
direction as shown by the radial profiles in figure 18.
Matched simulations using the GS2 linear gyro-kinetic code
confirm the dominant core turbulence changes from TEM to
ITG with a vph reversal coinciding with the u⊥ reversal – but
in the opposite direction.
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Figure 16: Relative behaviour of the fractional abundances for Ge-like W44+ and Ga-like W43+ versus electron temperature. The theoretical curves are
described in the text.
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This indicates that the core Er reverses sign with the turbu-
lence. Using the measured u⊥, diamagnetic velocities v* and
simulated vph the perpendicular ion fluid velocity vf⊥ can be
obtained from the radial force balance eqn. vE×B=vf⊥-v*,
which falls from ~7.5 kms-1 (ion drift) to -0.7 kms-1 (electron
drift) as the collisionality rises. To obtain such rotation velo-
cities would require D+ poloidal fluid velocities a factor of 10
larger than predicted by the NEOART and NCLASS neoclas-
sical codes, or toroidal fluid velocities in excess of 30 kms-1.
This is a topic of ongoing investigation.

8.9 Plasma shutdown with fast impurity puff
The fast injection of impurity gas, such as neon, is routinely
used to mitigate disruptions in ASDEX Upgrade. The injec-
tion is triggered with the locked mode (LM) signal and leads
to the onset of mitigated thermal and current quenches with-
in 5 ms. The mitigation effect is due to a further cooling of
the plasma with respect to a natural thermal quench.
The number of impurity atoms injected during the fast 
shutdown amounts to 50-100 % of the plasma inventory.
Nevertheless most of the impurity atoms do not penetrate
into the plasma and build up a cooling mantle at the SOL.
The resulting disruption is similar to a density-radiation
limit disruption with fast narrowing of the temperature pro-
file, peaking of the plasma current (increase of the internal
inductance observed) and onset of MHD modes leading to
disruption.
The neon content in shots following a fast plasma shut-down
amounts to a small fraction of the natural Zeff, does not accu-
mulate and does not influence the performance of the follow-
ing discharges, when these have a significant plasma density
(~1020 m-3). Nevertheless the residual neon seems to cause
deterioration in the performance of low-density plasmas
(~1019 m-3).
The mitigation of the mechanical forces after impurity injec-
tion is robust and largely documented. Dedicated experiments
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with larger (factor of 3) gas pressure and gas quantity show a
further reduction of the forces and motivates the use of
stronger impurity puffs. The effect of impurity injection on
the thermal loads onto plasma facing components requires a
dedicated analysis, which is still underway.
The valve is being developed further to enable operation
with a reservoir pressure of 10-50 bars. The modified valve
will allow us to investigate further the reduction of forces
and heat loads as function of the injected number of atoms
and gas pressure.

8.10 ECR heating of high-density plasmas using the 
second harmonic (O2)-mode

For high-density plasmas, ECRH in the O2 mode is an
option to exceed the cut-off density of the conventional 
X2-mode by a factor of 2. Preparatory absorption experi-
ments are being performed. To cope with the incomplete
single-pass absorption of the O2 mode, in-vessel reflectors
have been designed to allow 2-pass (or multi-pass) transmis-
sion with controlled polarisation and beam parameters.
These reflectors employ polarization independent holo-
graphic phase gratings conformal to the inner vessel surface.
In 2005, a variety of gratings have been optimized, and sam-
ples have been fabricated and characterized. Good agree-
ment with the calculations has been found. 
One of these grating mirrors was manufactured out of
graphite and installed opposite an ECRH launcher in the
inner wall. It is designed to reflect the unabsorbed part of
the wave back to the launcher. Thus a low-power diagnostic
set-up completely outside of the vacuum vessel can per-
form two-pass absorption measurements. This set-up is at
present under construction at IPF Stuttgart and will be
applied during the 2006 campaign (in collaboration with
University of Stuttgart.)

9 Edge and divertor physics

9.1 Plasma flow profiles in the mid-plane scrape-off layer
for different plasma regimes

Flows in the scrape-off layer (SOL) play an important role
in particle transport in the plasma edge. Even though the
main particle loss seems to occur at the magnetic low field
side, a strong recycling of D and C had been observed at the
inner heat shield. The missing link might be a global flow in
the SOL. 
Measurements of the plasma flow in the outer scrape-off
layer were performed by means of a reciprocating Mach
probe. Data was collected in a wide parameter range,
ohmic-, L-mode and H-mode discharges in lower single
null (LSN) and upper single null (USN) configuration. In
LSN discharges the density was varied between 0.25 ne

GW

and 0.37 ne
GW. The USN discharges were in the range of

0.65-0.83 ne
GW.
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In all cases a strong flow with peak values of a Mach num-
ber of about 0.5 parallel to the magnetic field was detected.
Figure 19 shows the situation for an upper single-null con-
figuration with ne approx. 0.65 ne

GW. With the ion drifts
(grad B×B, E×B) directed towards the active divertor (-2T)
the flow in the outer mid-plane was towards the inner
divertor. A flow towards the outer divertor was observed
when the ion drifts were directed away from the active
divertor (+2T). In the outer region the result was deter-
mined by the in-vessel structures limiting the connection
length of the magnetic field lines to a length comparable
with the ion collection length of the probes. These flow
measurements together with related edge diagnostic’s data
shall be used as input for plasma edge simulations and
model validation. 

9.2 Divertor plasma flow pattern in ohmic and ELMy 
H-mode plasmas

Flows in the divertor SOL and in the private flux region of
ASDEX Upgrade were studied using the fast reciprocating
Langmuir probe system operated by Demokritos (Greece).
The standard ohmic configuration was initially investiga-
ted, and flow profiles along the probe trajectory were
measured in discharges of increasing density. In the HFS
SOL, very large Mach numbers were observed in most
cases, typically reaching or exceeding M=1. In the private
flux region, a key observation was that at low densities the
stagnation point is not on the poloidal field minimum, but
shifted towards the HFS. In the LFS SOL the plasma
velocity was observed to approach M~1 near the separatrix
and target plates, with a decrease in between. Very near the
separatrix, fast measurements indicated the existence of a
“double” peak in the profile, possibly due to an n=2 error
field produced by the external iron yokes. Flows in low
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power H-mode were also studied, and it was found that 
the probe can reliably measure in discharges with up to
2.5 MW neutral injection heating. A profile from such a
discharge is shown in figure 20, where only the flow in
between ELMs is plotted. The Mach number is seen to
peak near the HFS separatrix, dropping rapidly into the
HFS SOL. On the LFS separatrix, no strong transition is
observed. However, during the probe’s crossing of the sepa-
ratrix the tips tended to arc, corrupting in part measure-
ments in this region. 

9.3 Spectroscopic measurements of plasma parameters in
the divertor

Laser-Induced Fluorescence (LIF) allows spectroscopic
measuring of velocity distributions and particle densities
with high spatial resolution. It is therefore used to investi-
gate the divertor plasma. Optical fibres transmit the high-
energy laser pulses produced by an Nd:YAG-pumped dye-
laser as well as the LIF signal. This technique offers a high
level of flexibility to the system. After first infrequently
occurring LIF signals for deuterium and helium were
obtained in 2004, we were able to correlate the occurrence
of a signal to ELM activity as shown in figure 21. 
We could prove that the too low detection sensitivity only
allows LIF photons to be detected when a laser pulse coin-
cides with an ELM. As it is currently neither possible to
trigger the laser to ELMs nor to improve the detection 
sensitivity, it does not seem very likely that the system will
be able to measure velocity distributions in the near future.
The detection of particle densities is possible for helium,
which offers a much better signal to noise ratio than deu-
terium, when a calibration of the system using Rayleigh
scattering on nitrogen is performed (in collaboration with
University of Stuttgart).
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Figure 20: Inter-ELM flow profile, across the probe trajectory in an 
H-mode discharge with 2.5 MW of neutral injection heating and a line den-
sity of 5.5 1019 m-3. The dashed lines indicate the separatrix.
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about 2.5 cm in between as well as during ELMs. Similar
decay lengths in the far SOL for the heat flux and the ion
saturation current indicate that the density decay length is
short compared to the decay of the electron temperature.
The exponential decay of the heat and particle flux in the
ELM filaments is consistent with continuous energy and
particle loss along field lines from the filament during its
radial movement. The parallel loss model can also explain
the similarity of decay length during and in between
ELMs.

9.5 He2+ density measurements at the plasma edge of
using lithium beam charge exchange spectroscopy

The method of lithium beam charge exchange spectroscopy
is used to determine the density of He2+ impurity ions at 
the edge of the ASDEX Upgrade tokamak plasma. A fast 
20-70 keV diagnostic Lithium beam is used to measure the
electron density and the ion temperature at the plasma edge.
While the electron density is determined from the emitted 
Li I (2s-2p) light, the ion temperature is derived from the
line width of light emitted by impurity ions after charge
exchange, i.e. electron capture from the Lithium beam
donor atoms. The respective optical systems can be com-
bined to achieve an accurate calibration of the charge
exchange signal. 
Spectrally resolved measurements are used to determine the
He2+ ion densities because of the large passive signal from
cold He+ ions. The atomic data, which was prepared for this
work, is now being implemented in the ADAS database. 
l-level resolved atomic capture cross-sections have been
corrected for collisional mixing. Together with detailed
beam attenuation modelling, impurity ion densities can be
measured with good accuracy. 
He2+ densities were measured in ohmic discharges. The
selected discharge, only 27 plasma discharges (3rd day) after
wall boronisation, was carried out early in the morning,
immediately after a 10 minute glow discharge in helium, 

9.4 Density and heat flux decay length during and between
ELMs in the far SOL

Previous measurements in ASDEX Upgrade have shown
that a significant fraction of the ejection of energy from the
edge pedestal occurs via field aligned filamentary struc-
tures. The filaments rotate and move radially away from
the separatrix with a velocity in the order of a few hundred
meters per second. The energy and particle content of the
filaments in dependence on the separatrix distance was
measured by Langmuir probes and thermography in the
outer mid-plane for inter ELM phases and during ELMs.
For the experiments, the Langmuir probe on the fast mid-
plane manipulator was kept at a position 5 mm in front of
the outboard limiters during a radial scan of the plasma
position away from the limiter. In addition to the ion satu-
ration current and the floating potential, the heat flux to the
probe head was measured by a 2D thermography system.
Both measurements show a clear e-folding decay length of
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Figure 22: Maximum heat flux to the Langmuir probe head as measured
with thermography during (open symbols) and in between ELMs (full sym-
bols), and maximum ion saturation current during ELMs from MACH type
Langmuir probes



a routine machine conditioning procedure at the beginning
of an experimental day. A line averaged density of
3.8⋅1019 m-3 with no additional heating characterises the
later part of the discharge, which is kept constant for two
seconds. The figure shows the electron density profile, the
electron and ion temperature profiles, the measured He2+ ion
density and the concentration nHe2+/ne for discharge #20463
for the constant phase from 3.5 to 5.0 s. A concentration of
around 12-15 % He2+ is observed at a normalised poloidal
radius ρpol of 0.91 and 0.99. In an earlier part from 1.7 to
2.3 s the discharge has an even lower line averaged density
of 2.5⋅1019 m-3. Here the concentration rises to 20 %, indi-
cating that the He2+ impurity ion density stays approximate-
ly constant for both density steps (nHe2+=4-5⋅1018 m-3).

9.6 Tungsten Erosion at the Auxiliary Limiters
During the 2005 campaign, two of the 12 auxiliary limiters
were equipped with tungsten coated tiles. One of these limi-
ters was a side limiter of an ion cyclotron heating (ICRF)
antenna and the other belonged to the group of guard limi-
ters, which are situated at each side of the two neutral injec-
tion (NBI) ducts. Tungsten influx was monitored on several
line-of-sights by measuring WI line radiation at 400.8 nm.
The analysis of these measurements has the goal of under-
standing the various contributions to the physical sputtering
of tungsten. For thermal plasma ions with kinetic ion energy
at the wall of roughly (2+3Z) kBT and an ion flux of D+ with
a typical admixture of 1 % C4+, tungsten erosion is domina-
ted by carbon sputtering and the sputtering yield with
respect to the deuterium flux is 10-4 at 6.6 eV and 10-3 at
28 eV. Sputtering by pure D+ ion flux reaches 10-4 at 54 eV.
Thus, only D sputtering by fast ions is relevant. Here, the
sputtering yield Y has a broad maximum of ≈10-2 at E=6
keV with Y>8×10-3 for E=2-28 keV.
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In diverted discharges, tungsten sputtering at the limiters
was only detectable when external plasma heating by NBI
or ICRF were present. Sputtering by fast charge exchange
(CX) neutrals is negligible at the limiters as was deduced
from the energy spectrum of the measured CX fluxes. ICRF
heating causes a localised increase of the tungsten influx
and tungsten erosion yield at the ICRF side limiters. This is
most probably due to the appearance of a rectified sheath
potential at the limiter, which leads to a further acceleration
of the thermal impurity ions onto the limiter surface. The
rectified sheath potential has been estimated from the varia-
tions of the erosion yield and can reach a few tens of volts.
In discharges with external heating by NBI only, fast D+

ions are the main source for the sputtering of tungsten.
Monte Carlo code calculations have been performed to
model the fast particle load and the respective tungsten ero-
sion flux in detail. The start positions and velocities of the
fast ions were calculated with FAFNER. 
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Figure 23: Electron and ion temperatures (right) as well as electron and He2+ densities (left) are shown for the standard ohmic discharge #20463 averaged
over the time period t=3.9-5 s.

Figure 24: Measured and calculated erosion rates by fast ions at the two
tungsten limiters for a plasma in H-mode with 5 MW of NBI heating



Subsequently, the orbit of the gyro centre of the ions was
calculated including collisional and anomalous pitch angle
scattering and slowing down collisions. The magnetic field
background included the toroidal field ripple. A particle is
followed until the energy drops below 3 kBTi or until it hits
the contour of a limiter, the inner column, or the divertors. 
A comparison between calculated W erosion rates and mea-
sured values for a discharge in H-mode with 5 MW of NBI
heating is shown in figure 24. The good fit to the measure-
ments can only be achieved when including the magnetic
field ripple and assuming anomalous fast ion diffusion with
a diffusion coefficient of about 1 m2s-1.

9.7 Discharge-resolved impurity flux measurements in the
edge plasma of by exposure of collector probes 

Impurity migration in ASDEX Upgrade was investigated by
deposition on graphite samples exposed with the mid-plane
manipulator system. To obtain a well-defined plasma wetted
surface, the cylindrical samples were mounted in housing
with a narrow slit aperture. Separation of different dis-
charges is achieved by rotation of the cylindrical sample
between discharges to a new surface area. After exposure the
retrieved samples were analysed ex-situ using Rutherford
back-scattering (RBS), Nuclear Reaction Analysis (NRA)
and Proton Induced X-ray Emission (PIXE).
Discharge resolved measurements allowed the deposition
fluxes to be quantified in different discharge scenarios.
Thereby, a clear correlation of impurity amount on the sam-
ple with IRCH power in combination with a small distance
of the separatrix to the probe was found. Apart from the
quantification of W, Fe, and Cu area densities, the amount of
implanted deuterium was also measured. Radial scans
revealed an exponential decay of all components with
increasing distance from the separatrix. Radial decay lengths
vary between ~3.5 mm (Fe) to ~5 mm (D, W). Employing a
simple model of diffusion properties at the plasma edge
allows calculating the radial fluxes at the limiter edge to be
~4.5*1017 m-2s-1 (Fe) and ~4.2*1015 m-2s-1 (W), respectively.
These values are close to those measured at the beginning of
the W experiments in ASDEX Upgrade. Fe, Cr and Ni as
constituents of the used stainless steel components were also
clearly detected. As a next step, time-resolved measure-
ments within one shot should allow the quantification of W,
Fe, and Cu impurities at each phase of a discharge. 

9.8 Wall material migration and layer removal
The transition from a carbon to a full tungsten wall device
allows sources and sinks of eroded carbon to be identified.
Several experiments covering aspects of carbon erosion
migration, re-deposition, and removal were performed.
13C puff experiments were performed to study the carbon
migration. Long-term samples below the divertor and
markers on the divertor plates determine the changes in the
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carbon deposition due to the increasing amount of tung-
sten. Up to now no significant differences have been found
on the divertor strike point modules and the subdivertor
region. Cavity probes are used to determine surface loss
probabilities of growth precursors for carbon re-deposition
in remote areas. The layers are formed predominantly by
species with high reactivity, and most of the deposits are
formed in line-of-sight to the strike point plates. 
Deposits consist mainly of carbon, boron and deuterium. The
amount of carbon in these layers has strongly decreased after
the last discharge campaign. The layers on the main chamber
walls consist mostly of boron and deuterium, while carbon
deposition is still observed in the inner divertor. The
decreased carbon content hindered investigations on deuteri-
um removal from the wall by oxygen glow discharges. It had
been demonstrated in laboratory experiments that this tech-
nique is very efficient at removing layers from tiles exposed
in ASDEX Upgrade. Oxygen glow discharge cleaning is one
candidate for the tritium removal in ITER. As an experimen-
tal test, this technique was tried in situ in ASDEX Upgrade at
the end of the campaign. Erosion test-samples (a-C:H films)
showed effective layer removal in most locations in the
torus. However, due to their low carbon concentration the
layers on tungsten-coated tiles in the main chamber could not
be removed. Nevertheless, a total of 20 g of carbon was
pumped during the 49 h of oxygen glow discharge. 

10 International and European Cooperations

ASDEX Upgrade (AUG) cooperations are organized under
IEA Implementing Agreements, the International Tokamak
Physics Activity (ITPA), bilateral contracts and by provi-
ding support and an open structure at IPP in particular for
the participation of EURATOM Associations in the AUG
Scientific Programme.

10.1 IEA Implementing Agreement
The IEA Implementing Agreement focuses on research on
critical physics issues towards the realization of a tokamak
burning plasma experiment. It enables co-ordination of
research between the partners through programmatic discus-
sions as well as by proposing joint experiments on critical
issues identified by the ITPA. The IPP is represented in
almost all ITPA topical physics groups and on the co-ordi-
nating committee. The chairman of the Steady State
Operation group is an IPP scientist. 
Technology and Physics of Plasma Heating Systems: A
parallel version of the code TORIC (full-wave solver for
waves in the Ion Cyclotron range of frequencies) has been
successfully written and tested. This achievement is also
important for future joint analysis of experiments in Alcator
C-Mod and AUG using ICRH as a heating method, such as
e.g. similarity experiments in dimensionless variables.
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The complex interplay between heating, current drive and
transport was self-consistently studied using the ASTRA
code. The results are of special interest for setting up the
control scheme in the near future in AUG. In a related area,
the implementation of an algorithm for analysis of the inter-
nal loop voltage distribution from time series of equilibria in
ASDEX Upgrade has started. This will allow a more
detailed study of the internal current profile distribution,
information that is crucial for evaluating the efficiency of
different auxiliary current drive methods, such as e.g.
NBCD or ECCD. 
Physics and Control of Neoclassical Tearing Modes

(NTMs): A model for NTM stabilization by ECCD was
benchmarked to experimental data and then applied to
ITER. The results of the latter have shown that the foreseen
ECRH system for ITER based on remote steering would
only be marginal in efficiency to stabilize NTMs. An impor-
tant issue was raised about the precision of the deposition of
present day experiments and its extrapolation to ITER,
which crucially affects the stabilization efficiency. 
Physics of Edge Localised Modes (ELMs): Experimental
signatures of ELMs at NSTX and AUG, i.e. in tokamaks of
similar poloidal cross-section, but very different aspect ratios
were compared. Type-I and type-III ELMs as observed at
AUG are also found, amongst other types, at NSTX. However,
the MHD activity associated with these ELMs usually has a
lower toroidal mode number in NSTX, which could tentative-
ly be attributed to the lower aspect ratio. In NSTX, the main
difference between the two types in operational regime can be
characterised by the edge electron collisionality, which is
below 1 for type I ELMs and above for type-III ELMs. This
criterion may provide a reasonable distinction between the two
ELM regimes in AUG as well. This indicates a possible role of
bootstrap current in the type-I ELM mechanism.
The collaboration between IPP and PISCES-B has been
extended to explore the effects of power load and thermal 
transients on C and W surfaces exposed to Be seeded plasmas. 

10.2 EURATOM Associations
The participation of scientists from EURATOM Associations
remained at a high level. The AUG Programme Committee
had a meeting in November. Besides IPP, eleven Associations
are represented on the Committee. 16 institutes who submit-
ted more than 40 experimental proposals, which contributed
to around 30 % of the 2005 Programme, answered the call for
participation in the 2005 campaigns. 
DCU – University College Cork: The ongoing collabora-
tion between IPP and University College Cork resulted in
the following main advances:
(i) Automated post-generation of predictive equilibria using

converged CLISTE source profiles, thereby achieving a
level of accuracy suitable for stability codes, which
process the stored equilibria (diagnostic “EQB”).
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(ii) Streamlining of the code for production mode operation
has resulted in execution times of just under one second
per time point on 1GHz workstations.

(iii) A new MSE calibration procedure has been developed
based on the invariance of the q(r) profile during a rapid
radial excursion of the plasma and the consistency
requirement on neighbouring MSE channels when the
excursion exceeds the inter-channel spatial separation.

(iv) A multi-year effort to incorporate the parallel current
density calculated from neoclassical theory as a con-
straint on the equilbrium solution found by CLISTE
was successfully completed during 2005. The magni-
tude of j⁄⁄ can be optionally chosen by a free scaling 
factor while the shape is constrained.

(v) Toroidicity induced Alfven eigenmode (TAE) data was
combined with density data to provide an additional
constraint on the equilibrium solution.

Additional work done on TAE excitation with ICRH beat
waves is presented in section 4.
ENEA, IFP-CNR, Milan: The role of a sheared plasma
toroidal rotation on ion heat transport has recently been
explored both with a theoretical model and with experimen-
tal observations. A preliminary analysis performed on a
group of AUG discharges, in which NBI and ICRH were
alternatively used with a feedback control to keep β constant
(improved H-modes) has confirmed that a sheared plasma
toroidal rotation directly affects the linear stability of ion
temperature gradient (ITG) modes, and consequently the
quasilinear ion energy and momentum fluxes. Eventually,
the objective of the theoretical model being developed is to
clarify the competition of the destabilizing role of the gradi-
ent of the parallel velocity and the stabilising effect of the
poloidal ExB velocity shear.
ENEA – Consorzio RFX, Padova: A scientist from RFX
managed the AUG Task Force “MHD instabilities and their
active control” and contributed to the interpretation of
results. Since November 2005 RFX is also represented on
the AUG Programme Committee. 
HAS – KFKI Budapest: The KFKI-RMKI studied pellet-
plasma interaction at AUG with emphasis on four main topics:
(i) Investigation of ELM triggering mechanism: The delay

between the time when the pellet crosses the separatrix
and the ELM onset was investigated for different pellet
velocities. By the help of the fast camera system, which
allows a precise spatial-temporal reconstruction of the
pellet trajectory, we observed that an ELM is triggered
when the pellet reaches the pedestal region 1.5 cm in-
side the separatrix.

(ii) HFS pellet injection database development: The HFS
pellet database has been extended with data from the
2004/05 campaign. Based on the improved dataset, the
statistical analysis was continued to improve the HFS
penetration depth scaling.
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(iii) Code calculation and development: The radiation model
in the code has been improved by taking into account
the radiation caused by the background plasma elec-
trons. Calculations were performed for typical AUG
pellet injection scenarios.

(iv) Blower gun development: KFKI-RMKI has contributed
in the development and characterization of the gun by
developing and operating different diagnostics and gun
parts. 

IST – Centro de Fusão Nuclear: CFN operates two diag-
nostics, the multi-channel FM-CW density profile reflec-
tometer and a dual channel stepped frequency reflectometer
for fluctuation studies. During 2005 the profile system has
experienced a series of minor hardware problems (including
loss of selected channels), which has hampered the availabi-
lity of routine profile data. Nevertheless, the new W-band
channel was commissioned in 2005 raising the measurement
range to ne∼1⋅1020 m-3. An improved technique for the cali-
bration of the frequency markers for the FM system was also
developed, which has improved the quality and robustness of
the profiles. A second improvement has been the develop-
ment of adaptive window processing software to automati-
cally optimize the spectrogram frequency and time resolu-
tion, depending on signal content, resulting in a better group
delay measurement. Progress has also been made on various
physics topics where reflectometry forms the primary diag-
nostic. For example, the study of type-I ELM dynamics and
dependencies on plasma conditions plus model comparisons
– completed with a PhD. Comparative studies on the effects
of natural and pellet triggered ELMs have also continued.
The recent upgrade of the two fluctuation channels with fast
frequency hopping has produced new data on the localisation
of core fast particle modes, such as TAEs and Alfven cas-
cades. On the theory side significant progress in studying 
turbulence on open and closed field lines has been made
(described in more detail in the Theoretical Plasma Physics
section) including the successful completion of a PhD.
LPP-ERM/KMS, Brussels & FZ Jülich: A study on ICRF
Discharge Conditioning (ICRF-DC) as foreseen for W7-X and
ITER was continued at AUG. Better radial homogeneity of the
pulsed RF discharges was achieved by coupling the RF power
(PRF=15-150 kW, τRF=5 s) from four ICRF antennas simulta-
neously at two different frequencies (f1,2=36.5 MHz and
f3,4=30.0 MHz) in plasmas containing helium and hydrogen
ion species of variable concentrations. First comparison of the
ICRF-DC with G-DC using preloading walls with Ar was per-
formed at the same energy input of ≈2 MJ. The estimated Ar
removal rate was about 60 times higher in the ICRF-DC case.
However, the removed amount of Ar was ~50 times smaller in
the ICRF-DC case probably due to less homogeneous interac-
tion of RF plasmas with the vessel surface.
RISØ: Collective Thompson Scattering (CTS) utilizes the
scattering of a probing radiation on the electron density to
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provide time resolved, spatially localized measurements of
the 1-D velocity distribution of the confined fast ions in a
given direction determined by the chosen scattering geome-
try. Different scattering geometries permit spatial scans and
the resolution of anisotropy in the ion velocity distribution,
which is important in fast ion physics. A CTS system is cur-
rently installed at AUG (CTS-AUG). It uses mm-waves
generated by gyrotrons as probing radiation (105 GHz) and
measures back-scattered radiation with heterodyne receivers
with 50 channels corresponding to +/-5 GHz frequency
range. The steerable antennas of the probe and receiver
allow different scattering geometries capable of measuring
the fast ion distribution parallel and perpendicular to the
magnetic field at different radial locations. Once the ECRH
commissioning of the transmission line is complete, the
2006 campaign will involve low and high power tests in the
vacuum vessel followed by first scattering experiments. 
TEKES: The effects of a radial electric field (Er) and finite
toroidal ripple were investigated for counter- and co-injected
neutral beams. The counter-injection simulation corresponds
to a Quiescent H-mode (QHM). The corresponding “virtual”
co-injection simulation was obtained by reversing the current,
the toroidal magnetic field and the pitch (v⁄⁄ /v) of the particles.
Four simulations were carried out for both cases: a) No ripple,
Er=0; b) No ripple, typical QHM Er; c) Finite ripple, Er=0; and
d) Both ripple and typical QHM Er. The analysis is underway.
Dedicated discharges with varying NBI-sources and neutral
particle analyser (NPA) sightlines were carried out for
ASCOT benchmarking. There is a qualitative agreement
between simulations and experiment, but complete under-
standing requires more work. The deposition profile of
1 MeV tritons, born from beam-plasma interactions, was sim-
ulated with ASCOT including the toroidal ripple. The results
are in quite good agreement with the measurements even
though the measured tritium was cumulated over the experi-
mental campaign while only one discharge was simulated.
13C was puffed on the last experimental day. Erosion and
deposition measurements of the coated tiles using SIMS are
underway. ASCOT simulations also verified that NBI ions
are largely responsible for the poloidal limiter erosion.
UKAEA: The filamentary structure of type-I ELMs in AUG
and MAST, have been compared using data from a variety
of diagnostics. These experiments have significantly
advanced understanding of the nature of ELM heat and 
particle fluxes to the first wall, a potentially significant issue
for ITER, and have allowed the impact of both machine size
and magnetic field to be investigated. Further work is needed
to identify the underlying cause of the observed trends.
Initial comparisons of H-mode characteristics in a variety of
magnetic topologies have shown that the ELM frequency is
reduced and confinement improves in double-null configu-
rations. Some details, in particular the presence of MHD in
the lower single-null phase, require further investigation.

26



Scientific Staff

Experimental Plasma Physics Division E1: N. Berger,
T. Bertoncelli, A. Cierpka, M. Ebner, T. Eich, H. U. Fahrbach,
J. C. Fuchs, L. Giannone, B. Gmeiner, O. Gruber, G. Haas,
T. Härtl, A. Herrmann, J. Hobrik, L. Horton, K. Iraschko,
M. Kaufmann, B. Kleinschwärzer, H. Kollotzek, P. T. Lang,
P. Leitenstern, B. Lutz, K. Mank, V. Mertens, H. W. Müller,
P. Müller, Y.-S. Na, J. Neuhauser, J. Neumann, G. Prausner,
M. Reich, V. Rohde, M. Rott, W. Sandmann, M. Sator, G. Schall,
H.-B. Schilling, A. Schmid, G. Schramm, K.-H. Schuhbeck,
S. Schweizer, J. Schweinzer, H.-P. Schweiß, U. Seidel,
O. Sigalov, A. Sips, J. Stober, B. Streibl, G. Tardini,
W. Treutterer, T. Vierle, S. Vorbrugg, C. Wittmann, M. Wolf,
E. Wolfrum.
Tokamak Physics Division: C. Angioni, G. Becker, A. Berg-
mann, R. Bilato, A. Bottino, M. Brambilla, A. Chankin,
D. Coster, T. Dannert, K. Dimova, S. Gori, S. Günter,
K. Hallatschek, F. Jenko, O. Kardaun, C. Konz, K. Lackner,
P. Lauber, P. Martin, P. Merkel, F. Merz, G. Pautasso,
A. G. Peeters, G. Pereverzev, S. Pinches, E. Poli, M. Püschel,
W. Schneider, E. Schwarz, B. Scott, M. Serbu, D. Strintzi,
E. Strumberger, C. Tichmann, Q. Yu.
Experimental Plasma Physics Division E2: C. Aubanel,
K. Behler, H. Blank, A. Buhler, G. D. Conway, R. Drube,
K. Engelhardt, U. Fantz, R. Fischer, A. Flaws, M. García
Muñoz, H. Hohenöcker, V. Igochine, H. Kroiss, B. Kurzan,
F. Leuterer, A. Lohs, A. Manini, M. Maraschek, H. Meister,
R. Merkel, F. Monaco, M. Münich, H. Murmann, G. Neu, 
M.-G. Pacco-Düchs, G. Raupp, F. Ryter, J. Schirmer,
W. Suttrop, K.-H. Steuer, C. Tröster, L. Urso, L. Vermare,
D. Wagner, D. Zasche, T. Zehetbauer, H. Zohm.
Experimental Plasma Physics Division E4: K. Behringer,
S. Dietrich, R. Dux, J. Fink, J. Gafert, J. Harhausen, C. Hopf,
A. Kallenbach, C. Maggi, R. Neu, T. Pütterich, R. Pugno,
I. Radivojevic, M. Wischmeier.
Technology Division: W. Becker, V. Bobkov, F. Braun,
H. Faugel, P. Franzen, M. Fröschle, G. Heilmaier, B. Heinemann,
D. Holtum, M. Kick, C. Martens, J.-M. Noterdaeme,
S. Obermayer, R. Riedl, J. Schäffler, E. Speth, A. Stäbler,
P. Turba, E. Würsching.
Garching Computer Centre: P. Heimann, J. Maier,
H. Reuter, M. Zilker.
Materials Research: M. Balden, H. Bolt, H. Greuner,
W. Jacob, K. Krieger, S. Lindig, H. Maier, M. Mayer,
J. Roth, W. Schustereder.
Central Technical Services: F. Ascher, H. Eixenberger,
T. Franke, E. Grois, M. Huart, C. Jacob, C.-P. Käsemann,
K. Klaster, M. Kluger, J. Lex, J. Maier, H. Nguyen,
J. Perchermeier, G. Raitmeir, I. Schoenewolf, F. Stobbe,
H. Tittes, G. Zangl, F. Zeus.
IPP Greifswald: D. Hartmann, M. Laux, A. Lorenz,
J. Sachtleben.

ASDEX Upgrade

IPF University of Stuttgart: G. Gantenbein, E. Holzhauer,
W. Kasparek, T. Kubach, P. Lindner, U. Schumacher.
Humboldt Universität Berlin: W. Bohmeyer, B. Koch.
FZ Jülich: S. Brezinsek, R. Wolf.
University of Potsdam: M. Abel.
ERM/KMS, Brussels, Belgium: A. Lyssoivan.
RISØ, Roskilde, Denmark: H. Bindslev, F. Meo.
TEKES, HUT, Espoo, Finland: V. Hynönen, T. Kurki-
Suonio.
TEKES, VTT, Espoo, Finland: J. Likonen, E. Vainonen-
Ahlgren.
CEA, Cadarache, France: J. Bucalossi.
EFDA Close Support Unit, Garching: A. Loarte.
Hellenic Republic, NCSR Demokritos, Athens, Greece:

M. Tsalas, N. Tsois.
HAS, KFKI, Budapest, Hungary: G. Anda, S. Bató,
E. Belonohy, K. Gál, S. Kálvin, G. Kocsis, G. Veres,
S. Zoletnik.
DCU, University College Cork, Ireland: M. Foley,
P. McCarthy, E. Quigley, K. Sassenberg.
ENEA, IFP, CNR, Milano, Italy: S. Cirant, A. Jacchia.
ENEA, Consorzio RFX, Padua, Italy: T. Bolzonella,
M. Cavinato, P. Martin.
IST Lisbon, Portugal: D. Borba, L. Cupido, L. Fattorini,
S. da Graça, M.-E. Manso, L. Meneses, T. Ribeiro,
J. Santos, F. Serra, A. Silva, F. Silva, P. Varela.
NILPRP, Bucharest, Romania: C.V. Atanasiu, G. Miron.
CIEMAT, Madrid, Spain: F. Tabares.
VR, Stockholm, Sweden: S. Menmuir.
CRPP, Lausanne, Switzerland: J. Lister, Y. Martin.
UKAEA Culham, Abingdon, United Kingdom:

C. Challis, D. Howell, A. Kirk, H. Meyer.
Riga University, Riga, Latvia: G. Zvejnieks.
IOFFE, St. Petersburg, Russian Federation:

S. V. Lebedev.
University of Wisconsin, Madison, U.S.A.: C. Forest.

27



Introduction

End of June 2005 a 16-month
shutdown ended. Unfortunately,
the major JET-EP upgrade name-
ly the ITER-like antenna could
not be installed. This task is
planned now for the second half
of 2006. The installation of an
optimised septum replacement plate in the divertor succeed-
ed, which will allow higher heat loads and more triangular
plasmas at higher current and field. In addition, 14 diagnos-
tics enhancements are close to completion and improved
neutralisers for the beam heating system will slightly in-
crease the available NBI power level.
The Restart of the JET device in autumn 2005 was ham-
pered by a long list of difficulties, which finally lead to 
the cancellation of the 2005 experimental campaigns. In
April/July the EFDA Steering Committee approved a further
enhancement programme (JET-EP2) in support of ITER.
The main elements are:
• an ITER-like wall (Beryllium main chamber wall and

tungsten divertor tiles), 
• an upgrade of the NBI power to 35 MW,
• a new pellet injector for fuelling and ELM control,
• a package of new and upgraded diagnostics.
The actual planning foresees the installation in a one year
shutdown starting in the middle of 2008 and a subsequent
scientific exploitation beyond 2010.

