Max-Planck-Institut
flir Plasmaphysik

Annual Report 2002




Foreword

At the Max-Planck-Institut fiir Plasmaphysik (IPP) we
investigate the basic physics associated with the construc-
tion and operation of a future fusion power plant. This task
involves research on the two most advanced types of fusion
devices, the tokamak and the stellarator, as well as on plas-
ma-surface interactions and materials. The work on the
ASDEX Upgrade tokamak is directed towards the next step
in fusion research, the International Tokamak Experimental
Reactor (ITER). Although operation of the WENDEL-
STEIN 7-AS “advanced stellarator” was discontinued in
July 2002, construction of its successor WENDELSTEIN 7-
X at the Greifswald Branch of IPP proceeds apace. With this
experiment we hope to demonstrate that the stellarator is a
viable option for the step following ITER.

The ASDEX Upgrade tokamak programme is strongly
motivated by possible ITER operating scenarios. In particu-
lar, the investigation of reactor-relevant plasma edge and
bulk physics with a reactor-compatible divertor configura-
tion plays a major role. In the last year it has been demon-
strated — in close collaboration with theory — that heat and
particle transport in the basic ITER operating scenario, i.e.
in the high-confinement H-mode with edge-localised
modes, is governed by “profile stiffness”. Power and parti-
cle exhaust in the ELMy H-mode could be achieved in a
benign way by establishing small “type II” ELMs. Stability
was improved by using the new capability to shape the
poloidal plasma cross-section. Combination of these factors
has led to a new operating scenario with tolerable ELMs,
good confinement and superior stability properties.

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

In the last three years the Joint European Torus experiment
(JET) in Culham, UK has been run under the auspices of the
European Fusion Development Agreement (EFDA). IPP
physicists continue to make major contributions to the
preparation, execution and analysis of the JET experimental
programme. In 2002, IPP physicists supported the JET pro-
gramme with more than 1500 days of on-site participation.

A similarly large effort has gone into the analysis of the data
at IPP. The results of these investigations are now appearing
regularly as full journal articles. In preparation for the 2003
experimental programme, IPP has made more than 40 pro-
posals for new experiments, many in collaboration with col-
leagues from the other fusion Associations.

The realisation of ITER gained considerable momentum in
2002 due to three site proposals from France, Spain and
Japan (giving with Canada a total of four). Moreover, in
early 2003 both the United States and China announced
their commitment to ITER and have since joined the nego-
tiations. IPP has continued its support. One area is the con-
tribution to ITPA, the International Tokamak Physics
Activity, which aims at establishing the physics basis for
burning plasma experiments. Here, the input mainly comes
from the ASDEX Upgrade experiments, which contribute
key physics elements. In preparation for ITER construction,
IPP has an on-going interest in contributing to R&D for
diagnostics and heating systems. In the latter area, an RF
source for the ITER NNBI system is now being developed
under an EFDA task agreement, thus documenting strong
EU support for this activity.

IPP continues to develop the low-shear line of stellarators,
the aim of which is to produce a viable concept for a fusion
power plant. On WENDELSTEIN 7-AS the use of modular
coils has been pioneered and the island divertor successful-
ly tested. With the latter, densities as high as 4x1020 m-3
were achieved in 2002; the maximal -values of 3.4% are
still heating power-limited.

Divertor operation has also shown that volume losses in the
divertor region allow power fluxes on the target plates to be
reduced, leading to mostly “detached” conditions. The high-
density H-mode was further explored. It exhibits the energy
confinement properties of the conventional H-mode but
does not have ELM’s — the detrimental H-mode MHD
instability located at the plasma edge — and, most surpris-
ingly, it has basically L-mode impurity confinement.

This regime therefore combines all the necessary properties
for steady state plasma operation. It will be left to WEN-
DELSTEIN 7-X to explore its extension towards lower col-
lisionalities. WENDELSTEIN 7-AS, as a partially opti-
mised device, has also demonstrated within its limits the
design principles of WENDELSTEIN 7-X: The Shafranov
shift is reduced by about a factor of two; the bootstrap cur-
rent agrees with the calculated values; the neo-classical
electron root develops as expected; energetic particles are
better confined in a “linked mirror configuration.
Moreover, the remaining stellarator MHD effects — thermal
pressure-driven instabilities located at resonances and fast
particle-driven Global Alfven waves — are self-stabilised
and disappear toward high B, also as expected theoretically.

The situation with regard to the manufacturing of the WEN-
DELSTEIN 7-X superconductor has improved. Several
superconducting winding packages have been fabricated
and the first coils are currently under completion.
Production of the coil support structure, the plasma vessel,
the outer vessel and the ports is continuing. The first power
supply units for the coils and the heating systems have been
installed and tested.
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The facilities at CEA/Saclay are ready for the low tempera-
ture tests of the superconducting coils. Jointly with CRPP
Lausanne and European industry, the Forschungszentrum
Karlsruhe has successfully completed the development of a
continuously operating gyrotron with an output power of
one MW. The final detailed planning for the assembly of
WENDELSTEIN 7-X is now being completed.

However, due to various factors (delays in coil production
by the manufacturers and their sub-contractors, the insol-
vency of the main contractor for the coils and an underesti-
mate of the time required for assembly) the projected start
of operation of WENDELSTEIN 7-X is now 2010.

This Annual Report describes the many achievements at IPP
in 2002 in various fields of basic research related to fusion
science. It is also an opportunity for me on behalf of the
Directors and the Scientific Board to praise all members of
the staff for their contributions to this success and to thank
them for their motivation and dedication throughout the
year.

Alexander M. Bradshaw
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1 Overview

1.1 Scientific Aims and Operation

The design of the tokamak fusion experiment ASDEX
Upgrade combines the successful divertor concept of
ASDEX with the requirements 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. As a result, ASDEX Upgrade is close to ITER in
its magnetic geometry and in particular the relative length
of both divertor legs compared with the plasma dimension.
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, physics basis
and discharge scenarios of ITER. It consists the study of
confinement and performance of the ITER base-line
scenario, the ELMy H-mode near operational limits,
including ELM mitigation,

investigation of scenarios and physics of advanced
tokamak plasma concepts with both internal transport
barriers and improved H-mode scenarios leading to
enhanced performance, long hybrid and possibly steady-
state operation,

magnetohydrodynamic (MHD) stability and active
stabilisation of S limiting instabilities as well as

avoidance and mitigation of disruptions,
edge and divertor physics in high power, high
confinement regimes, with the aim of optimising power
exhaust and particle control (ash removal),
- testing of alternative first wall materials, especially
tungsten.
The similarity of ASDEX Upgrade to ITER makes it
particularly suited to testing control strategies for shape,
plasma performance and MHD modes. Additionally, the
similarity in cross-section to other divertor tokamaks is
important in determining size scales for core and edge
physics. This collaborative work, including extrapolation to
ITER parameters, was enhanced in the JET operation under
EFDA during the last years. Furthermore, the ASDEX
Upgrade programme is embedded in a framework of
national (see section on University contributions to IPP
programme) and international collaborations (see section on
International Co-operation).
The ASDEX Upgrade Programme Committee is open to the
Associations to take more responsibility for the ASDEX
Upgrade programme. This body defines the Task Forces
responsible for the different elements of the ASDEX
Upgrade programme, nominates the Task Force leaders and
approves the experimental programme. At present, it
comprises 10 members from the Associations and 9 from

IPP. Furthermore, the bodies that work out the programme
proposals, are now open for external participants and
remote participation in these meetings is possible. With this
structure, we aim at a compromise between the increased
international participation and the flexibility that has so far
been typical for the ASDEX Upgrade programme.

The operation in 2002 was based on the hardware upgrades
from 2001, namely the more tangential injection of 93 keV
neutral beams, which should provide 250 kA off-axis
current drive (CD), the divertor IIb structure, which is
adapted to maintain good divertor properties at high
triangular plasma shapes, and a more reactor-compatible
tungsten coverage of the low field side (LFS) heat shield,
based on the positive experience with tungsten plasma
facing components so far. The new high-field-side (HFS)
pellet launcher, which allows injection velocities of up to
800 m/s, was used for both deep fuelling and controlling the
frequency of type I ELMs. In the shut-down from August to
October the heat shield tiles on the high field side limiter
were replaced by larger tungsten coated tiles being capable
of higher heat loads. Additionally, the upper passive
stabiliser against vertical plasma movements and the HFS
baffle at the lower divertor entrance were covered by
tungsten so that the total tungsten covered surface is
presently about 15 m®. The ICRH antennas were equipped
with new straps.

During the 2002 experimental campaigns, ASDEX Upgrade
operated routinely with NBI heating powers up to 15 MW,
which allowed studies of the influence of heat deposition on
energy and particle transport, of MHD stability and of fast
particle effects. Minority heating with the ICRH system
(with up to 6 MW coupled) was used for central heating at
high densities, and to study the influence of deep particle
refuelling and toroidal rotation by substituting NI. The
ECRH system with a coupled power of 1.6 MW allowed
pure electron heating and current drive, electron transport
studies and feedback stabilisation of neo-classical tearing
modes (NTM). Provisions for current drive and for active
control of current profiles in advanced scenarios were
available with more perpendicular or tangential NI and
ECRF using steerable mirrors. Stationary H-mode
discharges not only on the transport and MHD time scales
but also on the current diffusion time with 10 s flat-top have
been run for the first time with the reactive power
compensation installed last year. This allows steady state
investigations for more than five current diffusion times, a
unique feature for tokamks with ITER plasma geometry.

The physics programme of 2002 was based on the
conclusions and findings of the last years, ITER
requirements and tokamak concept improvement (see
section 1.2). High shaping capability with elongations k
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<1.8 and triangularities d up to 0.45 at the separatrix
allowed study of the influence of plasma shape on
performance and operational limits. Provisions for § = 0.55
operation are in progress. Major points of our experimental
programme have been the investigation of the particle
transport in conventional and advanced H-modes, electron
transport, exploration of high performance plasmas with
respect to confinement and maximised plasma pressure,
stability and transport in the H-mode edge and the
combination with tolerable ELMs and wall interaction
physics. In the advanced scenarios characterized by a high
fraction of bootstrap current and external current drive,
emphasis was placed on performance enhancement and the
extension of both internal transport barriers (ITBs) and
improved H-mode scenarios.