IPP’s Contributions

The preparation of the scientific programme of campaigns
C15 – C17 is finished. IPP scientists have been involved
intensively in the preparatory work of Task Forces (TF) S1
and M. Due to severe restrictions in missions of EURATOM
staff to JET, IPP lost the leadership of the main TF S1.
IPP contributed its expertise to the improvement of the ICRF
system at JET. Two IPP ICRF experts were twice at JET to
take into operation the 3 dB couplers for ELM resilience. IPP
is also represented in the project board, which follows up the
ITER-like ICRF antenna.
A conceptual design study of a 1.4 mm extruder for the pres-
ent JET pellet system was conducted in view of ELM pacing
experiments. Implementation, however, was stopped due to
lack of manpower.
IPP has almost finished its two JET-EP enhancement proj-
ects Bolometer KB5 and the Lost Alpha Particle scintillator
probe (LAP). The new vertical and horizontal bolometer
cameras are now routinely delivering signals to the Real
Time Control System as well as providing Processed Pulse
Data.

JET Cooperation
Head: Dr. Josef Schweinzer

Figure 1 exhibits a tomographic
picture of the radiation pattern
deduced from the 48 channels
of the two bolometer systems.
First results of the Lost Alpha
Particle scintillator probe are
expected for spring 2006.

In addition, IPP supported the JET Operator and the CSU
Culham by four long term secondments.

The involvemet of IPP in JET-EP2 projects is as follows:
• ITER-like wall: leadership for the sub-task “Coordination

and Testing of W-Coatings”;
• IR thermography upgrade for ELM and disruption studies:

project initiated and lead by IPP;
• Neutral beam power upgrade: technical advice, participa-

tion in project board and technical meetings; 
• Plasma control upgrade: contributions to the definition of

the system design;
• Lithium beam intensity upgrade: testing of improved

injector at IPP lab together with Hungarian Association
HAS.

Tungsten erosion in the outer JET divertor
Tungsten erosion in the outer divertor leg was determined
by coating a set of JET carbon-fiber composite (CFC) diver-
tor tiles with a tungsten marker stripe and exposing the tiles
during the 2001-2004 campaigns. The W marker layer was
strongly eroded in the whole outer divertor. The largest ero-
sion is observed at the outer strike point, where more than
75 % of the initial 3 μm W was removed. Analysis by means

A JET programme in support of ITER for
2007-2010 including new enhancement pro-
jects was approved. IPP involvement concen-
trates on the assessment of tungsten coating
techniques for the ITER-like wall. Due to a
series of technical problems no experimental
campaigns were possible in 2005.
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Figure 1: Tomographic picture of the plasma radiation for a 2 MA ohmic
discharge (Bt=2.25 T, ne=1.5 1019 m-3, Ptot=1 MW, Prad=0.4 MW).



of scanning electron microscopy revealed that the tungsten
erosion is inhomogeneous on a microscopic level and depends
on the micro-topography of the rough CFC substrate: large
erosion with complete disappearance of the W layer is
observed on the plasma-facing areas of microscopic ridges
(with ridge heights of several tens of μm), while a smaller ero-
sion or even deposition of hydrocarbon layers is found on the
far side of ridges. Deposition is observed in depressions and
pores of the CFC, showing that erosion and deposition can
appear simultaneously on areas just a few 10 μm apart. These
results provide important information on the necessary coating
thickness for the JET ITER-like wall project, and give experi-
mental input for life time estimates of W target plates in ITER.

ITER-like Wall – R & D on tungsten coating of CFC tiles 
In the frame of the ITER-like Wall project the divertor is to be
equipped with a tungsten surface. One possibility to achieve
this is the application of tungsten coatings. This rather inex-
pensive solution has proven to be feasible at ASDEX Upgrade
where fine grain graphite is used as a substrate. To assess the
applicability of coatings here, however, new experimental
data were necessary, since for the JET divertor the coating has
to be performed on a 2-D carbon fibre-reinforced carbon
material (CFC) with a strong anisotropy in thermal conductiv-
ity and expansion. This must be employed because of its more
suitable thermal and electrical properties. For this reason an
EFDA task was set up under the coordination of IPP to inves-
tigate the feasibility of tungsten coatings on this specific CFC
material. Identical CFC tiles were machined at IPP and subse-
quently distributed to five Associations. Mostly in coopera-
tion with industry, these tiles were coated with tungsten and
returned to IPP. Thin coatings with thicknesses of 4 microns
and 10 microns, respectively, were produced by chemical

JET Cooperation

vapour deposition (CVD) and various methods of physical
vapour deposition. Thicker coatings of 200 microns thickness
were produced by CVD and by vacuum plasma spray. The
variation of thickness and production method lead to a total of
14 different sample types. After delivery to IPP Garching,
these 14 types of coatings were investigated to select the most
promising combinations of thickness and production method.
The main analysis tool was IPP’s new high heat flux test stand
GLADIS (see section 7). In a thermal screening test power
densities ranging from 4 MW/m² for 6-10 s up to 22 MW/m²
for 1-1.5 s were applied. This test program will be finished in
spring 2006 to give in time the input for the selection of the
optimal coating technique.
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Figure 2: Inhomogeneously eroded tungsten layer. Areas inclined towards
the plasma were totally eroded, while areas inclined away from the plasma
are covered by redeposited hydrocarbon layers. These layers appear grey
in the image.

Figure 3: Example for failure of a tungsten coating under high heat flux.
The scale is in cm.
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1 Introduction 

On 1 January 2004, the project
Wendelstein 7-X (W7-X) was re-
organized and now consists of five
sub-divisions as shown in fig-
ure 3. In fall 2005 Dr. R. Haange
took over the position of the Tech-
nical Director; Prof. T. Klinger
took over the responsibilities as
Scientific Director from Prof. 
F. Wagner. In 2005 the personnel resources attributed to
W7-X were further increased. In 2005 further design and
manufacturing of the different machine components of the
basic device has considerably progressed, as described in
chapter 2. This was paralleled by a strong engineering effort
of the System Engineering subdivision (chapter 3). Global
finite element models of the magnet system and of the cryo-
stat were developed, allowing precise structural code calcu-
lations. These stability calculations, however, have revealed
at some points the need for reinforcement modifications, in
particular on the non-planar coils, the planar coils, the cen-
tral support structure as well as on a number of elements in
the inter-coil support structure. In parallel to the develop-
ment of the basic components and assembly technologies
and procedures, the actual assembly of the stellarator has
started. It is described in chapter 4. The development of the
diagnostics (chapter 5), the heating systems (chapter 6) and
the control system has been continued as well.

1.1 Project Coordination
This subdivision comprises four departments dealing with
coordination work for the project W7-X:
- Project Control is responsible for the financial planning of

the project and for control of the expenditures, time plan-
ning of all the activities in the project as well as of the
external contracts. It supports the component responsibles
in handling their industry contracts as well as in organisa-
tional aspects of the project and in the reporting to all
external supervising bodies (committees).

- System Coordination coordinates the general technical
aspects such as interface control, configuration manage-
ment, technical specifications (of the device as such as
well as of its components), safety aspects and materials
issues. In addition a safety analysis of the device has been
started.

- Quality Management (QM) is organising the QM system
within the project W7-X and supports all external contracts
concerning QM aspects. This department has been in-
creased considerably in 2004 to enable the group also to
take some responsibility in quality assurance during the
assembly phase of W7-X.

Wendelstein 7-X
Heads: Dr. Remmelt Haange, Prof. Thomas Klinger

- The Documentation depart-
ment is responsible for an inde-
pendent check of all technical
drawings and CAD-models and
for archiving all documents rel-
evant to the project (i.e. MS-
Office documents as well as all
CAD-models and drawings).
Recently the provisional docu-
mentation system has been
replaced by a commercial elec-

tronic documentation system, the Eigner Product Lifecycle
Management System (PLM). In a second step, in the fall of
2005 the administration of the CAD models (in CADDS5-
format), has being implemented in the PLM and has become
operational.

1.2 Schedule
According to the present planning it is expected to start the
commissioning of W7-X in 2011. Some recent delays due to
repair actions as well as some necessary modifications of
already finalised assembly methods (e. g. for elements of the
inter-coil support structure, narrow support elements and
lateral support elements) may well have an impact on the
existing schedule. Reliable estimates, however, are only
possible after a detailed analysis based on experience with
the assembly of the first half-module.

2 Basic Device

2.1 Magnet System
The main components of the magnet system are the super-
conducting coils, the coil support structure, the inter-coil
supports, the superconducting bus system, the current leads
and the power supplies for the coils.

2.1.1 Superconductor
The coils are wound by a cable-in-conduit superconductor,
which is composed of 243 NbTi strands twisted to form a
cable enclosed by an aluminium jacket. The void within the
cable is used for the helium coolant. By the end of 2005 the
EAS/OCSI (formerly VAC/EM) consortium has delivered
all of the 360 required conductors with typical lengths
between 130 and 190 m. 
Further conductor lengths that have been ordered as spares,
are still in production process. Acceptance of the conductor
required to release the tolerance on the nominal void frac-
tion of 37 % from ±1 % to ±2 % and to accept variations of
the flow rate of up to ±20 %. Analyses of the flow measure-
ments during the cryogenic tests of several coils at Saclay
showed that these increased tolerances did not affect proper
cooling of the coils.

In 2005, the project Wendelstein 7-X has entered
into the assembly phase. Although new techni-
cal problems came up during the year, manu-
facturing and delivery of the components to
Greifswald has progressed well. The first manu-
facturing contracts could be completed and the
first two series gyrotrons were delivered. The
assembly of the first half-module of the magnet
system started in 2005.
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2.1.2 Superconducting Coils
The non-planar coils are being manufactured by the
Babcock-Noell Nuclear (BNN)/Ansaldo Superconduttori
consortium. At the end of 2005, 46 of the 50 winding pack-
ages have been delivered for coil assembly the remaining
four being under production at Ansaldo. In order to achieve
the required magnetic confinement, winding of the conduc-
tor needs to be repeated with a precision of typically ±2 mm.
Therefore, all winding packages are inspected at approx.
800 positions along the surface to check the compliance
with the CAD model. 
Small statistical deviations of the coils from their ideal
shapes or non-symmetric alignments cause field perturba-
tions with a periodicity different from the five-fold periodic-
ity of the device. Such perturbations may result in additional
magnetic islands, ergodisation of existing islands, uneven
load of the divertor target plates or enhanced particle losses.
The analysis of the shape of the winding packages (figure 2)
shows that absolute deviations from the CAD model are less
than <3 mm and the reproducibility of the average geometry
is well within the specified tolerance of 2 mm.

Wendelstein 7-X

The Swedish subcontractor, Österby Gjuteri AB, has cast
and machined all 100 half-shells of the coil casings from
316 LN stainless steel. The cast material features very good
castability, weldability and good mechanical properties at
cryogenic temperatures. During inspections with a linear
accelerator (LINAC) casting failures were, however, discov-
ered in areas, which had not been accessible to the standard
X-ray inspection method before. Large defects required
repair, the small ones could be tolerated. Assembly of all
non-planar coils is being done at BNN’s production site at
Zeitz (figure 3). First the winding package is positioned
between the two halves of the steel casings using four refer-
ence pins on each side of the winding package. Next the
winding package is embedded in quartz sand and epoxy
resin. After embedding, the interface areas of the casing are
machined to the required precision on a five-axis CNC
machine. During a subsequent survey all surfaces, inter-
faces, bores and threads are controlled by laser tracking with
an absolute accuracy of 0.5 mm. The accuracy achieved is
within 0.5 mm for reference pins and coil fixtures, 2 mm for
the inner surface and 5 mm for the outer surface of the casings.
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Figure 1: Organigramme of the Wendelstein 7-X project as of 31 December 2005
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assembly each coil has to pass an integral helium leak test in
a large vacuum chamber. During such tests some of the coils
showed an increased helium background, which finally
could be attributed to a diffusive leak from an insulated
potential separator. After replacement of some of the poten-
tial breakers the helium level was within the tolerated range.
During the works acceptance test the insulation is routinely
tested at 13 kV for one minute as well as ±2 kV AC in air at
ambient pressure. During a rapid shut-down, however, the
non-planar coils experience induced voltages of up to 4 kV,
which in the worst case could coincide with a degraded
insulation vacuum. To check the electrical insulation under
such conditions, each non-planar coil is also subjected to
high voltage tests in a low vacuum environment (Paschen
test). Several coils have shown electrical discharges at pres-
sures between 1 and 100 mbar, where the applied voltage
surpasses the critical breakdown voltage. In all these cases
the insulation was either degraded by small voids, lack of
epoxy resin or of the glass filler, too small insulation thick-
ness, cracks or insufficient electrical insulation of the
quench detection wires. In some cases the defects showed
up only after the cryogenic test at Saclay indicating cracks
due to the different thermal shrinkage of the dissimilar
materials or due to insufficient bonding.

In several areas neighbouring coils will approach each other
by a few millimetres. Such cases were investigated very
carefully to avoid clashes during assembly and operation
and to ensure that any rework will not weaken the casing
intolerably. Larger welds were implemented on several
extensions on the coil casings and of the interfaces to neigh-
bouring coils. Coils, which were already manufactured were
reinforced. Cooling of the casing is provided by supercriti-
cal helium, which flows through stainless steel pipes around
the casing. Strips of highly conductive copper welded to the
casing and soft soldered to the stainless steel pipes provide
the thermal contact to the casing. To ensure sufficient clear-
ance between neighbouring coils partial re-routing of some
of the helium cooling pipes on the casing became necessary.
Following detailed inspections residuals of flux were found
to be entrapped between the copper stripes and the steel
pipes. Since the flux contains zinc chlorides stress corrosion
could, in the presence of water and bending stresses, lead to
long-term leakage of the pipes. Detailed investigations have
been launched to assess the risk of long-term corrosion on
the eighteen coils produced with this soldering technique.
For the remaining coils the soldering technique now has
been modified by using pre-tinned cooling pipes that can be
soldered to the Cu-stripes with non-aggressive flux. After

Figure 2: Accuracy of the winding package of the non-planar coils
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Voids in the glass epoxy insulation were opened and filled
with epoxy properly. Further tests revealed that also the
epoxy impregnation of the terminal area of several coils
was not Paschen proof. The origins of this weakness were
voids not filled appropriately by epoxy. Further structural
analyses revealed that the inter-coil connection between
two adjacent modules cannot withstand the calculated
loads. As a consequence the connecting steel block on the
casing had to be re-designed and need to be fixed with the
casing by a massive weld. This change also affects five
coils, which have already been completed, respectively test-
ed. The re-design is finished; the material has been ordered
and will be available in January.

Manufacturing of the 20 planar coils at Tesla Engineering is
well advanced. All winding packages are ready, nine are
embedded in the casings and three coils have been delivered
(figure 4). The stainless steel cooling tubes, which showed
pitting corrosion due to residuals of an aggressive soldering
flux were replaced by tubes with a larger wall thickness.
Also the soft soldering technique was changed, now using
non-aggressive flux with pre-tinned cooling tubes. Refined
structural calculations recently required reinforcing the cas-
ing against the out-of plane bending and shear loads by
additional shear bolts. Integral leak tests are done using SF6
as a tracer gas. Leaking gas is accumulated in a plastic bag
around the coil and detected by laser spectroscopy to a sen-
sitivity of 10-7 mbars l s-1.
To check the welds in the termination area with higher sen-
sitivity local vacuum chambers and standard helium leak
testing are applied. Surveys of the coil connections, the
positions of the reference pins and the contour of the casings
are routinely performed by JET experts by digital pho-
togrammetry. A large vacuum facility was set-up and com-
missioned at Greifswald (figure 5) to allow integral leak
tests with helium and Paschen tests on the planar coils. The
facility is equipped with video cameras to allow observation
of local flash-over. 

Wendelstein 7-X

2.1.3 Coil Tests
After production all coils are tested under operational condi-
tions at the Low Temperature Laboratory of Commissariat à
L’Énergie Atomique (CEA) in Saclay. In 2005 seven non-
planar and one planar coils were tested in a routine way. All
current tests have been passed without problems. Quenches
are triggered at nominal current by raising the temperature
of the helium inlet. They occurred, as expected, in the high
field layer of the coils but at slightly higher temperatures
than predicted. This gives some additional margin for the
future operation of these coils. The contact resistance of the
interlayer joints was below 5 nΩ. During one test the joint
resistance of the cold bus line in the test facility showed an
abnormal increase. This problem was resolved by renewal
of the gold plating of the contact surfaces. Processes have
been streamlined to allow testing of approx. 22 to 24 coils
per year in future.
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Figure 4: Planar coil during assembly

Figure 5: Vacuum tank for leak and Paschen tests

Figure 3: Coil manufacturing at BNN in Zeitz



2.1.4 Coil Support Structure
The coil support structure is being manufactured by the
Spanish contractor Equipos Nucleares, S.A. (ENSA). It con-
sists of ten identical sectors with a total weight of 72 t made
from steel plates and cast extensions. The interfaces of the
coil support structure are machined precisely at the Italian
subcontractor Rovera. The planarity of the flanges as well as
the position of the holes for the connecting bolts is within
0.05 mm, the holes for the bolts as well as the overall toler-
ance of the flange reference surfaces are accurate to within
0.1 mm (figure 6).

To reach the highest accuracy for the interfaces to the coils,
the extensions of the two adjacent sectors of a module are
machined in one run. Recent trials have demonstrated that
the geometry is kept within tolerances even after repeated
mounting and dismounting. Detailed structural calculations
recently required some local reinforcements on welds of the
structure and some shear pins at the half-module interface.
Ten cylindrical cryo-supports carry the support structure
and provide the thermal barrier between the cold magnet
system and the machine base.
Design of these components has to consider distortions of
the whole support ring during magnet operation. Each coil is
fixed via two support blocks to corresponding extensions on
the coil support structure. These connections have to take
electromagnetic loads of up to 4 MN and moments of up to
350 MNmm. Up to nine long studs from Inconel 718 with
sleeves from the same material and special tensioners
(Superbolt™) are used to achieve a corresponding high pre-
stress and maintain it during cool-down to helium tempera-
tures. Application of the necessary pre-stress of 800 MPa
has been successfully verified during tests on mock-up con-
nections. Inconel 718 material has been ordered for the
series connections.

Wendelstein 7-X

2.1.5 Inter-coil Supports 
During operation the magnet system twists leading to com-
plex deformations of the support structure and the coils.
Originally a soft structure was favoured resulting in large
excursions of the coils while still maintaining the symmetry.
Comprehensive structural studies revealed that the connec-
tions between the coils and the support structure as well as
some connections between the coils could not withstand the
loads. Re-designing the inter-coil supports reinforced the
structure and reduced the coil deformations as well as the
loads on the connections to the support structure. Design
and test of the inter-coil supports is described in chapter 3.4
in more detail. The lateral support elements, which connect
the coils along the outside forming a “helical belt” will be
constructed from half boxes, which are inserted and welded
between the coils. A test programme was launched and
welding trials were performed by FZJ to assess the magni-
tude and reproducibility of the weld shrinkages and to pre-
dict the distortions of the magnets. Narrow support elements
are arranged along the inner side of neighbouring coils.
They are exposed to loads of up to 1.5 MN and have to
allow gliding of the coils of up to 5 mm and tilting of
1 degree. The comprehensive R&D programme was contin-
ued to investigate friction and stick-slip effects of different
gliding pads under relevant loads and movements at ambient
and cryogenic temperatures. Following these tests Al-bronze
pads with MoS2 coating are most promising. The pads will
be kept by a pad holder, which in turn will be shrink fitted
into appropriate recesses in the coils. This pad design will
also be adapted to other sliding supports located between the
planar and the non-planar coils.

2.1.6 Bus-System
Ten coils each are connected in series and with the current
leads by a system of 121 superconducting bus lines with a
total length of approx. 1100 m. The connection between the
bus sectors requires approx. 300 disconnectable low-resist-
ance joints. Research centre Jülich (FZJ) is responsible for
design, manufacture and assembly of the bus system. The
design of the bus-bars for the first module has progressed
considerably, based on the distortions of the W7-X magnet
system as described in the specification of the bus-bar sys-
tem. More recent distortion data have been included in 2005
as well as unexpected manufacturing deviations on the coils.
Therefore, the design ob the bus-bars will be finalised only
early in 2006. The qualification process for the bus-bars pro-
duction, however, was completed successfully. First bus-bar
samples were delivered to Greifswald and presently IPP
employees practise the installation of the electrical insula-
tion using these samples. The manufacturing equipment for
the bus-bars at FZJ is complete. The serial manufacturing is
ready to start but the design of the mechanical supporting
bearings is still in progress. An unexpected high effort is
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Figure 6: Two sectors of the coil support structure during trial assembly
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necessary to reconcile the operational forces and distortions
in conjunction with the available material parameters. To
finish the construction work on supporting bearings will
probably take the first six months in 2006. The qualification
of the electrical insulation for the above mentioned distor-
tions has been proven with extensive work. The QD cables
of the bus-system and their embedding in the insulation
were successfully qualified by FZJ. The handling of the bus-
bars during component preparation and mechanical assem-
bly were tested. Extensive qualifications have been realised
to get suitable welding procedures for the connection of
aluminium-steel transition pieces to the superconductors.
Further qualifications are necessary due to the difference
between the outer contour of the superconductor ends on the
coils and the bus-system. Parallel to the qualifications we
have started with the purchasing of the first batches of the
transition pieces. There were unexpected difficulties for the
quality assurance with the manufacturing of the transition
pieces. Meanwhile, these problems have been solved. The
manufacturing of about 200 joint casings has been started at
FZJ and IPP received the first samples. An extra contract
has been agreed between FZJ and IPP for construction and
manufacturing of these casings. IPP has started with tests
for the development of the joint insulation. The set-up of the
final joint-prototype of the bus-bar connections has been
started. The test shall take place at Efremov Institute in
March/April 2006.

2.1.7 Current Leads
Fourteen current leads, able to carry 20 kA each, connect the
seven groups of superconducting coils to the corresponding
power supplies. The current leads will contain high Tc
superconducting material at the cold end in order to achieve
low idle current losses. The procurement of the current leads
has started. All leads shall be tested at operational condi-
tions prior to assembly.

2.1.8 Magnet Power Supply
The five types of non-planar and two types of planar coils
are energised by power supplies providing direct currents of
up to 20 kA at voltages of up to 30 V. The Swiss contractor,
ABB, selected the concept of twelve-pulse rectifiers to
ensure that the currents are stabilised with an accuracy of
2×10-3. All units were successfully tested in accordance with
the specification. Final acceptance will be given beginning
of 2006. 
Fast and reliable discharge of the superconducting magnets
in case of quenching is realised by fast circuits, which short-
circuit the coils and dump the magnetic energy to nickel
resistors. These resistors are made from very pure nickel and
feature a high heat capacity and a strong increase of the
resistance with temperature, which keeps the switching volt-
ages low and shortens the slow-down time during a rapid
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shut-down. All seven power supply units have been com-
missioned, satisfying the technical specification. The
quench detection system is developed in co-operation with
the research centre Karlsruhe (FZK). The system consists of
nearly 400 quench detection units, which permanently
check the differential voltages across double layers of all
coils and across all sectors of the bus system. The system
has to reliably detect millivolt signals in a broadband noise
environment. Signal amplifiers, which can withstand the
high voltages induced during a quench have been success-
fully tested.

2.2 Cryostat
The cryostat provides thermal protection of the magnet sys-
tem and gives access to the plasma. Its main components are
the plasma vessel, the outer vessel, the ports and the thermal
protection. The German Deggendorfer Werft und Eisenbau
GmbH (MAN DWE) are responsible for manufacturing the
plasma vessel, the outer vessel and the thermal insulation.
The Swiss company Romabau Gerinox is fabricating the
ports.

2.2.1 Plasma Vessel
The plasma vessel is composed of ten half-modules, which
are divided into two sectors to allow stringing of the inner-
most coil during assembly. Construction of the plasma ves-
sel required 200 steel rings to be bent to the designed shape
and carefully welded to represent the changing cross-section
of the vessel with an accuracy of 3 to 7 mm. Vacuum tight-
ness of the welds was checked by an integral helium leak
test of the vessel segments prior to cutting the holes for the
ports. Water pipes around the vessel allow control of its tem-
perature during plasma operation and for bake-out at
150 °C. Manufacture of all ten half-modules has been com-
pleted in 2005 (figure 7). 

Figure 7: Plasma vessel segments at MAN DWE
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Rogowski and saddle coils, which are used for the magnetic
diagnostics have been mounted on the outside of the first
vessel sector during assembly preparation. After integration
of the first half-module with the first non-planar coil the two
sectors forming the half-module were welded with very low
shrinkage. Next the fixations for the vertical supports were
carefully welded to avoid intolerable distortions of the plas-
ma vessel. During torus assembly adjacent modules of the
plasma vessel have to be welded together from inside with
the thermal insulation already in place on the outer surface
of the vessel. During this operation access for applying the
welding gas, performing the weld as well as for the leak
checks is heavily restricted. In order to verify the proposed
method a test piece from the plasma vessel of the DEMO
cryostat together with panels of the actual thermal insulation
are being prepared and will be used for a trial weld.

2.2.2 Outer Vessel
The outer vessel is assembled from five lower and five
upper half-shells and will have some 500 openings for ports,
supply lines, access ports, instrumentation feedthroughs and
magnetic diagnostics. All upper and lower main bodies of
the half-shells of the outer vessel have been manufactured.
Cutting of the openings of the first module is finished and
the domes have been welded (figure 8). The details of the
design of the vessel support to the machine bed have been
finalised; the first vessel shall be finished in spring.

2.2.3 Ports
A total of 299 ports are used to evacuate the plasma vessel,
for plasma diagnostics and heating, as well as for supply
lines and sensor cables. The cross sections of the ports range
between 100 mm circular up to 400×1000 mm² square and
are equipped with bellows to compensate deformations and
displacements of the plasma vessel with respect to the outer
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vessel. All ports are surrounded by water pipes to control
their temperature. By the end of 2005, 261 ports have been
delivered to IPP. 
Recent tests of the spring constants of the rectangular bel-
lows by the manufacturer (figure 9) have shown significant
differences from extrapolations using the EJMA code.
Whereas the axial spring constant is described correctly by
the code, the lateral and angular spring constants are under-
estimated by a factor of 2 to 4. The discrepancies could be
explained using FE analysis methods. The joint between the
ports and the plasma vessel is a complicated space curve.
Blocking of the bellows during port preparation, precise
cutting and weld preparation of the three dimensional inter-
face and precise insertion of the ports with the thermal
insulation already mounted was studied in detail. Trials
using dummy ports are being prepared.

2.2.4 Thermal Insulation
Efficient protection of the cold components against thermal
radiation is achieved by actively cooled shields, high vacuum,
and 20 layers of reflecting foils. In order to achieve the required
narrow tolerances of ±2 mm a novel technique, applying epoxy
impregnated glass fibre panels with integrated copper meshes
was developed. This way also good heat conductivity along

Figure 8: Upper half-shell of the outer vessel Figure 9: Test of the spring constant of large bellows
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the shield could be achieved. The copper meshes are inter-
sected to reduce eddy currents. The shields are kept at temper-
atures between 40 K and 70 K by cold helium gas. The cool-
ing tubes are attached to the shield by copper braids. Sixteen
of twenty panels have meanwhile been mounted precisely on
the first half-module of the plasma vessel. The design of the
thermal insulation of the ports and the outer vessel has started.

2.3 In-Vessel Components
The in-vessel components comprise divertor target plates
and baffles for energy and particle control, panels and heat
shields to protect the wall against plasma radiation, control
coils to modify the magnetic configuration at the plasma
boundary, water supply lines for heat removal, and cryo-
pumps to control the neutral gas density during high-density
plasma operation. The company Plansee AG, Austria is manu-
facturing the target elements, MAN DWE the wall protec-
tion panels and BNN the control coils. Assembly of the tar-
get modules from target elements as well as fabrication of
the baffles, the heat shields, the cryo-pumps and of the sup-
ply lines is performed by IPP in Garching. Several areas
with different heat loads can be distinguished. The divertor
horizontal and vertical target modules will experience
power fluxes up to 10 MW/m2. The baffles, which prevent
the neutrals from re-entering the main plasma chamber,
receive power fluxes of up to 0.5 MW/m2. The wall is sub-
ject to neutral particles and plasma radiation in the range up
to 0.3 MW/m2. To keep the reflux of impurities to the plas-
ma within acceptable limits all plasma-facing surfaces are
covered with low-Z material. The target plates are armoured
by CFC tiles, the baffles are covered by graphite tiles and
the wall protection shall be coated later with boron carbide.
Ten divertor targets with surfaces of 1.9 m2 each are com-
posed of 890 segments, which closely follow the 3-D shape
of the plasma boundary. For these areas 6-8 mm thick 
CFC tiles made of SEPCARB® NB31 from SNECMA
Propulsion Solide, France are used and joined with the
water-cooled CuCrZr heat sink either by electron beam
welding or hot isostatic pressing. Approx. 550 kg of CFC for
the series blocks have been produced, but show a reduced
tensile strength in the direction perpendicular to the surface.
The selected manufacturer of the target plates, Plansee AG,
Austria is checking the bonding process with pre-series ele-
ments to decide whether the degraded material can never-
theless be used. The target elements are tested up to
12 MW/m2 in the GLADIS test facility (for more details of
the GLADIS facility refer to the contribution of the
Materials Research Division). Recent tests showed some
degradation on the bonding between the CFC and the
CuCrZr heat sink, which needs to be investigated in more
detail. Numerical modelling of the heat load showed that the
power distribution on the targets is rather localized even
during different magnetic equilibria.
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Therefore, the middle part of the horizontal target plate
needs only to be protected against loads up to 1 MW/m2

using the same technology as for the baffle plates. The baf-
fle plates cover an area of about 30 m2 and are composed of
2,900 baffle elements. The elements are made from 20 mm
thick fine grain graphite elements, which are clamped to a
water-cooled CuCrZr alloy heat sink. Technologies to bend
and fix the stainless steel cooling tubes to the CuCrZr 
support have been developed and qualified (figure 10).
About 70 m2 of the plasma vessel surface is covered by dou-
ble-walled stainless steel panels with integrated water-cool-
ing. These panels will be coated with B4C to keep impuri-
ties from the wall at an acceptable level. Prototypes of such
panels have been produced with the required accuracy by
MAN DWE.
The inner wall, which is close to the plasma is protected by
graphite tiles using the baffle design principle. Ten control
coils will be installed behind the baffle plates. These coils
will be used to correct small field errors at the plasma edge,
to optimize the position and extent of the islands and
dynamically sweep the power across the target plate. Each
coil is made of eight turns of a hollow copper conductor
and is water cooled. BNN is manufacturing the coils and
will deliver the first unit in January 2006. These coils will
be supplied individually by power supplies with a DC cur-
rent of 2.5 kA at voltage up to 30 V that can be modulated
at frequencies up to 20 Hz. The power supplies have been
built by the Spanish company JEMA, Spain and successful-
ly tested. Some minor oscillations on the current output
were reduced to the specified level by a modification of the
control software.
Vacuum pumps with an effective capacity of 37 m3/s are
required to evacuate the plasma vessel, to control the densi-
ty of auxiliary gases injected into the divertor chamber and
to pump neutral particles. Additional cryo-pumps located
behind the target plates allow to increase the pumping
capacity for hydrogen and deuterium to 100 m3/s during
high-density plasma discharges. The cryo-pumps are com-
posed of a cryo-panel cooled with liquid helium, a Chevron
baffle, a reflector cooled with liquid nitrogen and an addi-
tional water cooled baffle. The main parts of the cryo-pumps
have been fabricated in the IPP workshop.

Figure 10: Prototype of a baffle module
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the “lateral support elements” on the low field side between
non-planar coils, the “contact elements” between the half-
modules, and the “planar support elements” between planar
and non-planar coils. The narrow and planar support ele-
ments basically consist of pads attached via pad frames to
the coils. These pads slide on the adjacent coil and experi-
ence some plastic deformation under load. This global
model behaves extremely nonlinear and is very sensitive to
the variations of the initial values and boundary conditions.
The magnet system GM was implemented in two commer-
cial FEA packages: ADINA and ANSYS, the latter one with
support from the Efremov Institute, St. Petersburg.
By end of 2005 both of them successfully passed consis-
tency checks. The proper implementation of the complex
stellarator boundary conditions was confirmed by com-
paring the results of a half-module with those of a full
module having simpler periodic boundary conditions.
Figure 11 compares the deformations of a half-module
with those of the full module and demonstrates the good
agreement. 

A further magnet system global model is being realized in
ABAQUS by LTC company, Italy for a final cross-check of
selected cases. By benchmarking the various FEA models of
the magnet system, they eventually will be fully validated
and thus become reliable tools for calculating the stresses

2.4 Refrigeration System
The refrigeration system has an equivalent capacity of 7 kW
at 4.5 K to supply the magnet system with supercritical heli-
um at different temperatures and provide liquid helium to
the current leads and to the divertor cryo-pumps. The refrig-
eration concept takes into account that the superconducting
coils will be energised only for about 700 hours per year at
nominal current and only for about 50 hours per year at
maximum current. During the remaining time the plant is in
different standby modes. As a consequence, the refrigeration
requirements of W7-X vary considerably. To allow econom-
ic operation the excess plant capacity during standby modes
(e. g. overnight) will be used to liquefy helium into a
10,000 l storage tank. During W7-X operation helium is
taken from the storage tank to boost the refrigeration power.
Linde Kryotechnik AG, Switzerland will deliver the com-
plete helium refrigeration system, comprising the compres-
sors, the helium purification system, the cold box with
expansion turbines and cold compressors, the sub-cooler
with helium circulation pumps, the cryogenic transfer lines
between the refrigerator and W7-X, and the coolant distribu-
tion valve box. The contract runs according to schedule. The
basic design of the cold-box has been finished and orders for
the main plant components have been placed. The liquid
nitrogen system of the branch institute consists of a 30,000 l
tank and a distribution system. In 2005 approx. 51,000 l of
liquid nitrogen were provided for the ECRH system, the
cryo-laboratory and other users within the institute. 