1.2 Summary of Main Results

Both ion and electron temperature (T;.) profiles in
conventional L- and H- mode on ASDEX Upgrade are
generally stiff and limited by a critical temperature gradient
length L1=T/VT normalized to the major radius R as given
by ion temperature gradient (ITG) and trapped electron
(TEM) driven turbulence. Accordingly, the core and edge
temperatures are proportional to each other and the plasma
energy is proportional to the pedestal pressure for fixed
density profiles. Electron cyclotron heating and modulation
experiments revealed a reduced electron temperature profile
stiffness, as predicted by TEM turbulence, under dominant
electron heating conditions. Density profiles are not stiff,
and confinement improves with density peaking. The
influence of the heat deposition profile on the particle
transport, namely density profile peaking with off-axis
deposition and profile broadening with central deposition,
first established with neutral injection, was further
substantiated. The explanation is based on a link between
particle fluxes and heat fluxes: off-axis deposition leads to a
low central heat flux and consequently a reduced central
particle out-flux. This was further confirmed by comparing
the effect of on- and off-axis wave heating without any core
particle refuelling. Drift wave instabilities including
dissipative effects from collisions seem to explain these
phenomena. A corresponding impurity transport behaviour
was observed for tungsten and for injected Silicon
impurities.

At high densities with reduced edge temperatures small
type II ELMs can provide good confinement combined with
low divertor power loading. The operational regime of
these type II ELMs was established at q¢s>3.5 and
closeness to magnetic double null configuration. Another
way to mitigate ELMs may be active type I ELM control by
means of hydrogen or impurity injection. Using small
hydrogen pellets we demonstrated controlled ELM
triggering by each pellet injected in ELM free phases at a
frequency of 20 Hz.

A main focus has again been the stationary advanced H-
mode scenarios combining the beneficial elements of high
By >3.5, improved confinement (Hogp =~1.3), high density

operation close to the Greenwald density and tolerable type
II ELMs for many current redistribution times at highly
shaped plasma configurations, near double null. This
integrated scenario has many elements in common with the
"improved H-mode", achieving ASDEX Upgrade records in

the tripple product but at lower densities. In both advanced
scenarios with weak central magnetic shear the temperature
profiles are governed by ITG / TEM turbulence, while the
confinement is improved via peaked density profiles. Both
H-mode scenarios have been merged showing both By and
H factors to increase with triangularity and to be nearly
independent of the edge qos=3.2 -> 4.2. NTMs are avoided
by density profile control with NBI and core ICRH. The
total non inductively driven current exceeds 50% of the
plasma current making this advanced H-mode a serious
candidate for a long stationary integrated reactor scenario
with "hybrid" current drive consisting of non-inductive and
a small amount of inductive drive. In the experiments with
ion ITBs an optimised heating scenario in the current ramp-
up was developed which allows reproducible ITB formation
and has led to broad internal barriers with ASDEX Upgrade
records in the central ion temperature of more than 20 keV,
By = 3.9 and Hgyp =3.1 values. However, the duration of

these ITBs is terminated by the transition to an H-mode
edge barrier with type I ELMs.
The marginal stability limit in terms of f for (3,2) and

(2,1) neo-classical tearing modes, limiting the operational
regime of conventional and advanced scenarios with
positive magnetic shear, was investigated in ramp-down
phases of the heating power. There, the mode
disappearance allows a much more precise determination of
the stability limit without the influence of seed island size.
Correspondingly the plasma pressure at the mode offset is
smaller than at the mode onset, but is still proportional to
the normalized gyroradius. Using ECCD at the island
position (10% of the total heating power) replacing the
missing bootstrap current in the magnetic islands not only
complete NTM stabilisation was demonstrated, but also the
B was enhanced compared with the pre-NTM phase.

Disruption avoidance and mitigation (via strong Neon and
Argon puffs) techniques have been further developed and
can be used in real-time.

Finally, the plasma operation with a tungsten coverage of
large wall areas shows tungsten concentrations below 107,
In discharges with improved core confinement and density
peaking, a tailored central RF heating was used to control
the impurity content accompanied by only a modest
reduction of energy confinement and electron density
peaking. In parallel the carbon migration and the
mechanism for the build up of carbon layers below the
divertor structure was investigated.

1.3 ASDEX Upgrade Technical Enhancements

and Programme in 2003

In 2002 the operation of ASDEX Upgrade in close
connection with the JET programme and in co-operation
with the EU Associations will continue. Core physics
studies will emphasize the improvement of plasma
performance (energy and particle transport, MHD-stability
and f -limits, mode stabilization using ECCD) in both

"conventional" H-mode and "advanced" tokamak scenarios.
Main elements will be pressure and density profiles as well
as impurity control using tailored heat deposition from
ICRF, ECRF and NBI. Current profile control and
sustainment in advanced mode operation with non-
inductively driven currents in addition to the internally
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driven bootstrap current can be done in a flexible way. The
tungsten coverage will be extended in the next step towards
the upper divertor targets and the low field side divertor
entrance regions. A new fast control and data acquisition
system is under development. An upgrading of the ECRF
power to 4 MW at tuneable frequencies between 104 and
140 GHz is underway. To reach the ultimate ideal MHD
limits in addition to profile control, the introduction of a
stabilizing wall close to the plasma in combination with
active feedback coils working on the resistive time scale of
the wall are under consideration.

Sections 2- 5 are concerned with operation of tungsten
coated walls and W transport, progress in the internal ion
transport barrier scenario, off-axis neutral beam current
drive experiments, and type II ELM operation and edge
stability. In section 6 the ASDEX Upgrade technical and
heating systems are described. Section 7 deals with core
and edge performance and MHD stability, and disruption
forces. Scrape-off layer, wall interaction and divertor
physics issues are described in section 8.

2 Tungsten Programme

The ASDEX Upgrade tungsten programme addresses the
questions, how a tungsten first wall influences plasma

"

divertor-

baffle

Figure 1: The central column of ASDEX Upgrade with the tungsten-coated tiles. The
four rows in the equatorial plane are used as a limiter during plasma start
up and in dedicated limiter discharges. The numbers give the year of
installation.

operation and performance and whether the amount of
migrating carbon can be reduced. To this end, the central
column has been coated with tungsten in a step by step
approach, reaching almost full coverage, except the regions
of the beam dumps for the 2001/2002 campaign. For this
purpose, the limiter region was equipped with newly
designed double tiles (shown in Fig. 1) which reduced the

number of leading edges and prevented misalignment
through independent movement of the substructure.

As in the previous year, the tiles were coated commercially
by plasma arc deposition to a thickness of 1.0 um. No

significant difference in plasma behaviour was observed
during the flattop phase of the discharges compared to the
earlier results. Typically, the W-concentration C, was far
below 107 and no influence of the large W-area on the
discharges was found. Therefore, in 2002 the work was
concentrated on the investigation of the startup behaviour at
a W-limiter and the erosion pattern at the central column
(see Project PFMC) as well as on detailed analyses of the
transport and accumulation properties of W.

2.1 Startup Behaviour with W-limiter and

evolution of C-concentration

The start-up is investigated in 'standard H-Modes' for the
different phases of the W-programme, starting with a
complete graphite central column. Besides the material of
the tiles itself, the status of the wall conditioning turns outto
be an even more important parameter. Fig. 2 shows the
behaviour of several parameters in 'standard H-Modes'
versus discharge number.
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Figure 2: Behaviour of ohmic transformer current, C VI radiation and W
concentrations during phases of different wall conditioning in 'standard H-
mode discharges'. Boronizations/siliconizations are represented by solid
vertical lines and vents by dashed lines.

It clearly indicates, that the increase of the flux
consumption of the ohmic transformer with W-limiter is
below 5% and is even weaker than after siliconization.
From post mortem surface analyses (see Project PFMC), it
can be discounted that deposited layers (boron from
boronization, carbon from deposition) mask the effect of
W, because at least half the W area is found to be erosion
dominated. The plasma current ramp is not hampered in
any way, as can also be concluded from the radiation
measurements, which were highest with siliconized
graphite walls. The boronizations lead to a strong reduction
of the radiation, independent of the material of the tiles,
which lasts only for a few shots, and after these, the
radiation increases typically on the time scale of 100
discharges. A long term decrease in the CVI brightness 7,

measured during the high density flattop of the discharges
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is visible, especially since the regular application of the
siliconization. During the last two campaigns no
siliconization was applied. Nevertheless, 7., is at the
lower end of the observed range right from the start,
pointing to some carbon reduction due to the increased area
of W-coating. The tungsten concentration is evaluated at its
maximum during the start-up limiter phase (t=0.6s). It
decays quickly after the evolution of the X-point in the
plasma. After boronization, a clear reduction of C, by a
factor of 5 is observed, but the W-concentration recovers
faster than the total radiation and the radiation from
oxygen. This leads to the conclusions that the boron layer is
quickly eroded at the positions of strong plasma wall
interaction and that W contributes only a minor part to the
radiation during the startup. Spectroscopic measurements of
the W influx, as well as Langmuir probe measurements at
the central column, point to the fact, that the erosion is
dominated by the current ramp up and ramp down phase,
when the central column is used as a limiter, consistent with
the observed increased W-concentration during this
discharge phase.

2.2 W-Transport and Suppression of
Accumulation

Under steady state conditions in the source free region, the
normalized impurity density gradient is

eq
dlnn; _ dfinn, Z, D, (-Hn,) ()
dr ar 7Z,D,, +D,
Here, it is assumed that the diffusion coefficient consists of
an anomalous and a neo-classical part D=D,, +D,, and

neo

that the convective contribution is purely neo-classical with

v = vne() >
are considered. Z;, Z, are the charges of the impurity ions
and the background ions and H =0.2 - 0.5 represents the
so-called impurity screening, which depends on the

collisional regime.

where only collisions of impurity and main ions

n,= (dl;’;—nl’) /(M—TD) is the ratio of the normalized
r r

temperature gradient to the normalized density gradient of
the background ions. From these equations one can easily
see that a necessary ingredient for neoclassical impurity
accumulation is a density gradient (density peaking) of the
main ions. This gradient is amplified by Z,/Z,, and it is
diminished through the anomalous diffusion and the term in
parenthesis. This term appears to be critical because it may
vary from small positive numbers to small negative
numbers: typically the normalized temperature gradient is
significantly larger than the density gradient in the
confinement region and hence the product Hmn, is of the

order of one.

Accumulation becomes evident not only from the W-
concentration measurements but also from the radiation
profile. Figure 3 shows the behaviour of the line integrated
plasma radiation for an ensemble of plasma discharges with
low to high auxiliary heating power (P,,=3-14 MW)
comprising all discharge scenarios run at ASDEX Upgrade
with sufficiently long steady state conditions. The total
main chamber radiation is low and usually amounts to 25%-
40% of the heating power.
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Figure 3: Behaviour of the plasma radiation in a set of plasma discharges
comprising all discharge scenarios with sufficiently long steady state
conditions. Filled symbols: discharges with central wave heating. Circles:
discharges without sawteeth or fishbones. a) Total line integrated radiation

12 (central bolometer channel) versus £,2$"* (bolometer channel
with normalized tangential radius =0.4) b) Central radiation peaking versus

centr )

the ratio of density peaking over temperature peaking (=77,

The features of the dataset are the following:

¢ In discharges without accumulation the radiation is
strongly dominated by edge radiation because the line
integrated radiation is almost equal for the bolometer
channels with different normalized tangential radii.