3 System Engineering

The subdivision System Engineering (SE) provides the
engineering support to the Wendelsetin 7-X project. It 
is organized in four departments: Design Engineering,
Design Office, Electromagnetic Calculations and System
Integration. 

3.1 Structural Analyses
3.1.1 Finite Element Models
In 2005 SE continued to investigate the stresses and defor-
mations of structural components of W7-X during various
modes of operation by finite element analyses (FEA). Since
the whole structure of W7-X is by far too complex to be
described in a single model, it is necessary to use global
(coarse) models, and local (detailed) models that are
analysed independently with boundary conditions obtained
from the global models. Two global models (GM) are need-
ed: the magnet system global model and the cryostat global
model. The magnet system GM encompasses the five non-
planar and two planar coils, the central support ring includ-
ing the extensions for the coil supports, and the inter-coil
support structures. The latter consist of the “narrow support
elements” on the high field side between non-planar coils,

Figure 11: Displacement under electromagnetic forces of a half-module
with stellarator and a full module with cyclic boundary conditions



and deformations occurring during different modes of oper-
ation, such as cooling of the magnet system to cryogenic
temperatures, or applying the coil currents of the different
magnetic configurations. Using input data from the global
model, a number of local FEA models have been developed
to scrutinize in detail the behaviour of selected components.
These local models are generated and investigated by
System Engineering and by other institutes in the frame-
work of international contracts:
FZJ: narrow support elements, busbar system;
Warsaw Technical University: central support elements;
CEA/CRIL Technology, France: central support ring;
ENEA: lateral support elements between coils 5-5 and 1-1,
resp.;
Efremov Institute: planar support element B1 (figure 12);
Ljiubliana University: narrow support element parametric
studies;
Another contract was issued to LTC for studies concerning
the coil system deformation during assembly.

In addition, a FEA cryostat global model (figure 13) was
developed encompassing a complete plasma vessel, the
ports, outer vessel, and machine base. The refined model is
being realized in ANSYS with support from ENEA, Italy
and IGN, Germany.

3.1.2 Magnet System 
Finite element analysis for investigating the loads and defor-
mations of the magnet system under various operating sce-
narios is quite challenging due to the complexity of the coil
geometries, nonlinear behaviour of the coil support system,
and high sensitivity of the structure to initial contact gaps,
coil stiffness, bolt pretension, etc. The global and local
analyses revealed some weak areas where the design criteria
imposed on material and weld strengths were not met. In
those areas different solutions to reinforce the affected com-
ponents were proposed.
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Some of the components that required modifications were
the following ones:
- At the planar coils it was found that under the magnetic

forces the pins fixing the case lids experienced shear
stresses exceeding the design values. In addition, the
deflection of the coils was so large that they could collide
with other components. The proposed solution was to
install additional shear pins. This procedure was imple-
mented in the production process. 

- Some of the extensions of the central support ring required
stronger welds. 

- The ring structure had to be reinforced by additional stiff-
ening ribs. 

- For the flange connecting the ring segments at the bound-
ary between half modules and modules stronger bolts,
shear pins, and additional shear keys are required.

- On type 5 coils the blocks for the lateral supports had to be
replaced by stiffer ones, and the design of this support had
to be modified.

3.1.3 Cryostat 
3.1.3.1 Plasma Vessel 
The plasma vessel should be self-centering during the dif-
ferent modes of operation. Some positional adjustments in
the range of several millimetres should be possible to
compensate for manufacturing and/or assembly inaccura-
cies as well as potential imbalances of thermal loads on
the different divertor modules during plasma operation.
Displacement and deformation of the plasma vessel criti-
cally depend on the stiffness of the port bellows, which
was calculated and found to agree well with later meas-
urements. Figure 14 shows the displacement and deforma-
tion of the plasma vessel if one of the horizontal supports
has been displaced by radially 10 mm at the left upper
corner in the figure; at the same time the plasma vessel
has been heated up to 60 °C and the vacuum forces apply. 
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Figure 12: Submodeling analysis of Planar Support B1: Fragment of FE
mesh. Stress intensity distribution at the support, MPa.

Figure 13: Cryostat FE global model
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3.1.3.2 Outer Vessel
A contract was issued to IGN company to update the old
ANSYS outer vessel model and to perform a mechanical
analysis with the accurate model. Additionally, in order to
decide some manufacturing details, IPP performed a simpli-
fied mechanical analysis of the legs and their weld joints to
the OV main body, using worst case forces from the old
model and applying them to the updated geometry. 

3.2 Design and test of the coil supports
The coil support elements that transmit the forces between
the coils and the central support ring, and between adjacent
coils, continue to be the most critical components. Extensive
FE calculations are performed, which are supported by tests
under realistic conditions where the expected loads are
applied for a number of cycles simulating the W7-X lifetime. 

3.2.1 Narrow Supports
The narrow support elements are sliding contacts (~ 30 per
half module) located on the high field side. When the coils
are not energized, there is a small initial gap (up to 2 mm)
between the sliding surfaces. This gap closes during the coil
current ramp-up. The narrow support elements transmit
forces up to 1 MN between adjacent coils while simultane-
ously allowing relative movement (up to 5 mm when in con-
tact) and tilting (<1 °). During sliding no stick-slip should
occur since it might trigger a quench of the superconducting
coil cables. A viable solution consists of an Al-bronze pad
that on one side is shrink-fitted into a stainless steel frame,
which itself is shrink-fitted into the coil casing (figure 15).
The sliding surface of the pad is covered with MoS2 (coated
by means of Physical Vapour Deposition) to reduce friction.
The opposite sliding surface on the adjacent coil is also
coated with MoS2, most likely by burnishing. A movable
dust cover protects the pad from debris (e.g. dust particles or
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thermal insulation flakes) that could fall onto the sliding sur-
faces during assembly and/or operation. Besides, the rela-
tive humidity in the assembly and torus halls will be kept
below 50 % in order to prevent MoS2 degradation during
assembly. (IABG and KRP companies performed friction
tests in vacuum at room temperature and at 77 K, respec-
tively. The latter were executed under full load of 1.5 MN,
and applying the expected 4,000 load cycles during the oper-
ation time of W7-X (figure 16). From the hitherto existing
results it can be concluded that the design can basically meet
all requirements. However, the capability to coat the sliding
surfaces in a repeatable way for smooth sliding during the
entire lifetime of the stellarator is still to be demonstrated.

As a back-up solution in case of degradation of the MoS2
coating, the possibility to re-lubricate the sliding surfaces at
a later stage of W7-X operation is kept open by installing
permanent pipelines connecting each of the pad dust covers
with access points near cryostat manholes: This would allow
to inject fresh lubricant onto the sliding surfaces during shut
down periods. 
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Figure 14: Movement and deformation of the plasma vessel under normal
operating conditions when moving one horizontal support by 5 mm

Figure 15: Exploded view of the narrow support element (left), and cross
section (right)

Figure 16: KRP friction test device for vacuum and cryogenic temperature
operation



The ANSYS magnet system global model was used to opti-
mize the initial distribution of the gaps between the sliding
pad and adjacent coil surfaces for evenly distributed loads
that do not exceed the design values (1.5 MN). The results
of a sensitivity analysis impose severe accuracy require-
ments on assembly concerning the gap widths. 

3.2.2 Planar Supports
The planar supports connect the planar with the non-planar
coils. A concept analogue to the narrow supports has been
adopted. The pads and pad frames are installed on adaptors,
which in turn are bolted onto the non-planar coils. Specific
FE models have been developed for the most loaded planar
support elements in order to verify their capability to take
the design loads of up to 470 kN calculated by the Global
Model.

3.2.3 Lateral Supports
The lateral support elements are located on the low field
side and transmit tensile, compressive and shear forces up to
1.5 MN, and bending moments up to 200 kNm, respectively.
For the coil pairs 1-2, 2-3, 3-4, 4-5 the limited space permits
welded solutions only. At FZJ and at IPP these welded solu-
tions (figure 17) have been thoroughly investigated in a test
programme. The findings are compared with FEA results in
order to control deformations during the assembly process
so as not to alter the specified gap widths of the narrow sup-
ports. For the lateral support elements between coils 1-1 and
5-5 – which are at the boundaries between half modules and
modules, respectively – bolted solutions will be adapted.
While the concept for the coils 5-5 connection has been
decided and its detail design is well under way, the coils 1-1
(half-module) connection is still under development.
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3.2.4 Central Supports
For each coil, the central support consists of pairs of bolted
connections between coil blocks and extensions of the central
support ring. These connections are typically made of a matrix
of up to 9 Inconel 718 rods of sufficient length to obtain a pre-
load of 650-900 MPa per bolt at 4 K (figure 18). Since the fric-
tional capabilities of the connection, given by the bolt preload,
are not sufficient to generate all the reactive transversal forces
between the coils and the central support ring, additional stain-
less steel wedges are inserted in between the coil blocks and
the shoulders of the central support elements.
In addition to FE calculations, full scale mock-ups with a sin-
gle bolt and with 3-bolts, respectively, were tested at 77 K
(figure 19). The realistic 3-bolts tests, in particular, have
shown that such a connection is able to take the operational
loads for more than 4,000 cycles, so the basic feasibility has
been proven. Further improvements, however, are needed to
avoid stick-slip between the wedges and shoulders.
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Figure 18: 3-D view showing some of the central supports, in particular the
one, which has been tested (NPC1Z1)

Figure 19: Left: Mock-up of a non-planar coil support with three of nine
bolts (NPC1Z1). Right: cryo-tests of the mock-up at KRP

Figure 17: Lateral support weld test at FZJ



3.3 Design Office
Major tasks of the design office are – besides the design of
components – geometrical evaluation of manufacture non-
conformities and collision checks. In certain areas the dis-
tance of adjacent non-planar coils is as low as 8 mm in a
compromise between maximum wall thickness of the coil
casing and avoidance of collision during operation. These
and other constriction areas require detailed checks for pos-
sible collisions of the as-built coils between each other, to
the central support ring, the cryostat vessels and port ther-
mal shields, etc. For that purpose the complete surface
geometry of the delivered non planar and planar coils as
well as the central support ring are accurately measured by
laser-scanning. This technique generates vast amounts of 3D
point measurements (e.g. 145 million points per non planar
coil). The point clouds are processed, interpolated and con-
verted into a CAD readable format by means of reverse
engineering software achieving an accuracy of ±0.5 mm
(figure 20).

The reverse engineering procedure is also applied to the FEA
results in order to generate CAD models of the deformed
components during operation. In order to prepare the port
assembly, taking into account the as-built geometry of the
cryostat, a procedure was developed to recalculate the port
orientation from laser tracker measurements of the plasma
vessel port hole edge (figure 21).
Tools such as web interfaces have been developed to make
these and other information, for instance the component
behaviour under various thermal and electromagnetic loads,
easily online accessible to the W7-X team. The detailed
design of the in-vessel components (target, baffle, wall and
port protection, cryo-pumps, piping) was continued. Parti-
cularly challenging are their unique geometries, the routing
of the cooling circuits under extremely tight space condi-

Wendelstein 7-X

tions, as well as manufacturing related issues. Also the
development of those diagnostics that either require long
design and construction time, or which have to be assem-
bled earlier due to their location within the cryostat or
behind the in-vessel components, was pushed forward.

3.4 Electromagnetic Analysis
The ultimate performance of W7-X as a physics tool criti-
cally hinges on keeping the manufacturing tolerances of the
winding packs, and on the accuracy achieved in the assembly.
The geometries of all winding packs are taken into account
in assessing the impact on the overall magnetic field. Tools
based on statistical methods have been developed to evalu-
ate all manufacturing and assembly errors. For instance,
measurements of the ground insulation of the winding packs
showed a considerable thickness variation between 3.7 and
6.8 mm. However, it was found that this variation hardly
increases the magnetic field components which break the
stellarator symmetry. In order to study the dependence of the
magnetic confinement on field errors, and in order to be able
to compensate any residual field errors, additional normal
conducting trim coils were proposed, which are located on
the outside of the outer vessel. Five coils with a maximum
current of 100 kA-turns each are sufficient to compensate
field errors twice as large as estimated from proven assem-
bly accuracies and measured manufacturing tolerances.
Tools were developed and validated to calculate the forces
on the coils by means of ANSYS and EFFI, which serve as
an input for the magnetic system global model.
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Figure 20: CAD model of the laser-scanned coil AAB11 with the detail
showing the routing of a He-cooling pipe

Figure 21: Recalculation of port orientation from plasma vessel bore
measurement



3.5 System Integration
Tools have been implemented to monitor, modify and update
the space requested by the various W7-X components locat-
ed in the torus hall, including diagnostics and auxiliary
equipment. Activities have started to arrive at an integral
solution in congested areas, such as the torus centre, in order
to make optimal use of the available space and to avoid colli-
sions. It is strived for common support structures and access
routes wherever possible, taking also into account the space
required for assembly, repair, and maintenance. 
Furthermore, activities have started to determine the loca-
tion of mechanical sensors at the central support ring and
inter-coil structures to facilitate monitoring of critical areas
during machine operation. Tools are being developed to
derive allowable operation regimes from such measure-
ments, taking also into account deviations of the as-built
components from the specified requirements.

4 Assembly

In 2005 the preparation of the assembly sites, the assembly
equipment, and extensive assembly trials have been contin-
ued. Contracts for the design and the procurement of further
complex assembly devices have been completed, respective-
ly launched. The preparation of plasma-vessel sectors and
coils runs routinely. The assembly of the first two half mod-
ules has started. The pre-assembly technology was modified
due to new requirements at the installation of structural ele-
ments. The assembly process-planning, process documenta-
tion and work safety system was further completed. 

4.1 Assembly Equipment
A first sample of an assembly platform within the plasma ves-
sel to be used during KiP-assembly has been purchased and
successfully tested. Additional external mechanics for coil
preparation have been employed and acquainted. Mechanical
assembly stiffening for the outer vessel half shells have been
successfully approved at manufacturer’s site (MAN DWE)
and delivered. The cross-beam for module transport (100 t)
has been approved at manufacturer’s site (Kinkele) and deliv-
ered. At present, handling tests with this equipment are pre-
pared. The purchasing of the Mounting Stand III has been
placed with company SAB. Company Kinkele will settle
manufacturing and assembly of the various temporary sup-
ports in the torus hall as planned. The tendering of the
Mounting Stand IV including the inner machine platform is
finished. The installation shall be finished within the first
quarter of 2007. The installation of additional rooms and
device to house the external employees is in process.

4.2 Assembly Technology
The qualification of welding staff and special welding
processes has been continued together with FZJ (welding on
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support structure and on parts of the bus-system). The pur-
chasing of the necessary equipment is done as planned. The
qualification of the orbital welding for connections of heli-
um and water cooling pipes is realised. The installation of
the re-qualified transition pieces at the coil connection area
was successful. The technology of the coil pre-assembly has
been improved, the equipment and tools rebuilt that a higher
adjustment accuracy of the coils can be reached. This was
necessary to reach compatibility with the new design of the
support elements. The assembly of the narrow supports has
been successfully tested in first test sequences. The proce-
dure has to be optimised yet. Complex test equipment for
test sequences to install the central supports has been pur-
chased and started running. A detailed test program is
planned for 2006. First assembly tests for central and lateral
supports have been carried out. Aim is the qualification of
the detailed assembly technology. The casting technology at
the central supports showed the expected accuracy. The final
handling for this has to be defined yet. The technique for
joining half modules has been modified due to newer calcu-
lation results. For this, there is a comprehensive test and
develop program between Assembly, System Engineering
and Basic Device. Assembly trials have been carried out
with parts of the central support structure at ROVERA,
Italy. The test set-up for the half module separation planes
(adjustment, welding and insulation of the plasma vessel) is
quite complete. Furthermore, temporary setting bearings for
the assembly of the plasma vessel modules have been deliv-
ered. With this equipment, setting tests are carried out at
present. The supplier of the plasma vessel parts (MAN DWE)
can qualify its assembly technology with the mentioned
equipment at IPP. The tests to develop the welding proce-
dures for installation of the ports have been continued. A
system for laser scanning of the coils has been set up; a sec-
ond Laser Tracker has been purchased. With this it is possi-
ble to supply geometrical actual data of the components to
SE. Resources with measurement technology have been
increased with external employees and supported by CEA.
For expansion of the laser scanning capacity of further
components suited partner companies have been contacted. 

4.3 Component Preparation and Pre-assembly
Within the Component Preparation, a few coils and plasma
vessel sectors have been prepared and forwarded into the
Pre-assembly. The thermal insulation of one half side of 
the plasma vessel half module has been completed. A test
assembly of one half side of the first half module has been
performed with the coils AAB18, AAB24, AAB25 and 
AAC 54 (figure 22 and figure 23).
The work proceeded as planned without any noticeable
problems. Assembly devices and proceedings have been
optimised and the future assembly time can be minimised
due to the received knowledge.
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This installation has been dismounted afterwards because
of the re-work of coils at the coil manufacturer. At the sec-
ond half side of the first half module, coil AAB19 has been
mounted and the narrow support pads have been produced.
The first sector of the second half module (Mounting Stand Ia)
has been mounted. Thus two half modules are under con-
struction at present. 

4.4 Machine base 
The manufacturing of the machine base has been placed
with the company MAN DWE. The completion in the torus
hall is planned for August 2006. The tendering of the first
part of the device for port assembly (ramps) has started.
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4.5 Periphery
Within the Periphery, the planning for the installation of the
cooling and heating water circuit as well as the expansion of
the power supply at DT-area has begun. The specification
for tendering of the frame wall unit has been prepared. The
construction work on the instrumentation cabling inside the
cryostat has been continued. The specification and the plan-
ning of the routing of the QD-system inside and outside of
the cryostat have been started. An air drying system will be
installed in the assembly halls to avoid quality degradations
at MoS2 coatings on the narrow support elements. 

4.6 Work Preparation, Assembly Planning and
Documentation

Preparing of Quality Assurance and Assembly Plans within the
process planning department and planning of the assembly
have been continued. At the same time, the necessary working
and test instructions have been prepared further. First parts of a
reporting system for the assembly progress and for consump-
tion of resources within the assembly have been set-up. 

5 Diagnostics

5.1 Overview
Work concentrated on the set of “start-up diagnostics” nec-
essary for the safe operation and the control of the machine
and those diagnostics adapted to and being indispensable
during the initial operation phases of the experiment. Time,
financial and manpower planning was adjusted to the agreed
modified time schedules of the W7-X assembly. An addi-
tional expert group on software development has been
installed to handle the diagnostic data. With this group the
diagnostics project/department is divided into ten expert
groups and groups on technical coordination, documentation
and control. A temporary working group within the project
covers R&D on the development of heat-resistant plasma
facing optical components

5.2 Reports of Expert Groups
The following sections briefly summarize the main activities
within nine expert groups of the project. Due to assigned prior-
ities there is as yet no activity in the subgroup on fluctuations.

5.2.1 Edge and Divertor Diagnostics
The conceptual design of the target-integrated pop-up
Langmuir-probe arrays has been modified accounting for
changed boundary conditions at the divertor targets. A
new prototype will be constructed and tested in 2006.
Activities on the divertor thermography system were
focused on further exploring the accuracy of surface tem-
perature measurements in dependence of the surface mor-
phology of carbon. Target elements heated by laser light
as well as by electron and ion beams have been viewed by
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Figure 22: Assembly test on mounting stand Ib: non-planar coils AAB18,
AAB24 and AAB25 (visible in front) and planar coil AAC54 installed in the
first half-module

Figure 23: Top view of the test assembly with the non-planar coils AAB18,
AAB24 and AAB25 (from left to right) and planar coil AAC54



IR cameras operating at different wavelengths. Measured
surface temperature excursions have been compared to
respective ANSYS code results. For the neutral gas
manometers, the newly developed power supply and digi-
tal data acquisition have been successfully tested at the
WEGA and ASDEX-Upgrade devices. Manufacturing of a
prototype immersion system for the W7-X manometers
was launched.

5.2.2 Microwave Diagnostics
Start-up microwave diagnostics are the multi-channel ECE
radiometer and a four-channel version of the multi-channel
interferometer with an additional single sightline system in
the plane of the bulk Thomson scattering system. All
lasers, detectors and generator systems will be located in
the peripheral diagnostic region outside the torus hall. First
design of the required optical and quasi-optical transmis-
sion lines to the experiment has been finished. Main activ-
ities concentrated on the design of all in-vessel compo-
nents such as retro-reflectors and microwave mirrors and
their cooling and integration in the first wall. 
In the framework of a PhD thesis the multi-channel interfer-
ometer design is optimized numerically to maximise avail-
able profile information and minimize interferometer sensi-
tivity against mechanical vibrations and thermal drifts
during long-pulse operation. Laboratory tests with a two-
colour single-channel interferometer studied different optics
arrangements. As the optimum choice of wavelengths a
CO2-CO laser interferometer with wavelengths of 10 and
5 microns respectively has been chosen. In preparation for
the later reflectometry system, design criteria for the in-ves-
sel antennas were investigated: A high-directivity broadband
dual antenna arrangement is proposed where the optimiza-
tion of the beam waists can be decoupled from the variable
sightlines, which offers flexibility for the different modes of
reflectometer operation. Tests and commissioning of a large
microwave stray radiation test chamber was finished. The
device will be used for testing windows, vacuum sealing,
valves and all in-vessel components, which must withstand
non-absorbed ECRH radiation at high power flux density
levels. Routine test campaigns are being prepared.

5.2.3 Charge Exchange Diagnostics
The group develops the diagnostic beam needed for CXRS
measurements and, beyond the start-up phases of W7-X, for
ion energy distribution function measurements with a set 
of neutral particle analyzers. The injector is being developed
in collaboration with FZJ and the Budker-Institute in
Novosibirsk, Russia. The latter will deliver the tested sys-
tem as agreed in 2012. The dedicated high voltage power
supply is being fabricated. Laboratory tests of various ion
sources for the diagnostic neutral beam are being conducted.
Planning of the necessary infrastructure has been started.
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5.2.4 Spectroscopy
The high-efficiency XUV overview spectrometer (HEXOS)
for observation of prominent impurity lines has been com-
pleted and successfully tested at Jobin-Yvon (France). It has
been delivered to FZJ for final acceptance tests and is
presently prepared for test operation at TEXTOR. The opti-
cal paths for the laser beam of the laser induced fluores-
cence (LIF) diagnostic from the diagnostic hall to the W7-X
entrance ports have been designed and the necessary space
allocated. The procurement of the LIF room in the diagnos-
tic hall has been initiated. Tests of different bolometer detec-
tor types (Au-Kapton-Au, Pt-SiN-Pt and photo diode array
based) were prepared on the WEGA and VINETA experi-
ments. The latest test of the neutron radiation hard Pt-SiN-Pt
bolometer on VINETA showed its viability and long term
stability. The design of the gas inlet system for the thermal
He-beam diagnostic, which needs to be integrated into the
divertor has been completed. A contract for a feasibility
optics design study of a wide-angle IR/visible mirror based
endoscope system, which is supposed to combine the IR
divertor control thermography and the H-alpha imaging sys-
tems in a single long pulse high heat load compatible obser-
vation system has been placed. The high heat load plasma
facing optical components test chamber has been redesigned
such that it becomes possible to test components like large
windows, shutters and whole front ends of endoscopes up to
300 mm diameter. The development of an edge cooled sap-
phire window is ongoing.

5.2.5 Thomson Scattering
The design of a prototype polychromator for analysing the
scattered light was continued. The concept considers the
high variability of the electron temperatures expected for
W7-X. To reduce the heat load on the windows in front of
the observation optics by plasma radiation, the panel at the
two observation ports is specially designed as a water
cooled aperture. ANSYS calculations show that this aper-
ture reduces the power load from 50 kW/m2 down to about
8 kW/m2. Laser beam paths of five Nd:YAG lasers were
selected such as to optimize the spatial resolution of profile
measurements at the very plasma edge.

5.2.6 Soft X-Ray and Magnetic Diagnostics
Design of the in-vessel X-ray tomography camera system
(XMCTS) and of the heat shield required to protect the diag-
nostics against plasma heat fluxes commenced in early 2005.
Solutions for a compact design of the cameras compatible
with the space constraints could be found. The construction of
a prototype camera including a pneumatic chopper was pre-
pared. According to initial thermal FE analyses of the CAD
models on the basis of heat loads up to 500 kW/m2, the origi-
nal concept of cooling of cameras and detectors has to be
improved. 
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5.2.9 Diagnostics Software
The expert group “Diagnostics software” has been estab-
lished and incorporated into the diagnostics project. The
major goals of the effort are data source development and
coordination of software developments. The primary pur-
pose is oriented in support of the design of diagnostics. 
A report on the progress of developments is to be found in
the section on E3-Theory in this report.

5.2.10 Technical Coordination
The storage of the geometrical data of all diagnostics
(coarse CAD models) in the central documentation system
has been completed. With these data, the layout of the com-
ponents in the torus hall was optimised and existing “colli-
sions” could be removed. The demands on two supporting
structures were specified. The internal layout and the cool-
ing of the electronic racks were studied and a control system
for a vacuum oven was installed. 

5.3 Collaborations
The diagnostics are being developed in close collaboration
with FZJ. In particular in case of the HEXOS VUV spec-
trometer and the development of the diagnostic neutral
beam FZJ is heading the projects. Contracts could be placed
with the Budker Institute in Novosibirsk, Russia, to develop
and to construct the diagnostic neutral beam injection sys-
tem and with KFKI/RMKI in Budapest, Hungary, to devel-
op and to construct the video diagnostic systems for W7-X.
Contracts are in preparation with IPPLM, Warshaw and the
university of Opole, Poland in the fields of X-ray spec-
troscopy, neutron diagnostics and VUV spectroscopy.

6 Heating

6.1 Electron-Cyclotron Resonance Heating 
The Electron Cyclotron Resonance Heating (ECRH) system
is being developed and built by FZ Karlsruhe (FZK) as a
joint project with IPP and IPF Stuttgart. The “Project
Microwave Heating for W7-X” (PMW) coordinates all engi-
neering and scientific activities in the collaborating laborato-
ries and in industry. It is responsible for the realisation and
installation of the ECRH system for W7-X. This system is
designed for a microwave power of 10 MW in continuous
wave (CW) operation (30 min) at 140 GHz, which is reso-
nant with the W7-X magnetic field of 2.5 T. It will consist of
ten Gyrotrons with 1 MW power each, a low loss transmis-
sion line and flexible in-vessel launchers. The in-vessel front
steering launchers are designed to meet the coupling condi-
tions for different heating and current drive scenarios, such
as 2nd harmonic X and O-mode, 3rd harmonic X-mode, and
mode conversion heating (O-X-B). The year 2005 saw the
first full performance CW-tests of two Gyrotrons in combi-
nation with the most loaded parts of the transmission system.

Also, the interface between cameras (detectors) and the vac-
uum tight preamplifier boxes close to the detectors requires
more work. The customised detector arrays (type AXUV-
22EL) have been delivered by IRD, USA. R&D work on the
signal processing electronics is in progress. The ultimate
goal is to achieve a bandwidth of about 500 kHz, control of
offset drifts in long discharges, and low magnetic pick-up
noise. With respect to the planned X-ray pulse height analy-
sis and temperature monitoring systems, consultations and
discussions have been conducted with IPPLM in Warsaw,
Poland, aiming at a collaboration contract starting in 2006.
The second plasma vessel module has been equipped with
additional eight saddle coils and the assembly process has
been optimized with respect to a readjustment of cooling
pipes on the vessel and position measurements by the laser
tracker system. The design of the Rogowski-coils and their
segmented variants have been accomplished and the manu-
facturing process has started. In particular, the process of
producing coils with a winding area homogeneity better
than +/-0.5 % has been established including the quality
assurance by induction voltage measurements. The design
of the diamagnetic loop is now in accordance with design
specifications given by the KiP group (in-vessel compo-
nents), which required some modification on the compensa-
tion loops. The roof covering the coil is designed to with-
stand heat loads of 500 kW/m2. Mirnov-coils have been
designed based on thermal FE analysis, which can be rea-
sonably integrated into the first wall elements. A compro-
mise has been found between the needs for heat protection
and a minimum signal phase modification by the surround-
ing conductors like steel panels, heats sinks and graphite
tiles. A test of the new digital integrator has been performed
at the WEGA stellarator using a recently installed diamag-
netic loop. This test revealed that the circuit is not sufficient-
ly protected against microwave interference at 2.45 GHz. It
needs to be improved in this respect in a second develop-
ment phase.

5.2.7 Heavy Ion Beam Probe and Fast Particle Diagnostics 
The high voltage system of the 2 MeV pelletron accelerator
has successfully been set into operation. In the presence of
an authorised expert to measure the radiation dose, which is
necessary for the approval process by the German authori-
ties, the conditioning could be performed up to full voltage.

5.2.8 Neutrons
IPPLM, Warshaw, Poland has become interested to develop
a MCNP code for neutron flux and spectrum calculations in
the W7-X torus and the torus hall. Such calculations are a
necessary input for the neutron counter development to be
conducted. IPPLM intends also to design and to construct a
neutron activation system. Dedicated contracts are being
prepared.
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6.1.1 Gyrotron Development and Installation
The development of the W7-X Gyrotrons started in 1998 in
Europe with Thales Electron Devices (TED) and in USA
with CPI as industrial partners. Both programs were termi-
nated successfully and the ECRH-project has now entered
the phase of series installation and commissioning. The site
acceptance test (SAT) of the CPI Gyrotron was completed in
April 2005 at IPP and 0.9 MW source power and 0.82 MW
in the directed beam (at the calorimetric load) was measured
for 30 minutes, which is the target operation time for W7-X.
The microwave beam was transmitted through 7 single
beam mirrors of the transmission system into a calorimetric
CW-load to perform integrated tests of the ECRH system,
including all the peripheral systems like main high-voltage
power supply (HV-PS), central cooling system, body-modu-
lator, transmission line components, RF-diagnostics, as well
as the central control and data-acquisition. After some
30 min pulses a very reliable operation was achieved with
all components behaving as expected. The CPI Gyrotron
opened a vacuum leak after having passed successfully the
full performance tests and was returned to the manufacturer
for warranty repair. The failure analysis at the factory
showed a local collector heat overloading, the collector will
be replaced by an improved version.The conditioning and
factory acceptance test (FAT) of the first series Gyrotron
from TED was performed in parallel and successfully com-
pleted at FZK by end of June 2005. 0.91 MW power
(0.92 MW source power) in the directed beam was obtained
for 3 min, which is the test stand limit (figure 24 and 25).

The final acceptance tests at IPP Greifswald with full CW-
capability of the IPP-power supply was successfully com-
pleted in October 2005. The Gyrotron met the specification
taking into account the transmission losses, a directed power
of 0.86 MW (0.92 MW source power) was measured for
30 minutes operation at the calorimetric load after transmis-
sion through seven mirrors. The Gyrotron including all
peripheral systems were mothballed after completion of the
tests. The TED Series Gyrotron No. 2 was delivered to FZK
by November 2005 and conditioning has started, 0.96 MW
were obtained in short pulse operation. The delivery of the
superconducting Gyrotron magnets from Cryomagnetics
Inc. is ahead of schedule.
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The serial #3 and #4 magnets including power supplies
passed the SAT in July, magnets #5 and #6 passed SAT in
December 2006. All peripheral systems for four Gyrotrons
are now operational at IPP, the periphery for the next
Gyrotrons is under preparation. 

6.1.2 High-voltage system for Gyrotron power control and 
protection (IPF-Stuttgart)

The HV-control system for the W7-X Gyrotrons consists of
two main units: A high-voltage modulator unit, which pro-
vides the Gyrotron body voltage, and a crowbar unit with
thyratron-switch and integrated heater supply for the
Gyrotron cathode. The modulator is capable of delivering
modulated body voltages up to 30 kV at a rise time of up to
600 V/ms. It also monitors currents and voltages of the
Gyrotron via optical fibre links. The crowbar works as a
protection unit in case of technical problems at the Gyrotron
with a switch-off time of < 500 ns. The functions of the HV-
control system are internally controlled by integrated PLC
and remote controlled via optical fibre links by a special
control unit in the control centre. Previous tests with the
prototype HV-system gave good results, the stand-off volt-
age of the thyratron crowbar, however, did not meet the
specified safety margin. Therefore the thyratron circuit was
redesigned in collaboration with the thyratron manufacturer.
Figure 26 shows the new design with epoxy-coated high-
voltage capacitors, high-power enamelled wirewound resis-
tors and HV-compatible connector rings. The new version
was successfully tested up to 90 kV and was incorporated in
the series production, which started by end of 2004. The
older crowbars will be refurbished according to the new
design. Three complete sets of the HV-modulator/Crowbar
system were successfully tested, delivered and installed at
IPP-Greifswald. Integration in the central control system 
at IPP was performed by experts from Stuttgart and
Greifswald. The HV-equipment was finally tested success-
fully at full CW-performance in the frame of the site accept-
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Figure 24: The THALES Series Gyrotron No. 1: RF-power vs. time, a 3 min-
pulse is followed by a 30 min-pulse.
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Figure 25: Test of THALES Gyrotron No. 1: RF-power vs. beam current,
conditions as in figure 24



ance test of the TED-Gyrotron S. No. 1. In conclusion, the
R&D on the HV-Modulator and Crowbar was completed,
both systems are technically mature and ready for the ongo-
ing series production. The technical documentation is being
updated and the test procedure for the execution of the fac-
tory and site acceptance tests was defined. Four additional
HV-control systems will be delivered to IPP Greifswald in
2006, manufacture and tests are on schedule. Documentation
work is being continued.

6.1.3 Transmission System (IPF-Stuttgart) 
The installation of all mirrors for the transmission system in
the underground beam duct, i.e. the single-beam waveguide
(SBWG) sections from the gyrotrons to the beam combina-
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tion units as well as the multi-beam waveguides (MBWG)
for common beam transmission to the torus hall, was com-
pleted. All short-pulse calorimeters for the measurement of
the output power of each Gyrotron were installed and will
be successively tested together with the gyrotron tests. The
design of the beam redistribution optics in front of the
launchers consisting of two mirrors (M13, M14) per line
together with the corresponding screening and supporting
structures (“ECRH towers”) is well advanced, and manufac-
turing of the mirrors M14 is underway. As the beam match-
ing mirrors (M1, M2) have to be tailored for each individual
gyrotron, the beams of several gyrotrons (TED Prototype,
TED S No. 1, TED S No. 2 as well as CPI Prototype) were
characterized by thermographic imaging with subsequent
retrieval of the phase distribution in the beams. For precise
measurements, the thermographic equipment (remotely con-
trolled linear stage with 1.25 m travel range, image plates
with reference markers and IR camera) as well as the evalu-
ation software (image rectification, phase retrieval and
mode analysis codes) were improved and adapted to current
requirements. A standard procedure for measurements and
evaluation was developed and successfully applied. Owing
to the high content of the fundamental TEM00 mode in the
beam (well above 95 % for all tubes), simple ellipsoidal
shapes could be employed for the mirror surfaces. Together
with the final machining of the reflecting surfaces, direc-
tional couplers for power monitoring were integrated in the
mirror body. A major step for the transmission system was
the high-power long-pulse test of mirrors performed in con-
nection with the site acceptance tests of the gyrotrons 
”CPI Prototype“ and ”TED S. No. 1“.
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Figure 26: The 100 kV Thyratron protection circuit with fast switching
capability

Figure 27: Thermographic image of the output beam pattern of the TED-
Gyrotron S. No. 2



Here, the most loaded sections of the transmission lines con-
sisting of 7 mirrors could be operated successfully with a
power of 900 kW for 30-minute pulses. During these tests, it
turned out that additional measures have to be taken to
absorb stray radiation in the beam duct. Probably, the inte-
gration of Teflon-pipe absorbers is necessary in front of the
beam combination optics, where the individual Gyrotron
beams are coupled into the multi-beam transmission section.
Two large absorbing screens for the MBWGs were
designed, and construction was started. High-power tests of
the MBWGs are in preparation. These tests will employ
retro-reflector mirrors, which – after half distance forward
transmission – reflect this beam back on the central MBWG
channel into the absorber load placed at the entrance to the
MBWG-transmission line. The retro-reflector design was
completed, manufacturing is underway, completion is
scheduled early 2006. 

6.1.4 In-Vessel Components 
The design of the in-vessel components was continued, the
front structure of the launcher will withstand a plasma
radiation of 100 kW/m2. All parts inside the port are
actively cooled to cope with the microwave stray radiation
loading. A motor driven ECRH antenna mock-up was fab-
ricated and the mechanical properties were successfully
tested. Furthermore, the compatibility of the motor drive
with the expected stray magnetic field of W7-X (<40 mT)
was tested. In parallel, a reliable cooling water supply
inside the push-pull rods for the front mirror drive was
developed, flexible spiral pipes wound around the joints as
shown in figure 28. The particular challenge is the wide
angular range, which is required to satisfy all ECRH-oper-
ation scenarios. The hydro-mechanical properties were
measured as basic parameters for the design of the
required cooling system. The spiral tubes are presently
integrated into the mock-up launcher and integral reliabili-
ty tests under vacuum and in presence of microwave load-
ing in the microwave-stray radiation test chamber are
scheduled for mid 2006. The outline design of the serial
ECRH-front steering launchers was modified and incorpo-
rates the experience from the mock-up tests The detailed
design and fabrication is foreseen in 2006.
All diamond disc vacuum barrier windows were fabricated
and delivered. The measurements of their microwave prop-
erties were performed at the Institut für Materialforschung
at the FZK. 

6.2 Ion Cyclotron Resonance Heating
The activities to develop the ICRH system stayed at a low
level as the ICRH personnel (one physicist, one RF engi-
neer, one mechanical engineer) worked on other tasks of the
W7-X project. Thus only the time-critical component test
program for the ICRH antennas was continued.
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6.3 Neutral Beam Injection 
Neutral beam heating is foreseen in W7-X for bulk heating of
the plasma, necessary in particular for the high-beta regime at
elevated densities. A total power of up to 14/20 MW with
55 keV hydrogen/100 keV deuterium beams has been ap-
proved and will be built up in two stages: 5 MW first in stage I,
additional 15 MW later in stage II (EURATOM phase II
approval pending). In 2005 progress of NBI for W7-X was
strongly limited by the unchanged staffing situation. The
activities were constricted to urgent work on interface defi-
nitions in the torus hall and the outer vessel/duct.
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Figure 28: Detail of the water-cooled driving rods for the front steering
ECRH-Antenna. A spiral is wound around the universal joint allowing for
bending of ±45 °.
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MCDB: Magnetic Configuration
Database

As a prototype for W7-X physics
data repositories, a database for
magnetic equilibria of Wendel-
stein 7-X was implemented in
cooperation with the W7-X phys-
ics and XDV divisions. Tools for
storing the W7-X equilibria and linked quantities in the data-
base have been designed. In addition to retrieving the data
using simple queries, a more sophisticated concept has been
prepared that allows searching for magnetic configurations
satisfying given criteria and properties. The database access
application programming interface (MCDB API) was suc-
cessfully tested and proven to be practical within high-level
programming language applications. Several scientific pro-
grams, namely, the MCONF package, the MC Viewer, and
the BRT code (see below) access now routinely the database
for the flux surface geometry information. The data access
performance with an on-site database server was found to be
excellent and only network-bandwidth limited, that is one
order of magnitude faster than access time of an ASCII-file
with the same amount of information on a local hard disk.
During the testing phase, the initial release of MCDB API
was improved, examples and documentation were extended
and placed into the W7-X software information system.

MCONF Package and MC Viewer

The functionalities of MCONF were extended. The main
goal of the MCONF (abbreviates Magnetic CONFiguration)
package is to provide fast and convenient tools for coordi-
nate transforms between real space and Boozer magnetic co-
ordinates. The input file for MCONF is the Boozer magnetic
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configuration file, which is cal-
culated by the VMEC and the
JMC code. A magnetic configu-
ration can be loaded from a file
or from the MCDB (see above).
MCONF calculates the magnet-
ic field, the Jacobian, the metric
tensor, the rotational transform,
the trapped particle fraction,

flux-surface averaged moments of the magnetic field, the vol-
ume inside a flux surface, etc. The package contains modules
for straight line tracing through flux surfaces (for the transfor-
mation of experimental data measured along sightlines to
effective radius). MCONF can also create a 3D-mesh in
cylindrical coordinates for storing the magnetic field vector,
the flux surface label and its gradient, and provides addition-
ally a rapid interpolation. This functionality is used in the
BRT and NBI codes. This object oriented package is easy to
use in other applications, e.g. in the visualization program
MC Viewer, which displays various data of a magnetic con-
figuration. MCONF is written in C++, interface routines for
using MCONF from a FORTRAN environment are provided.

Function Parametrization for W7-X

To supply fast geometrical and magnetic equilibrium infor-
mation for W7-X, the function parametrization approach was
applied to finite-beta equilibria with toroidal net-currents cal-
culated with the VMEC-code. As a basis, a dataset of about
8000 equilibria had been calculated with randomly generated
input parameters encompassing the 6 coil current ratios, a
value for the effective radius, 4 parameters for the profile of
pressure and toroidal current. The input parameters covered
the expected ranges for the basic plasma parameters, like
<β>≤5 %, β0≤12 %, -50 kA≤Ipl≤50 kA. First applications of
the function parametrization tried to reproduce the flux sur-
face geometry and the magnetic field strength. With a low
noise level (1 %) of the input parameters the recovery accura-
cy was excellent. As in the vacuum case, a cubic model
proved to be necessary for these results. The sensitivity of the
accuracy to noise or incompleteness of parameters, especially
minor radius and profiles, is currently being investigated.

BRT: A New Ray-tracing Code

The BRT ray-tracing code was developed for electron cy-
clotron heating and current drive (CD) calculations. The code
is written to be platform independent and to be used in a stand-
alone version or as a module inside the 1D-transport code.
The BRT-code can be applied for arbitrary 3D magnetic
configurations provided that the flux surface geometry is
represented in Boozer magnetic coordinates. The magnetic
configuration can be loaded from the MCDB (see above);

The group concentrated on physics modelling
and software development for W7-X: the
stabishment of a magnetic configuration data-
base, function parametrization for fast equilib-
rium reconstruction, modelling of the ECR and
NBI heating, the predictive transport code
development and edge physics modeling.
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Figure 1: An example of the MC Viewer with B(θ,ϕ), B(l) and the trapped
particle fraction, ft(r)
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for convenience, also an extension of BRT for VMEC coor-
dinates is planned. The code uses the highly optimized coor-
dinate transform tools of MCONF. Either the cold or the
weakly relativistic dielectric tensor is used in the Hamiltonian
for the ray-tracing equations with an additional anomalous
dispersion in the vicinity of the EC resonance. Absorption
and emissivity are calculated from the anti-Hermitian part of
the fully relativistic dielectric tensor separately for passing
and trapped electrons. The electron distribution function
used for power absorption, CD, and emissivity calculations
can be a Maxwellian, a bi-Maxwellian or an arbitrary one,
thus allowing a future coupling with a Fokker-Planck solver.
At present, the adjoint approach is used to calculate the CD
efficiency. The code was partly benchmarked with the “old”
W7-AS ray-tracing code. Another feature is that the BRT
code can be exploited through a specially designed graphi-
cal user interface program, which allows the preparation of
input parameters and viewing results of a simulation in con-
venient form. Figure 2 shows one of the output screens with
the vacuum vessel, the outermost flux surface, and the
microwave beam discretized into rays. The new code is now
routinely used for modeling of heating and CD at various
harmonics of the ordinary and extraordinary mode (O1, O2,
X2, and X3) in different magnetic configurations.

Predictive and Analysis Transport Code

The development of the predictive transport code for stel-
larators was continued. Efforts were made for designing the
interface for including modules, which simulate the heating
and non-inductive current drive, ECRH/ECCD and NBI/NBCD,
to simulate self-consistently the plasma profile modifica-
tions. At first, the new modules are designed to run in a
stand-alone version; see BRT, MCONF, and MC Viewer.
After comprehensive testing, the modules are included into
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the transport code. This component-wise strategy eases con-
siderably the development process. The development of fast
NBI modules was started. The pencil-beam approach is used
for the calculation of the birth profiles. As a reasonable
approximation, the slowing-down of the fast NBI ions on
the flux surfaces is used allowing for a fast Fokker-Planck
solver for the particle distribution function evaluation. It is
planned to provide the same graphical front-end interface
for the NBI code as for the BRT code.

ISCDB: Energy Confinement Scaling

In the international collaboration (IAE implementing agree-
ment) a revision of the ISS95 confinement data base was
continued (NIFS, CIEMAT, U-Kyoto, ANU, U-Wisconsin,
U-Stuttgart, and IPP). The resultant update, ISS04, was
investigated indicating impact of data quality and the influ-
ence of data grouping, however, the confinement time was
confirmed to be independent of the heating scenario.
Bayesian probability theory was employed for errors-in-
variables techniques on the basis of re-analyzed errors in the
scaling parameters of W7-AS and LHD data. Bayesian
model comparison confirmed the collisional low-beta model
for low-beta data; the number of high-beta data appeared to
be unsufficient for conclusive results. Dedicated investiga-
tions on confinement time scaling in high-beta and high-
confinement regimes are planned for 2006.

ISPDB: International Stellarator Profile Database

In the international collaboration (IAE implementing agree-
ment), a stellarator profile database is under development.
In a first step, ECRH discharges with the neoclassical 
“electron-root” were collected from CHS, LHD, TJ-II and 
W7-AS and compared. In these discharges, strongly positive
radial electric fields, the “electron-root” of the neoclassical
ambipolarity, were found, which reduce the electron heat
diffusivity and result in highly peaked electron temperature
profiles. The neoclassical nature of this feature is clearly
confirmed in all devices. In addition, an impact of low order
rationals in the rotational transform is indicated in LHD and
in TJ-II. 
A prelimenary concept for the profile database structure has
been developed. Such an advanced tool is mandatory for the
simulation of W7-X discharges with the predictive transport
code as well as for the high level documentation of W7-X
discharges.

International Collaboration on Neoclassical Theory

The international collaboration (IAE implementing agree-
ment) on neoclassical theory was continued with the imple-
mentation of the GSRAKE code (General Solution of the

Figure 2: The user screen of the BRT graphical front-end interface



Ripple-Averaged Kinetic Equation) for LHD; extended
benchmarking of GSRAKE, DKES and the Monte Carlo
code DCOM led to very good agreement for different LHD
configurations (with shift of the magnetic axis).
The neoclassical ordering scheme was extended to include
density and potential variations on the flux surface as well as
to allow for toroidal rotation. It was shown that the momen-
tum conservation technique developed both by Taguchi and
by Sugama, which formulates the particle and energy bal-
ances as divergence-free fluxes within the flux surface, can-
not be applied for the case of density and potential variations. 

Quasi-neutrality and Neoclassical Transport

The General Solution of the Ripple-Averaged Kinetic
Equation (GSRAKE) has been modified to allow for varia-
tion of the electrostatic potential on a flux surface. Such a
variation is a necessity within the framework of local neo-
classical theory to obtain solutions of the kinetic equation,
which simultaneously satisfy the ambipolarity and quasi-
neutrality conditions. Results from GSRAKE predict that
density/potential variations can be significant for classical
stellarators, leading to increased particle and energy fluxes
especially in the plasma periphery. For strongly drift-opti-
mized stellarators such as W7-X, however, bulk-plasma
transport is much less affected, justifying the usual neglect
of the quasi-neutrality condition for transport calculations in
such configurations.

Bootstrap Current Benchmarking

For stellarators, the strong weighting of the ripple-trapped
particles due to their radial drift prevents in δf-Monte Carlo
techniques an efficient and accurate estimation of the boot-
strap current coefficient; this problem does not appear in
symmetric configurations. A special filtering technique was
applied in the VENUS δf-Monte Carlo simulations of the
bootstrap current by reducing the weight of ripple-trapped
particles leading to significantly improved statistical proper-
ties in particular in the lmfp-regime. The bootstrap current
coefficients calculated by VENUS were benchmarked with
DKES; very good agreement was obtained (collaboration
with M. Isaev, KIAE).

Island-Divertor Physics: Recycling and Impurity Retention
in W7-AS at HDH Plasma Conditions

The role of recycling neutrals and intrinsically released
impurities in improving the global plasma performance of
W7-AS for high-density, high-confinement conditions has
been analysed with simple physical models and 3D simula-
tions with the EMC3-EIRENE code. This study has identi-
fied two physical effects, which are consistent with two
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major signatures of the HDH regime, namely the observed
abrupt rise of the separatrix density, nes, at the transition
from normal confinement (NC) to HDH confinement, and
the observed strong impurity retention for HDH conditions
[Y. Feng et al., 2005, 32nd EPS Conf. (Tarragona)].
In contrast to tokamak divertors, an efficient screening of the
recycling neutrals in the W7-AS open island divertor requires
a high nes, in order to obtain a high overall density in the SOL
region. An increase of nes by larger gas puffing obviously
implies a rise of the recycling flux, Γrecy. EMC3-EIRENE cal-
culations show that this monotonic rise of Γrecy with nes is not
reflected by the flux of recycling neutrals entering the core,
i.e. the core ionization rate, Γcore. In fact, for low density or
low temperature in the SOL, the island is transparent to the
recycling neutrals, and the core fueling rises with the density.
However, in the intermediate density range, the island screens
the recycling neutrals, i.e. gas puffing does not contribute to
an increase of the particle content in the core, and the calcu-
lated Γcore stops growing and even drops slightly. This should
be visible in the variation of the measured line-averaged core
density, ne. This is indeed the case. The experimental data
show that ne first rises for low nes, then, following the rollover
of Γcore, flattens in the nes-range from 2 to 6×1019 m-3, which
corresponds to the plasma transition from NC to HDH, and
finally recovers when the islands become transparent again
for the recycling neutrals. Obviously, an assumed deteriora-
tion of the particle confinement causing the flattening of ne is
to be excluded in the transition from NC to HDH. That is,
there is strong evidence that the observed flattening of ne is
caused by an improved neutral screening in the SOL, in
agreement with the EMC3-EIRENE results, not by a particle
transport effect in the core. 
HDH core plasmas are surrounded by cold, dense island plas-
mas of several-centimeter thickness. EMC3/EIRENE code
calculations show that, under high-density HDH conditions,
the edge islands have a strong retention effect on the intrinsi-
cally released impurities. Specifically, the cross-field heat
conduction, due to the small field-line pitch in W7-AS,
strongly reduces the parallel heat conductive flux, especially
for ions, thereby dropping the related thermal forces directed
towards the separatrix. A purely friction-dominated SOL
regime can thus be established, in which the frictional plasma
flow drags impurities back to the targets. The carbon separa-
trix density (normalized to the total production rate in order to
isolate the transport effect from the production processes) is
reduced by more than one order of magnitude with respect to
the thermal-force-dominated case typical for low densities.

Island-Divertor Physics: Role of Stochasticity in W7-X

The question whether the ergodic magnetic structures typi-
cally present in the edge region of W7-X cause a stochastic-
ity-driven radial plasma-heat transport has been investigated
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for three W7-X configurations of major interest by a dedi-
cated 3D numerical study of the energy transport with the
EMC3 code [D. Sharma et al., Plasma Phys. Control. Fusion
48 (2006) 157]. The electron temperature profiles in the
edge region and the energy deposition on the divertor plates
were simulated for different values of the intrinsic anom-
alous cross-field diffusivity for a fixed plasma background
density and input power. Smaller values of the cross-field
diffusion coefficient decrease the width of the radial temper-
ature profiles and of the deposition layers on the divertor
plates while raising the temperature gradients in the separa-
trix region. No significant effects of a stochastic transport
were found in the temperature profiles and deposition distri-
butions even in the limit of very small cross-field diffusion
coefficients. The absence of a residual stochastic transport
even in regions with Kolmogorov lengths smaller than the
connection lengths agrees with classical estimates of sto-
chastic diffusion including intrinsic parallel and cross-field
heat transport effects and can be ascribed to the insufficient
stochastic decorrelation over the relatively short connection
lengths.

“Electron-Root” for ECRH in O1-mode

In analysis of “old” W7-AS discharges with ECRH in O1-
mode (fundamental ordinary mode) at 70 GHz, the “elec-
tron-root” feature was identified and compared with the
findings in discharges with ECRH at X2-mode (2nd har-
monic extraordinary mode). In these “old” discharges, the
electron temperature outside of the central “electron-root”
region was lower compared to the later X2-scenarios; this
difference is partly attributed to higher radiation losses due
to the titanium-carbide limiters in W7-AS at this time. For
the W7-AS “standard” configuration with ι~1/3, nearly all
the ECRH power is absorbed by passing electrons for the
O1-scenario whereas a significant power fraction goes into
trapped electrons in the X2-scenario where additional
“convective” transport contributions could be identified.
Consequently, the discharges with ECRH in O1-mode allow
a completely diffusive modelling of the bifurcation to the
“electron-root” in the neoclassical ambipolarity condition. 
It was found, that the access to the “electron-root”, i.e. the
ECRH power threshold, is reduced for an increased “effec-
tive helical ripple” describing the transport in the 1/ν-
regime. This finding confirms the “electron-root” perspec-
tive for the W7-X configurations with a substantial toroidal
mirror term.

Integrated Data Analysis and Diagnostics Design

Efforts on Integrated Data Analysis were continued. For-
ward modelling of spectroscopic data was performed.
Methods for experimental design were implemented and
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limiting cases analyzed. First studies of physics design of
the W7-X interferometer indicate the impact of error statis-
tics of the diagnostics set-up and the physical design target
on the optimization result. In a next step a virtual interfer-
ometer will be set up in order to allow analyses of con-
strained sight-line optimization, particularly in order to ana-
lyze the robustness of the geometry chosen with respect to
the expected diagnostics results (Cooperation with W7-X
Physics and ASDEX Upgrade).

Analysis of the ECE Diagnostic for W7-X

The accuracy and the abilities of the ECE diagnostic system
planned for W7-X were analysed with the BRT ray-tracing
code. It has been shown, that the standard ECE technique,
i.e. the ECE measurements from the low-field-side (lfs) near
the “bean-shaped” plane, is the most accurate and conven-
ient method to obtain the electron temperature profile (the
largest width of the emission line is about 2 cm, i.e. the spa-
tial resolution is about 5 %). Results of the modelling con-
firm also, that the information about non-thermal electrons
can be obtained with complementary high-field-side (hfs)
measurements in both the “bean shaped” (ϕ=0 °) and the
“triangular” (ϕ=36 °) planes.
The 3rd harmonic frequency range might provide sufficient
information for all these schemes. Despite the low optical
depth, the part of the ECE spectrum with ω>3ωce(0) has a
spatial resolution very similar to the 2nd harmonic hfs-spec-
trum, i.e. the spectral intensity is much less than for 2nd har-
monic lfs-spectrum, but quite suitable for the identification
of the emitting region.
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Stellarator System Studies

So-called quasi-isodynamic magnetic configurations with-
out transitional particle orbits, which completely confine 
a-particles and have high beta stability limits (<β>~6 %) 
[M. Mikhailov et. al., Nucl. Fusion 42 (2002) L23-26] are
very attractive as a reactor option. Whether this type of mag-
netic configuration can be realized with technically feasible
coils has been investigated. The first result of such calcula-
tions appears to be very promising.
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Results from Plasma Operation
As shown in other experiments
edge biasing can have a large
impact on the behaviour of
magnetically confined plasmas.
In WEGA a graphite probe was
used to bias the plasma edge by
applying an external voltage.
Main focus of these experi-
ments has been put on the
determination of the poloidal
ion velocity and the ion pres-

sure. It has been found that for negative edge biasing the ion
pressure gradient increased by a significant factor. The plas-
ma particles were measured by a Langmuir probe; the flow
was measured spectroscopically. As WEGA can be operated
with off-axis pressure profiles, the plasma flow could be
studied in areas of negative, none and positive ion pressure
gradients.
The external E×B flow could be superimposed to the differ-
ent diamagnetic components. Experiment data could be
obtained with a soft X-ray diagnostic confirming the exis-
tence of superthermal electrons in a wide operational range
assumed from previous Langmuir probe measurements. 

Setup of New Hardware and Diagnostics
In the first years of operation the magnetic field strength in
WEGA for plasma operation was limited to a rather low mag-
netic field strength value of B0<0.1 T due to ECR heating at
2.45 GHz. In 2005 the setup of an additional ECR heating
system and the transmission line have began. The new
microwave source is a gyrotron operating at a frequency of
28 GHz with a maximum pulsed power of 20 kW and 10 kW
CW. With this heating systems it will be possible to operate
WEGA at a magnetic field strength of B0=0.5 T with expected
maximal plasma parameters of Te≈50 eV and ne≈1×1019 m-3.
In cooperation with IPP Charkov, the construction of a Heavy
Ion Beam Probe (HIBP) diagnostic optimised for a magnetic
field strength of B0=0.5 T started. Thus, experience in the
operation of this complex diagnostic should be gained for the
HIBP foreseen for W7-X. In order to have a plasma density
control a fast piezo valve with a response time of <2 ms and a
feedback control system has been installed.
Within the framework of W7-X diagnostic development
tests of a bolometer, a neutral particle manometer and the
data acquisition hardware for the magnetic diagnostics have
been continued. 
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WEGA
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ECR Heating Mechanism
On WEGA studies on the heat-
ing mechanism of ECR heated
plasmas at 2.45 GHz have been
continued. In previous experi-
ments plasma densities above
cut-off have been found and a
mode conversion process from
O to X and X to Bernstein waves
was suggested. In order to verify this assumption the ampli-
tude and phase behaviour of the wave field has been investi-
gated experimentally in the vicinity region of the double slot
heating antenna. For this purpose high frequency probes and
additionally Langmuir probes for density measurements have
been used. In this region the features of the wave resonance
near the upper hybrid resonance (UHR) layer have been
found, such as an increase of the signal amplitude and a
decrease of the heating wavelength. The measured amplitude
and phase behaviour has been compared with results from full
wave field calculations developed by E. Holzhauer, Uni-
versity of Stuttgart. As shown in figure 1 a satisfactory agree-
ment has been found, concluding that the mentioned mode
conversion process takes place. The fraction of HF power
accepted for OX conversion was estimated using numerical
simulations and was compared with experimental data from
various diagnostics. The HF power accepted for the OX con-
version process is estimated to be ~20-25 % of the total
launched power.

Laboratory Plasma Devices WEGA and VINETA

The experimental program of WEGA and VINETA
is based on PhD projects within the International
Max Planck Research School Bounded Plasmas.
With the WEGA experiment the wave field of
the plasma heating microwave and the biasing of
the plasma edge has been measured. The focus
of the VINETA program was the measurement
of the dispersion relation of kinetic Alfvén
waves and investigations of radially propagating
turbulent drift wave structures.
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Figure 1: Measured and calculated HF amplitude and plasma density in
the OX conversion region



VINETA
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Device and Operational Parameters 
The experimental program conducted in the long linear cylindri-
cal plasma device VINETA (figure 2) is focused on plasma
waves and instabilities. The plasma is produced by non-resonant
rf helicon wave heating, which provides high plasma 
densities at relatively low electron temperatures ( n=1019 m-3,
Te≈3 eV for a rf frequency frf=13.56 MHz and rf power of
Prf=5 kW). The ionization degree varies strongly in radial direc-
tion and achieves almost 100 % in the plasma center. These high
densities at low electron temperatures result in high Coulomb
collision frequencies, which dominate in the high plasma densi-
ty region over the neutral collision frequency. Alternatively, the
plasma can be heated by electron cyclotron resonance. The 
system installed at VINETA is a 10 kW 2.45 GHz magnetron. 
A linearly polarized electromagnetic wave is converted into a
right-handed polarized wave (R-wave) and radiated along the
ambient magnetic field into the plasma.The main diagnostic
tools are electrostatic and magnetic probes. Langmuir probes 
are used to obtain time-averaged plasma profiles and to measure
density fluctuations. The time-averaged plasma profiles are
benchmarked with a 160 GHz heterodyne microwave interfer-
ometer. Recently, in collaboration with the University of
Innsbruck (R. Schrittwieser) a novel emissive probe scheme has
been developed, which is heated with a 50 W infrared diode laser
and gives reliable information about the plasma potential and its
fluctuations. Magnetic induction probes are used to measure
magnetic fluctuations. All probe types are computer controlled
and can be freely positioned in the entire plasma column.

Kinetic Alfvén Wave Dispersion Measurements
The investigation of Alfvén waves in laboratory experiments
is a challenging task, because high density plasmas are
required to reduce the Alfvén wave length to less than the
machine dimension. The VINETA parameters allow one to
study kinetic shear Alfvén waves, which are characterized by
a phase velocity smaller than the electron thermal speed. 
The waves are excited by a localized magnetic field perturba-
tion and the magnetic field response is measured along the 
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ambient magnetic field with induction probes. A measure-
ment of a kinetic Alfvén wave dispersion is shown in figure 3. 
In the low and intermediate frequency regime the measurement
follows closely the theoretical dispersion relation. A significant
deviation is observed when approaching the ion cyclotron reso-
nance, which is most likely due to collisions with neutrals. This
is subject of current investigations. Across the resonance a
smooth transition to the R-wave dispersion is observed.

Dynamics of Turbulent Drift Wave Fluctuation Structures
Investigations of the drift waves instability is a major subject
of the experimental program. The current focus is on the study
of generation and radial propagation of intermittent structures
in drift wave turbulence. Figure 4 shows a sequence of two-
dimensional azimuthal measurements of turbulent drift wave
density fluctuations in the VINETA plasma. The data is 
analyzed using conditional averaging to extract the large-
amplitude density fluctuations. A clear radial propagation of a
density structure front is observed. 
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Part of the VINETA program is carried out under the auspices of the special
collaborative research center SFB-TR24 “Complex Plasmas”.
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Figure 2: Schematic of the VINETA device. On the right-hand side the heli-
con plasma source is installed. The interferometer and two units of the
probe positioning systems are also shown.
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Figure 3: Measured dispersion relation of a kinetic Alfvén wave in a helium
plasmas (fci=380 kHz). The shaded areas indicate the theoretical kinetic Alfvén
wave and R-wave dispersion relations for the specified plasma density interval.

Figure 4: Three consecutive azimuthal cross-section showing the radial-azimuthal
propagation of a conditionally averaged drift wave fluctuation structure
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Heating Systems

Development of RF Negative
Ion Sources
In 2005 the development of a
large area RF source for nega-
tive hydrogen ions has made 
further substantial progress. The
project is aiming at demonstrat-
ing ITER-relevant ion source
parameters, i.e. a current density
in excess of 200 A/m2 accelerat-
ed D¯ ions with a co-extracted
electron current not exceeding the ion current and a source
filling pressure of 0.3 Pa from a PINI size extraction area for a
pulse duration of up to one hour. The development is being
carried out in three parallel lines on three different test beds:
BATMAN is dedicated to demonstrate the ITER parameters
for short pulses using a reduced extraction area (comparable
to that used for the arc sources Kamaboko III at CEA
Cadarache). MANITU is equipped for long pulses of up to
one hour and can handle ion currents up to 10 A. On RADI
the scalability of the RF source will be demonstrated using a
source of roughly half the ITER dimensions.

In BATMAN routine operation within the ITER parameter
range could be demonstrated for hundreds of beam pulses.
The reliability of operation has been significantly improved
by carefully controlling the caesium flux inside the source.

ITER Cooperation Project
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In this way it is possible to
maintain favourable conditions
for producing D¯ ions in the
source mainly through surface
production as figure 1 shows:
the falling caesium light emis-
sion indicates caesium starva-
tion; by increasing the caesium
evaporation rate the D¯ yield
starts rising and the co-extract-
ed electron current decreases.
The upgrade of the RF source
and the “MANITU” testbed for

long pulse operation in D¯ required significant changes to
many components: new power supplies for the beam extrac-
tion and acceleration voltage as well as a powerful RF gen-
erator suitable for cw operation have been commissioned.
The design of the RF transformer, which separates the
source from the power supply, and of the RF circuit have
been revised for cw operation. The Faraday screen, on
which about 50 % of the total RF power is deposited, is now
actively cooled. Two cryo pumps have replaced the existing
titanium evaporation pumps. A new long pulse calorimeter
has been installed. Deuterium operation requires radiation
shielding of the test bed: the source and the extraction sys-
tem are shielded by 20 cm thick polyethylene walls, the
calorimeter by 30 cm thick water tanks.
First long pulse beam extraction experiments have been per-
formed with 173 cm2 extraction area and pulses of several
minutes length (figure 2). The next step will be to control the
temperature of the source body and of the plasma grid in order
to obtain constant surface conditions during cw operation. 

The IPP contributes actively to the physics defini-
tion of ITER via the International Tokamak
Physics Activity. In this forum, the results of the
ASDEX Upgrade tokamak are compared to those
of the world’s other main tokamaks. Other IPP con-
tributions to the ITPA come from the Plasma
Theory, Plasma-facing Materials and Stellarator
research groups. Further IPP R&D in support of
ITER is focussed on specific technical systems and
is carried out largely under contracts with the
European Fusion Development Agency (EFDA).
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Figure 1: Ion current density, fraction of co-extracted electrons and the
emission from the neutral caesium normalized to the HY emission as a func-
tion of time. The arrow denotes the increase of the Cs evaporation rate.

Figure 2: Electrically measured H- ion current density, RF power, and elec-
tron current as a function of time for a 150 s pulse



The third test facility, RADI, is currently being commis-
sioned. The new test facility is using one of the injector
boxes of the de-commissioned W7-AS injectors and is
devoted to test the homogeneity of large plasmas and an
ITER-like RF circuit. The source (shown in figure 3) has
roughly the width of the ITER source and half the height.
RADI is equipped with a dummy plasma grid matching the
ITER grid conductance. The RF circuit consists of two gen-
erators of 180 kW maximum power each with pulse lengths
of up to 30 s. Each generator supplies two standard drivers.
Full size extraction is not foreseen in order to limit the total
effort. Hence, the RF generator can be kept at the same
potential as the source and no insulation transformer has to
be used in the matching. Various diagnostic techniques will
be used to determine the plasma uniformity. Furthermore,
extraction from individual apertures with a Faraday cup sys-
tem is in the design phase.
The diagnostic techniques for optimization and better under-
standing of physical processes in negative ion sources have
been further developed. Optical emission spectroscopy is

ITER Cooperation Project

now established as a standard diagnostic tool. For long pulse
operation a photo diode technique using a Cs interference
filter has been developed, allowing real-time observation of
Cs. The Langmuir probe system became operational (collab-
oration with Charkov University). First signals have been
observed with the laser detachment system. Preliminary
results show a density ratio D¯/ne of 0.3. Line of sight aver-
aged negative ion densities are now routinely measured with
the cavity ring down spectroscopy. The proof of principle
for work function measurements is also being demonstrated.
Both methods have been developed in collaboration with
Augsburg University (see University contributions). The Hα
beam spectroscopy on MANITU allows spatially resolved
measurements. Besides quantification of stripping losses
(<10 %), a beam uniformity of better than 10 % is observed.
The experimental techniques are accompanied by modelling
of the source, the extraction area (collaboration with Lublin
University) and the beam. 
Apart from the RF source development, there are two areas,
in which IPP also contributes to the design of the planned
1 MV neutral beam test facility: (a) The design of a full size
RF source, compatible with the requirements of the ITER
beam line, including the RF circuit and the transmission line
(in collaboration with Padua RFX). Due the limited space
and the remote handling requirements of the ITER source,
tests of an alternative scheme of matching by adjusting the
frequency, instead of tuning a capacitor nearby the drivers,
are currently in preparation on MANITU. (b) The continua-
tion of the scoping studies of a magnetic residual ion dump
(MIRS). These studies have been continued in collaboration
with the University of Lublin, Poland and UKAEA,
Culham. The work is now concentrating on studies of the
technical feasibility of the magnet and the residual ion
dumps regarding power and power density handling and
fatigue issues.

Design of the Faraday Screen for the ICRF Antenna
IPP is investigating, in the framework of an ITER task, the
design of various configurations for the Faraday screen of
the ITER ICRF antenna. Different degrees of opacity (see
figure 4) and shapes will be modeled with 3D electromagnet-
ic codes to obtain values for the attenuation of the RF power
and the power deposition on the surface of the shield. This
ITER task meshes closely with the experimental work done
on ASDEX Upgrade, which indicates that a high transparen-
cy could lead to the reduced voltage strength observed dur-
ing strong ELMs. An optically more closed screen is being
fabricated and will be installed on ASDEX Upgrade in 2006.

1.3 Development of the Remote-Steering ECRH Launcher
After the successful test of a remote-steering (RS) antenna
mock-up at 140 GHz using the W7-X ECRH installation,
work at IPF Stuttgart in 2005 concentrated on the 170 GHz
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Figure 3: Photograph of the interior of the half-size source: source back
plate (1), drivers with back plate (2) and Faraday screen (3), Cs oven ports
(4), feedthroughs for the starter filaments (5) and gas (6), three vertical (7),
five horizontal (8) and three axial (9) diagnostic ports.