¢ In phases with accumulation the enhanced radiation is
only visible on central channels (p,,, <0.2). No

increase of the total radiation is observed.

¢ Central wave heating (ICRH or ECRH) prevents
centrally peaked radiation profiles.

* Density peaking alone is not sufficient for
accumulation, but the ratio of the normalised gradients
1, in eq. 1 is an important ordering parameter. For this

dataset, this is linked to the loss or the absence of

sawteeth or fishbones.
Typical conditions for such centrally peaked radiation
profiles are low to intermediate heating power without
central wave heating, where the anomalous diffusion is low.
In these cases, the central radiation is increased by all
impurity species existent in the plasma as seen by
spectroscopic measurements. The very small affected
volume explains that for similar influxes, strongly different
central impurity contents may be observed. Finally, this
effectively overrides any correlation between influx and
central impurity density in discharges with accumulation.

A W Lo

Figure 4: ECRH power scan in similar improved H-Mode discharges |,=1 MA, B=-
25T, _=0.35, P, =5 MW) demonstrating the control of the central c,,

The above considerations clearly point to the tool which
may be used to quench accumulation: An increase of D,, at
dlnn, D,,

dr 'D,,+D,,
increases Hm, . Since the affected volume is very small,

and

the critical position decreases
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the central accumulation can be suppressed very efficiently
by central heating without strongly degrading the total
confinement.

In a series of discharges with very good confinement
(H 75p-n10s, =1.3) the central ECRH-power was varied from

zero (reference discharge) up to 1.2 MW (3 gyrotrons), see
Fig. 4. For the highest ECRH power applied (1.2 MW) a
very strong reduction of c,, by more than a factor of 30 and
the onset of sawteeth is observed, but at the same time the
energy confinement is also degraded. Using 0.4 MW of
ECRH, the confinement is not affected, but also the cy is
not decreased. The most successful results where achieved
when starting with 3 gyrotrons and reducing the power after
0.5 s (e.g. # 15524). In these cases, both effects (the
reduction of c,, and the good confinement) are maintained.
In all cases the discharges return to their initial behaviour
after switching oftf ECRH.
#15524

sessas =3 G4 Gy

Figure 5: Measured profiles of 71,, T, , neoclassical transport coefficients of
tungsten with (dark grey) and without (light grey) inclusion of additional
impurities, used D, , calculated tungsten radiation and measured total

radiation for two time slices. In the lower right corner, time traces of
measured and simulated central tungsten concentration are shown.

In Fig. 5 the result of impurity transport simulations for the
above shown discharge #15524 are presented. Dashed lines
give radial profiles for a time slice during the ECRH phase
(t=3.5-4.5s) and solid lines are used for t=5.8-6.0s, which is
at the end of the second pure NBI-heating phase.
Neoclassical impurity transport coefficients were calculated
numerically with NEOART, which can include the effect of
impurity-impurity collisions for an arbitrary number of
species. The transport simulation was started with flat
impurity concentrations and the impurity densities at the
edge are kept constant during the simulation. In one case
(light grey) only W was taken into account, while in the
second case (dark grey) additional impurities were
considered with 'typical' concentrations of 5% He, 1% C,
0.5% O, 0.02% Fe at the edge. n,, T. and T; profiles were
taken from measurements and n;, followed from the given
electron density, the impurity ion distributions and quasi
neutrality. C, O, Fe and W are in the plateau regime with W

at the Pfirsch-Schluter limit, while D and He are in the
banana regime. The anomalous diffusion coefficient was
assumed to be equal for all impurity species and to decay
from edge to centre, where the central value was chosen to
be D,,(0)=0.1m%s during ECRH and below neoclassical
values during pure NBI heating. These choices are based on
previous determinations of impurity transport coefficients
between sawtooth crashes in sawtoothing H-mode
discharges.

The increased central diffusion coefficient with the
additional central power flux from ECRH is interpreted to
be a consequence of profile stiffness. Analysis of the local
heat diffusivities with ASTRA yields an increase of central
x; and x,..For p =0.3 both values change from = 0.2m%/s

with ECRH off to =0.7m*s with ECRH on. The evolution
of the main ion density can be understood by a higher
anomalous diffusion being connected to the higher x in

the ECRH phase. The increase of D,, counteracts the
neoclassical inward drift due to the Ware pinch. Tungsten
has a much higher collisionality and the Ware pinch, which
is included in the simulations was found to yield a
negligible contribution to its drift velocity.

For W, the calculated values of v/D are small in the ECRH
phase, mainly due to the rather flat density profile and
partly due to the increased D,, . In the pure NBI-phase, the
density peaking increases, while D,, becomes small and v/D
reaches large negative (inward pinch) values inside p =0.5.

In the case with inclusion of all impurities, the inward pinch
is smaller and the v/D-profile is broader. The simulated W
profile evolves the strongest peaking of all impurities as
expected from eq.(1). The calculated peaking of W is
smaller than the experimental one deduced from the
unfolded total radiation. Similarly, the high central tungsten
concentrations at the end of the discharge can only be
simulated when setting the edge concentrations to 2-5 times
the measured values depending on the inclusion of other
impurities in the simulation. Perfect agreement can be
achieved with a v/D profile that reaches a minimum value
of -50 m'. Thus, the main features of the impurity
flattening with ECRH and the strong peaking without
ECRH are well described by the simulation and calculated
v/D values agree with the measurement within a factor of 2.
For t=5.8-6s, the T; gradient is increased and the related
outwardly directed drift velocity is = 50% above the value
during the ECRH phase. Thus, the central radiation is still
not large enough to change the temperature screening.

3 lon ITB and new ITB scenarios

Ion temperature transport barriers are generated through
neutral beam heating in the current ramp. Compared with
previous campaigns on ASDEX Upgrade, significant
progress has been made mainly through a change in
discharge scenario, heating the plasma later in the current
ramp and (often) with significantly more power. A
comparison between the two scenarios is given in Fig. 6.
The dotted curves in this figure refer to the old early beam
timing, whereas the full curve given shows the new
scenario. It can be seen that performance in terms of stored
energy is the same at the same heating power. However, the
new scenario will be shown to allow for a larger applied
heating power and thus, a better performance. Below we
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will discuss some physics analysis based on the old
scenario as well as the performance of the new scenario.
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Figure 6: Comparison between the old and new scenarios, right: density evolution of
the different scenarios.

3.1 Physics studies of the old scenario

In the old scenario no reproducible barrier formation was
obtained. Therefore, at the start of the 2000/2001 campaign
an investigation was initiated to determine under what
conditions barriers form. To this extent a number of
discharges in which a barrier was formed were compared
with similar discharges in which no formation was
observed. Correlations with global plasma parameters just

before the barrier formation were investigated.
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Figure 7: Top a): Shear at the top and foot of a strong ion transport barrier, Bottom
b): propagation of the barrier in the old and new scenario

It was found that density plays an important role in the
formation criterion (see Fig. 6). The plasmas in which a
barrier was formed all had lower densities compared with
the cases without a barrier. Also it was found that barrier
formation in the earlier campaign occurred only shortly
after boronization, again pointing to low density as a

necessary condition. No clear correlation with other global
parameters has been found. In terms of local parameters, it
is found that the low density is also correlated with a larger
density gradient length. However, often R/L, =6-9 and
the influence on the stability of ion temperature gradient
modes is therefore weak.

Unfortunately, no measurements of the current profile in
the 2001/2002 campaign are available, due to diagnostic
problems. Investigations of the barrier position against the
g-profile are, therefore only available for the previous
campaign in which barriers were generated with 5 or 7.5
MW of neutral beam heating early in the current ramp up.
Fig. 7 reports the findings of the barrier position at the time
point when a strong barrier is present. It can be seen that the
barrier foot is always in the region of positive shear and the
barrier top is always in the region of negative shear. The
barrier therefore extends over the region of zero shear and
has roughly its strongest gradient at this position. The
occurrence at zero shear is a puzzle for theoretical
explanation, since this condition is not necessarily the most
stable. However, a possible explanation could be the large
distance between the rational surfaces at the zero shear
position.

The barrier position when it is formed lies further inward as
also shown in Fig. 7. As a function of time it propagates
outward, with a timescale that is relatively long in the old
scenario (5 and 7.5 MW), but very fast in the case of higher
heating power. In the latter case the propagation seems
inconsistent with a resistive time scale.

3.2 Performance of the new scenario

The finding that density plays a role in the formation (not
necessarily sustained), was one of the reasons for delaying
the neutral beam heating in the current ramp. The beams
provide a density source and therefore it might be more
advantageous to have a current ramp without beams, until a
favourable g-profile has been established and then switch
on all the NBI power at once. It can be seen in Fig. 6 that
the density is indeed kept at a lower value and that the
sudden switch on of the beams leads to a more ready
formation of the ion transport barrier, i.e. a much steeper
increase in the central ion temperature with time.
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Figure 8: left: Stored energy of barrier discharges as a function of applied heating
power, right: Temperature profile of a discharge with 10 MW NBI heating
and 1.6 MW counter ECCD

The new scenario, in contrast to the old, generates
reproducible barriers and has more freedom in applied
heating power. Also, in this scenario it was possible to
generate barriers in lower single null configurations, with
high triangularity. The timing of the beams can be varied
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between 0.6 and 0.9s however, this yields weaker barriers
at both ends. Powers up to 17.5 MW have been applied.
However, at 17.5 MW the f rise in the plasma is so fast

that the control coils cannot keep the plasma at its position,
leading to a vertical instability. This limitation at present
sets the limit to the applied power.

Fig. 8 shows that for the internal transport barriers the
stored energy increases almost linearly with the applied
power. Therefore, in terms of normalised parameters, the
performance (confinement as well as f3,) goes up with

heating power. At a toroidal field of 2.9 T, plasma current
of 1 MA and an NBI heating power of 15 MW, a record
stored energy of 1.5 MJ was reached with an ion
temperature in excess of 20 keV. This plasma has a
normalised pressure 8, =3.2. At this toroidal field the

plasma position control does not allow more heating power.
Record values in normalised plasma parameters are
therefore obtained at lower magnetic field (2 T) and lower
plasma current (0.8 MA). This is shown in Fig. 9. At these
values a normalised pressure 8, =4. and H, =3.3 are

reached. However, the barrier in these discharges is weaker
with a maximum temperature of 16 keV.
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Figure 9: Time trances of the record 3, shot

The progress in normalised parameters is large since the old
scenario reached Hy =2 and 8, =1.7. The increase in

normalised pressure is especially striking since the values
in the old scenario are limited by the external kink. The
reason for the strong difference remains unclear, but it is
possible that the g-profiles in the new scenario are less
inverted and provide better stability. At 2.7 T with 10 MW
heating power a (3,1) resistive mode has been observed as
far as p =0.25, indicating that the g-profile is reversed, but

the record discharges with their lower current and magnetic
field, might have a more flat g-profile. Current profile
measurements are necessary to clarify this point.

In the new scenario the ELMs terminate the internal barrier.
The high triangularity, high power, low density discharges
have a very large first ELM that perturbed the plasma over

a large radius reaching into the barrier region. This leads to
a collapse of the barrier.

Experiments with a variation in the power deposition of the
neutral beams have been undertaken. At 7.5 MW, which is
close to the threshold, no strong barrier forms if one uses 2
on-axis sources and one off-axis neutral beam source, in
contrast to the case with 3 on axis sources. At 10 MW (4
sources) the switch of one source makes a negligible
difference. In discharges with reversed current and
magnetic field, in which the power deposition is largely off-
axis, no barrier could be obtained even at heating powers of
15 MW. It is concluded that a minimum amount of central
heating is necessary to generate an ion transport barrier.

3.3 Electron heating in ion barriers

Various experiments with ECRH pre-heating and ECCD
counter current drive have been undertaken. The electron
temperature can be raised by counter current drive without
destroying the ion barrier. Although the electron
temperature is significantly raised (from 5 keV to 8.5), no
clear barrier structures can be observed in the electron
temperature profile. Of course, the EC wave power is only
1.6 MW against 10 MW beam power. Off-axis ECRH pre-
heating is expected to slow down the current diffusion and
therefore generate more reversed shear discharges. This
could influence position and strength of the barrier. It is
found experimentally, that the pre-heating did not have a
favourable influence. The barrier did not form at the switch
on of the beams, but formed at a later time point, at roughly
the same radial position and was somewhat less strong. The
implication of this result is unclear. It is possible that the
current profile is changed and is only favourable at a later
time point in the discharge. Also, these experiments were
performed with 7.5 MW, which is close to the threshold,
and more neutral beam heating power might change the
picture.

4 Neutral beam current drive experiments

The first experiments with the changed neutral beam
injection geometry have shown less effect on the measured
q profile than expected from code calculations (ASTRA).
As a consequence an experiment has been created to
maximise the effect on the current profile with the new
injection geometry. The most important time traces of this
experiment are shown in Fig. 10 .

Of special importance is the fact that most plasma
parameters are constant over the time the neutral beam
injection is switched from on-axis deposition to off-axis
deposition. The beam deposition and all plasma parameters
are kept constant for 2s (t=1.3s-3.3s on-axis, t=3.3s-5.3s
off-axis). This time duration is long enough for building up
stationary profiles in temperature, density and current
according to the ASTRA modelling of this discharge. For
this experiment also MSE measurements are taken but
unfortunately the diagnostic was not calibrated and no
equilibrium can be reconstructed with MSE measurements
and no q or current profile can be inferred. Furthermore, the
MSE angles plotted in Fig. 11 are offset corrected to the
angles calculated by ASTRA at t=2.8s. This calculation
gives a neutral beam driven current of [, =61kA centrally

peaked for the first 2s interval and 1, =192kA off-axis at
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P. =0.5 peaked from t=3.3s to t=5.3s. The ASTRA

calculated MSE angles indicate the slow change in the q
profile in the second interval due to current diffusion.
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Figure 10: Time traces of a co NBCD discharge. In the middle the line averaged
electron density and the R co-ordinate of the magnetic axis are
represented.

The measured MSE angles follow the calculated angles
reasonably well, before turning on the off-axis depositing
beam sources but they do not changed after turning off the
off-axis sources. This is in clear contradiction to the
modelling. After turning off the off-axis current source the
modelled MSE angles decrease to their former values on
the current diffusion time scale. The values at the end of the
decay reach the measured values at the beam switching
time which again shows that the measured MSE angles do
not predict any driven current by the off-axis neutral beam
deposition.
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Figure 11: MSE polarisation angles. From t=3.3s to t=5.3s no data is available. The
noisy time traces are the measurement. ASTRA calculations are shown as
solid lines.

This is underlined by the MHD activity in this discharge
which shows sawteeth and fishbones at the q=1 surface
before the beam deposition is changed. With off-axis
injection the sawtooth oscillation is stopped but a
continuous (1,1) mode starts at the same radial location as
the sawtooth precursors were before. This shows that the
position of the q=1 surface does not change. The frequency

and position of this (1,1) mode is stable for the whole 2s
interval. After switching back to the central depositing
neutral beam sources the sawteeth reappear in less than
10ms, which is too fast to be a result of a current diffusion
process over a large spatial range. The constant q=1 surface
determined by the MHD activity is in full agreement with
interpretation of the MSE angles but again in contradiction
to the modelling.

The experiments shown so far indicate that no neutral beam
current is driven. However, this is a contradiction to the fact
that the slope of the current in the ohmic transformer
changes with a change in the beam deposition. In Fig. 12
two discharges are presented, one with weak on axis current
drive and one with larger off axis current drive but
otherwise the same parameters. The difference in slope of
the ohmic transformer current presented in Fig. 12 can be
used to infer the total current driven by the off-axis neutral
beam injection, if all other current sources are given. Using
the bootstrap current from the ASTRA calculation, the off-
axis driven current is approximated to [, =250kA which
agrees reasonably well with the 7,, =300kA calculated by
ASTRA. This shows that the predicted current is driven.

The experiments discussed here do not lead to an
unequivocal conclusion. The current driven by the neutral
beam injectors can be found in the ohmic transformer
current but the predicted influence of this current on the
total current profile is not confirmed by the MSE
measurement or by MHD activity. This leads to speculation
that a fast transport may transfer the off-axis deposited fast
particles to the plasma centre so that the neutral beam
driven current just replaces ohmic current. But up to now
no such transport events could be observed.
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Figure 12: Comparison of the currents in the ohmic transformer on between two
very similar discharges at low density and ]p =0.8 MA. The currents have
been adjusted to each other at t=2.5s because of a different startup phase.

5 Type Il ELMs and Edge Stability

The reference scenario for ITER inductive operation with
Q=10 is the ELMy H-mode. Besides sufficient confinement
(H-mode confinement of Hyegp= 1) and stability margin (in
terms of beta normalised By = 2) at low qys= 3, operation at
a density close to the Greenwald density ngy, for optimised
heat and particle exhaust and ELMs (edge localised modes)
producing tolerable peak heat loads at the divertor targets
are needed in an integrated scenario. Type I ELMs are
normally connected with the best performing H-modes but
result in pulsed heat flows to the divertor target plates,
which could cause high erosion and severely reduce the
lifetime of the divertor in ITER FEAT to unacceptable
levels.
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5.1 Tolerable type Il ELMs close to the

Greenwald density

Small irregular high-frequency type II ELMs are actively
being studied as a solution to the reactor divertor power
load problem. These type II ELMs, partly mixed with type I
ELMs, were originally found in discharges with qo5> 4.2
and <d> > 0.4, close to a double null configuration and at
high densities close to the Greenwald limit. As they
preserve high edge pressures, the confinement is almost as
good as with type I ELMs and significantly higher than for
type II ELMs, providing Ttg/tysp= 1. In recent
conventional H-mode experiments steady-state type II ELM
phases could be established, limited only by the length of
the current flattop phase. The type II ELM features are as
described earlier: The ELM amplitude of the D, signal
decreases, and ELM frequencies between 0.5 and 1 kHz are
observed. Even in the case of non-conclusive D, traces,
magnetic precursors and target plate thermography allow a
clear identification. The thermography data of the divertor
target plates show that the peak power load is strongly
reduced with type II ELMs, especially at the inner target.
The power flux on the plates is quasi-stationary and slightly
above the value in between ELMs in purely type I ELM
phases.
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Figure 13: Magnetic precursors for type | (left) and Il (right) ELMs measured by
magnetic pick-up coils on the low field side with a high frequency
response up to 1 MHz and sampling rate of 2.5 MHz, together with time
traces of magnetic and D, signals.

Magnetic measurements close to the separatrix and
reflectometry show that single type II ELMs, best observed
in mixed type I and II phases, are characterised by a
precursor of broadband MHD fluctuations in the frequency
range between 15 and 30 kHz. Correlation analyses of
poloidal and toroidal arrays of magnetic pick-up coils give
mode numbers m = 14, n= 3-4, which corresponds to
localisation at the plasma edge. In pure type II ELM phases
the precursors unify to a wide frequency band. New
features have been detected using magnetic coils on the low
field side with a high frequency response up to 1 MHz and
sampled at 2.5 MHz (Fig. 13). While type I ELMs exhibit a
high frequency precursor around 400 kHz with a local
m = 10-15 at the outer midplane 1-2 ms before the actual
ELM, type Il ELMs show a broadband fluctuation around
700-800 kHz.

5.1.1 Integrated high performance scenario with
tolerable type Il ELM activity

In highly shaped plasma configurations with <0> = 0.42,

near double null, high-By H-mode discharges with By > 3.5

and good confinement Hygep= 1.3 have been obtained in

steady state at qgs=~ 3.6, with By Hgy.p reaching up to 8.0 for
40 energy confinement times and many current
redistribution times. In these discharges line averaged
densities of 80%-90% of the Greenwald density are
achieved while maintaining the good confinement. At the
highest densities and close to double null configurations a
strong reduction of the ELM activity to type II ELMs is
observed as in conventional H-modes, providing a strong
reduction of the peak heat load on the divertor which
becomes steady in the range of 6 MW/m?, despite the high
input power used (>10 MW) in our example. During the
NBI heating phase, the ELMs are reduced significantly in
size as the density increases and the plasma configuration is
moved up, closer to a double null configuration. This
movement to a double null configuration is made
deliberately. Infrared data shows that initially type I ELMs
are observed on the outer target with a peak heat flux of up
to 18 MW/m?. The type I ELM activity drops and finally
the maximum heat flux on the divertor has become fully
steady, in the range of 6 MW/m?, and only type Il ELMs
remain. For the inner target plate, high peak loads are
observed during type I ELMs, however, the heat flow
reduces to nearly zero during the close to double null
configuration phase. During the transition and in the type II
phase the time averaged heat flux to the outer divertor does
not change and is 2.5 MW out of 10 MW heating power,
while about 1.3 MW go to the upper outer divertor. This
ELM behaviour is very similar to what is observed for
type II ELMs in standard H-mode discharges at medium
heating powers of 5 MW. Here type II ELMs are achieved
despite the high heating powers of >10 MW well in excess
(factor 5) of the H-mode power threshold and the high gas
fuelling rates.