RS launcher for ITER. In preparation of the high-power test
of an evacuated mock-up designed by FOM Rijnhuizen, 
the output beam of the coaxial gyrotron at FZ Karlsruhe
was analysed using thermographic imaging and phase
retrieval, showing a strongly astigmatic beam with intense
side lobes. Based on the Gaussian part of the beam, match-
ing optics consisting of two mirrors were designed, fabri-
cated and used in experiments with the upper launcher test
stand at FZ Karlsruhe.
For the reference RS launcher, the input optics and the
square waveguide were analysed using numerical tools
such as diffraction calculations, waveguide mode analysis
and propagation, as well as beam mode analysis. The
results show that the beam pattern at the entrance of the
square waveguide is subject to high truncation (2.4 %) due
to higher-order modes contained in the beam radiated from
the circular corrugated waveguide. The steering range is 
-12.7 °≤ϕ≤12.6 °, and the beam divergence (FWHM) is
2.7 °, i.e. higher than calculated from the Gaussian beam
approximation. 
Further calculations showed that a decrease of the beam
divergence by at least 10 % is possible, if beams with 
J0-distributions are coupled into the square waveguide. For
this case, the power truncated at the entrance aperture is
strongly reduced as well. Concepts for the realization of
these improvements were discussed.

Diagnostics

Bolometer Sensors
The prototype of a radiation hard resistive bolometer has
been produced, installed in ASDEX Upgrade and operated
successfully in a tokamak environment. The prototype
bolometer with platinum meanders and absorber on an
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amorphous silicon nitride substrate and the original standard
Kapton bolometer used on ASDEX Upgrade and JET with
gold meanders and absorber were calibrated as a function of
temperature. The temperature coefficients of the gold and
platinum meander resistances are found have the same value
to within 5 %. Heat diffusion simulations of the bolometer
foils, using the dimensions, specific heat, density and ther-
mal conductivity of the components, were carried out to cal-
culate the cooling time constant and heat capacity of the
foils. These calculated values are in agreement with those
measured to within 15 %. In accordance with these simula-
tions, the prototype bolometer is a factor of 2 more sensitive
than the original bolometer and the cooling time constant of
the prototype was about a factor of 2 smaller. An in situ test
of the prototype bolometer foil in a bolometer head in the
presence of an ITER relevant neutron fluence to demon-
strate its radiation hardness is planned.

Divertor Thermography
Three different concepts for the optical measurement of the
surface temperature (thermography) of the inner and outer
divertor strike point module were investigated in prepara-
tion of ITER – Wavelength multiplexing thermography,
conventional optic, and fibre optic based relay systems. The
conventional optic system is the most flexible for detection
wavelength and bandwidth (sensitivity) selection. In the
conventional optic design, the most critical item is the 
(re-) adjustment of the mirrors during ITER operation.
The consequences on the heat flux calculation of modifica-
tions of the thermal properties of the divertor surfaces were
investigated. To gain information on the thermal properties
of the target, a temporal variation of the heat load is
required, either by external beam blips or from the intrinsic
pulsed heat loads produced by ELMs.
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Figure 4: (left) Original, optically very transparent Faraday screen for the ITER antenna, shown in front of 3 central conductors (1/8 of the antenna).
(right) Optically closed Faraday screen, consisting of alternating T rods, being considered for the ITER antenna. A similarly closed screen will be installed
on ASDEX Upgrade in 2006.



Physics Integration

Design of the Upper ECRH Launcher
In 2005, the main emphasis of the physics analysis of the
ITER ECRH Upper Launcher, which is co-ordinated by
IPP Garching, was on the comparison of the Front steering
(FS) and Remote Steering (RS) designs. A set of objective
criteria for the characterisation of a given design was
established, based on the task of stabilising NTMs at q=2
and q=1.5. The first criterion is a requirement on the steer-
ing range, sufficient to reach q=1.5 and q=2. The second
criterion is that the current density driven at the resonant
surface of interest should be at least 20 % greater than the
local bootstrap current density. This criterion was con-
firmed by a joint analysis of data from ASDEX Upgrade,
DIII-D and JT-60U.
The third criterion is that the steering speed is fast enough
to scan half of the angle range in 3 seconds, the energy
confinement time scale. Analysis showed that, while both
launcher designs fulfil criteria 1 and 3, the RS design is
insufficient to reach the required driven current density in
most cases. On the other hand, the FS design can achieve
this value with a large margin for all cases studied. Thus,
from a physics point of view, the FS design is clearly
preferable, indicating that the technical feasibility analysis
of this option should be pursued.

W Erosion and SOL Transport
The erosion of W from the ITER first wall and subsequent
transport in the SOL was modelled for different ITER refer-
ence background plasma scenarios using the Monte Carlo
impurity transport code DIVIMP. Two different plasma
geometries were considered: Detached divertor and limiter
configurations.
For the standard ITER configuration with W only at the baf-
fles, the plasma W concentration ranges from 10-6 in the
confined plasma to 10-4 in the SOL near to the divertor baf-
fles. W is primarily eroded by highly charged low Z impuri-
ties (Ar or C). Increasing the W first wall coverage to a full
W divertor increases the average plasma concentrations by a
factor of two and for a full W ITER first wall the average
plasma concentration is increased by a factor 5. One can
thus conclude that operation in detached divertor mode will
not be limited by excess W erosion, even with a full W first
wall.
In the limiter configuration, even for a pure D plasma, the
erosion of W near to the separatrix was close to run away
self-sputtering. Simulations including Ar showed a factor 4
increase in the W erosion flux. The resulting W plasma
concentrations reached levels of several % in the vicinity
of the limiter. While these results are clearly outside the
trace particle approximation assumed in DIVIMP, they still
show the strong influence of seeded impurities like Ar: 

ITER
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The seeded impurity has to cool the plasma sufficiently so
as to compensate the enhanced sputtering otherwise unac-
ceptable W plasma concentration levels occur.
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Surface processes on plasma-
exposed materials

W-Be interdiffusion
The formation of a binary alloy
between beryllium und tungsten
is a crucial issue if both materials
are simultaneously employed as
first wall materials. A strong re-
duction of the tungsten melting
temperature of 3700 K to as low
as 2000 K for a Be-rich alloy is
expected from the phase diagram. For thin Be films on W, a
limited alloy formation was shown in 2004. New investiga-
tions focused on W films on Be and their behavior at elevated
temperatures.

The left figure illustrates the evolution of 1 MeV 1H+ RBS
spectra of a 200 nm W layer on Be upon annealing. Up to
970 K the W surface peak is constant and is not distinguish-
able from the spectrum measured at 300 K. At 1070 K, inter-
diffusion of Be and W starts. With prolonged annealing
(times are indicated in the right figure), a Be-W alloy is
formed at the surface of the sample. The Be signal shows the
appearance of Be at the sample surface after 600 min
annealing. From the RBS spectra, depth profiles (figure 1,
shown right) can be calculated. A Be12W alloy layer is pro-
duced upon annealing at 1070 K. Unlike the case of a Be
layer on a W substrate, in this case no Be loss is observed
and a Be12W stoichiometry is reached. The degree of alloy
formation is determined by the amount of W present at the
surface and leads in this case to a Be12W layer with an
approximate thickness of 2 μm. As a consequence of this
behavior, a stable alloy layer with low melting temperature
(compared to pure W) is produced on the Be substrate.

Multiple scattering of MeV ions in matter
A correct consideration of multiple scattering effects of
MeV ions in matter is important for an improved quantifica-
tion of ion-beam analysis data. Swift ions traversing matter
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undergo many small angle de-
flections by collisions with target
atoms at large impact parame-
ters. This is called multiple scat-
tering. The combined effect of
these collisions results in angular
and energy straggling, leading to
a degradation of the achievable
depth resolution in ion beam
analysis methods. The analytical
Amsel/Szilágyi theory of multi-
ple scattering was compared to

simulation calculations using the Monte-Carlo code MCERD
and the molecular dynamics code MDRANGE for typical
Rutherford backscattering and elastic recoil detection analysis
geometries. For not too large depths, the analytical theory is in
very good agreement with the simulations. At larger depths,
deviations occur due to nuclear straggling, which is difficult to
include in analytical theories.

Sputtering of W surfaces by simultaneous
D and C ion impact
Although the physical sputtering of material surfaces is well
understood, the case of simultaneous bombardment with
volatile and non-volatile elements has revealed new effects
due to material mixing processes, which cannot be under-
stood by the linear addition of the two species. The domi-
nance of sputtering or possible layer growth is determined by
the synergistic effect of the two species’ incoming, reflected
and sputtered particle fluxes and their flux ratio.
Sputtering of W, the ITER candidate material for high flux
exposed vessel areas, by simultaneous impact of D and C ions
was studied in the IPP Dual Beam Experiment (DBE). Ion
bombardment was performed with 12 keV C2 negative mole-
cule ions and 9 keV D3 positive molecule ions. The C fraction
in the incident flux was varied from 0 to 22.2 %. Surface
modifications during irradiation were studied in-situ by
Rutherford back-scattering analysis, detecting the amount of
W left on the surface after each bombardment step.
For the given ion energies the effective W sputter yield YW
becomes zero at a C fraction in the incident flux >≈20 %
corresponding to a permanent C layer growth. The depend-
ency of the initial value of YW can be well deduced, howev-
er, from the superimposed sputter yields by pure C and D.
With increasing carbon concentration in the beam, the near
surface W layer will be enriched with an increasing
amount of carbon, ultimately leading to continuous growth
of a carbon layer on top of the W bulk. The dynamics of
this transition cannot be described by simple superposition
of C and D sputtering and implantation. Numerical model-
ling of the ion scattering in the solid including chemical
effects is required in order to understand the underlying
physics.

Within the project “Plasma-facing Materials and
Components” the areas of plasma-wall interac-
tion 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 exploration and further develop-
ment of the fusion devices of IPP and also gener-
ates basic expertise with regard to PFC-related
questions in ITER and fusion reactors.
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Figure 1: Evolution of 1 MeV 1H+ RBS spectra of a 200 nm W layer on Be
upon annealing. From the RBS spectra, depth profiles (shown right) can be
calculated.



Migration of Materials in Fusion Devices

Time evolution of beryllium layers deposited from
beryllium seeded plasmas
The formation of shielding beryllium (Be) layers on divertor
targets due to deposition of Be eroded in the ITER main
chamber can significantly reduce erosion of carbon at the
strike points. Since these layers will probably be removed
periodically by ELMs the time scale, at which these layers
reduce the chemical erosion determines how effective they
can shield the underlying carbon. In recent experiments at
the PISCES divertor simulator, performed in collaboration
with IPP, it was discovered that the erosion rate decays on
two distinctive time scales: A fast initial decay (τ1~10 s) and
slow secondary decay (τ2~1000 s) both having a strong de-
pendence on the Be plasma concentration. τ1 can be calcu-
lated in an erosion deposition model, in which the time
required to reach equilibrium in C erosion is determined by
the time required to reach the equilibrium surface composi-
tion within the implantation range of the incident species. In
contrast, τ2 can not be explained with erosion deposition
processes that only take place within the implantation range. 
Comparisons to Be layer formation from Be seeded He 
plasmas, which exhibited no secondary decay indicated that
the secondary decay is probably due to chemical erosion
processes occurring beyond the implantation range within
the porous structure of the C surface. Since the incident Be
is deposited only in the implantation zone a much thicker Be
layer has to be deposited to reduce chemical erosion in this
extended reaction zone by closing pores. This effect is
beyond any of the current models, which do not take surface
morphology into account. Since the ELM frequency in
ITER is expected to be <1 Hz the most important time scale
with respect to layer formation is τ1, which can be very well
described through current modeling calculations.

Co-deposition of deuterium with carbon in gaps of plasma
facing components
To improve the understanding of carbon redeposition and for-
mation of fuel inventories in gaps of plasma facing structures,
experiments with exposure of tungsten macro brush samples
to dedicated well diagnosed discharges were carried out in
the ASDEX Upgrade tokamak. Macro brush samples with
the same gap dimensions as in the current ITER design were
exposed to the outer strike point and the main chamber 
midplane scrape-off layer plasma in H-mode discharges
using the divertor and boundary layer manipulator systems.
The retrieved samples were disassembled and their top- and
side-faces analysed by nuclear reaction analysis. For all
samples an exponential decrease of the D/C deposits from the
gap entry into the gap is found with scale lengths of 1-2 mm.
In the divertor, there is an additional slower decrease deeper
into the gaps with scale lengths of ≈10 mm.
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Extrapolation from the measured total deposition rate per
unit area to ITER conditions leads to tritium inventory
growth rates, particularly in the divertor region, which
might severely limit the maximum number of discharges
before cleanup becomes necessary due to ITER radiation
safety thresholds.
The experimental data provide the base for benchmarking a
Monte-Carlo model, which calculates the trajectories of
molecule radicals entering the gap taking into account stick-
ing, reflection and re-erosion at the gap walls. Fitting the
experimental data to the model allows one to infer, which
species is mainly responsible for the formation of the D/C
inventories. First results show that the observed deposition
patterns are only compatible with a model where the main
fraction of CxHy-radicals consists of species with sticking
coefficients ≥0.1. The observed strong decrease at elevated
surface temperatures could result from either increased re-
erosion rates or by a decrease of the respective sticking
coefficients.

Tritium Inventory – Understanding and Control

Trapping of deuterium in different tungsten grades
The trapping of deuterium in different tungsten grades was
investigated by ion-beam analyses and thermal desorption
spectroscopy.
Depth profiles of deuterium implanted with 200 eV at 300-323 K
in W single crystals and polycrystalline W were measured up 
to a depth of 7 μm using the D(3He,p)4He nuclear reaction in 
a resonance-like technique. The proton yield was measured
as a function of incident 3He energy and the D depth profile
was obtained by deconvolution of the measured proton
yields using the program SIMNRA. Some depth profiles are
presented in Figure 2. The depth, at which deuterium is
retained can tentatively be divided into three zones: (i) the
near-surface layer (up to a depth of ~0.2 μm) with a maximum
D concentration of about 3 at%, (ii) the sub-surface layer
(from ~0.5 to ~2 μm) with a maximum D concentration of
about 0.1 at%, and (iii) the bulk (>5 μm) with D concentration
<0.01 at%. Low-energy D ion irradiation modifies the W
structure to depths of up to about 5 μm, both for W single crys-
tals and polycrystalline W. Plasma-spraying is an attractive
technological method to coat large areas with tungsten.
Hydrogen retention in plasma-sprayed W may differ strong-
ly from that of monocrystalline and polycrystalline W.
Deuterium retention in plasma-sprayed tungsten was inves-
tigated experimentally by implanting deuterium ions fol-
lowed by thermal desorption spectroscopy.
The deuterium retention in plasma-sprayed W is 4-5 times
higher than in polycrystalline W at incident energies from 
200-3000 eV/D and a wide range of deuterium fluences from
1022-1024 D/m2. Plasma-sprayed W also requires higher tem-
peratures of about 1000 K to release all hydrogen, while 800 K
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is sufficient for polycrystalline material. Tungsten transmutes
into Rhenium under energetic neutron irradiation, which will
be the case in a future thermonuclear reactor. To investigate
the influence of Re impurities on hydrogen retention in tung-
sten, deuterium was implanted into W-Re alloys with different
Re fractions of 1, 5 and 10 %. A common feature of these
alloys was the presence of voids in the bulk of the material.
Compared with polycrystalline tungsten, the thermal desorp-
tion spectra of W-Re alloys show an additional release peak at
800 K. Deuterium retention in all investigated W-Re alloys
was about 3 times higher than in polycrystalline W at incident
ion energies from 200-3000 eV/D and deuterium fluences
from 1022-1024 D/m2.

Trapping of deuterium in carbon fibre composites
Deuterium retention in carbon fibre composites (CFC) NB31
and N11 was studied by irradiation with 30 to 200 eV D ions,
both from ion beams and plasma devices, using thermal des-
orption spectrometry and D(3He,p)4He nuclear reaction in a
resonance-like technique. It is found that at irradiation temper-
atures in the range from 323 to 723 K the amount of deuterium
trapped in the CFC materials increases with the ion fluence, Φ.
No saturation was reached as observed in pyrolytic graphite.
At room temperature, the deuterium retention increases pro-
portionally to Φ0.5. Depth profiles are shown in Figure 3. In
principle, they resemble those of D in tungsten as presented in
Figure 2. Saturation of retention occurs only within a near sur-
face layer equivalent to the ion range. The increase in total
retention is accompanied by an increasingly long profile 
tail extending beyond 14 μm with D concentrations above
10-1 at% at fluences above 1024 D/m2. The diffusivity of deu-
terium in the bulk of the carbon fibre composites as derived
from the depth profiles depends only weakly on the irradiation
temperature and lies between 5×10-17 and 5×10-15 m2s-1 for
irradiation temperatures in the range of 323 to 723 K. 

Plasma-facing Materials and Components

Tritium Permeation Barriers
Recent investigations of blanket concepts from the European
Power Plant Conceptual Study (PPCS) indicate that in the case
of reduced activation steel as a structural material a fraction of
the particle flux impinging onto the first wall of a blanket mod-
ule from the plasma can diffuse through the structural material
into the coolant. This will lead to tritium contamination of the
coolant. For this reason we suggest to integrate a tritium perme-
ation barrier into the plasma-facing side of a blanket module.
Since a tungsten coating is proposed as a plasma-facing materi-
al, while alumina is considered to be one of the most efficient
permeation barriers, we investigated the permeation barrier
performance of such combinations of thin coatings: coatings of
tungsten and alumina with thicknesses in the μm range deposit-
ed on a fusion relevant material, EUROFER 97 steel. The 
following combinations were examined: bare EUROFER,
EUROFER with a tungsten coating, EUROFER with an alumi-
na coating, and the combination EUROFER-alumina-tungsten.
The coatings were produced by vacuum arc deposition for alu-
mina and by magnetron sputtering for tungsten. While a 1 μm
tungsten coating reduces the permeated flux by roughly 1 order
of magnitude, a 1 μm alumina coating leads to a reduction of
about three orders of magnitude. The deposition of tungsten on
top of an alumina coating, in turn, reduces its barrier perform-
ance by about a factor of two. Recently, we also focused our
attention on another crystalline coating, namely erbium oxide.
It can easily form the required crystalline structure, is stable
with respect to liquid tritium breeder materials like lithium,
maintains its electrical properties under neutron irradiation etc.
Investigations included both thermal load test and permeation
measurements to find out how erbia is compatible with other
materials at elevated temperatures as well as how well it 
suppresses hydrogen transport. It is found that a 1 μm thick 
crystalline erbia coating on EUROFER reduces the tritium 
permeability by a factor up to 103, while revealing good 
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Figure 2: Depth profiles of deuterium trapped in polycrystalline W irra-
diated at 323 K with 200 eV D ions to different ion fluences. At very high
fluences the D concentration decreases due to the formation of blisters.

Figure 3: Depth profiles of deuterium trapped in carbon fibre composite
NB31 irradiated at 323 K with 200 eV D ions to different ion fluences



thermo-mechanical stability being deposited on different sub-
strates. Since the coating is comparable with crystalline alumi-
na in terms of its efficiency but possesses some advantages
over alumina and is easier to be produced, erbia is proposed 
as an alternative material for permeation barrier coating.

Chemical sputtering of carbon layers
The interplay between chemical reactivity and physical dam-
age production of impacting species leads to so-called chem-
ical sputtering. Chemical sputtering of carbon materials is
the basic process that leads to a production of volatile hydro-
carbon species, which are responsible for the redeposition of
hydrocarbon layers. Investigations on chemical sputtering of
carbon materials were continued. In addition to earlier meas-
urements chemical sputtering due to combined bombardment
with He+ ions and atomic hydrogen was investigated. The
data show excellent qualitative agreement with the devised
chemical sputtering model. The only remaining free parame-
ter in this model is the scaling parameter a. Good quantita-
tive agreement can be achieved if a value of a=0.6 is selected
while the other noble gases argon and neon can be well
described with a=0.4. The physical interpretation of a is a
matter of ongoing research. It is assumed that it depends on
details of the collision cascade physics. Chemical sputtering
due to combined exposure to energetic argon ions and molecu-
lar oxygen was studied as a function of ion energy (50-800 eV),
sample temperature (140-600 K), and argon-to-oxygen flux
ratio. Surprisingly high erosion yields per ion were found. 
The yield per ion increases monotonously with increasing ion
energy. The maximum yield found at 800 eV is 6. In the tem-
perature range between 200 and 600 K the yield shows only
little variation, but it increases by about a factor of 2 with if T
is decreased from 200 to 140 K. The flux dependence of the
process shows saturation at high oxygen fluxes.

Deposition and erosion of carbon layers in nitrogen-
containing plasmas
On the one hand, nitrogen addition to the divertor plasma was
suggested as a means to cool the divertor plasma and, on the
other hand, as a scavenger for reactive hydrocarbon species,
which are considered to be responsible for redeposition of
thick co-deposited layers. The observation of a reduced depo-
sition rate in nitrogen-containing low-temperature plasmas
was quoted as a confirmation of the scavenger hypothesis. For
this reason, we investigated deposition and erosion of carbon
layers in nitrogen-containing plasmas. In methane/nitrogen
low-temperature plasmas we observe a decrease of the deposi-
tion rate with increasing nitrogen fraction in accord with the
literature. We attribute this observation to the effect of chemi-
cal sputtering and not to a scavenger effect. Particle-beam
experiments in the MAJESTIX experiment show that already
nitrogen ions alone cause chemical sputtering of a-C:H films
with yields of the order of 1 (for energies above 50 eV).
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Addition of atomic hydrogen increases the chemical sputtering
yield per ion to values of 2 to 5. The chemical sputtering rates
measured in our low-temperature plasma are of similar magni-
tude as measured deposition rates for comparable plasma 
conditions. Deposition of hydrocarbon films is always a com-
petition of deposition and erosion – in pure methane plasmas
hydrogen produced from the dissociation of methane acts as
erosion species – and measured net deposition rates are the dif-
ference between gross deposition and erosion. Therefore, a
change of the erosion rate has to be taken into account when
net deposition rates are discussed. 

Materials – Processing and Characterisation

Nanostructure and thermal stability of metal-doped carbon
layers
To achieve a better understanding of the re-erosion properties
of metal-containing carbon layers, the nanostructure of mag-
netron-sputtered layers containing the metals Ti, V, W, Zr was
investigated using RBS, SEM, XRD and EXAFS (Extended
X-ray Absorption Fine structure Spectroscopy). In addition,
thermally induced structural changes were investigated.
Samples consist of a three layer system where a mixed metal-
carbon layer is sandwiched between two pure carbon layers.
The two carbon layers are chosen for two reasons: First, to
avoid incorporation of impurities, in particular to prevent oxi-
dation of the metal dopant during handling in air and, second,
to eliminate surface and interface effects during annealing.
The films are laterally homogeneously doped. The structure
of the metal-containing layers is affected by metal type, metal
concentration, and thermal treatment. No crystallographic
phases were detected in the as-deposited samples by XRD.
The absence of peaks in XRD does, however, not imply that
there is no crystallinity in the layer at all. It can also indicate
very small and/or a small number of nanocrystals. Annealing
leads to the formation of nanometer-sized carbide crystallites
in an amorphous carbon matrix, as observed with XRD. For
all dopants no diffusion across the layer interfaces was found
up to annealing temperatures of 1300 K (RBS). 
EXAFS was applied to investigate the atomic surrounding of
V in as-deposited and annealed vanadium-doped triple layers.
The measurements were performed in fluorescence detection
at the vanadium K-edge on the Hasylab, DESY, Hamburg*.
From the position of the absorption edge in the as-deposited
sample it is reasoned that V is in a non-metallic state. The
edge position shifts with increasing annealing temperature.
Furthermore, the EXAFS modulations are continuously evolv-
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ing with temperature towards those of vanadium carbide. After
annealing to 1100 K, the spectrum shows no significant differ-
ence to VC. This is consistent with the formation of about 5 nm
large carbide crystals as revealed from XRD measurements. 

Metal Matrix Composites
The reduced activation ferritic martensitic steel EUROFER 97
is currently considered as a reference material for structural
components of the first wall of future fusion reactors. One
drawback of this steel is that its use would limit the maximum
operating temperature to 550 °C due to the loss of creep
strength at higher temperatures. An approach to solving this
problem is reinforcement of EUROFER 97 with long SiC
fibres. This novel composite may allow an increase of the
operating temperature up to 750 °C, which is essential for
efficient energy production.
The first aim was the development of a thermally stable inter-
face between the SiC fibre and the EUROFER matrix.
Diffusion in metal matrix composites can lead to the forma-
tion of undesirable compounds in the interface region
between fibres and matrix. Therefore, an appropriate diffu-
sion barrier between the fibres and the steel is necessary. In
the case of SiC-EUROFER 97 the main problem was found to
be C diffusion into the steel from the outer fibre coating.
Different metallic and ceramic interlayers were selected as a
diffusion barrier to suppress this C diffusion. To allow investi-
gation of the coatings by a number of different analysis meth-
ods, planar samples instead of fibres were coated and then
annealed at different temperatures. As metallic interlayers Ti,
Cr, Re, W and a combination of Re and W interlayers were
tested. The best results on the suppression of C diffusion were
achieved through the application of a W interlayer and Re/W
multilayer. The following ceramic layers were also investigat-
ed as diffusion barriers: TiC, TiN, and Er2O3. The application
of an Er2O3 barrier showed the most promising result. The
Er2O3 layer was not only stable with respect to interaction
with EUROFER, but it also effectively suppressed any C dif-
fusion. Finally, one of the interlayers, namely W, was tested
with fibres. No interdiffusion between the fibre and W-
EUROFER coatings was observed at the assumed working
temperature of the new composite material, 750 °C. 

Tungsten alloys as plasma-facing material for fusion reactors
In a future fusion power reactor a potential problem with the
use of pure W as plasma facing material may occur under
accidental conditions. A loss-of-coolant event combined
with air ingress in a He-cooled reactor would lead to a tem-
perature of 1100 °C after approx. 30 days due to the nuclear
decay heat of the in-vessel components. In consequence,
radioactive and highly volatile WO3 compounds would be
formed and potentially released to the environment.
To enable the formation of self passivating protection layers
in presence of oxygen the behaviour of selected elements as
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additives to W was investigated. Therefore, thin films of W
based alloys were synthesized by magnetron sputter deposi-
tion and subjected to oxidation in synthetic air. The oxida-
tion rates were determined by thermobalance measurements.
In previous experiments it was demonstrated that a W alloy
containing a high amount of Si forms a protective SiO2 layer
in air at 800 °C, which reduces the oxidation rate by a factor
of 100. Further addition of Cr reduces the oxidation rate
even more and protects the system at lower temperatures.
To minimize the total amount of the alloying elements Si free
compounds were also tested. The system WCr20Al7 (contents
in at%) showed an oxidation-behaviour similar to the tested
W-Si-Cr alloys at a lower level of additives. The oxidation rate
as compared to pure tungsten is reduced by more than three
orders of magnitude at temperatures as low as 600 °C.

ExtreMat – New Materials for Extreme Environments
(an EU Integrated Project in FP 6)
The European research project ExtreMat is coordinated by
IPP and brings together 37 European partners from industry,
research centers and universities with the aim to develop new
materials for very demanding applications. Application fields
besides fusion are advanced fission, electronics and space
applications, as well as gas turbine compounds, brake sys-
tems, X-ray generators etc. as spin-off applications.
Common requirements are the basis for the development of
self-passivating protection materials, new heat sinks, radia-
tion-resistant materials and of compounds integrating these
materials with their favorable properties. During the first
project year, the requirements were defined (mainly by
industrial partners), and research concepts were identified
and prepared in first experimental investigations. Besides
activities in the fusion materials field and in the coordination
of the project IPP also took over the management of the
entire project in 2005.

Component Behaviour

Dual-scale structural analysis of divertor components
According to the European Power Plant Conceptual Study
(PPCS), actively cooled tungsten mono-block is one of the
divertor design options for fusion reactors. In this study the
coolant tube acts as a heat sink and the tungsten block as
plasma-facing armour. A key material issue here is how to
achieve high temperature strength and high heat conductivi-
ty of the heat sink tube simultaneously. Copper matrix com-
posite reinforced with continuous strong fibres has been
considered as a candidate material for heat sink of high-
heat-flux components. Refractory tungsten wire is a promis-
ing reinforcement material due to its high strength, winding
flexibility and good interfacial wetting with copper. 
We studied the applicability of tungsten-fibre-reinforced
copper matrix composite heat sink tubes for the tungsten
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mono-block divertor by means of dual-scale finite element
analysis. According to the PPCS a copper interlayer (1 mm
thick) is inserted between the tungsten block and coolant
tube. A heat flux of 15 MW/m² with cooling water tempera-
ture of 300 °C was considered. Effective stress-free temper-
ature was assumed to be 500 °C. 
The finite element analysis yields the following results: The
predicted maximum temperature at steady state is 1223 °C at
the surface and 562 °C at the interface between tube and cop-
per layer. On the macroscopic scale, residual stress is generat-
ed during fabrication due to differences in thermal expansion
coefficients of the materials. Strong compressive stress occurs
in the tungsten block around the tube while weak tensile
stress is present in the interlayer. These stresses are signifi-
cantly decreased upon subsequent thermal loading. Resolving
the composite stress on microscopic scale yields a maximum
fibre axial stress of 3000 MPa after fabrication and 1550 MPa
under heat flux loading. The matrix equivalent plastic strain
reaches 5 %. The stress level in the cold state is critical, since
the tensile strength of commercial tungsten wires ranges
between 2500-3700 MPa. This implies that annealing treat-
ment for the stress relaxation is necessary during fabrication. 

IPP high heat flux test facility GLADIS
The new ion beam facility GLADIS (Garching Large DIvertor
Sample Test Facility) for testing of actively cooled plasma-fac-
ing components under high heat fluxes is now in operation. In
May 2005 GLADIS started routine operation providing a
beam power between 150 kW and 1.1 MW with pulse lengths
up to 15 s for full power operation. The preferred target posi-
tion is defined by the crossing of the two ion beams at 3 m dis-
tance from the ion sources. Presently only one ion source can
be operated because only one power supply is available. At
this position, a power density of the central beam (∅ 70 mm)
between 3-55 MW/m² (one ion beam only) allows effective
testing from small samples to large components up to 2 m
length and active water-cooling. The comparison between
measured and calculated beam profile obtained from a 876 kW
pulse is shown in Figure 3. A reduction of the target distance to
the ion source allows, if requested in the future, to achieve a
maximal power density of ~80 MW/m² (one ion beam only).
The high perpendicular heat flux allows an inclination of the
target to the beam and thus an enlargement of the heated
surface up to about 200 mm in length for a heat flux of
15 MW/m² in the standard operating regime of GLADIS.
Thus the facility has the potential capability for testing of
full scale ITER divertor targets.
The successful start of heat loading tests of the W7-X pre-
series target elements was the major task in 2005. Additional,
heat loading tests for ASDEX Upgrade and JET were per-
formed. In the frame of the JET ITER-Like Wall Project, the
screening tests of W-coated CFC tiles (14 different types)
were successfully accomplished, followed by the cycling tests
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at the beginning of 2006 (see topic JET cooperation). The first
test campaign for W7-X was focused on the selection of the CFC
tile bonding technique, hot isostatic pressing (HIP) or electron
beam welding, and the evaluation of the design of front-tiles
made of L shaped CFC tiles. The particularity of the front tiles is
a 45 ° orientation of the C-fiber planes to the bonding surface.
Heat load tests are mandatory to validate the design of the front
tile for the expected maximum heat flux of 3 MW/m². 
Target elements with an overall length of 700 mm were
arranged 45 ° inclined to the ion beam axis in GLADIS. The
heat load tests with a central power density of 6.5 MW/m² in
the beam resulted in a heat flux distribution between 5.5 and
2.2 MW/m² on the front tile. The results of the heat loading
tests and the stable operation with high beam power demon-
strate that GLADIS is a useful tool for the qualification of
plasma-facing components with heat loads similar to the
operating conditions in current and future fusion experiments.
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Figure 4: Profile of a beam with 876 kW power (45.2 kV extraction voltage) at
target position. The graph shows the comparison of calculated and measured
profiles. Extrapolated to the maximum achievable beam power of 1.15 MW, a
central power density of 55 MW/m² in the target plane can be realized.
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SERF

The decision to construct ITER
leads to a renewed interest also
in the economic, social and
environmental aspects of fusion.
The European SERF activity
becomes a new weight and will
certainly help to acquire a good
knowledge base to represent
fusion in the public and in the
scientific debate about the fu-
ture of the energy system.

EFDA Global Model
Now, that the EFDA-TIMES-15-regional energy world
model is available, the work at IPP concentrates on model-
ling electricity- and heat-consumption for private and com-
mercial use: reasonable numbers have to be appraised to
describe the real world in an appropriate way. However, the
complexity of a world model is restricted due to the numeri-
cal limitations according to an acceptable computing time.
Here, the work on the world-model benefits from urban-
projects, especially from Stefan Winkelmüllers “Vienna
project”, where a more sophisticated approach is applicable:
the main results of urban-scenarios will be compiled and
used as an approximate assumption. Those assumptions are
taken as input-data. The main difficulties are to describe the
path of future development worldwide: although the model
provides 15 regions, one has to integrate over typical re-
gional and traditional technologies. But hope for a common
worldwide standard arises from globalisation: globalisation
gives the opportunity to get every technology, even the most
efficient, at any place of the world and for nearly the same
price.

Global Gas Model
The global IPP model for Production and Transport of Gas
(ProToG) is linked to the global energy model ObjECTS
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MiniCAM from the Joint Global
Change Research Institute at 
the University of Maryland.
Whereas the ProToG model re-
presents the global technical nat-
ural gas infrastructure in a very
detailed way, the more economic
ObjECTS MiniCAM simulates
the natural gas demand against
the ProToG prices. ProToG de-
scribes the development of the
future global natural gas mar-

ket. It calculates the most economic pipelines and LNG
routes with a detailed focus on the location of natural gas
resources. Moreover ProToG defines the natural gas supply
by origin and presents the marginal costs of natural gas for
every 113 modeled countries.

German Wind Model
The German energy production and transmission system
was implemented in GAMS in terms of a linear optimisation
model. The model optimizes in consideration of the chang-
ing demand and the fluctuation of the wind the capacities for
power plants and power transmission lines. In the Model
Germany is represented through 29 consumption centres
and 88 power lines from the UCTE-Network. The capacities
of those power lines are optimized. Different types of power
plants, the demand and the wind supply are attached to each
node. The power plants differ in technical parameters and
their costs. The wind supply and the energy demand are
given for each node in hourly resolution, this leads to the
fact that the electricity production and transmission is opti-
mised for each hour simultaneously and so the dynamic
behaviour of the grid and the power plants are simulated.
Due to the high time resolution the fluctuation of wind sup-
ply in combination with the varying demand can be consid-
ered adequately during a time period of one year.

Record high oil prices, rising indications for
climate change, political controversies about
new gas pipelines and so forth made once more
clear, that the energy systems needs a major
transition in the future. Still it needs major
efforts to establish tools and methodologies to
talk in a meaningful way about the energy
future. The long term goal of the energy group
is to establish these methods and to apply them
to various levels of problems.

Figure 1: Marginal costs of natural gas in 2010 calculated by the ProToG
model
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Energy in India

India surpasses in the recent years Germany in primary
energy consumption and is now the 5th biggest consumer in
the world. Future success in economic development is cou-
pled to the ability of the country to build up a modern ener-
gy infrastructure. New technologies like nuclear fusion need
to be applied to reduce the strong coal dependence of the
country. The cooperation with Indian Institute of Management
did end in 2005 by presentation of the study results in
Ahemdabad. Further cooperations are evaluated.

VLEEM

The VLEEM project was successfully finished in 2005. The
goal of the project was to establish a new methodology,
which is capable to discuss very long time developments. 
It was possible to develop a few very rough pictures of pos-
sible future developments. The idea was to discuss what
needs to happen that one cluster of technologies really dom-
inates the energy system of Europe in the second half of the 
21st century. Certainly it becomes obvious that in all cases
rather early actions are necessary to induce major technolo-
gy changes. The project identified that the housing sector
needs very special attention, since technologies to reduce
the demand substantially exist, they just need to be applied
everywhere.

Urban Energy Systems 

Energy Saving Concept for Vienna
Vienna is currently working on an energy saving strategy with
focus on the demand side efficiency until 2015. On behalf of
the municipality of Vienna IPP has carried out a system study
on cost optimal implementation of end use efficiency meas-
ures. A model of the domestic sector of Vienna has been
developed. The model-generator MESSAGE has been used
together with a new front-end and back-end specially suited
for the optimisation of demand side. The existing building
stock is modelled in 14 building classes and 5 variants of
refurbishment for each building class. 15 different types of
heating systems are available for each building class.
Furthermore several standards of heat insulation for new
buildings and efficiency classes for electrical equipment have
been implemented. A business as usual scenario and several
energy saving scenarios have been analyzed. For a given
energy saving target, the model is able to calculate the eco-
nomically most advantageous path towards the target.

CO2-Emission Reduction in Greifswald
In spring 2005 the greenhouse gas emission balance for the
city of Greifswald was finalised. Based on this balance the
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next step was the description of the regional energy system
with the TIMES-Model. Furthermore the IPP has started 
to develop a regional economic model for the city of
Greifswald. These two models will be joined as an instru-
ment for the evaluation of different greenhouse gas reducing
scenarios.

Sustainability Indicators
It is necessary to discuss sustainability indicators not only in
big regions but also in smaller regions. With the help of
Geographic Information Systems an instrument is being
developed, which enables monitoring to identify the indi-
vidual needs of smaller regions. As a first example the elec-
tricity consumption of Augsburg is illustrated. The instru-
ment should also additionally enable the enlargement onto
other sustainability indicators.

ESCOBALT
The goal of the ESCOBALT project is to create a network
within the countries around the Baltic Sea to exchange best
practise in the area of energy saving and to initiate new
common projects. The contribution of the IPP is to develop
energy reporting schemes. This reporting scheme should be
the basis for a refined monitoring system, which makes it
possible to measure the effect or no-effect of certain meas-
ures decided by the municipality or the city utility.

Demo Studies

EFDA launched in 2005 a new power plant design study, this
time focused on the development of the next step after ITER,
the DEMO plant. IPP is beside physics issues involved in a
pilot study, which tries to elaborate the options to produce
hydrogen with fusion. Special question is the possible benefit
of combined hydrogen and electricity production.

Contribution to EASAC

EASAC is a European association of the science academies,
which tries to represent science at the European bodies
Commission, Council and Parliament. In 2005 EASAC de-
cided to start working also in the energy field. IPP will help
EASAC to establish this work.
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Photoionization of free clusters

Few results exist on this topic. In
order to extend our experiments
in this field, we have constructed
and commissioned a new source
for clusters of substances that are
liquid under ambient conditions.
Similar to the existing apparatus
for van-der-Waals condensation
of gases, clusters form in the ex-
pansion of the vapour phase substance through a small nozzle
into vacuum. Initial experiments were carried out on water
clusters. In cooperation with the group of Prof. U. Becker
(Fritz-Haber-Institut Berlin) the mass spectra of clusters
ionized with VUV radiation were recorded. Only protonated
water cluster ions can be detected, which is the behaviour

Electron Spectroscopy
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observed in experiments with
multi-photon laser ionization
and electron impact ionization.
Due to the large geometry change
between the neutral and the ion-
ized cluster, after ionization the
clusters stabilize by emission of a
neutral OH group. Fragments of
parent clusters up to (H2O)54
could be detected in the mass
spectra, with an intensity de-

creasing with cluster size. Near-edge X-Ray Absorption
(NEXAFS) spectra were recorded along the O 1s ionization
edge. The partial yield for selected fragments is shown in
the figure. The yield curves for the molecular fragments
agree with published data. The first two pre-edge excitations
have been assigned to 1s excitations into the 4a1 and 2b2
antibonding orbitals. All features at higher energy have
Rydberg character. The yield curves for the cluster frag-
ments show a marked dissimilarity with the molecular ones.
Indeed, qualitatively the yield curves of protonated cluster
fragments we observe are in-between published data for sur-
face and bulk ice. A feature typical for the NEXAFS curve
of bulk ice is the shape-resonance like enhancement around
541 eV, a typical feature for NEXAFS of surface ice – and
for liquid water – is the pronounced pre edge peak around
534.5 eV. More experimental work is needed to clarify the
parentage of the fragments shown in the figure however.
Preliminary ion-ion coincidence data recorded as part of this
work show that above the O 1s ionization edge massive
fragmentation of the clusters sets in as can be expected.

Photoelectron – Auger electron coincidence measurements

By detection of a photoelectron and an Auger electron from
the same ionization event, we can extract information on the
dynamics of the intermediate state, which otherwise is aver-
aged out in the non-coincident spectra. Conceptually, it is
even possible to perform electron spectroscopy experiments
with an energy resolution below the natural line broadening.
Initial experiments in this activity showed the necessity to
operate several photoelectron detectors in parallel to achieve
a sufficient rate of detected coincidences. We have now
upgraded this apparatus with six time-of-flight electron
spectrometers, operating also at a larger detection solid
angle. First experiments showed a rate of approx. 0.5 Hz
true coincidences with a true-to-random ratio of greater
than one, which is an improvement of about an order of
magnitude.
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In the electron spectroscopy group the pho-
toionization dynamics of atoms, molecules and
free clusters with short-wave electromagnetic
radiation is investigated. An intense, polarized
and tuneable beam of photons in this wave-
length region is provided by the synchrotron
radiation source BESSY (Berlin). Results are
also of interest for the development of electron
spectroscopy as a tool for materials research.
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Partial ion yield curves of molecular water fragments and water cluster frag-
ments along the oxygen K edge. The O 1s ionization potential for molecular
water is marked by an arrow, for clusters it has been found to be lowered by
1.4 eV. Curves are scaled to equal height, the number of ions detected at the
maximum is shown above each trace. All traces were measured simultaneously.
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Tokamak Edge Physics Group
Work within the group has cov-
ered a number of areas, and de-
tails of two are covered below.
In addition, development of the
edge plasma simulation package,
SOLPS, has continued: In col-
laboration with the Universities
of Innsbruck and Paris-XIII, the mesh adaptation version of
SOLPS (SOLPS6.0) has been revived, and successfully
benchmarked against the standard production version
(SOLPS5.0) for pure D cases. In collaboration with FZJ, 
a new release of the standard SOLPS is being prepared
using the latest version of Eirene (to be called SOLPS5.1).
Additional, significant development activity has occurred to
simulate mixed materials.

Detailed SOLPS modelling of an AUG H-mode plasma
A low density H-mode plasma has been selected for detailed
inter-ELM modelling by the SOLPS code package, with the
coupled treatment of its plasma (fluid code B2) and neutral
(Monte-Carlo code Eirene) parts. Good quality measured mid-
plane density and temperature profiles, covering the pedestal
region and stretching far into the SOL, as well as several other
parameters and profiles measured in the divertor, have enabled
testing the consistency of code solutions with experiment.
Once the upstream, midplane profiles, have been fitted, and
the global parameters (e.g. input power into the computational
grid, radiated power) matched, the code reproduced experi-
mental profiles and control parameters in the divertor with the
accuracy within a factor 2. The largest discrepancy between
simulated and experimental parameters in the outer divertor
was in the level of the Hα radiation, with the peak simulated
signal, near the strike point position exceeding the experimen-
tal one by ~ factor 2. Comparison between the code and exper-
iment in low density H-mode plasmas is aggravated by an
insufficient reliability of the target Langmuir probe data. 
A large fraction of supra-thermal electrons arriving in the
divertor from hot SOL regions is expected to raise the power
flux to the target substantially, an effect which is not accounted
for by the standard Langmuir probe theory. The probe-invoked
power flux was found to be significantly below that experi-
mentally measured by the infra-red (IR) camera. It is thought
that the discrepancy between the simulated and experimental
peak divertor Hα radiation values can be caused by an unrealis-
tically high electron density near the target predicted by the
code. This view is supported by the comparison between simu-
lated and experimental sub-divertor pressures, divertor CIII
radiation profiles and carbon content in the edge plasma.
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Linear MHD stability analysis
As part of a larger effort to dis-
criminate between type I- and
type II-ELMs in terms of the 
linear MHD stability of the cor-
responding ASDEX Upgrade
equilibria, the suite of codes used
to calculate high-precision MHD
equilibria based on ASDEX
Upgrade shots has been worked
over. This suite, consisting of
the codes CLISTE, rwshot, and

HELENA, has been modified to allow for the self-consistent
calculation of equilibria including constraints for the boot-
strap current, which represents a substantial fraction of the
currents flowing in the plasma edge and may be the main
drive for low-n peeling modes. The remodelled codes now
allow the influence of the bootstrap current on the MHD sta-
bility to be studied. To that end, linear MHD stability analy-
sis is being carried out for various well-diagnosed ASDEX
Upgrade shots which showed ELMs of type I and type II,
respectively. Furthermore, the potentially stabilising effect
of a sheared toroidal plasma rotation on MHD equilibria is
studied by use of the extended CASTOR-FLOW code. To
this purpose, benchmarks with the ELITE code at General
Atomics, San Diego were carried out for well-defined
model equilibria. The two codes show good qualitative
agreement. Debugging of both codes to reach full quantita-
tive agreement is near completion. In the future, the stabilis-
ing effects of a sheared toroidal rotation will be compared
with those of the diamagnetic drifts for experimental equi-
libria by means of the CASTOR-FLOW, MISHKA-D, and
ELITE codes.

MHD Theory Group 
Resistive wall modes
Resistive wall modes have been studied with the 2D 
CASTOR-FLOW code and the 3D CAS3D code. To model
the feedback stabilization of resistive wall modes, the
STARWALL code is being developed. In the “open-loop”
part the eigenvalue spectrum and the eigenfunctions of the
plasma-wall system without feedback are determined. The
potential energy of the plasma perturbation is obtained
from the CAS3D code, while the kinetic energy of the plas-
ma perturbation has been neglected which is justified for
resistive wall modes. The wall system can consist of multi-
ply-connected structures. Selecting a relevant set of the
unstable and/or stable eigenmodes obtained in the “open-
loop” part and combining it with the equations for the feed-
back coils, the sensors and the feedback logic one gets a set
of “closed loop” equations. The feasibility of the feedback
is evaluated by solving the characteristic equation of the
closed-loop system.

The project „Theoretical Plasma Physics“ is
devoted to first-principle based model develop-
ments and combines the corresponding efforts 
of the Divisions Tokamak Physics, Stellarator
Theory and of the Junior Research Groups
“Computational Studies of Turbulence in Mag-
netised Plasmas”, “Theory and Ab Initio Simu-
lation of Plasma Turbulence”. It is headed by
one theorist on the board of scientific directors
at a time.

81



The open-loop part is operational, while the closed-loop part
has to be completed. Resistive wall structures consisting of
one or two axisymmetric walls have been implemented in the
CASTOR-FLOW code, in order to benchmark the “open-
loop” part of the STARWALL code for realistic, but axisym-
metric wall geometries. First resistive wall mode studies have
been performed for given ITER wall geometries. The CAS-
TOR-FLOW code is also used for the determination of no-
wall limits of given equilibria, and for benchmark calculations
with the 2D MARS code.

Diffusion in multi-helicity magnetic fields
A quasi-linear theory for the heat diffusion across a single
magnetic island and a local stochastic magnetic field has
been developed. The analytical results agree with numerical
results. The previous analytical formula for the collisional
heat diffusion across a stochastic field, in the fluid regime
and the Kadomsev-Pogutse regime, are shown to be incor-
rect. The numerical results also differ from the Rechester-
Rosenbluth regime in the scaling with magnetic shear and
the perturbation amplitude. With the increase of the ratio
between the parallel and the perpendicular heat diffusivity,
the effective radial heat diffusivity across the stochastic field
is found to be dominated first by the additive effect of indi-
vidual islands and then by the field ergodicity.

Kinetic effects on MHD modes
In the field of kinetic MHD and fast particle physics, consider-
able progress has been made in completing, benchmarking and
extending the linear gyrokinetic code LIGKA. The present
version of the code is now successfully benchmarked against
analytical estimates and other codes for all the relevant damp-
ing mechanisms, i.e. Landau damping, radiative damping and
continuum damping. A recently developed antenna version
allows for frequency scans similar to an external antenna and
thus helps to find and identify all modes and their damping
rates in a region of interest. With this new tool, KTAEs and
kinetically modified TAEs were investigated. It was found that
the KAW can tunnel on top of the TAE mode in the gap region
resulting in radiative damping due to an altered mode structure
of the original TAE mode. Mode conversion in the plasma
centre and edge in case of an open gap has not been found,
however, continuum damping at the plasma edge due to a
small edge density resulted in damping rates up to 1 % which
is comparable to experimental measurements.

Transport Analysis Group
The group studies neoclassical as well as anomalous trans-
port. Below, three highlights are discussed in detail: the work
on impurity transport, the propagation of a non-Gaussian
microwave beam in the plasma, and the extensions of the
PIC gyro-kinetic code ORB5. The work on momentum trans-
port is discussed in the ASDEX Upgrade section.
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Anomalous impurity transport
Experimental results from AUG and TCV, and recently and
more specifically on JET have shown that the pinch velocity
of high Z impurities changes direction from inward to out-
ward when conditions of dominant auxiliary electron heating
are achieved. The physical explanation for such a behaviour
does not reside in the collisional neoclassical theory. Hence it
has been investigated whether the so-called anomalous trans-
port, namely transport produced by a turbulent state of the
plasma arising from micro-instabilities can account for this
phenomenon. It has been found that the micro-instabilities
transport impurities by several mechanisms, some of them
generating particle pinches whose direction changes depend-
ing on the plasma conditions, and more specifically on the
direction of propagation of the instability. In particular a new
pinch mechanism for a trace impurity has been identified,
arising from the parallel compression of parallel velocity fluc-
tuations due to the parallel electric force in the presence of a
fluctuating electrostatic potential. Such a pinch is inversely
proportional to the inertia, but proportional to the charge, and
remains finite even in the limit of very high Z impurities, dif-
ferently from a pinch mechanisms arising from curvature
drifts (which are inversely proportional to the charge). Such a
pinch mechanism is the best candidate to account for the
pinch reversal under conditions of dominant electron heating
observed in the above mentioned experiments, since it is
directed outwards for instabilities propagating in the electron
diamagnetic direction, while it is directed inwards for insta-
bilities propagating in the ion diamagnetic direction.

EC wave propagation
The propagation of non-Gaussian electron-cyclotron (EC)
wave beams in a fusion plasma has been considered in the
framework of the paraxial-WKB beam-tracing theory. Such a
non-Gaussian amplitude profile needs to be considered because
it can be generated by spurious modes in the launching system,
by mirror deformation due to heat load, or can be produced
intentionally in order to reduce the energy density on the win-
dow. In such cases, the description of arbitrary beam profiles is
the first step for a more realistic modelling of EC absorption. 
In the paraxial WKB technique, the beam profile is described in
terms of a superposition of Gaussian modes. The usual (Gaus-
sian) beam width can be generalised by defining a suitable rms
width. The theory has been revised in order to achieve a gener-
al description of the phase shift between different modes. The
resulting equations have been checked numerically in a slab
geometry against the exact solution of the full-wave problem
for a beam formed by the superposition of a pure Gaussian and
one higher-order mode. This superposition may cause a signifi-
cant deformation of the beam profile with respect to the
Gaussian pattern during the propagation. On the other hand, the
effect on EC absorption of the different wave vectors connected
with each mode has been found to be in general pretty small.
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PIC modelling of turbulent transport
In 2005 the group started a new project around the non-linear
gyro-kinetic PIC code ORB5, which will be used for various
studies. In this year several changes have been made to the
code: A static perturbation in the magnetic field is included
with the aim of studying the electrostatic turbulence across a
static magnetic island. The magnetic field perturbation is pro-
jected on a fixed grid using cubic b-splines finite elements. The
corresponding Galerkin form is solved in order to compute the
magnetic field perturbation for the time evolution of the particle
trajectories. The electrostatic perturbation can be directly com-
puted from the grid or constructed with a “current assignment”
routine. This allows for straightforward extension of the rou-
tines to the treatment of a self consistent solution of Ampere’s
law for the parallel component of the perturbed vector poten-
tial. Drift kinetic electrons dynamics has been included in the
code: The quasi-neutrality condition has been rewritten includ-
ing the non adiabatic electron response. The routines have been
tested but no large simulations have been performed yet. A con-
trol variate method has been implemented in the code for
extracting the adiabatic electron dynamics from the particle dis-
cretisation with the aim of reducing the numerical noise associ-
ated with the discrete particle discretisation. The algorithm has
been applied successfully to the ion dynamics where the large
scale velocity space dynamics has been extracted. The code has
been modified for running ETG simulations with adiabatic
ions, including the introduction of an annular radial domain in
both particle trajectories and field equations. Also flux-tube fil-
tering has been introduced allowing for simulations at small ρ*.
A new general diagnostic for the discrete particle noise has
been designed and implemented. Finally, several efforts to
reduce the memory consumption and increase the performances
of ORB5 on large parallel machines have been undertaken.
These include: new particle motion parallel routines, domain
cloning and a parallel direct solver for the Poisson equation.

Wave Physics Group
Theory of ion cyclotron waves
In collaboration with John C. Wright of the Plasma Science and
Fusion Center of MIT (USA) a parallelized version of the code
TORIC (which solves Maxwell’s equations in axisymmetric
toroidal plasmas in the ion cyclotron range of frequencies) has
been produced. The modular structure of the code allows one to
run the serial or the parallel version, depending only on the sys-
tem and compiler used. The parallel version allows one to deal
with plasmas as large as JET and ITER, and with scenarios,
which require a very fine mesh for convergence, in particular
when mode conversion to short-wavelength Ion Bernstein and
electrostatic Ion Cyclotron waves plays an important role.
TORIC has been integrated in a package, which includes the
quasilinear Fokker-Planck solver SSFPQL for ions, and several
preprocessing and postprocessing routines: interface to solvers
of the Grad-Shafranov equilibrium equation, detailed investiga-
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tion of the local dispersion relation, checks of the convergence
of the solution, interfaces to quasilinear solvers for electrons
and ions, and to the TRANSP code. A simple but accurate
model of the IC antenna has been added. The netcdf protocol
has been adopted for the output used to produce the plots, in
order to reduce the size of the output files, and ensure full por-
tability. The package has been fully documented, and installed
on a CVS repository for easy maintenance and general avail-
ability. Iteration between TORIC and the quasilinear Fokker-
Planck solver SSFPQL has allowed one to understand the dif-
ferent outcome of similar minority heating experiments in
ASDEX Upgrade and JET. 

Geodesic acoustic mode studies
The generation of GAMs - an ubiquitous edge plasma phenom-
enon in magnetic fusion devices, which at present is rapidly
gaining attention with progressing experimental detection capa-
bilities – has been studied in greater detail than before by three
dimensional turbulence simulations. A change of the magnetic
shear, in particular, a switch to negative shear affects the ampli-
fication mechanics of the GAMs. Essentially, negative shear
flips the symmetry of the turbulence modes with respect to the
shear flows, altering the sign of the Stringer-Winsor forces. The
safety factor q controls the coupling of the GAMs to the parallel
velocity, i.e., sound waves. Lowering q increases this coupling.
Since the parallel sound waves in turn are heavily damped by
the turbulence – with the parallel velocity acting basically as a
passive scalar – they act as a loss channel. Thus, sufficiently low
q leads to a quench of the GAM activity, as has been found in
recent experiments, too. Finally, the shape of the flux surfaces
influences the frequency of the GAMs and the relative strength
of the Stringer-Winsor force. Elongation of the plasma column
reduces the GAM frequency, and at the same time increases the
energy transfer term due to the up down asymmetric transport.
Unfortunately, increased ellipticity tends to reduce the turbu-
lence above and below the mid-plane, which is driving the
GAMs. On the other hand, maximum shear flow levels at reduc-
ed overall transport are to be expected in cases of high ellipticity
without quenched off-centre turbulence. Again, the results sug-
gest a relatively straightforward comparison with experiments.

Development of mathematical tools
We studied the practically relevant case of a quasilinear heat
equation with a heat conductivity coefficient depending on the
gradient of the solution in a piecewise differentiable way with a
jump discontinuity. We solve numerically the resulting equa-
tion using a newly developed front tracking technique (FTT).
In this FTT approach the full problem is split at the discontinu-
ity points (front points) into subproblems. We solve the sub-
problems by newly developed adaptive implicit method (AIM),
which is shown to be efficient on anomalous transport 
problems. The relevant convergence analysis is carried out 
theoretically and numerically. Finally, the anomalous transport
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problem is studied in numerical simulations. The investigations
of existence and dynamical properties of parameter dependent
quasilinear evolution problems were continued. Problems with
only piecewise continuous coefficients were also considered.

Turbulence Theory Group
Turbulence on open and closed field lines
The principal aim of work on edge turbulence is to understand
the interface between the open and closed flux surface regions.
The magnetic field lies in these surfaces in standard axisym-
metric equlibria. The outer boundary region (“scrape-off layer”
or SOL) has the field lines ending on material surfaces, in either
a limiter or divertor configuration. The most basic test is there-
fore a set of computations while changing only the respective
boundary conditions. For closed flux surfaces with magnetic
shear, the toroidal topology causes every degree of freedom
available to the dynamics to have a finite parallel gradient,
except for the “zonal” component which is the flux-surface
average. The importance of this parallel gradient is that thermal
and electrostatic potential fluctuations always couple via paral-
lel currents, in what is called the “adiabatic response”. On
closed surfaces, this is why tokamak edge turbulence is found
to exhibit “drift wave” mode structure, in which the potential
and electron pressure fluctuations are tightly coupled and
always found at similar magnitude whenever both are meas-
ured. In the SOL, however, the boundary condition along the
field lines is changed from toroidal topology to a Debye sheath
model at the ends of the field lines. These studies with the
GEM model show that the boundary conditions alone, not the
parameters, are able to cause dramatic changes from edge to
SOL turbulence. In SOL turbulence with open field lines of
finite length, the “flute mode” with zero parallel gradient is
allowed to exist. The finite sheath resistivity is sufficiently
weak for this long-wavelength flute-component with MHD
interchange character to determine the dynamics. The role of
the Debye sheath coupling is to tie the zonal component of the
electrostatic potential to the electron temperature, so that the
zonal E-cross-B flow is in the ion diamagnetic direction and at
relatively low amplitude. Hence this study also found it essen-
tial to keep the profile evolution in the presence of sources, as a
local flux tube model leads to a fluctuation amplitude unrealis-
tically much larger than unity. Interaction with the toroidal
equilibrium (see below) then requires a 3D study, in contrast to
the many models which restrict to 2D hence neglecting all the
toroidal compressibility effects. This study is being used to
model observed effects in the strongly shaped divertor SOL in
ASDEX Upgrade and other tokamaks.

Turbulence in a self consistent equilibrium
Turbulence is connected to zonal flows, the E-cross-B flow
resulting from the zonal component of the electrostatic poten-
tial fluctuations, by electrostatic and electromagnetic nonlin-
earities called the Reynolds and Maxwell stresses, respectively.
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However, the zonal flows are connected to the equilibrium by
“geodesic curvature”, representing the toroidal compressibility
of all the zonal flow components, especially including the dia-
magnetic flows and fluxes. These divergences are then bal-
anced by corresponding parallel flows and fluxes, constituting
the toroidal equilibrium. The GEM model captures these
effects naturally, in the version with global boundary condi-
tions. The dissipation model is formulated to recover the
Braginskii limit for parallel viscosity and heat fluxes; howev-
er, the Braginskii limit is never reached for fluctuating zonal
flows in modern tokamaks. Zonal flow energetics is being
studied with this model, with the full finite gyroradius dynam-
ics and with strong ion temperature gradient drive. In the edge
parameter situation (collisional, nonadiabatic, electromagnetic),
the physical processes of the equilibrium (diamagnetic com-
pression, geodesic curvature) are found to control zonal flow
generation and saturation even for the fluctuating component.
In the core, with the electron response nearly adiabatic, the
scenario with flow generation by Reynolds stress and satura-
tion by geodesic curvature is recovered. Diagnosis of the zonal
flows via the poloidal sideband components of the ion flow
divergence shows them to be generally out of equilibrium,
except for core turbulence near threshold. In the edge, due to
the smaller ratio of temperature scale length to major radius,
the entire flow equilibrium exists only in a time average.
The general phenomena believed to be involved in the 
H-Mode pedestal and ELMs are being studied with this model.
It is important to note that no self consistent, nonlinear model
has yet successfully captured either of these. Simplified scenar-
ios which appeared to work with the H-Mode transition (“pred-
ator-prey” interactions with self generated zonal vorticity lay-
ers, parameter scalings of linear instabilities, etc.) have not been
found to work within this generalised GEM model wherein the
reaction of the zonal flows and general equilibrium to the tur-
bulence is in no way prescribed. Nevertheless, large transport
bursts are found when the level of a fixed source at the inner
boundary exceeds a critical value. These are not intrinsic to the
turbulence but represent breakdowns of the flow equilibrium.
Mode structure diagnostics indicate that no new mode is
involved. These findings may be relevant to Type III ELMs. 

Fully nonlinear, inhomogeneous gyrofluid and gyrokinetic equations
It is necessary to relax the “delta-f” approximations currently
used in all tokamak turbulence codes worldwide up to now,
especially in light of the above findings concerning turbulence
and equilibrium in concert. Our efforts to generalise the
gyrofluid model to relax this local limit using Lagrangian field
theory methods are well advanced. The parallel heat fluxes as
dynamical variables are treated and the mathematics is being
extended to relax remaining ordering restrictions. Higher order
diamagnetic flux terms in the equations for the parallel velocity
and the parallel heat fluxes have been worked out, in agreement
with the local model in the local limit. Translation of various
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versions of these equations into computational models is under-
way. The energetic consistency for the “full-f” gyrokinetic
model FEFI has been worked out and the code itself is under
construction. Parallel efforts in the USA are at a similar stage of
development. The correct behaviour of shear Alfven damping
has been demonstrated in FEFI, and difficulties associated with
nonlinear wave-particle trapping are being worked out. Two
versions are being tested, one using the conventional parallel
velocity and the other using the canonical momentum as a velo-
city space coordinate (the other being the magnetic moment).
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Introduction
In 2005, the work of the Stellarator Theory Division was
concentrated on widening the scope of theoretical work of
the Greifswald branch institute and on further development
of the stellarator concept1.

MHD Theory of Stellarators
PIES equilibria with optimised background coordinates
The NMORPH code was developed, which allows to con-
struct PIES background coordinate systems in which the
coordinate axis is aligned with the magnetic field axis. 
In addition, the coordinate ellipticity can be adjusted to
match the magnetic field ellipticity at the origin. This pro-
cedure can be applied after an adequate number of PIES
iterations so as to keep the coordinate and magnetic field
axes aligned. 

Ideal MHD stability
A high-mirror W7-X variant generated by a high-β PIES run
(〈β〉≈0.04)2 was investigated with the CAS3D stability code3.
Various types of global ideal MHD eigenfunctions have
been determined and have all proven stable: kink-type exter-
nal perturbation (m~10), ballooning-type internal perturba-
tions (m~25), and ballooning-peeling-type external pertur-
bations m~25 (see figure 1).

MHD-stability with kinetic effects 
Fast-particle driven TAE modes have been calculated with a
drift-kinetic extension of the ideal MHD stability code
CAS3D, CAS3D-K. The code has been applied to realistic
3D conditions (W7-AS and W7-X) considering the contri-
bution of circulating particles. Reasonable agreement (with-
in a factor of two) is found with an analytical theory4, which
considers strongly localized modes in the large aspect ratio
limit and only the largest contributions to the growth rate
caused by circulating particles. This is attributed to the low
shear of both W7-AS and W7-X equilibria. So, the reso-
nance condition, mainly determined by the shear, does not
change very much with respect to the radial position.
Varying parameters as ion β and maximum beam velocity,
growth and damping rates have been obtained, see figure 2.
It has been shown that resonances stemming from the heli-
cal coupling contribute to the ion damping whereas the fast
particle drive comes mainly from the toroidal 1/3 vA side
band resonance. 

85

Figure 1: Ballooning-peeling modes are found to be stable for a
high-mirror W7-X variant at 〈β〉≈0.04.

1 J. Nührenberg: 15th Intern. Stellarator Workshop, Madrid 2005.
2 M. Drevlak et al.: Nuclear Fusion 45, 731 (2005).
3 C. Nührenberg: ECA 29C, P4.057 (2005).
4 Ya. I. Kolesnichenko et al.: Physics of Plasmas 9, 517 (2002).
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Gyrokinetic Simulations
Electromagnetic PIC simulations at small scales
A generalized gyrokinetic solver6 is used at scales smaller
than amenable to the long-wave length approximation. This
method has been extended to include electromagnetic effects
and a mode was found which needs both a finite β and an
electron temperature gradient in order to be unstable. This
mode corresponds to the ion branch of the shear Alfvén wave
and is destabilized due to rapid decrease of the shear-Alfvén
frequency with finite beta (which leads to resonance between
the phase velocity of the wave and the electron thermal
velocity). In a slab, very good agreement (see figure 3) of the
growth rate resulting from the PIC simulations with the solu-
tion of the dispersion relation demonstrates robustness of the
numerical approach used. In a pinch, it is found that the
finite-β modification of the equilibrium magnetic field may
lead to the stabilization of the mode (due to appearance of
the magnetic field gradient drift motion of the particles
which destroys the resonant condition if β is high enough).

Gyrokinetic treatment of GAE modes
Global Alfvén eigenmodes (GAE) are investigated with a
global linear gyrokinetic code. These modes are of particu-
lar importance for low-shear magnetic configurations. 
A study is attempted of the simplest case of GAE mode in
cylindrical geometry. A new diagnostic tool based on 
“running Fourier window transform” has been developed,
which has enabled monitoring the field activity in both time
and frequency domains. Separate modes can be distin-
guished and the spatial structure of each mode is extracted,
even when the mode amplitudes differ by many orders of
magnitude, even though the code is formulated in terms of
an initial value problem. In moderate β regimes (β≥me/mi) 

GAE-like modes are observable, however, preliminarily
they exhibit anomalously large damping. 

Global ITG turbulence in screw-pinch geometry
A further step towards W7-X-like parameters, i.e. rotational
transform near unity, was done with the global non-linear
gyro-kinetic PIC code TORB7. The use of a diagonal filter
taking account of the resonance condition helped to obtain
reliable results for ι=0.8, good energy conservation prevailed
in a simulation up to 260 ms, which is well after the formation
of zonal flows. The physical signatures of ITG turbulence in
pinch geometry appear to be independent of ι: (i) dominant
role of zonal flow, (ii) correlation of temperature profile, fluc-
tuation level and zonal radial electric field, (iii) decaying
heat-flux in saturation phase. As a further step, the TORB
code has been interfaced to the 3d equilibrium code VMEC.

Global ITG modes in stellarators
The code EUTERPE solves the linear electrostatic gyrokinetic
equation, assuming adiabatic electrons, globally in three-
dimensional geometry and also allows for a finite β of the 
equilibrium8. This code has been applied to simulate ITG insta-
bilities in the LHD stellarator for the standard and for the
inward shifted configuration (which experimentally shows bet-
ter confinement than the standard configuration) with β≈1%.
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Figure 3: Growth rate of the β-induced gyrokinetic mode vs. β in a slab. 
The solid line represents the solution of the dispersion relation, the squares, the
simulation results. Wave numbers are kx ρi=0.0233, ky ρi=2.97, kz ρi=7.43×10-4,
the normalized electron temperature gradient kTe ρi =0.037. Flat ion temperature
and density profiles and mass ratio mi / me=3671.5 are used.

5 A. Könies: IAEA TM on Energetic Particles in Magnetic Confinement Systems,
Takayama 2005.

6 A. Mishchenko et al.: Physics of Plasmas 12, 062305 (2005).

Figure 2: Comparison of the ion damping for W7-AS and W7-X TAE modes5

7 C. Nührenberg et al.: IAEA TM on Innovative Theory and Concepts of
Stellarators, Madrid 2005.

8 V. Kornilov et al.: Nuclear Fusion 45, 238 (2005).



The modes are localized at the lower part of the torus and,
despite of the strong helical structure of the equilibrium, 
are nearly axisymmetric. Correspondingly their Fourier spec-
trum is dominated by strong coupling of poloidal components
and shows only small toroidal components. In order to investi-
gate the influence of a neoclassical electric field on ITG insta-
bilities in stellarators the code has been extended to allow sim-
ulations with a given external electric potential. It has been
tested for tokamak-like configurations and a potential having 
a quadratic dependency on normalized toroidal flux.

Gyrofluid turbulence modeling of VINETA
The two-moment version of the three-dimensional gyrofluid
code GEM39 has been adapted for the simulation of drift-wave
instability and drift-wave turbulence in the linear VINETA
device (Versatile Instrument for studies on Nonlinearity, Electro-
magnetism, Turbulence and Applications) in which coherent
high-density structures have been observed. In the modified
GEM3 code gyrofluid equations for the density and parallel
velocity of electrons and ions are solved in a cylindrical annulus.
The radial dependency of the collisional frequency is taken into
account. Computations are done for the electrostatic case using
an exponential background density profile observed experimen-
tally and large-scale coherent density structures are indeed found. 
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Plasma Edge Physics
BoRiS
The 3D fluid transport code BoRiS assumes the magnetic
field topology of W7-X to consist of disjoint regions (how-
ever spatially attached to each other) each of which can be
described by individual flux coordinates. This requires a
grid being made up from sub-grids corresponding to the
plasma core, five magnetic islands and an outer region with
wall contact. An important technical topic was to implement
an interpolation being capable of dealing with points
belonging to different coordinate systems. Besides the edge
plasma modeling, an application to the Navier-Stokes equa-
tions for incompressible flows is in progress.