5.1.2 Operational regime of type Il ELMs

The operational space and the edge parameter regime for
the occurrence of typell ELMs are the same for
conventional and advanced H-modes: a combination of
closeness to double null and high densities. The closeness
of the two separatrice Ax is stringent and has to be kept
below 1 — 2 cm in the torus midplane as is seen in Fig. 14b.
Triangularity or qo5 are not the decisive parameters, indeed
they can vary over a broad range (see Fig. 14a). In
experiments on ASDEX Upgrade with its reactor relevant
PF coils being outside the TF magnet and distant from the
plasma, the close to double null condition is difficult to
separate from high triangularity. The accessible operational
space in triangularity and closeness to double null is shown
as the shaded area in Fig. 14b. The operation window in g,

has been extended towards qys = 3.5 (Fig. 14a) being closer
to the ITER reference value.

The second condition means a sufficiently high edge
pedestal density is required to get type II ELMs: above 50%
of the Greenwald density, which is connected with line
averaged densities above 85% of Greenwald density. For
one given magnetic configuration, the requirement of
increasing density to change from type I to type II ELMs
can of course be framed as a collisionality limit at the
pedestal and has led to the concern that, with the low edge
collisionality required for high core confinement in ITER,
type I ELMs might then be inaccessible. However, this
condition on collisionality is connected with the driven
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edge bootstrap current and the edge magnetic shear. Type 11
ELMs have been observed over a range of collisionalities
(v* = 1-2), depending on magnetic configuration and input
power (or alternatively the plasma f3).
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Figure 14: Operational regime of type |, Il and IIl ELMs in both conventional and
advanced scenarios in terms of triangularity 8, qes and the separation Ax
of the two separatrices in the torus midplane.

5.1.3 Stability of type Il ELMs

The fundamental mechanism behind the ELM phenomenon
is not known. Several possible explanations have been
given. The model presented by Connor for Type I ELMs is
used here as a working model. In this model, the type I
ELMs are triggered by coupled peeling-ballooning mode
MHD instabilities. After an ELM crash, the plasma edge
pressure gradient starts recovering until it reaches the high-
n ballooning mode boundary. Then, on a slower (resistive)
time scale, the edge bootstrap current builds up. The
bootstrap current destabilizes the peeling-ballooning mode
and causes an ELM crash.

To investigate the significance of the closeness to the
double null, two plasmas (#15863 and #15865) are analysed
with almost identical density and temperature profiles,
triangularity =0.42 and safety factor qos=4.2. The only
operational difference between the two is that one (#15863)
is shifted upwards by a few mm and is thus closer to double
null. These shots are chosen because one of them (#15865)
has mixed type I and type II ELMs and the other one
(#15863) pure type 11 ELMs.

The double null configuration is found to have a stabilizing
effect on the low-n peeling-ballooning modes. The second
X-point creates a strong magnetic shear in its vicinity (just
like the first X-point). Fig. 15a shows the growth rates for
the n=3 mode as a function of the maximum pressure
gradient in the pedestal region for the different
configurations. The calculation for a pure double null
configuration is also shown for comparison. The growth
rate decreases as the configuration approaches double null.
However, as the mode number increases, the growth rate
increases in both plasmas. The higher the mode number, the
smaller the pressure gradient required to destabilize it. On
the other hand, the mode width decreases with the
increasing mode number. Consequently, the higher modes
can directly affect only a very narrow part of the plasma.

The double null configuration also has the effect of making
the low- to intermediate-n peeling-ballooning mode
strongly localized at the edge. The localization is prevalent
irrespective of the mode number. Even a small shift of the
plasma towards the upper X-point can lead to a significant
change in the eigenfunction width. This is shown for an
intermediate-n mode (n=8) in Fig. 15b. The vertical
position of the type I and type II ELMy plasmas differ only
by a few millimetres at the midplane. On the top of the
plasma, the type II ELMy plasma is 8§ cm closer to the
second X-point.
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Figure 15: a) The n=3 peeling-ballooning mode growth rate as a function of the
edge pressure gradient for plasmas with type | (#15865) ELMs, type Il
(#15863) ELMs and for a double null configuration. b)The n=8 peeling-
ballooning mode radial envelope (the normalised sum of Fourier

components of the &+ Vap/| Va |) for type | (#15865) and type Il

(#15863) ELMy plasmas. The pedestal top is at y=0.94. Note that both
modes are narrower than the pedestal.

5.2 Conclusions

Type 11 ELMs have recently been observed in a wider range
of plasma conditions. In particular, integration of type II
ELMs with high performance, 'hybrid' regimes has led to an
attractive candidate for operation in a fusion reactor. The
understanding of the fundamental mechanisms responsible
for type II ELMs has been advanced. The peeling-
ballooning mode model is able to explain qualitatively
many of the features observed in type II ELM plasmas. The
calculated eigenfunction of unstable modes is narrower in
such plasmas and is thus correlated with the observed
smaller ELM amplitude.

The primary remaining uncertainty with type II ELM
operation for a reactor is the present constraint that they are
found only at relatively high edge collisionality.
Experiments to study increased collisionality are a near-
term priority of the ASDEX Upgrade experimental
programme.

6 Technical Systems

In 2002, the experiment was in operation for 63 days
performing 1304 shots in total. Only 34 days were
dedicated to physics, as the commissioning of the new
thyristor group 6 required 24 days and 252 shots.
Calibration of diagnostics and servicing consumed a further
5 days. There was one unscheduled opening in mid March
for repairing a loose microwave shutter which touched the
plasma boundary. The summer opening from early August
to late September was mainly dedicated to improving the
inner heat shield and the inner target of the upper divertor.
All new turbo molecular pumps (TMPs) are now in
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operation. The hydrogen pumping capability of the
cryopump (CP) was improved. With the NI-2 modification
towards a more tangential injection angle, beam heating has
gained additional potential for modifying the heat and
particle flux. The availability of ICRH at high power levels
could be increased. For the new ECRH system mounting of
the wave-guides has almost reached the access port.

In the following, the improvements of the vacuum vessel,
the torus pumping-system and the power supply are
described.

Figure 16: Tungsten coated inner heat shield and upper PSL

Vacuum vessel: The new tile design with doubled length,
tested in 2001 on two rows only, now covers the whole heat
shield. The tiles vary poloidally in length to maintain a
small constant gap of a few millimetres between adjacent
rows. The tungsten-coated area was further increased. Now
the whole heat shield, the upper PSL (Fig. 16) and the inner
baffle of the lower divertor are W-covered. To withstand
vertical disruptions up to higher plasma currents on the
upper divertor, the support structure of its inner target plate
was reinforced. Additionally, the water feeding pipes got an
electrical break, to avoid halo currents flowing along them.
Next year the outer target plate will be hardened too.

Turbo molecular pumping system: The pumping system
has now been completely renewed. With the 14 new TMPs
the working range with relevant pumping speed is extended
up to 10" mbar. The rotor (Fig. 17) of the new TMPs is
very robust against pressure shocks. This is advantageous
with respect to the pressure bursts during regeneration of
the cryopump. Together with the TMPs, the pressure
gauges (Pfeiffer Digiline) were also renewed. The new
multi-range gauges could be housed inside the iron
shielding of the TMPs. The resulting reduction of the
magnetic field no longer required us to switch off the
gauges during a plasma discharge. Additionally, for the
data transfer of the TMP sensors and actuators a serial bus
system was established.

Figure 17: Robust rotor of the new TMPs

Cryo supply and cryopump: Since early 2002 the new
liquefier TCF 50 has been in operation and provides the
specified liquefaction rate. The operation cycle of the TCF
50 with and without LN2 pre-cooling is now automatically
controlled by the status of the gas recovery and the 5000 1
LHe storage vessel. During hydrogen-operation of the
experiment, the helium (He) cryostat of the CP supply
circuit is now routinely pumped down to 0.3 bars (Fig. 18).
This reduces the cryopanel temperature from 4.2 K at
ambient pressure down to 3.2 K. Consequently the nominal
deuterium pumping speed of 100 Nm?/s is even for
hydrogen pumping maintained down to a vessel pressure of
107 mbar, whereas it would drop at ambient conditions
already below 10 mbar.
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Figure 18: He circuit for extended CP hydrogen operation

Power Supply: The thyristor group No. 6, a modular 135
MVA converter equipped with neutral thyristors, was
successfully commissioned. This group now extends the
pulse duration for strongly shaped plasmas considerably.
The technical design for paralleling the EZ3 and EZ4
variable frequency networks was finalised. Torsion
oscillations became a mechanical problem for the couplings
of the EZ3 and EZ4 flywheel generator shafts. They are
excited during non-quiescent plasma discharges due to the
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low natural frequencies of the shaft lines (24 resp. 26 Hz).
In order to protect the generators from mechanical damage,
torque sensors were installed which initialise "soft landing"
of a plasma discharge above the allowable torsion stress.
Meanwhile a new concept could be established for damping
the torsion oscillations actively via a thyristor fed
independent load circuit. Tests with 36 MJ energy storage
units, each consisting of four paralleled compact flywheel
generators were successfully performed in co-operation
with RWE Piller and Rostock University. Numerical
simulations have additionally verified this concept. A
stepwise extension of the existing networks by 36 MJ units
will thus be prepared.

(In collaboration with Universities Karlsruhe and Rostock.)

6.1 Data Acquisition (DAQ)

Development for real-time DAQ systems based on
PCl/compactPCI hardware and Solaris and LINUX
operating systems has been carried on.

A Thomson scattering DAQ system with 1GHz sampling
rate measures background, stray light and a laser reference
signal. Between laser shots the data is read out into the
Sun's memory where immediate analysis is made to
feedback the amplitude of the signals in order to adapt the
gain factors of the input channels. Also in real-time, single
channels will be evaluated to achieve density and
temperature values to be fed back into the plasma
performance control algorithms. Final analysis will allow
us to discriminate the approximately 50 nsec broad stray
light pulses from the fluctuating background and to
estimate the involved errors based on the found signal to
noise ratio.

An implementation of the MSE diagnostic based on a
LINUX PC and fast PCI-ADCs is under development by
the XDV group of the Rechenzentrum Garching. Real-time
analysis of the measured data will allow feedback with
control algorithms for the current profile as soon as the new
plasma control system is ready to co-operate with the
diagnostics.

The new real-time diagnostics will be time controlled by
the new AUG timing system, which is under development
by the AUG control group. Dedicated time to digital
converters (TDCs) as PCI devices couple the individual
diagnostics to this central timing system. A Solaris driver
for these TDC devices has been developed to allow exact
timing of the multiple Thomson scattering diagnostic
computers.

6.2 Remote Data Access and Remote

Collaboration Efforts

The philosophy for remote collaboration on ASDEX
Upgrade data requires users to apply for a personal account
in the AUG computer systems and to become an associated
member of the AUG team. A wide palette of tools for
remote collaboration is available: internal www services,
remote data access, remote computer access, video
conferences for broadcast lectures, meetings and remote
presentations, etc.. Security is maintained by the IPP's
firewall and the usage of secure protocols for data traffic
across this border.

MDSplus access to AUG data was implemented by
providing an MDSplus interface to the AUG data access
library and by setting-up an MDSplus server allowing read
access from outside the Garching campus.

A SOLARIS and LINUX version of the AUG data access
routines is available for users who want to access AUG data
via the AFS global file system. This path, besides read
access, also provides write access to the AUG data.

Two seminar rooms at AUG have been equipped with
H.323 videoconference systems. In the big seminar room a
Tandberg 6000, together with a fully featured audio and
multi camera video system provides high quality
conferencing facilities. With a single microphone, standard
PC loudspeakers and a Tandberg 880 VC system featuring
echo cancelling and a remote controllable wide angle
camera, the smaller "E4" seminar room is designed for
smaller meetings of up to 15 people.

6.3 Neutral Beam Heating

The Neutral Beam Injection system has been reliably
operated during the last year, with high availability at the
design values: 2.5 MW / beam (D"), altogether 20 MW, 60
kV on NI-1 and 93 kV on NI-2. NBI heating was requested
for most of the Tokamak discharges. Extended pulse length
discharges have been heated with 5 MW for 10 s and
individual beams have been switched on for up to 8 s. The
summer shut-down was used for regular maintenance of the
systems and for solving minor technical problems.
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Figure 19: Stored energy, line averaged density and beam power of a shot heated
with all eight beams successively.

With the modified geometry of NI-2 (see Annual Report
2001) the flexibility of NBI heating has proven to be
significantly increased. Fig. 19 shows a plasma heated
successively with all eight beams. Even though the heating
power was kept roughly constant (2.4-2.5 MW), the plasma
stored energy and the density varied by 30% and 20%
respectively. The increase in density during tangential off-
axis heating (beams #6 and #7) is essentially due to density
peaking as shown in Fig. 20, thus confirming the strong
link between local heat and particle fluxes as discussed in
detail elsewhere in this report. In addition to this density
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profile control capability, central MHD can be controlled
by an appropriate choice of beam sources as well:
Tangential off-axis beams tend to suppress sawteeth and
fishbones, which are both known to trigger neoclassical
tearing modes. All these features of the new tangential off-
axis beams turned out to be important ingredients for the
further development of advanced scenarios like the
improved H-mode or high Py plasmas. However,
discharges with internal transport barriers for the ions,
require maximum on-axis heating for barrier formation.
The different beam geometries have made the NBI system a
valuable tool to tailor discharge scenarios according to the
various physics needs.
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Figure 20: Comparison of n, profiles with on-axis and off-axis heating in one shot.

6.4 lon Cyclotron Resonance Heating

High power operation became possible and more reliable
since renewed tubes (see last reports) re-established the
generator output power to 4 x 2 MW. A heating power of 6
MW could be launched into the plasma for more than 3
seconds. This is the design power value aimed at for the
system. The maximum heating power achieved was 7.2
MW, 90 % of the full maximum generator power. A well
conditioned system and additionally about 10 conditioning
shots with plasma and increasing power were required to
achieve these values. This is one of the best technical
results ever reached with ICRH systems and unique since it
was done in the presence of substantial ELMs. The applied
procedures allow reliable ICRH application with powers up
to 5 MW and pulse lengths of 5 s routinely launched into
the plasma and used for various experimental programs.

The ferrite matching system has been further delayed due to
mechanical accuracy problems at the long ferrite loaded
striplines. It is expected that this can be solved and that the
system can be delivered in the second quarter of 2003.

One antenna pair was equipped with new antenna straps.
They have larger radii which require larger fabrication
effort but reduce the electric fields in the antenna.
remarkably. Test bed measurements and first experimental
experience indicate an improved voltage strength.

The RF probe for antenna breakdown studies was installed
and operated near the plasma boundary. The interesting

results of these experiments will be reported in 2003 in a
doctoral thesis.

6.5 Electron Cyclotron Resonance Heating

The existing ECRH system at f = 140 GHz with an installed
power of 4 x 0.5 MW for 2 s was routinely used in the
experiments. It is designed to provide very localised heating
or current drive even under conditions of off-axis
deposition by poloidal beam deflection. This feature was
experimentally confirmed studying the transient
temperature response following power switch-on or switch-
off, or modulated power deposition.

The new system under construction (see Fig. 21) will
provide 4 x 1 MW for 10 s at several frequencies in the
range 105 to 140 GHz. The first two gyrotrons will be a 2-
frequency gyrotron, using a single disk diamond window
resonant at both frequencies, and a step tuneable gyrotron
which will be equipped with a broadband Brewster angle
window or a narrowband, but tuneable, double disk
window. These gyrotrons will work with collector voltage
depression leading not only to an enhanced efficiency close
to 50%, but also to a much more efficient use of the
existing 70 kV power supplies. Both gyrotrons are expected
to arrive during 2003.

A broadband matching optics unit (MOU) feeds the power
into the transmission lines of 87 mm i.d. waveguides with
corrugated walls designed for broadband transmission. In
order to generate different frequencies the gyrotron has to
be operated at different cavity modes. This means that with
a fixed internal quasi optical mode converter, the output
beam leaves the gyrotron at a slightly different direction.
Therefore the MOU comprises a different set of 2 mirrors
for each frequency to redirect the beam onto the
transmission line axis.

stsarabia mimroe

Figure 21: Launcher concept for the new ECRH system. The beam is launched from
an open-ended waveguide via a fixed focusing mirror and a fast steerable
plane mirror.

At the torus we will have a tuneable double disk window
since this can transmit an arbitrary polarisation. The
launcher mirrors are designed for a fast feedback controlled
poloidal beam steering which allows controlled power
deposition on a wanted flux surface even under conditions
of a changing magnetic field distribution. The design value
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for this mirror scan is 10° / 100 ms. Toroidal beam steering
will be slow. The uncooled mirrors will be made of graphite
with a conducting copper layer to minimise disruption
forces. A drawing of the launcher set-up is shown in Fig.
21. By poloidal beam steering nearly every point in a cross-
section can be heated. The steerable mirror assembly can be
rotated such that the mirror faces the vacuum chamber wall
when plasma pulses without ECRH are performed.

7 Core Plasma Physics

7.1 Stationary advanced scenarios at ASDEX
Upgrade

Recent experiments have achieved advanced scenarios with
high fB, (>3) and confinement enhancement over

ITER98(y,2) scaling, H*®?= 1.1-1.5, for several seconds in
plasmas approaching stationary conditions. In ELMy H-
modes, with low shear in the centre and q, close to 1, the
core confinement and stability is improved due to the
absence of sawteeth. Fishbones are the dominant MHD
activity in these advanced discharges maintaining q on axis
near 1. This improved H-mode can be obtained with qys in
the range 3.3-4.5. Off axis heating with tangential NBI
sources leads to the creation and sustainment of the
required g-profile, especially at the lowest values of qo;
(Fig. 22). Here, the use of the off axis NBI injection has
widened the operation space of the improved H-modes (low
Jos, and more peaked density profiles at high density).

The off axis heating leads to a strong peaking of the density
profile, which is beneficial in obtaining improved
confinement. However, the off axis heating leads to a
strong peaking of the density profile and impurity
accumulation in the core. This can be explained due to the
reduction of the turbulent transport in the core as a result of
the reduced central heating (stiff temperature profiles). Too
strong density peaking and impurity accumulation can be
avoided by adding central heating from ICRH or ECRH,
providing an additional tool to control this scenario.
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Figure 22: Typical improved H-mode scenario, § = 0.17,q,s = 3.3.

High density, up to 80%-90% of the Greenwald density
limit is possible using a combination of NBI and gas
fuelling in a highly shaped plasma configuration with & =
0.43. Even at these densities the confinement is
significantly improved over the ITER reference scenario,
while By reaches values of 3.5 in steady state.

7.2 Density Peaking

In the years 2000 and 2001, a strong relation between the
shape of the density profile and the heat flux profile has
been observed on ASDEX Upgrade. In 2002, these studies
could be extended to purely ICR heated plasmas,
comparing on- and off-axis heating. Fig. 23 summarises the
effects on the density profile: pure NBI heating leads to the
development of peaked density profiles by slow
spontaneous density peaking. Substituting the NBI with
central ICRH and keeping all other control parameters the
same, the density profile is almost flat.
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Figure 23: Electron density profiles for different heating scenarios (zero
suppressed): £, =1MA4, q,s =4.3,6 =0.32.

This is not only due to the missing fuelling of the NBI,
since the case with 50% of NBI and 50% of central ICRH
also leads to flat density profiles. In contrast, off-axis ICRH
again leads to peaked density profiles. A similar, though
less pronounced behaviour is observed when comparing on-
and off-axis NBI. Such behaviour can be understood by a
relation between particle and energy transport. The basic
observation is, that due to the stiffness of the temperature
profiles the heat flux profile determines the heat
conductivity profile or in other words a more central heat
deposition increases the central turbulence level. If particle
transport is related to these turbulences, it should be
increased as well and the density profiles will flatten. The
first attempts to model the data showed good agreement
using D=0.12-x and v, =1.5-v,,.. More recently it

turned out, that the neoclassical ion conductivity
X ..o CONtributes significantly to the energy transport for

these well confined high density H-modes. Since yx,,,, is

not due to turbulence it makes sense to define an effective
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turb

turbulent )
D=02-xu"

model also holds for scenarios where ),  isnegligible.

=0.5(x. +X: = Xino) - Then one obtains

using only the Ware pinch. This refined

As already shown in 2001, the experiments with peaked
density profiles also revealed serious drawbacks of peaked
density profiles, which are an early onset of neoclassical
tearing modes due to a stronger weight of the density
gradient length for the bootstrap current and the tendency to
accumulate heavy impurities. Further studies in 2002, using
Silicon laser-blow-off, showed that central heating not only
flattens the main ion density profile but also reduces
impurity accumulation, mainly due to a reduced
neoclassical pinch (which depends on the main ion density
peaking) and additionally due to an increase of the impurity
ion diffusivity.

7.3 Core MHD and its modification by local
current drive

Neoclassical tearing modes were a major concern
theoretically, as well as experimentally during last year's
programme. During power ramp down experiments the
marginal f,¢ for the (3,2) NTM, as well as for the first
time for the (2,1) NTM has been analysed. This scheme is
of special importance, as the marginal 3, is independent
from the conditions of the seeding process by a seed island.
For both the (3,2) and the (2,1) NTM, a linear dependence
of B,“¢on the poloidal ion gyro radius p, has been
measured (see Fig. 24 for the (3,2) NTM). The
collisionality dependence for the (2,1) NTM is much more
pronounced. The importance of a more refined analysis for
the driving bootstrap current has been realized and included

(separation between n,dT,/dr and T,dn, /dr).
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Figure 24: Scaling of the onset f3,"** (a) and the marginal f3,"* at the
stabilisation (b) during the power rampdown.