Modeling ergodized plasma boundaries
Both, stellarators and tokamaks can have very complex
(eventually ergodic) magnetic topologies in the plasma
edge. A 3-dimensional plasma transport code, E3D, based
upon a Multiple Coordinate System Approach and a Monte
Carlo integration procedure (being essentially a natural
extension of Interpolated Cell Mapping technique) has been
applied to the realistic geometry of the DIII-D tokamak with
additional coils – error filed correction (C-coil) and MHD-
mode control (I-coil).The momentum equation has been
added to the physics model of E3D. Another approach using
local coordinate systems, but based upon finite difference
methods, is also under development. A semi-implicit
(numerically stable but easy to parallelize) scheme has been
realized in the electron temperature equation.
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Figure 4: Toroidal cut (beginning of a field period) of the standard LHD
configuration showing the electrostatic potential of an ITG instability
(red/blue correspond to positive/negative values, respectively)

9 B. D. Scott: Plasma Phys. Control. Fusion 45, A385 (2003).



The developed code is planned to be applied to the problem
of turbulent diffusion of magnetic fields in magnetohydro-
dynamic turbulence.

Convective turbulence
Turbulence driven by temperature gradients is a general
phenomenon in fusion experiments as well as in the astro-
and geophysics. After generating a three-dimensional highly
resolved hydrodynamical system (1024³ collocation points),
its statistical scaling properties and the respective intermit-
tency corrections are studied in the framework of two-point
statistics. The study is particularly focusing on the spectral
energy transfer functions and the interplay of velocity and
temperature fields. The magnetohydrodynamic case is
investigated by two-dimensional simulations (4096² collo-
cation points) where the situation is less clear due to the
additional energy exchange between velocity and magnetic
field. All results corroborate a recent phenomenology of
turbulent convection which predicts Bolgiano-Obukhov
scaling in the 2D case and Kolmogorov behavior in three-
dimensional systems. In addition, in 2D the switching of
the energy cascade from inverse to direct by an applied
magnetic field of sufficient strength is of interest, since the
controlled modification of the cascade direction promises a
better understanding of this process in MHD turbulence. 

Compressible turbulence
Compressible and thermodynamically isothermal hydrody-
namic turbulence with sonic mach numbers above unity
exhibits a characteristic small-scale structure markedly dif-
ferent from the fully incompressible case. Quasi-one-dimen-
sional vortex filaments prominent in the subsonic regime
change into quasi-two-dimensional vorticity sheets in super-
sonic turbulence. The transition is accompanied by the
increasing appearance of shock-fronts which dominate the
statistics leading to a transition in spectral scaling of the
energy spectrum from Kolmogorov behaviour, E(k)~k-5/3, to
shock-scaling, E(k)~k-2. For intermittency analysis and
modelling, however, the comparatively slowly evolving vor-
ticity sheets are of major interest. The dynamical processes
leading the formation of these sheets are currently under
investigation in direct numerical simulations of driven com-
pressible neutral-fluid turbulence. The computations are 
carried out with the parallel FLASH code including several
turbulence-specific enhancements (e.g. forcing, spectral
diagnostics), which had been implemented previously.
Further studies consider the dynamical role of magnetic
fields on the small-scale structure of supersonic compressi-
ble turbulence in the magnetohydrodynamic approximation. 
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Head: Dr. Wolf-Christian Müller

Turbulence in rotating systems
Turbulence in a rotating frame of reference is of interest for
various engineering applications, e.g. the design of turbo-
machinery, as well as the dynamics of atmosphere, oceans,
stellar and planetary interiors. Three-dimensional direct
numerical simulations of hydrodynamical and magnetohy-
drodynamical turbulence subject to strong solid-body
rotation, i.e. at low Rossby numbers, were performed to
improve understanding of the nonlinear damping and aniso-
tropization of turbulent energy transfer in such systems.
This resulted in the first phenomenological description of
rotating turbulence which gives a consistent explanation of
both phenomena. The theory is based on the effective pro-
longation of fluid-particle trajectories by Coriolis-force gen-
erated “orbits” perpendicular to the rotation axis which
leads to an explicit inverse dependency of the nonlinear
energy transfer time on the rotation rate. Using the obtained
results two-point scaling including the observed but still
controversial energy spectrum perpendicular to the rotation
axis, E(k⊥)~k⊥

-2, as well as the rotation-dependent self-simi-
lar energy decay could be theoretically explained and
described. The decay model was confirmed by parameter
studies of decaying turbulence. Interesting observations
made in simulations of rotating magnetohydrodynamic tur-
bulence are currently under scrutiny. 

Turbulent diffusion and dispersion
The transport of passive contaminants or tracers by turbu-
lent flows represents an interesting and important problem
in technical applications as well as environmental, atmos-
pheric and astrophysics. Following the development of a
fully parallel code capable of tracing several million passive
and massless particles in a turbulent flow the diffusion and
relative dispersion of particles was investigated in incom-
pressible hydrodynamic and magnetohydrodynamic turbu-
lence at relatively high-Reynolds number, O(10³). While
single-particle diffusion was shown to be of Taylor-type,
R(t)~t, for times short against the Lagrangian integral time-
scale, it became diffusive, R(t)~t1/2, at larger times, as expect-
ed. The relative dispersion, measured via the mutual distance
in particle pairs, could be shown to behave Batchelor-like,
r(t)~t, for short times when correcting Batchelor‘s original
prediction by the non-vanishing correlation of r(t) with the
initial pair-separation. At long times diffusive behaviour
was observed. By visualizing characteristic particle trajec-
tories in the neighborhood of singular dissipative struc-
tures, significant differences in the dynamics of particle
ensembles in hydro- and magnetohydrodynamical turbu-
lence could be explained.
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produce such a pinch if the density gradient is sufficiently
small. In the former case, the pinch is carried by trapped, in
the latter case, by passing electrons. In both scenarios,
quasi-linear theory again provides a fairly good description
of the nonlinear results. Direct comparisons of quasi-linear
theory with experimental data showed that the theoretically
predicted particle pinch usually vanishes for realistic values
of collisionality – in evident contrast to experimental find-
ings. This suggests that the form of gyrokinetics which has
become the standard in the plasma physics community might
actually be incomplete.

Interaction of fast ions with turbulent fluctuations
In future burning plasma experiments like ITER, there will
be a sizable fraction of fast ions in the plasma. Usually, it is
assumed that their interactions with the background turbu-
lence is negligibly small. However, a recent theory based on
the so-called decorrelation trajectory method (put forward
by M. Vlad and co-workers) predicts that this common wis-
dom is not correct. Although we were able to confirm this
surprising result, we found that the effect is not quite as
large as envisaged by Vlad.
In this context, we developed a modified decorrelation tra-
jectory theory which is in quantitative agreement with direct
numerical simulations of particles in turbulent fields. Mean-
while, GENE has been extended so that fast ions can also 
be included self-consistently, and first results are becoming
available.

Dynamical systems approach to streamer saturation
The initial saturation of streamers (radially elongated vor-
tices) – as they occur in all kinds of situations where the
drive mechanism relies on the interaction of magnetic cur-
vature and background gradients – has been investigated by
a dynamical systems approach. Starting from the Hasegawa-
Mima equation, the number of modes has been reduced to a
bare minimum of four, and the resulting system has been
analyzed in terms of local bifurcation theory. The only non-
trivial fixed point of the reduced system was shown to be
unconditionally unstable, invalidating claims by US col-
leagues concerning its physical importance. On the other
hand, the value of the saturation amplitude is predicted fair-
ly well by the notion that it is determined by a balance of the
linear growth rate of the primary modes and the nonlinear
growth rate of secondary instabilities.
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Theory and ab initio simulation of plasma turbulence
The main goal of this project (a collaboration with the Ins-
titute for Theoretical Physics at the University of Münster)
is to attack the important unsolved problem of plasma turbu-
lence in an interdisciplinary way, using a wide range of ana-
lytical and computational approaches.

Computational gyrokinetics
Much of the work done in this group is based on a nonlinear
gyrokinetic turbulence code called GENE which has been
developed by us over the last few years. In the GENE code,
the distribution function for each particle species is repre-
sented on a fixed grid in phase space. A combination of
(compact) finite difference and spectral methods is em-
ployed to discretize the underlying gyrokinetic equations.
The time stepping is done via a higher-order explicit Runge-
Kutta scheme.
Over the last few months, GENE has been upgraded both in
terms of physics and numerics, and its parallel performance
has been further optimized. In particular, GENE is now able
to handle fast ion species in a self-consistent fashion, and
realistic collision operators have been added. Moreover, the
post-processing can now be done with the help of a newly
developed graphical user interface (GUI).

Trapped electron mode turbulence
By means of GENE simulations, we have performed the
first systematic investigations of trapped electron mode tur-
bulence. Here, one key finding was that there exists an
effective threshold in the normalized electron temperature
gradient which is not predicted by linear theory. Moreover,
this kind of turbulence usually does not saturate via zonal
flow generation – in contrast to ion temperature gradient
(ITG) driven turbulence. Also, several properties (like cross
phase relations) of the modes carrying the bulk of the trans-
port in the saturated turbulent state were found to resemble
the ones of the respective linear microinstabilities. On this
basis, we were able to develop a rather simple quasi-linear
transport model, which also works quite successfully in
more general situations. It is now used on a regular basis for
interpreting ASDEX Upgrade data.

Particle pinch physics
Under certain circumstances, the particle transport is up-
density-gradient. Here, one speaks of a particle pinch. The
physics of this effect has been investigated with the help 
of carefully analysed GENE simulations. It was found that
both ITG modes and trapped electron modes are able to 
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Helmholtz Junior Research Group
„Computational Material Science”

Head: Dr. Ralf Schneider 

This research group was initiated together with the physics
faculty of the Ernst-Moritz-Arndt-University Greifswald
and is funded by the Helmholtz-Associaton.
The group studies effects on materials in contact with plas-
ma, either with fusion or low-temperature plasmas. The
major objective is the development and application of
computational physics tools. Due to the multi-scale char-
acteristics of this problem a large number of different
methods (and codes) have to be used and combined (see
figure 5). Major topics are the interaction of plasma with
carbon, especially the effect of its three-dimensional
porous structure (in collaboration with Manoj Warrier,
Institute for Plasma Research BHAT, Gandhinagar, India,
and Kai Nordlund, University of Helsinki, Helsinki,
Finland). To improve the description of the basic atomic
interactions ab-initio quantum chemistry methods are used
for parametrisation of potential energy surfaces, e.g. for
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C2H3
+ and C2H5

+ (in collaboration with Bas Braams, Emory
University, Atlanta, USA). These hydrocarbon molecules
are of special interest for star formation regions in astro-
physics. Contributing also to the SFB-TR 24, kinetic mod-
eling of complex plasmas (methane and oxygen plasmas
and dusty plasmas) is performed in direct contact with the
experimental groups at the Ernst-Moritz-Arndt-University
Greifswald, creation of negative ions in the NNBI-system
(in collaboration with the Technology Division in Garching
and supported through the Marie-Curie-Fellow Francesco
Taccogna).
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Figure 5: Methods and codes for material science



Infrastructure



Introduction

Rechenzentrum Garching (RZG)
traditionally provides supercom-
puting 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, astro-
physics, and other fields. Large amounts of experimental data
from the fusion devices of IPP (ASDEX Upgrade, formerly
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 de-
velopment group for the new Wendelstein 7-X fusion experi-
ment and the current ASDEX Upgrade fusion experiment oper-
ates as part of RZG.

Major Hardware Changes

The IBM pSeries 690 based supercomputer with a peak per-
formance of 5.2 TFlop/s and 2.25 TB of main memory was
complemented by a compute resource for capacity comput-
ing: an IBM p575 based cluster of 8-way nodes with
Gigabit-Ethernet only. The whole new system was dedicated
to several Max Planck Institutes and doubles the aggregated
peak performance to over 10 TFlop/s. The NEC SX-5 vector
system with 3 processors and 12 GB of main memory was
taken out of operation in Feb 2005. As general or dedicated
compute servers, rack-based Linux systems with AMD
opteron processors and Infiniband interconnect have sur-
passed the Intel Xeon processor based systems. Such insti-
tute or department servers have been operated and main-
tained for: IPP, Fritz-Haber-Institute, MPI for Astrophysics,
MPI for Polymer Research, MPI for Quantum Optics, MPI
for Extraterrestrial Physics, MPI for Biochemistry, MPI for
Chemical Physics of Solids, MPI for Physics, MPI for
Astronomy. The peak aggregated performance of the linux
clusters now exceeds 4 TFlop/s.

Data Management

Multiple-resident AFS and OpenAFS
User home directories are stored on mirrored RAID systems
on two fileservers, which can replace one another. So high
availability is achieved even in the case of a server or RAID
system being lost.

Computer Center Garching
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The data of the experiment
Wendelstein 7-AS have been
moved to Greifswald to allow for
local evaluation by the stellarator
physicists. MR-AFS is also being
used for long time conservation
special valuable data (digitalized
photo achives, sound and video
documents) on behalf of other
MPIs. The total net data volume
in the cell “ipp-garching.mpg.de”
has crossed the 90 terabyte line.

Archival and Backup System
To decrease costs two of the three StorageTek silos have
been put out of maintenance and their data transferred to the
third one, which was equipped with the new high density
9940B tape drives. 

Developments for High End 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 sup-
port new developments in close collaboration with the
respective scientists are described in detail.

Fusion Research

TORB Code
The ORB code is a particle-in-cell (PIC) code solving the
nonlinear gyrokinetic equations pertinent to the study of
transport-related instabilities and turbulence. Its theta-pinch
version, TORB, uses a new parallelisation concept called
domain cloning. It is an additional layer of parallelisation, a
supplement to one-dimensional domain decomposition,
which gives the opportunity to optimize the scaling proper-
ties on massively parallel computers. The Stellarator Theory
Division of IPP launched collaboration with the Stellarator
Theory of CIEMAT, Madrid, which gives access for both
partners to the Marenostrum supercomputer. It is the fastest
supercomputer in Europe hosted at the Barcelona Super-
computing Center (BSC) and consist of 4812 IBM PowerPC
970FX processors. Support was given by RZG to port the
TORB code to this new platform. Problems with the rela-
tively small software stack size have been circumvented by
shifting large arrays onto the heap. In addition, the Watson-
Sparse-Matrix-Package (WSMP) library had to be recom-
piled with the help of the IBM vendor. After copying the data
and restart files from RZG to BSC the simulations could be
successfully continued on the Marenostrum supercomputer.

Complex application optimization from various
scientific disciplines for the IBM supercomputer
has been a major task. For data acquisition
development, improvements in the database
design have been done to better couple the struc-
tures of the control system and the data acquisi-
tion system. In the area of bioinformatics the
MIGENAS workflow engine for gene analysis
was further developed. For the FP6 EU project
DEISA significant contributions were made.
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Benchmarks showed that the TORB code scales nearly opti-
mal up to 4096 processors while it achieves a maximal flop
rate of 2.5 TFlop/s.

SDTrimSP Code
In a collaboration between Renate Dohmen from RZG,
Wolfgang Eckstein from IPP Garching and Andreas Mutzke
und Ralf Schneider from IPP Greifswald the programme
package SDTrimSP, a Monte-Carlo code for the simulation
of target sputtering processes at amorphous targets, was put
into an appropriate state for passing it to other interested sci-
entists or institutes. A detailed documentation was provided.
A publication was prepared containing a detailed description
of the parallel SDTrimSP code and of the underlying physi-
cal methods, as well as examples for possible application
scenarios. Additionally, benchmark results for the IBM
Regatta system and linux clusters were given. The publication
has been submitted to “Journal of Computational Physics”.

GENE Code
The current production version of the turbulence code
GENE is a parallel hybrid code including OpenMP- and
MPI-parallel elements. The code fits the architecture of the
IBM Regatta very well and shows good efficiencies for up
to 128 processors. It is, however, not possible to use more
than 128 processors efficiently with the present version of
the code and typical problem sizes. In order to increase the
parallel potential, not least in view of the forthcoming pro-
curement of an even more powerful high-performance com-
puting system, an additional MPI parallelization with respect
to one of the three spatial coordinates of the computational
domain was carried out. By this, the number of processors,
which can be used efficiently with the GENE code increased
to 512. The parallelization with respect to a second spatial
dimension, which would increase the parallel potential of
the code further, is being worked on.
Moreover, support was given to include new physical fea-
tures in the GENE code. The authors of the code plan to
incorporate an impact operator. This implies new local inter-
action terms in one of the velocity components. As the pro-
gram is decomposed with respect to this component, the
parallel data structures of the program had to be adapted. By
adding ghost cells and corresponding communication rou-
tines the program was prepared for the implementation of
the new physics.

Materials Sciences
WIEN2K Package
Problems showed up when putting the Wien2k package into
operation on the new IBM Power5 machines. With a partic-
ular data set the simulation ended abnormally from time to
time. Extensive investigations were carried out to analyze the
problem. Among others, the parallel code was comparatively
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executed on Power4, Power5 and Linux machines with the
respective data set. Slightly different numerical results
evolved in the course of the simulation on the different
machines, but also when calculating repeatedly on the same
machine. It could be identified that these differences are
caused by the public-domain ScaLAPACK routine pdsyevx,
which is used as parallel eigenvalue solver in Wien2k. These
inaccuracies are usually tolerated by the Wien2k algorithm,
but can occasionally escalate over the course of several SCF
cycles. This behaviour occurs favourably when heavy use of
the iterative eigenvalue algorithm is made and the data set
operates by chance at the limits of stability. Both circum-
stances were fulfilled for the data set in question. The result-
ing solution for the problem is obviously to alternate the
cheap iterative eigensystem algorithm with the expensive,
but more accurate eigensystem method of full diagonaliza-
tion, which is also provided by Wien2k. By proceeding like
this no further problems of this kind did appear.

Earth Sciences
Support was given to researchers from MPI for Chemistry to
port the ECHAM5 climate code to the AMD opteron cluster
with Infiniband.

Life Sciences
GROMACS is a European classical molecular dynamics
code used at several Max Planck Institutes. RZG is working
closely with the autors and the scientists to optimize the par-
allel scalability.
After improving the so-called PME part by a factor of three
and the overall speedup on 32 Regatta processors by 50 %, a
dynamic load balancing was introduced for the particle-par-
ticle part (PP), which led to a further performance increase
of 20 % on an IBM Regatta node, for the named problem of
aquaporine-1, a molecule with about 81,000 atoms.

Bioinformatics

In the interdisciplinary MiGenAS cooperation, joined by
several Max-Planck-Institutes, RZG has established a soft-
ware platform for bioinformatics tools and databases, which
is tailored to the research with microbial genomes (Micro-
bial Genome Analysis System, cf. www.migenas.mpg.de).
For this task an additional scientific position is provided by
the MPG. RZG hosts dedicated computing and storage facil-
ities for the consortium, operates various services for proj-
ect-internal and public use, offers application support on
various levels (including participation in research projects),
and also contributes original software development: The so-
called MiGenAS Workflow Engine, which has been devel-
oped at RZG in close collaboration with the involved biolo-
gists, allows researchers to perform convenient and versatile
web-based analyses of genomic sequences and proteins.
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The functionalities of the system are continually adapted
and extended in response to growing and changing demands
of the scientists working with it. In the course of 2005, the
MiGenAS Workflow Engine has been supplemented by a
number of additional services and the web application was
made publicly available via www.migenas.org. Among the
newly deployed features are so-called “web services” (a
newly emerging technology for XML-based, transparent
inter-application communication), some of which are
already routinely being utilized by other project-relevant
software systems. 

Multimedia

Videoconferencing (VC)
The VC infrastructure was very reliable again in 2005. The
Gatekeeper was available on 365 days, with 2 scheduled
shut-downs due to power supply work. In 2005 the total
number of successful calls was ≈20.000, twice as many as
2004, equivalent to 6.400 h of conferencing (successful calls
>5 min) the data traffic through the proxy was ≈2.9 Terabyte
(+45 %). The number of registered endpoints is ≈150 and
was rather constant. Several partners installed their own
gatekeepers, thus un-registering ≈50 systems from RZGs
GK. About as many new systems have been registered,
especially from EFDA and ITER. Conferences with presen-
tation sharing became more and more popular. IPPs systems
can use the new standard H.239 (also in multipoint on the
MCUs of DFNVC or lent from Tandberg and Codian), while
in EFDA VNC is still dominant. Regular multipoint confer-
ences by DEISA associates are assisted by RZGs video
group and have been run on the MCUs of the DFNVC
(H.323, with up to 8 participants, once or twice per week,
several hours per conference). Detailed quality of service
(QoS) studies have been done between Alfred-Wegener-
Institute Bremerhaven and the two IPP sites. One major
result was that RZGs access router to GWiN was over-
loaded. Due to sufficient bandwidth, traffic prioritization did
not show any measurable benefits on the IPP side.

Graphics Software
Four AMIRA graphics licenses have been implemented and
regularily used from Stellarator-Theory and Tokamak-Physics.

Data Networking

IPP’s data network infrastructure was planned with a cabling
structure in mind that can easily be adapted to future tech-
nologies. The network realized is therefore based on the con-
cept of a “collapsed backbone”, consisting of high-level
switches at a few central locations, which directly connect to
all endpoints via links based on copper or fibre – eliminating
the need of limiting switches at workgroup or story level.
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This structure drastically enhances overall network perform-
ance, 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 multi-mode and mono-mode
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 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 is implemented, where all the incom-
ing/outgoing packets are checked against a set of blocking
or granting rules. Additionally all incoming electronic mail
is scanned for viruses and only clean and unobjectionable
data (based on known problems) will be passed to the inter-
nal network, the rest gets quarantined. Spam mail filtering is
also active. Users can individually define and set filter
threshold values. Due to the renovation of the old computer
hall we were forced to relocate one of the core nodes of the
German research network G-WiN/X-WiN to the new build-
ing. This is a very complex and time consuming task,
because all the attached cables (both copper and optical
fibre) have to be moved also, to completely clear the old
building.

Data Acquisition and Data Bases for Plasma Fusion
Experiments

The XDV group is responsible for the development of the
data acquisition, archiving and processing system for W7-X.
Since the fusion experiment W7-X is designed to operate in
a “steady state” mode with discharge length of up to 30 min-
utes, special care has to be taken, to continuously sample
and archive the huge amount of measured data.
The design of the data acquisition system was reviewed by
an international expert group at the beginning of 2005. The
result of the review has shown no serious objections against
the main concepts. There were only some minor concerns
about the use of a commercial object database in such a long
lasting experiment. Another objection concerned the use of
the IP multicasting protocol for several data distribution
services. To handle these concerns there were some investi-
gations done and planned for the future. Due to the bad feel-
ings raised about the use of IP multicasting, a student in
Greifswald has setup a test environment to explore the prob-
lems of the protocol. The results of this work showed some
important facts, how to make the protocol more reliant by
giving the protocol stack more memory space on certain
operating systems. From this work and more ongoing inves-
tigations we think the protocol is useful for the planned
services.
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We always had a good feeling about using the commercial
database Objectivity since the company is well situated at
the market. It was also shown that Objectivity is capable of
handling this huge amount of data by the BARBAR experi-
ment of the Stanford Linear Accelerator, were the database
contained several terabytes of data. But meanwhile the
BARBAR experiment dropped the Objectivity database for
their mass storage and built their own storage system based
on a newly defined protocol with fault tolerance on the
server side. To find the reasons for this step we contacted
the responsible staff at Stanford and discussed their deci-
sions. Some more investigation has to be done on these top-
ics to come to a final conclusion. 
After the group, that is responsible for the control system of
W7-X, decided to use our database system (Objectivity) for
their configuration and segment data, we designed together
a portal based on TCP/IP and a proxy server with access to
the database. This enables the control systems that are based
on VxWorks to access all the necessary data. Further work
has been done in the database design to bring the structures
of the control system and the data acquisition system togeth-
er. This effort will be finished in the near future and simpli-
fies the views on the data and the tools used for handling
data in the database.
The implementation of the configuration and segment editor
for the database was started and a first version the tool
(CONFIX) was released by the end of 2005. This tool is
very important for the usability and acceptance of the whole
system, since all configuration data and segment definitions
will be handled by this editor. It is used for the setup of the
control system as well as the setup of the data acquisition
stations and has to guide the user through the data structures
of the database. After login every users defines a set of
workspaces that contain an arbitrary collection of objects
from the database. These objects can be displayed, edited,
copied and compared to other objects. This workspace con-
cept reduces the view on objects to a manageable subset for
the user. The first version has the same capabilities as the
previous preliminary editor (JOE Java Object Editor), but
gives a much easier to use interface for the objects in the
database. Further work on this editor is focused on the
implementation of more and more functionality and ease of
use. Some wizards for defining and editing of configura-
tions, segments and segment chains will be provided in
future releases.
Some work focused on implementing more sample data
acquisition stations. Finally one station for the ECRH test
stand could be delivered. In addition several sample stations
were developed for various spectrometer devices. This
included the use of various camera controllers, spectrometer
controllers for grids and mirrors as well as the acquisition of
camera pictures.

Computer Center Garching

Staff

A. Altbauer, G. Bacmeister, A. Baragatti, V. Bludov,
K. Desinger, R. Dohmen, R. Eisert*, I. Fischer, S. Gross, C.
Guggenberger, A. Hackl, C. Hanke, R. Hatzky, S. Heinzel,
C. Hennig*, H. Kroiss, G. Kühner*, H. Kühntopf*, K. Lehn-
berger, H. Lederer, R. Mühlberger, K. Näckel*, W. Nagel,
M. Panea-Doblado, P. Pflüger, F. Pirker**, A. Porter-
Sborowski, M. Rampp, J. Reetz, H. Reuter, S. Sagawe*, 
H.-G. Schätzko**, R. Schmid, A. Schott, H. Schürmann*,
J. Schuster, T. Soddemann, H. Soenke, U. Schwenn,
K. Stöckigt, R. Tisma, S. Valet*, Th. V. Weber*, I. Weidl.
Data Acquisition Group: P. Heimann, J. Maier, M. Zilker
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University Contributions to
IPP Programme



Introduction

Teaching in plasma physics has
a long tradition at IPP. In Sep-
tember 2005 the 20th Summer
University in Plasma Physics was
held in Garching. Since 1986
more than 1,500 students have
attended a one-week course at
IPP covering a wide range of
plasma physics topics. In addi-
tion, many members of the IPP

staff are Honorary Professors, Adjunct Professors or Guest
Lecturers at various universities and give lectures on theo-
retical and experimental plasma physics, fusion research and
materials science. 
Table 1 gives an overview. The teaching programme has
been highly successful over the years and, because very few
universities still have plasma physics in their curriculum, it
has filled an important gap in physics teaching. Moreover,
many students who first came into contact with plasma
physics and fusion research through lectures given by IPP
staff at universities or through the IPP Summer University
have later done thesis work and even taken up a career in the
field. Because of the Max Planck Research School the coop-
eration with the Ernst Moritz Arndt University (EMAU) in
Greifswald has been particularly fruitful. 

Greifswald and the International Max Planck Research
School

Within the framework of a formal agreement with the Ernst
Moritz Arndt University (EMAU), the three directors at 
IPP Greifswald are also full professors in the Physics Depart-
ment.

Cooperation with Universities
Author: Dr. Petra Nieckchen

Prof. Jürgen Nührenberg lec-
tures on plasma theory, Prof.
Friedrich Wagner and Prof.
Thomas Klinger lecture on ex-
perimental plasma physics.
In addition, Prof. Hans-Jürgen
Hartfuß holds an honorary pro-
fessorship in experimental phys-
ics. The university and IPP are
now looking for a successor for
Prof. Jürgen Nührenberg, who
is to retire in 2007. 

Many important goals in plasma physics and
materials science have to be met on the way to
a fusion power plant. Since this process will
last another generation, IPP attaches great
importance to the training of young scientists.
The close interaction with the universities in
teaching and research is therefore an important
part of the mission of IPP. It has also borne fruit
in recent years. Moreover, the joint projects,
which exist with several universities, form an
integral part of the IPP research programme.
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Figure 1: Students at the IPP Summer University of Plasma Physics

University Members of the staff of IPP

Humboldt University of Berlin
Dr. habil. Hans-Stephan Bosch,
Prof. Gerd Fußmann,
Dr. Bernd Koch

IMPRS Greifswald Priv. Doz. Dr. Frank Jenko

Technical University of Munich
Prof. Harald Bolt,
Dr. Arthur Peeters,
Priv-Doz. Dr. Rita Meyer-Spasche

University of Augsburg
Prof. Kurt Behringer,
Dr. habil. Ursel Fantz,
Dr. Thomas Hamacher

University of Bayreuth

Prof. Michael Kaufmann,
Prof. Jürgen Küppers,
Dr. Wolfgang Suttrop,
Dr. Wolf-Christian Müller

University of Bochum Prof. Diethelm Düchs

University of Gent Dr. Jean-Marie Noterdaeme

University of Greifswald

Dr. habil. Andreas Dinklage,
Prof. Olaf Grulke,
Prof. Jürgen Hartfuß,
Prof. Thomas Klinger,
Dr. Heinrich Laqua,
Prof. Jürgen Nührenberg,
Dr. Ralf Schneider,
Prof. Friedrich Wagner

University of Innsbruck Prof. Karl Lackner

University of Munich Prof. Hartmut Zohm

University of Münster Priv. Doz. Dr. Frank Jenko

University of Padua Prof. Karl Lackner

University of Rostock Prof. Sibylle Günter

University of Tübingen Dr. Rudolf Neu

University of Ulm
Priv. Doz. Dr. Frank Jenko,
Dr. Emanuele Poli

University of Vienna Dr. Josef Schweinzer

Table 1: IPP staff who taught courses at universities in 2005.



The EMAU and IPP Greifswald founded the International
Max Planck Research School on Bounded Plasmas (IMPRS)
in 2001; the Institute for Low Temperature Plasma Physics
(INP), which is affiliated to the Leibniz-Gemeinschaft and
also in Greifswald, has since joined. The interdisciplinary
scientific programme combines plasma physics and fusion
research as well as computational physics and surface sci-
ence. Currently 28 PhD students are enrolled from IPP, the
university Physics Department and the INP. Since 2001 nine-
teen students have been awarded their PhDs. The Research
School holds colloquia for graduate students, guest lectures,
summer schools and workshops. It has been favourably
assessed by an international panel of referees and an exten-
sion for another six years was recently approved by the
President of the Max Planck Society.

Special Collaborative Research Centre

IPP Greifswald participates in the Transregional Special
Collaborative Research Centre (Sonderforschungsbereich, or
SFB) “Fundamentals of Complex Plasmas” funded by the
German Research Council (Deutsche Forschungsgemein-
schaft, or DFG). The SFB was established in summer 2005
after positive assessment of a joint proposal from the EMAU,
the University of Kiel, INP and IPP. There are three IPP pro-
jects in the SFB. The first, “Dynamic response of magne-
tized negative ion plasmas” IPP is headed by Prof. Olaf Grulke
and Prof. Thomas Klinger, the second “Integration of data
analysis in plasma physics” by Dr. Andreas Dinklage and
Prof. Bernd Pompe (EMAU), the third “Multi-scale simula-
tions of plasmas and plasma-wall interactions” by Dr. Ralf
Schneider and Prof. Holger Fehske (EMAU). 

Junior Professorship

In 2002 a Junior Professor programme was introduced by
the German Federal Ministry of Education and Research.
The new type of post is intended to give independence to
outstanding young scientists and is roughly equivalent 
to the “assistant professor” in the United States. Dr. Olaf
Grulke was recently appointed to such a position held joint-
ly at the Ernst Moritz Arndt University and IPP Greifswald.
He and his group study the non-linear dynamics of low-tem-
perature plasmas. Dr. Grulke presents his recent work in
section “laboratory plasma devices WEGA and VINETA”
on page 59/60; he also heads the corresponding project in
the Transregional Special Collaborative Research Centre
(SFB) described above.

Junior Research Groups – Networking with Universities

As well as the Junior Professorship with the EMAU IPP has
three independent Young Investigator/Junior Research Groups.

University Cooperation

The group leaders are appointed for five years on a competitive
basis and receive special funds for graduate students and post-
docs. Dr. Wolf-Christian Müller heads one such group in
Garching in the area of “Computational studies of turbulence
in magnetised plasmas”. Some of his more recent results are
described in section Theoretical Plasma Physics on page 88.
Dr. Müller also lectures at the University of Bayreuth. A second
such group at IPP Garching in “Theory and Ab initio Simu-
lation of Plasma Turbulence” is led by Dr. Frank Jenko who
works closely in collaboration with the University of Münster
(see section “Theoretical Plasma Physics” on page 89). The
group of Dr. Ralf Schneider is concerned with computation-
al simulation of materials in contact with plasmas or ionized
gases. Dr. Schneider has a joint “tenure track” position with
the EMAU Greifswald. His recent work is presented in sec-
tion “Theoretical Plasma Physics” on page 90.

University Cooperation Worldwide

Fusion is a research area with a particularly strong international
flavour. IPP has cooperation agreements and joint projects with
the universities of Cork, Graz, Helsinki, Lausanne, Lisbon, 
New York, Stockholm, Toronto and Vienna. Moreover, 55 guest 
scientists from these and many other universities worldwide
spent various lengths of time at IPP in 2005. 