Besides this analysis of NTM behaviour, efforts have been
put into actively controlling the stability of NTMs. Recently
a complete stabilisation of the (2,1) NTM with local current
drive by ECCD has been successfully shown. A similar
scheme to the (3,2) NTM stabilisation at reduced
background NBI heating power has been used. In the case
of the (3,2) NTM with increased NBI power, 3, could be

raised significantly above the onset value without a
reappearance of the mode while the confinement recovers.
The externally driven current has not only been used for the
direct stabilisation of NTMs by replacing the reduced
bootstrap current within the island, but also by driving
current outside the island's separatrix. This external current

could trigger an ideal (4,3) mode (see Fig. 25) leading to a
forced FIR-NTM phase. The FIR-NTM regime was
reported last year. The additional mode leads to an

averaged reduced (3,2) amplitude and an improvement in

confinement.
Another approach has been used by changing the size of the
seed islands for NTMs. Local co- and counter current drive
as well as heating, again by the ECRH system, in the
vicinity of the q=1 surface has been used to modify the size
and the repetition rate of sawteeth.
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Figure 25: At 10 MW constant NBI power, co- or counter ECCD s used to lower or
increase the magnetic shear at the q=4/3 surface. In the co-ECCD case a
clear transition to the FIR-NTM regime can be observed.

It can be seen that co-ECCD leads to an increase in the
sawtooth period when deposited just outside the sawtooth
inversion radius. With 0.8 MW of ECRH/ECCD and a
background heating of 5 MW NBI, it is possible to
completely stabilise the sawteeth. For central deposition, a
reduction in sawtooth period occurs. Similar behaviour is
observed with pure ECRH, which is consistent with a local
decrease of resistivity due to ECRH that also generates co-
current. Conversely, for ctr-ECCD, central deposition
stabilises the sawteeth, clearly demonstrating the
importance of the local current generated by ECCD. These
findings (summarized in Fig. 26) are consistent with the
hypothesis that a decrease in current density gradient at the
g=1 surface tends to stabilise sawteeth. Note that, contrary
to stabilisation of sawteeth by fast particles, the amplitude
does not increase here. This method has already been used
to create sawtooth-free discharges for impurity transport
investigations; future studies will also study the effect of
sawtooth tailoring on NTM onset by affecting the seed
island size.

ctr-ECCD

Figure 26: Sawtooth repetition period as a function of the ECCD deposition(negative
values of rho indicate deposition on the HFS). Complete stabilisation can
be achieved by co-ECCD outside the inversion radius or central ctr-ECCD.
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7.4 Electron heat transport with ECRH

The stiff behaviour of temperature profiles in conventional
scenarios is believed to be caused by anomalous transport
driven by turbulence with a threshold in V7/T (see previous
annual reports). This assumption was confirmed in 2002 by
experiments where we varied the electron heat flux in the
confinement region by one order of magnitude while
keeping the heat flux at the plasma edge constant. For this
purpose, we deposited the ECRH power at two radial
(p=0.35and p =0.65) locations with respective inten-

Pecy1 and  PBgcpz varied, while keeping
Pecu1 + PeEcra constant at about 1.3 MW. The discharges
were run in gos =4.4 and low density to reduce the

electron-ion energy transfer and provide good conditions to
study the electron heat transport. In addition, a +10% partial
power modulation allows us to analyse transient transport

sities

er P The steady-state temperature profiles indeed show
that a variation of V7, and VT, /T, can be achieved. The

results of power balance and transient transport p =~ 0.5 are
shown in Fig. 27. The lines are deduced from a model
based on the existence of a critical VT, /T,. The same
model included in transport simulations yields the lines
drawn in Fig. 27, which agree very well with the
experimental data over the whole radius. The same type of
experiments carried out at go5 = 9.9 strongly suggest a q
dependence of electron heat transport. Further analysis
suggests that the TEM driven turbulence may be
responsible for the anomalous electron heat transport in
theses L-Mode discharges at low density with high electron

temperature.
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Figure 27: Results from power balance and heat pulse analysis at p = 0.5. The lines
are given by the model.

7.5 Edge profile constraints

Radial profiles of the edge electron temperature and density
were measured with the high resolution edge Thomson
scattering system. The raw Thomson data is regularised
with a Bayesian filer of 2 mm spatial width and fitted with
modified tanh functions to enable the calculation of
gradients. A close coupling of the temperature and density
profile gradient lengths, .= (VT./ T. )/ (Vn/ n,) = 2 is

observed over the edge transport barrier region, for T, > 10
eV to the pedestal top for a wide range of discharge
parameters. The observed resilience of the relative profile
shapes indicates the influence of drift wave turbulence on
the profiles over the edge transport barrier region.
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Figure 28: T, vs. n, for 8 discharges. The data points cover the radial range —2 <

dRsep < 1 cm mapped to the outer midplane. The straight lines indicate
the slope corresponding to n, = 2 in the logarithmic plot.

7.6 Edge rotation velocity profiles from Doppler

reflectometry
One of the topics of great interest in the study of the H-
mode edge pedestal is the behaviour of the E x B velocity
profile and the rate of shearing in the velocity. Using
Doppler reflectometer channels with tilted O and X-mode
launch antennas in the 50 to 75GHz microwave band, new
experimental measurements of the edge perpendicular (i.e.

close to poloidal) velocity v, profile evolution have been

obtained with high temporal and radial resolution during
the L-mode to H-mode transition. With co-injected NBI,

the Doppler measured vV, matches the plasma fluid velocity

(from Charge Exchange Recombination Spectroscopy) in
the core region, however it dramatically reverses sign
across the H-mode pedestal region with a peak coinciding
with the steep plasma pressure gradient. With counter-

injected NBI (i.e. reversed B, and I,) the v, profile also

reverses across the pedestal confirming that the E x B
velocity is dominated by the diamagnetic drift velocity
component in this region. Temporal measurements show
the magnitude of the E x B peak increasing as the H-mode
forms, i.e. the shearing in the edge velocity rises in concert
with the strength of the H-mode barrier.

7.7 Type Il ELMs

The availability of simultaneous low field side (LFS) and
high field side (HFS) density profile measurements using
reflectometry, with high temporal and spatial resolution, is
unique to ASDEX Upgrade. This diagnostic capability has
been extensively exploited in the study of ELM dynamics,
especially for characterizing and contrasting the low-field
and high-field side ELM behaviour. The reflectometer
measurements reveal that particle losses (relative to the
total pedestal particle content) and the ELM affected region
are smaller on the HFS, and that there is a substantial delay
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in the onset of the ELM perturbation in the density profile
between the HFS and LFS. It was also found that for low
density type-III ELMs the particle losses are purely
convective, compared to type-I ELMs where both
convective and conductive losses are seen. Notably, at low
plasma triangularity, the behaviour of type-I and type-III
ELMs (i.e. the occurrence of the ELM, the pedestal crash,
and the outward movement of the edge profile) are very
similar. For type-I ELMs preliminary measurements
indicate that the perturbation onset time delay between HFS
and LFS is commensurate with the ion sound speed, which
is suggestive of a ballooning character for the ELM. Further
measurements are in-hand for type-III ELMs, where the
HEFES to LFS connection length was changed by varying g .

The presence, or not, of a similar time delay will help to
establish whether type-III ELMs are also resistive
ballooning in character.

7.8 ELM frequency control by continuous small
pellet injection

Pellet refuelling experiments demonstrated that pellets
reliably trigger ELMs when injected during type-I ELMy
H-mode phases.

A major step of this investigation was to find out the
minimum pellet mass required for reliable ELM triggering.
Results of this mass scan are presented in Fig.29, displaying
data for prompt and total pellet induced energy losses. The
reduction of total energy losses with pellet mass is evident.
In the case of a big pellet, a burst of ELMs is observed
during the post-pellet density decay phase. It consists the
prompt pellet triggered ELM and several ELMs longer and
stronger than corresponding intrinsic ELMs. They result in
a transient reduction of the plasma energy of a total amount,
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Figure 29: Pellet mass scan data. Total (black circles) and prompt (grey dots) pellet
induced energy losses versus applied pellet mass. The squared box
represents the standard deviation of intrinsic ELMs induced energy and
particle losses, the solid arrow the pellet size chosen for controlling
sequences.

eventually significantly surpassing the instant loss.
Consequently, total pellet induced energy losses exceeding
the value of the prompt losses must be avoided by reducing
the pellet mass. It has also become clear that the optimal
pellet size may be below the minimum available.

The belief that still smaller pellets are suitable for ELM
triggering and thus provide further relief on the fuelling
flux constraint is feasible. This observation was supported

by the fact that ELM obviously starts at less than 0.2 ms
after the onset of pellet ablation. At this moment, pellets
have just crossed the pedestal region and smaller ones lost

there only about (= 10" D) by ablation. At its best, pellet
induced energy losses equal the energy amount expelled
during an intrinsic ELM, and the pellet mass almost equals
plasma particle losses due to an intrinsic ELM. This is
indicated by the square in the plot, representing a dataset
derived for corresponding intrinsic ELMs. The solid arrow
indicates the typical pellet size, which was applied in the
ELM control sequences.
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Figure 30: Periods selected for pellet forced ELM control are marked by vertical
dashed lines.

In the next step we concentrated on optimising the pellet
injection system for the desired ELM control. In order to
limit the pellet induced density rise, imposed by the
minimum pellet size technically required to deliver a
reliable sequence, an upper limit of about 20 Hz had to be
set for the pellet repetition rate. Suitable injection
conditions were established so that long periods were
obtained, where essentially every pellet triggered an ELM
and no ELMs occurred without pellet trigger. Moreover, it
was demonstrated in discharge #15232 shown in Fig. 30
that pellet forced ELM control can be, if desired, repeatedly
switched on and off at any time. Control sequences are
marked in Fig. 30 by vertical dashed lines; pellet launch
detection (corrected by the pellet flight time) is indicated by
small solid arrows. Pellet triggered ELMs showed
(especially after about 300 ms when the control approach
establishes a regular self-consistent situation) a reduction in
maximum particle and energy losses of at least a factor of 2
with respect to their intrinsic counterparts.

It turned out that higher forces acting on the pellets in the
looping shaped track resulted in somewhat enhanced
transfer mass losses, providing the additional advantage of
further pellet size reduction. Also, significant reduction of
this delay time can be obtained. Improvements of the
hardware during the 2002 shutdown now allow us to
operate at pellet velocities up to 1000 m/s and >20 Hz
instead of 600 m/s as before.
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7.9 ELM-free stationary H-mode

Edge Localised Modes (ELMs) can present a significant
peak power load to the divertor and it is not yet clear
whether large type I ELMs can be tolerated in ITER or a
reactor. Therefore stationary regimes with small or no
ELMs are 1nten51vely studled
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Figure 31: Time traces of a stationary ELM-free H-mode discharge.