University Cooperation with Financial Support from IPP

Within the framework of joint projects IPP also finances
plasma physics and fusion-relevant research at German uni-
versities. In the Physics Department of the University of
Bayreuth (Prof. Jürgen Küppers) fusion-relevant plasma-
wall interaction processes are investigated. Research in
fusion-oriented plasma physics figures strongly at the
Humboldt University of Berlin, where Prof. Gerd Fußmann
operates the Electron Beam Ion Trap (EBIT) experiment and
the PSI-2 Plasma Generator. This group emerged in 2004
from the IPP Division “Plasma diagnostics” in Berlin, which
was dissolved at the end of 2003. Plasma physics at the
University of Augsburg is closely linked to the IPP Division
“Experimental Plasma Physics 4” in Garching. The research
conducted is focussed on the investigation of low-tempera-
ture and fusion edge plasmas. A variety of topics is being
investigated at the University of Stuttgart with the support
of IPP. In particular, the Institute for Plasma Research at this
university contributes substantially to the design and the
construction of the electron cyclotron resonance heating
systems on ASDEX Upgrade and Wendelstein 7-X. Further,
Prof. Ulrich Stroth and his team in Stuttgart are also work-
ing on current drive and plasma stabilization as well as 
on various plasma diagnostic techniques. Smaller projects 
at the University of Kiel and the Ludwig Maximilians
University of Munich have also been carried out in 2005.
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Diagnostic Methods for 
Hydrogen Plasmas

The standard diagnostic tools
for low pressure, low tempera-
ture plasmas, such as emission
spectroscopy, Langmuir probe
measurements and microwave
interferometry are extended by
an absorption technique to get
access to the ion species H3

+

and H¯. The extremely sensitive
method of cavity-ringdown-spectroscopy (CRDS) has been
established both at the University of Augsburg and at the IPP
Technology division. This technique utilizes an optical cavity
which is pumped by irradiated laser power. By measuring the
decay constant of the trapped light, the ringdown signal,
absorption coefficients as low as 10-8 cm-1 can be resolved.
The setup at the University of Augsburg uses a tuneable cw
diode laser at wavelengths around 1469 nm to scan for
absorption lines of the H3

+ ion in a microwave-driven surface
wave discharge. Absorption lines of water vapour are used
for wavelength calibration. Absolute measurements of the
H3

+ density give an insight into the heavy particle dynamics
in these plasmas and corresponding kinetic models can be
benchmarked. The setup at the IPP Technology division is
part of the ongoing effort to develop reliable and powerful
H¯/D¯ sources. In order to optimize source parameters and
to obtain correlations with extracted H¯ current densities,
diagnostics tools for absolute H¯ densities are desirable.
Therefore a CRDS system has been established at the BAT-
MAN testbed. The cavity is pumped by a pulsed Nd:YAG
laser at 1064 nm and measures the attenuation of the trapped
radiation by the photo detachment process of H¯.

University of Augsburg
Lehrstuhl für Experimentelle Plasmaphysik

Head: Prof. Dr. Kurt Behringer

The decay constant is directly
correlated with the absolute H¯
density, calibration procedures
are not needed, which is one of
the advantages of this method.
Figure 1 shows line of sight aver-
aged H¯ densities at a distance of
3 cm to the plasma grid. A direct
correlation with pressure and
input power is observed, as well
as a correlation with the extracted
H¯ current density. This is of par-

ticular importance since extraction is not available for the half-
size ITER source RADI. CRDS in combination with laser
detachment, which allows spatially resolved measurements of
H¯, will be both the most important diagnostic techniques
there. An experimental setup for the determination of the
work function φ of surfaces has been built and tested and the
University of Augsburg for application to the negative ion
sources at IPP. Negative ion production relies nowadays on
a surface process, which needs a plasma grid with a low
work function. This is achieved by cesium evaporation. The
work function depends strongly on the cesium coverage. For
optimization measurements are desirable, which are planned
for RADI. In addition, alternative materials can be tested
and conditioned in small laboratory experiments. Different
bulk materials (Cu, MoLa, LaB6) are irradiated by intense
UV light and the resulting photocurrent to a biased electrode
(platinum grid) is measured at a background pressure of 
10-5 mbar. 
Photocurrents range from pA to nA depending on bias volt-
age and irradiated photon energy, which can be selected by a
set of interference filters. The data are analysed using the
Fowler method (R. H. Fowler, Phys. Rev. 38, 1931).

Research is focused on the development of diag-
nostic methods for non-equilibrium plasmas
used in plasma technology and fusion research.
Experimental methods are supported by model-
ling and are applied to ASDEX Upgrade and the
negative hydrogen ion sources of IPP Garching.
The investigations are carried out in collabora-
tion with the division “Experimental Plasma
Physics E4” and the division “Technology” of
the Max-Planck-Institut für Plasmaphysik.
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Figure 1: Negative hydrogen ion densities measured at BATMAN for three
filling pressures and the extracted current density of negative ions
(calorimeter) measured at 0.4 Pa 

Figure 2: Fowler plot of measured saturation currents for different photon
energies showing results for the work function of a LaB6 surface cleaned by
conventional methods and after plasma treatment



The results show a strong dependence on the surface cover-
age with ambient gases such as oxygen or hydrogen, which
passivate the surface and lead to higher values of the result-
ing work function than would be expected for the clean sur-
face. This effect can be moderated by plasma treatment of
the sample before the measurement, leading to lower values
as shown in figure 2. 

The molecular radiation of hydrogen was investigated in the
framework of a diploma thesis (M. Regler). Besides Fulcher
radiation, two other transitions in the triplet system and
three transitions in the singlet systems were analysed, cover-
ing a wavelength range from 120 nm to 650 nm. A compari-
son with an existing collisional radiative model was carried
out, showing that the Fulcher transition (d-a, 600-650 nm)
and a transition in the singlet system (I-B, 390-460 nm) are
suited best for diagnostics. 

The various diagnostics techniques are planned to be
checked against each other in a wide pressure range. In
addition, the influence of heavy particle collisions or heat-
ing mechanisms on plasma parameters can be investigated.
Therefore, a plasma source was constructed with optimized
access possibilities (diploma thesis, S. Dietrich). Focus is
laid on a homogeneous ECR plasma (cylinder symmetry,
15 cm diameter, 30 cm height) using coils in Helmholtz-
configuration for the generation of a homogeneous magnetic
field (87.5 mT). The microwave (2.45 GHz, 1 kW power) 
is coupled into the plasma from the high-field side (B>Bres).
Stable plasmas can be generated in a wide pressure (0.1-10 Pa)
and power range (30-1000 W) resulting in a wide range of
electron density and electron temperature: ne=1×1016-5×1018 m-3

and Te=1.5-10 eV. Due to the specific coupling, underdense
plasmas (ne<7.5×1016 m-3) as well as overdense plasmas can
be generated in pulsed or continuous mode. 

Hydrocarbons and Plasma Wall Interaction Studies

The ongoing work on chemical erosion processes of carbon
in hydrogen plasmas has been focused on the dissociation
paths of hydrocarbons. Besides dissociation modelling and
spectroscopic methods, mass spectroscopy was used to deter-
mine hydrocarbon densities and density ratios of methane
and the C2HY group. For that purpose, an energy resolved
mass spectrometer was implemented in an ICP source. For a
start measurements were carried out in different low pres-
sure methane plasmas where calibrated mass spectra of neu-
trals and ions were recorded. The results have been com-
pared with calculated spectra, obtained from the dissociation
model for hydrocarbons (YACORA, developed at Univer-
sity of Augsburg). The model includes dissociation, ioniza-
tion, recombination and charge exchange processes of CHY,

University of Augsburg

C2HY and hydrogen as well as heavy particle collisions
between these species. The resulting densities of the C2HY

+

ions can be compared directly with measured spectra where-
as for the neutrals the cracking pattern of the stable species
has to be considered. Measured and calculated mass spectra
of neutrals and ions of C2HY in a methane plasma are plotted
in figure 3 showing satisfactory agreement.
The spectroscopic diagnostics of hydrocarbons released by
chemical erosion, namely the quantification of methane via
CH emission (Gerö band) and C2HY particles via C2 emis-
sion (Swan band), is planned to be applied to hydrocarbon
films with known H/C ratio (hard and soft a-C:H layers).
Thus, the C2/CH emission ratio can be calibrated against the
film hardness under controlled conditions. Applications to
the divertor plasma of ASDEX Upgrade will allow for char-
acterization of the carbon films.

Diploma Theses

M. Regler: Messung ausgewählter Besetzungsdichten von
Wasserstoffmolekülen und Vergleich mit Rechnungen, 2005.

M. Drexel: Entwicklung einer Photodiodendiagnostik für
Quellen negativer Ionen, 2005.

S. Dietrich: Aufbau und Charakterisierung eines homogenen
ECR Plasmas, 2005.

N. Heitmann: Lösung energiewirtschaftlicher Probleme mit
Hilfe linearer Programmierung, 2005.

Scientific Staff

U. Fantz, P. Starke, M. Berger, S. Dietrich, M. Regler,
M. Drexel, S. Riegg, S. Hilbert, R. Gutser, S. Baur, J. Herrmann.
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Elementary reactions of
hydrogen atoms with adsor-
bates and solid surfaces

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 sputter-
ing, but can induce several processes, such as chemical ero-
sion, abstraction etc, which contaminate the plasma. 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 experi-
mental reasons, the present work utilised only thermal
atoms with energies in the range of a few tenth of an eV.

We have recently shown for the first time that atomic hydro-
gen adsorbs on the most simple carbon surface, the basal
plane of graphite – C(0001) –, with a considerable adsorp-
tion energy, about 0.7 eV. This feature, including the value
of the adsorption energy, was predicted in two theoretical
papers by Sidis et al. in late 1999 and Jackson et al. in mid
2002. These authors used DFT methods in their calculations
which at present provide the most precise approach to ener-
gy calculations of small systems, less than about 20 or so
atoms in the system under investigation. The theoretical
studies also predicted that there exists an energy barrier of
about 0.2 eV for adsorption of H.

Although DFT calculations are restricted to a relatively
small number of atoms in a system, the calculated energies
are expected to be rather close to reality. In order to check
this, the activation barrier was determined by experiments.
To achieve this, the adsorption cross-section σ – a geometri-
cal representation of the sticking probability – was deter-
mined as a function of the D (or H) atom source temperature
and the temperature of the graphite substrate. The series of
thermal desorption spectra shown in figure 1 illustrates that
at a surface temperature of 350 K the amount of recombina-
tively desorbed deuterium decreases with decreasing atom
source temperature, whereas the shape of the spectra remain
unaffected. 
One has to consider that the D atom coverage on graphite
during admission of D atoms to the surface is a balance
between adsorption of D from the gas phase and abstraction
of adsorbed D by gaseous D towards molecular deuterium.
Due to its significant exothermicity the abstraction process
occurs with a constant cross section, unaffected by varia-
tions of the temperature of the substrate and the admitted
atoms. Since the abstraction cross-section is known, a 
logarithmic plot of the adsorption cross-section σ versus

University of Bayreuth
Lehrstuhl für Experimentalphysik III

Head: Prof. Dr. Jürgen Küppers

inverse temperature can be con-
structed as shown in figure 2
for various substrate tempera-
tures. Also shown in figure 2
are the activation energies as a
function of the substrate tem-
perature.

It is seen that at 200 K surface temperature the activation
barrier amounts to about 0.2 eV, in excellent agreement with
theory. It is also seen that the barrier increases above 200 K,
an observation which is up to now not dealt with by theory
and not intuitively clear. A threefold increase of the barrier
within a 200 K wide temperature interval suggests that the
initial step in the D adsorption process: reconstruction of the
graphite surface via puckering of the D bonding C atom 
0.3 Å out of the surface plane, gets significantly difficult at
elevated temperatures. It might be that phonon excitation is
involved here, but T-dependant calculations of the gra-
phite-H interaction are needed to resolve that issue.

Cooperation between IPP and the University of
Bayreuth is concentrated on investigating
fusion-relevant plasma-wall interaction pro-
cesses. Accordingly, the hydrogen atom surface
chemistry on possible reactor wall materials is
the primary research topic.
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In addition to the determination of the activation barrier,
precision measurements were performed of the sticking
probability of H on graphite as a function of the coverage
with an automated experimental device. It was found that
initially the sticking probability increases with coverage,
suggesting that in the neighbourhood of an adsorbed 
H sticking of H is easier than on a bare surface. As a conse-
quence, pairing and clustering of H on the surface is expect-
ed, which should be confirmed by STM investigations.

Publications

Y. Hayase, S. Wehner, J. Küppers and H. R. Brand: The role
of sampling time in measurements of the CO2 kinetics of the
bistable reaction CO + O2 → CO2 on Ir(111) surfaces.
Physica D 205, 15 (2005).
S. Wehner, P. Hoffmann, D. Schmeisser, H. R. Brand and
J. Küppers: Spatiotemporal patterns of external noise-induced
transitions in a bistable reaction-diffusion system: photo-
electron emission microscopy experiments and modeling.
Phys. Rev. Lett. 95, 038301 (2005).

University of Bayreuth

P. Hoffmann, S. Wehner, D. Schmeisser, H. R. Brand and 
J. Küppers: Noise-induced spatio-temporal pattern in a
bistable reaction-diffusion system: PEEM experiments and
modeling of the CO oxidation reaction on Ir(111).
J. Chem. Phys (subm).

Conference contributions
L. Hornekaer, S. Baouche, A. Baurichter, V. V. Petrunin, 
T. Zecho, J. Küppers, D. Field and A. C. Luntz: Molecular
hydrogen formation under interstellar conditions – from
PDRs to dense clouds.
Symposium Interstellar Reactions: from Gas Phase to
Solids, Pillnitz, Germany, 5-9 Jun, 2005.
S. Baouche, L. Hornekaer, V. V. Petrunin, A. C. Luntz,
T. Zecho and A. Baurichter: Dynamics of hydrogen mole-
cule formation on graphite surfaces.
Symposium Interstellar Reactions: from Gas Phase to
Solids, Pillnitz, Germany, Jun 5-9, 2005.
S. Baouche, L. Hornekaer, V. V. Petrunin, A. C. Luntz, 
T. Zecho and A. Baurichter: Dynamics of hydrogen associa-
tive desorption from graphite surfaces.
Gordon Research Conference on Dynamics at Surfaces,
Proctor Academy, Andover, NH, USA, Aug 14-19, 2005.
L. Hornekaer, A. Baurichter, S. Baouche, V. V. Petrunin, 
A. C. Luntz, D. Field, T. Zecho and J. Küppers: Experimental
study of H2 formation on ices.
IAU Symposium 231: Astrochemistry – Recent Successes
and Challenges, Asilomar, CA, USA, Aug 28-Sept 2, 2005.
S. Baouche, L. Hornekaer, V. V. Petrunin, A. C. Luntz, 
T. Zecho and A. Baurichter: Hydrogen formation in PDRs:
Laboratory studies on recombinative hydrogen desorption 
from graphite.
IAU Symposium 231: Astrochemistry – Recent Successes
and Challenges, Asilomar, CA, USA, Aug 28-Sept 2, 2005.
S. Baouche, L. Hornekaer, V. V. Petrunin, A. C. Luntz, 
T. Zecho, J. Küppers and A. Baurichter: Dynamics of hydro-
gen associative desorption from graphite surfaces.
European Conference on Surface Science, ECOSS 23, Berlin,
Germany, Sept 4-9, 2005.

Doctoral thesis
Andreas Güttler: Untersuchungen zur Wechselwirkung ther-
mischer Wasserstoffatome mit der Basalfläche von Graphit.
Universität Bayreuth, February 2005.

Scientific staff

Thomas Zecho, Andreas Güttler.
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PSI-2 Plasma Generator

In 2005, our experimental stud-
ies of hydrocarbon generation
and transport were continued in
close cooperation with the EFDA
group in Garching. To study the
hydrocarbon transport, erosion/
deposition measurements were
made using controlled gas in-
jection and heated wafers as
collectors. The growth rate, at
which a-CH layers are formed on the collectors was mea-
sured by in situ optical diagnostic techniques for surface
characterization. It was found that the presence of atomic
hydrogen in the plasma has a large effect on the erosion/dep-
osition behaviour. The effect was particularly significant in
hydrogen and deuterium discharges leading to net erosion of
the a-CH layers. In contrast, for discharges in argon the
process of deposition prevailed (see figure 1) resulting in the
formation of a-CH layers on the collector surface. Model-
ling calculations of the erosion/deposition process were car-
ried out with the ERO code for the conditions in PSI-2 dur-
ing gas injection. Good agreement is found in the case of
argon plasmas, but for hydrogen and deuterium discharges
the code predicts much lower rates than observed in the
experiment. In order to improve our understanding of the
hydrocarbon formation, the process of decomposition of
injected hydrocarbons by plasma interaction was measured
by quadrupole mass spectrometry (QMS) and infrared
absorption spectroscopy (IRAS) (in cooperation with INP,
Greifswald). To produce a broad spectrum of hydrocarbon
species, CH4, C2H6 and C2H4 gas were injected at various
positions along the plasma chamber into argon and hydro-
gen plasmas. This injection was carried out for different
plasma conditions in order to identify the decomposition
process as charged particle-induced, atomic hydrogen-
induced, or a combination of both. The two diagnostics
(QMS and IRAS) show the same results for the stable
hydrocarbons but with different detection limits. The
decomposition process of methane (CH4) shows a strong
dependency on electron density ne. Significant decomposi-
tion is already observed for small values of ne and in the
case of argon plasmas noticeable density of ethylene and
acetylene was detected. In addition to this formation of eth-
ylene and acetylene in argon, ethane was detected in hydro-
gen plasmas. It can be determined that the formation of eth-
ylene and acetylene is an electron-induced process and the
formation of ethane is only triggered by atomic hydrogen in
combination with the electron-induced processes.
A further activity was the development and testing of a new
combined force-Mach-Langmuir probe for plasma diagnos-
tic measurements (in cooperation with CIEMAT, Madrid).

University of Berlin
Lehrstuhl für Plasmaphysik

Head: Prof. Dr. Gerd Fußmann

The probe combines a particle
and a momentum flux measure-
ment to allow determination of
the ion temperature Ti. For dis-
charges in argon an ion temper-
ature was obtained that is com-
patible with the expectations 
Ti≈2/3Te. However, the results
for other gases show larger dis-
crepancies from this relation,
which is so far not understood.

Electron Beam Ion Trap (EBIT)

The emphasis of our research with the EBIT is on x-ray and
extreme ultraviolet (EUV) spectroscopic measurements,
study of general trap physics, and extraction of highly
charged ions (HCIs) for collision experiments with an exter-
nal target. In order to generate atomic physics data in sup-
port of fusion work, measurement of x-ray and EUV emis-
sion lines from highly charged Ar and W ions was
continued. To produce tungsten ions in the EBIT, we have
followed a new path by injecting a continuous flow of
W(CO)6 into the trap. Compared to other techniques, a sig-
nificantly greater amount of x-ray and EUV emission is
observed in this operation due to greater abundances of
W ions confined in the trap. In preparation for monitoring
HCIs in the visible spectrum, a new imaging system with
filters for spectral selection was set up at the EBIT.
Measuring the emission from long-lived M1 transitions, this
system can be employed to determine the ion spatial distri-
bution in a given experiment.

A major field of activity in 2005 was complementing the
extraction beamline and performing x-ray spectroscopic
measurements of HCI-gas charge exchange (CX) interac-
tions. This aims at probing the fundamental physics of HCIs
and is also motivated by the need for experimental databases
in the fields of astrophysics and controlled nuclear fusion.

The plasma physics group at the Humboldt
University operates the plasma generator PSI-2
and an electron beam ion trap (EBIT). The
research activities comprise basic plasma
physics, plasma-material interactions and high-
ly charged ion processes relevant to thermonu-
clear fusion. An additional effort is dedicated to
ELM physics studies embedded in a collabora-
tion with the ASDEX Upgrade and MAST
fusion experiments.
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Figure 1: Film growth rate on a collector under the injection of CH4 into
an argon plasma as a function of electron density



ELM Physic Studies

In the framework of collaborations with the ASDEX
Upgrade experiment at Garching and the MAST experiment
at Culham (England), the evolution of edge localized modes
(ELMs) was measured by means of an IMACON high speed
camera. ELMs are instabilities driven by the steep pressure
gradients within the edge transport barrier of discharges
with high energy confinement. During an ELM event a sub-
stantial fraction of the stored energy is released within a
short period of time (100-1000 μs) and deposited on the
plasma facing components. A proper understanding of the
ELM distribution (size and position) is crucial for future
design considerations, specifically in estimating the heat
load on the first wall and divertor target plates of future
fusion test devices. In our investigation, the dynamics of the
ELM structures was studied by taking time-resolved images
of the confined plasma (minimum exposure time 5 μs).
Figure 3 is an example showing two such consecutive
images of the MAST experiment during an ELM event. The
ELMs become apparent as twisted filaments, which map the
magnetic field line structure in the device. Combining the
information about the position of the ELM filaments with
the time-resolved measurement the velocity of ELM propa-
gation can be determined. A similar measurement of fila-
mentary ELM structures was made at the ASDEX Upgrade
tokamak.
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We investigate CX interactions of Arq+ ions (q=17, 18)
colliding with neutral argon atoms. The ions in the EBIT
were produced with a 10 keV, 130 mA electron beam,
extracted in pulse mode at 5 kV and deflected into the
horizontal plane of the extraction beamline. In order to
select a particular ion charge state for investigation and
control the projectile velocity, the ion beam is guided
through a Wien filter and decelerated by a retarding
assembly, respectively. Behind the retarding field is the
target area, into which Ar gas was injected to coincide
with the arrival of HCIs at the target. At the end of the
beamline a reflectron system with a microchannel plate
detector is in place which is used for beam analysis.
Figure 2 shows a Wien filter scan across the charge state
distribution (inset) and the results of an energy measure-
ment of extracted Ar17+ ions using the reverse bias tech-
nique. X-ray photons from the CX between Arq+ and Ar
were detected with a solid state x-ray detector. The meas-
urements focused on x-rays emitted between 2 and 5 keV.
This concentrates on the study of photons resulting from
2≤n≤8 transitions to n=1 (n=8 is the principal quantum
number of the state, into which the electron is captured in
the CX interaction). 
In the experiment, the energy of the HCI projectiles was
varied from the extraction energy of 5q keV to 10q eV
while recording x-ray emission spectra. For the lower ener-
gies different intensity distributions were measured in the
spectra showing that the HCI velocity was varied in a re-
gime that influences the angular momentum capture state �.
We are investigating this further, and are extending the
experimental study to CX measurements on Ar ions within
the EBIT device itself (magnetic trapping mode). 
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Figure 2: Field retardation of Ar17+ ions and Wien filter magnetic current
scan (inset) across the charge state distribution of the extracted ion beam.
The dotted curve peaking at 4.837 kV is the derivative of the Ar17+ count
rate (solid curve). From the width (12 V) the energy spread of the extracted
Ar ions is estimated at 204 eV.

Figure 3: Filamentary ELM structures at the MAST experiment. In the
image on the right, the dashed curve marks a single field line fitting a fila-
mentary ELM structure.
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On the other hand, the synthetic
wavelength has to be larger
than the highest surface step 
to determine the step height
unambiguously as shown in 
figure 1: all marked points are
possible solutions with a dis-
tance of n-times the synthetic

wavelength Λ. In the case of discontinuities it is impossible
to count the number of fringes delivering the step height.
The shape measurement of a surface with discontinuities at
a high accuracy therefore results in a dilemma.

Solutions

The general solution for this problem is the utilization of
more than one synthetic wavelength: one synthetic wave-
length Λ1 larger than the highest surface step in order to
determine the step height and one or more smaller wave-
lengths Λi to ensure the desired range of accuracy. The task
is to find a method, which is capable to ideally combine the
phase images Pi calculated at different synthetic wave-
lengths Λi. Figure 2 illustrates the problem of that fusion
given by (task: find Ni) [2]:

In case of normal distributed phase noise σΛ the probability
pe for an error in the calculation of Ni is [5]:

Solutions, which address the factor between Λi and Λi-1 to
keep the error probability low are known as hierarchal
approach [2] or temporal phase unwrapping [3]. Both utilize
a set of synthetic wavelengths starting with the synthetic
wavelength ensuring the unambiguousness. The synthetic
wavelength is decreased subsequently until the desired
range of accuracy is reached always combining one phase
image with the previous result.

In vibrating environments, however, it would be desirable to
minimize the measurement time by minimizing the number
of synthetic wavelengths. To combine accuracy and unam-
biguousness at least two synthetic wavelengths are required:
ΛL larger than the highest surface step and ΛS to ensure the
accuracy.
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Introduction

Speckle metrology for surface
diagnostics can provide accurate
contour measurements in the mi-
cron range and short measure-
ment times far below a second.
Typical surfaces, however, often
show discontinuities like steps or holes. Using speckle me-
trology it is only possible to determine these discontinuities
unambiguously, if the so-called synthetic wavelength is cho-
sen larger than the largest surface step. Since the noise level
introduced to the measurement increases proportional to the
synthetic wavelength, unambiguous measurements often suf-
fer from a loss of accuracy. The solution for this dilemma is
the combination of two or more synthetic wavelengths.

Problem

Surface contouring via speckle interferometry requires several
interferograms recorded at different wavelengths or different
angles of observation respectively. When two wavelengths λ1
and λ2 are used, the obtained sensitivity is determined by the
so-called synthetic wavelength Λ given by [1]:

In the phase image the synthetic wavelength is visible as the
distance from one fringe to another, comparable to the con-
tour lines on a topographic map. Due to the way the two
interferograms are combined, the phase noise in the image,
resulting from various noise sources in the interferogram, is
constant.This means that the noise in z-direction is propor-
tional to the synthetic wavelength Λ as the geometric data is
gained from the phase date by multiplying Λ/2π. A low syn-
thetic wavelength therefore is required for a high z-resolution.

Technical University of Munich
Speckle metrology for surface diagnostics
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The cooperation of IPP and the Technical Univer-
sity of Munich is concentrated on the develop-
ment of Speckle measurement techniques to detect
arc traces, deformation, erosion, surface rough-
ness, surface structure and surface contour in the
divertor region of experimental fusion devices.
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Figure 1: Discontinuity
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(false step high or missing steps). The fusion result UV com-
bines both advantages. It has been shown that measuring
surfaces with discontinuities requires specific methods. In
vibrating environments the two phase images method is
superior to methods, which require more phase images.
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As the factor between ΛL and ΛS is not adapted to the noise
level anymore, the only way to reduce the error probability
is to reduce the noise σΛ itself. This can be achieved by
using a set of pixels in the N-image rather than performing a
pixel by pixel decision. Here the N-image is the difference
between the unwrapped phase image of the long and short
synthetic wavelength divided by the short synthetic wave-
length. According to equation (2) the N-image only contains
integer numbers (under ideal conditions), continuous transi-
tions are not possible. This allows the usage of standard
image segmentation algorithms. The segments deliver the
required set of pixels. Various segmentation algorithms have
been evaluated [4, 5]: threshold-based, edge-based and
region-based. In combination with different pre- and post-
processing steps many algorithms have been shown to be
suitable. The principle flow of all algorithms is similar:
• get segments (by edge detection, region detection etc.)
• calculate mean n-value (after equation (2)) in each seg-

ment
• in the unwrapped phase image calculated at the small syn-

thetic wavelength: apply n-times ΛS to all pixels belonging
to the segment

However, the use of pixel sets requires a higher minimal
object size, which can be detected compared to the algo-
rithms mentioned in [2, 3]. A general reduction of the lateral
resolution is not given if special post-processing steps for
increasing the lateral resolution are applied [5]. 

Results

Figure 3 exemplary shows the measurement results of a dis-
continuous surface along an intersection line. The intersec-
tion line of the unwrapped phase image UL calculated at ΛL
is unambiguous but shows a high noise level, while US
recorded at ΛS has a low noise level but is ambiguous 
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?

phase image of
long synthetic
wavelength:
- high noise
- unambiguous
(no steps missing
and correct step
height)

phase image of
short synthetic
wavelength:
- low noise
- ambiguous
(missing steps
or false step
height)
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Figure 2: Problem of data fusion on the example of a pyramid
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Figure 3: Exemplary results of a Euro-coin along an intersection line (an
offset has been added to each curve for better readability)



delay line. The maximum out-
put power of the fundamental
mode is more than 99 %. An
experimental setup was built to
confirm the calculated results,
the measurements have begun.

ECRH in over-dense plasmas

The use of electron-cyclotron-
resonance heating (ECRH) for
plasma production is in general

limited to plasmas at densities below the cutoff. In the low-
temperature plasma of torsatron TJ-K, however, the meas-
ured densities are typically a factor of 10-15 above cutoff.
On TJ-K, ECRH is done at 2.45 GHz with a resonance at a
magnetic field of 0.09 T. In order to investigate the heating
process, density and temperature profiles were measured
with movable Langmuir probes and the wave electric field
with a small monopole antenna. 
An example of the results is shown in figure 1, where the
maximum wave intensity is found in the region where all,
the cutoff, the upper-hybrid and the cyclotron resonance are
located.

The density sensitively depends on magnetic field strength
with maximum values at a field on axis of 0,07 T. In this
case, the resonance is close to the separatrix where the den-
sity is below cutoff. Hence, power deposition at the cyc-
lotron resonance apparently contributes to plasma heating.
A more detailed analysis indicated that most of the wave is
absorbed at the cyclotron and the upper-hybrid resonance 
if the wave polarisation is O- and X-mode, respectively.
Furthermore, the electron-energy-distribution function was
derived from Langmuir-probe characteristics. A non-thermal
contribution with temperatures of up to 120 eV was found in
the region of the upper-hybrid resonance even when the
electron-cyclotron resonance was outside the plasma. This
supports the finding, that power absorption takes place at

Investigations of meta
materials for millimetre
wave components

Recently, materials with both
negative permittivity and nega-
tive permeability have been a
topic of high interest. Due to
the extraordinary characteristics
of these materials, the size of
microwave components, wave-
guides and antennas may be re-
duced significantly. Investigations to explore the application
possibilities of such composite materials for diagnostic 
purposes in ECRH experiments have been started at IPF. 
Split ring resonator structures were designed in the range of 
15-28 GHz, and fabrication of samples and measurements
have been undertaken. The predicted propagation in a wave-
guide filled with a split ring resonator structure below the
cutoff frequency of a corresponding standard waveguide
was confirmed. Furthermore, a 17 layer prism consisting of
split ring resonators and wires was illuminated with micro-
waves in the range of 21-28 GHz and the reflected signal
was measured over a range of 90 °-180 °. The predicted neg-
ative index of refraction could not be proven clearly, but
additional measurements are intended.

Future examinations will include design and numerical sim-
ulations of different layer structures and dimensions, meas-
urements on various components (waveguides, tapers) filled
with metamaterial, as well as experiments on improved
prism structures.

Development of a waveguide diplexer for use as a fast
directional switch

Calculations have been performed for a waveguide diplexer,
which in conjunction with a small frequency-shift keying of
gyrotrons can be used as a fast directional switch for 
AC NTM stabilization. The diplexer is based on the Mach-
Zehnder interferometer concept and consists of a rectangu-
lar waveguide of the width a, which is fed by an input wave-
guide of the width a/2. According to the propagation
constants of the excited waveguide modes, the beam is split
into two equal beams after a distance of a2/(2λ). At this
position, one beam is guided over a delay line, while the
other beam remains unchanged. The two beams are then
combined, and after a length of 2a2/λ, the power will be
divided among the two outputs with a ratio, which depends
on the frequency of the source. Calculations using a mode-
matching technique confirm the theoretical results. The fre-
quency shift, which is necessary to switch the power
between the outputs, can be adjusted by the length of the
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The joint program between IPF and IPP carried
out at IPF concentrates on the development of new
mm-wave components and on investigations of
plasma waves and turbulent transport. The experi-
ments are carried out on the torsatron TJ-K, which
is operated with a magnetically confined low-
temperature plasma. In 2005, TJ-K has been trans-
ferred from University of Kiel to the IPF, where
after a shut-down of 8 weeks the experiments have
been successfully restarted on June 29th.

Figure 1: Radial density and power density (+) profiles of an argon dis-
charge. The resonances and cutoffs are indicated by coloured lines.



the upper-hybrid resonance. The experimental studies are
supported by numerical ones carried out with a full-wave
finite-difference-time-domain code, which allows for solving
Maxwell’s equations in a magnetised plasma in two dimen-
sions. First results were obtained for the electric field distri-
bution during ECRH in the stellarator TJ-K for typical dis-
charge parameters.

The electro-magnetic component of drift-wave turbulence

Due to the finite parallel wave number of drift-wave turbu-
lence, a parallel electron current is expected to cause mag-
netic fluctuations. In order to measure this component, an
absolutely calibrated magnetic probe has been developed,
which is able to measure amplitudes down to the nano-Tesla
range. In figure 2, the measured magnetic-field fluctuation
spectrum is compared with one from the turbulence simula-
tion code DALF3. In the inertial range, there is a surprising-
ly good quantitative agreement with the simulations.

Experimental study of the dual turbulent cascade

The data from the 8×8 Langmuir-probe matrix was used for
an experimental investigation of the dual turbulent cascade,
which is expected to be active in drift-wave turbulence. The
data was analysed with bispectral techniques. The newly
developed code was successfully tested on simulation data
from a Hasegawa-Wakatani turbulence code. Then the tech-
nique was applied to the measured 2-dimensional density
and potential fluctuation data. The dispersion relation and
growth rates of the turbulence were found to be similar to
the Hasegawa-Wakatani results. This confirms the turbu-
lence to be drift-wave like. The energy transfer from the
density fluctuations, which propagate with the vorticity,

University of Stuttgart

showed a direct cascade. For potential fluctuations, on the
other hand, an inverse cascade is found. Hence, this work
showed first experimental evidence for the dual cascade in
drift-wave turbulence.

Plasma biasing experiments

In TJ-K, the influence of shear flows on turbulence was
investigated by means of plasma biasing. A ring-like elec-
trode aligned to a flux surface inside the confinement area
was biased positively with respect to the vacuum vessel. The
potential inside the biased flux surface increased leading to
enhanced radial electric fields and localised poloidal E×B
flows with velocities of up to 16 km/s and shearing rates of
the order of 1 MHz. The density gradient steepened, indicat-
ing improved confinement. 
Measurements with the 8×8 Langmuir-probe matrix
showed an increase of the correlation length of density
structures during biasing. The change in the total power of
the fluctuations was found to be small. Spectral power is
rather redistributed from the low-frequency range to a co-
herent high-frequency mode. This mode causes inward
transport due to a change in the cross-phase. Hence, in this
study the cross-phase plays the key-role for transport re-
duction.

Turbulence at transition from closed to open field lines

In order to investigate the difference of the turbulent charac-
teristics in the core plasma and the scrape-off layer (SOL), a
toroidal limiter has been inserted into the TJ-K plasma. This
way, the SOL was homogenised and extended. The minor
plasma radius shrunk from 10 to 5 cm and the measured
equilibrium profiles fitted the opening of the toroidal lim-
iter, which was aligned to a flux surface. Conditional aver-
aging was used to investigate the dynamics of turbulent
structures in the entire poloidal cross-section. The dynamics
in the small core plasma stays drift-wave like. The dynamics
in SOL and core stay coupled, since even with the reference
probe inside the SOL, a drift-wave like dynamics was found
for the core plasma. With the reference in the core it was
shown, that a significant number of SOL structures origi-
nates from the core plasma. In the SOL, the structures in
density start to separate from those in potential and the char-
acter gradually changes from drift-wave to curvature-driven
dynamics.
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Figure 2: Magnetic-field fluctuation spectrum in a hydrogen plasma com-
pared with a DALF3 simulation
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