Recently, the ““Quiescent H-mode" (QH) regime has been
successfully obtained, the second tokamak after DIII-D
where it had been originally discovered. This type of
stationary ELM-free plasmas occurs with neutral beam
injection opposite to the plasma current (counter-injection)
and sufficiently large gap between the plasma boundary and
limiting surfaces in the plasma chamber. The divertor strike
points are positioned for good pumping with cryopump on
and no external gas puff is applied after the start-up phase
of the discharge to keep the plasma density as low as
possible. The resulting discharge behaviour is demonstrated
by the time traces in Fig. 31. After ICRH and NBI heating
power is applied and H-mode is reached, a brief ELMy
phase occurs. As soon as a configuration with high wall
clearance is reached, the ELMs disappear. In this QH
phase, the central and peripheral line densities drop to
stationary values below those in the ELMy phase. Only a
moderate increase of the radiated power is observed. The
B, increases by about 10% compared to the ELMy H-mode

phase along with a corresponding increase of the edge
pedestal pressure.

The central and pedestal ion temperatures are very high,
reaching about 9 keV and 1.2 keV, respectively. Neutral
particle analyser measurements show that the density of fast
particles in the plasma periphery in stationary QH-mode is
well above that of ELMy phases.

The quiescent H-mode regime is accompanied by
pronounced MHD behaviour. There are no sawteeth, but
strong m=1,n=1 fishbone activity. In addition, the “"Edge
Harmonic Oscillation" (EHO) is seen in magnetic, ECE,
reflectometry and Soft X-ray measurements with a
fundamental in the frequency range of 10 ... 15 kHz and 11
harmonics clearly recognisable. A modulation of the outer
divertor D, signal with the EHO frequency is observed,
indicating that the EHO is correlated with particle and or
heat losses across the edge barrier region. A new finding is
a magnetic oscillation in the frequency range above 350
kHz, dubbed the “"High Frequency Oscillation" (HFO, Fig.
32), which is amplitude modulated in phase with the EHO.
The figure insert shows one EHO cycle. Often the HFO
occurs in bursts , during which the HFO frequency drops by
a few 10 kHz. The bursts are correlated with oscillations of
the divertor D, signal, such that the maximum HFO
amplitude corresponds to the end of the rise and the begin
of the decay phase of the D, intensity. This behaviour

might suggest a fishbone-like mechanism as the origin of
the HFO; however, the nature of the observed MHD mode
is not known as yet.
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Figure 32: The spectrogram shows the ""High frequency oscillation" which is
amplitude-modulated with the EHO frequency (insert shows one EHO
cycle) and occurs in bursts, which are correlated with the rise and fall of

the divertor D, signal.

7.10  Hydrocarbons

During the last year, a new improved spectroscopic system
was established in the divertor. With this system the
dependence of photon efficiency of CD molecules on the
local plasma parameter could be measured. Puffing a
constant flux of CD, molecules during a discharge and
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simultaneously moving the strike point position, allows us
to investigate the D/XB coefficients in a single discharge
for different plasma conditions. Both L- and H-mode
scenarios were used.

In order to analyse the contribution of higher hydrocarbons
to the CD band emission and a possible isotope effect,
C,H, and CH, puffs were also done.
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Figure 33: Reconstructed density profile during a strike point scan in the outer
divertor and the CD molecular band emission profile as a function of the
distance from the separatrix and the CD intensity vs. the electron density.

During the discharge the puffed particles flux was kept
constant, therefore the decrease of the CD intensity
indicates an increase of the D/XB coefficient as a function
of the local electron density (see Fig. 33).

711 On the toroidal asymmetry of the forces

on the vessel after disruption

Large radial vessel displacements (up to 6 mm) have been
observed up to now, only on JET. The toroidally
asymmetric vessel movement is accompanied by an n=1 tilt
of the whole plasma seen in the magnetic reconstruction of
the plasma position. This peculiarity and its relevance in the
design of the ITER vessel has motivated a careful analysis
of the mechanical forces on ASDEX Upgrade.

It is equipped with several diagnostics, which indirectly
measure the mechanical forces on different components.
The vacuum vessel is suspended by eight rods fixed to an
external supporting structure. The rods are 45° apart and
each of the rods is equipped with a strain gauge. The vessel
is also equipped with displacement gauges, which measure
its radial and vertical movement at the equatorial plane at
four toroidal positions, 90° apart.

The amplitude of the forces measured at the rods can reach
values above 300 kN at plasma currents of 0.8-1 MA; in
slow VDEs downwards, with growth rates of the order of
100 ms, the negative force reached 500 kN. The max and
min forces do not simply scale with I, or I,-B,; as a rule

of thumb, we derive that | F, | = < 250 kN/(MA Tesla). The

toroidal asymmetries of the vertical forces, as measured at
the rods, are typically less than 20 % and on average about
10 %. The vertical displacement of the vessel, measured at
the vessel mid plane has a time behaviour similar to that
measured by the strain gauges at the suspension rods. The
maximum vertical displacement is about 0.7 mm, in both
positive and negative vertical directions. The largest net
radial displacements observed in the shot period analysed
are of the order of 0.2 mm and therefore significantly small.

The vessel was intentionally laterally displaced by applying
a known force to establish the correspondence between
applied force and radial displacement; this was found to be
approximately linear and amounted to 0.014 mm/kN for a
statically applied force. The largest radial displacement
observed during disruptions is of 0.24 mm and corresponds
to a statically applied radial force of 17 kN; but since the
forces during disruptions act for a fraction of the oscillation
period of the vessel, the shortly applied force could be up to
one order of magnitude larger. It is interesting to point out
that the discharges with the largest radial displacement are
disruptions following VDE as in JET.

The relation between asymmetries of halo currents and
vessel displacements has not yet been clarified.

8 SCRAPE-OFF LAYER AND DIVERTOR
PHYSICS

8.1 Filamentary transport in the scrape-off layer
wing
Density profiles in H-mode discharges always show a wing
in the cold SOL which cannot be explained by transport due
to small scale electrostatic turbulence. A possible
explanation is the occurrence of filamentary transport
driven by ballooning/peeling or drift mode instabilities in
the edge plasma on a centimetre cross field scale length. In
fact, burst-like transport events were clearly observed in the
far scrape-off layer and even in the limiter shadow by
Langmuir probes. Such events were clearly seen during
ELMs as expected, but also in-between ELMs, especially
during the last few milliseconds before the next ELM. The
latter frequently seemed to be correlated with ELM
precursors observed simultaneously on several other edge
diagnostics. Fig. 34 shows such events during and in-
between ELMs as measured by a multipin Langmuir probe
deep in the shadow of the low field side poloidal limiters.
Though such transient events have been identified in
various discharge scenarios, a statistical analysis and an
assessment of their contribution to the total radial fluxes has
not yet been done.
It has been argued that some of these events, if large
enough, should also be detectable with the high-resolution
edge Thomson laser scattering diagnostic and might be
partly responsible for the large scatter seen on edge plasma
profiles from this diagnostic. However, distinction from
trivial noise peaks turned out to be difficult. Meanwhile, an
improved version of the Vertical Thomson Scattering
(VTS), based on a new fast digitizer system has become
operational. It allows us to investigate fast events with a
time delay of only 500 ns between the six consecutive laser
pulses and with significantly increased signal to noise ratio.
As a consequence, the number of apparent 'events' has
reduced drastically, but still, a few physically relevant
pulses per discharge could be clearly identified by spatial
and temporal correlation analysis between neighbouring
channels. Again, an assessment of the contribution of these
large events to radial fluxes still requires some assumptions
on the event statistics and the determination of the
efficiency of the applied event detection algorithm.
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Figure 34: Transport events observed by a Langmuir probe in the shadow of a low
field side poloidal limiter (4cm behind the limiter front). Left hand side:
floating potential and current measurement during an ELM; right hand
side: transport events in-between ELMs.

8.2 Investigation of carbon sources in the main
chamber

30 new lines of sight have been installed in the vacuum
vessel for spectroscopic measurements of the impurity
influx from the outer guard limiters. In conjunction with the
lines of sight that span over the inner heat shield it is now
possible to make a quantitative comparison of impurity
fluxes from inner heat shield and outer guard limiters.
Detailed analysis was done for H- and L-mode discharges.
The line-of-sight integrated measurements were spatially
resolved by analysing the B-field splitting (Zeeman, Pasch-
Back) of the spectral lines supported by camera pictures in
the light of carbon. The inner heat shield showed erosion
that accounted for about 50-90% of the main chamber
influx, depending on the plasma position. The number of
ions per square meter entering the plasma from the outer
limiter were about 3 times larger than from the heat shield,
but the about 8 times larger area of the heat shield makes
the heat shield the dominant source for the total carbon
influx. The other part of the influx from the low field side is
entering the plasma in-between the guard limiters. The
origin of that part cannot be determined. If this contribution
is said to be eroded from the closest carbon source, i.e. the
limiters, the limiter source doubles and reaches the
mentioned 10-50%.

Impurity transport from the divertor might also contribute
to the carbon influx at the lower part of the heat shield, as
the carbon emission along the heat shield shows a
maximum there. However, when the plasma is moved
toward the heat shield the influx at the heat shield is
increasing considerably. This demonstrates, that a big part
of the in flowing carbon at the heat shield gets eroded from
it. 85% of the heat shield consists of tungsten coated tiles,
but deposited carbon was found to be abundant on the

surface of these tiles. This carbon is eroded and makes the
heat shield an important impurity source.

8.3 Plasma position determination by
reflectometry

Microwave reflectometry has been proposed as an
alternative/back-up approach to the usual magnetic systems
in long pulse operation on ITER for plasma position and
shape control. In preparation of such applications, proof of
principle experiments have been made on ASDEX Upgrade
using existing low and high field side reflectometer
channels. The position of equi-density lines near to and
inside the separatrix has been determined with high
temporal and spatial resolution. Because of rapid parallel
transport, the density can be assumed to be constant on flux
surfaces in this hot edge region. Ohmic (L-mode) density
limit shots as well as ELMy H-mode discharges with strong
density variations and pre-programmed plasma
displacements have been investigated.
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Figure 35: Temporal evolution of: (a) line average density from interferometry; (b)
position of the magnetic separatrix at the low field side (Rout) inferred
from the magnetic diagnostics and position of layers with constant
fractions of the line averaged density from reflectometry; (c) same as (b),
but data taken from high field side (Rin). The best match between the data
from reflectometry and from the magnetics is obtained for a 38% scaling
on the LFS and for 34% on the HFS .

In order to derive a magnetic separatrix position from these
density contours in case of strong density variations, a
scaling law of the separatrix density with line averaged
density, measured in parallel, has to be assumed or
determined experimentally. Comparing the temporal
evolution of the high and low field side positions of
constant density layers with the magnetically determined
separatrix position at both sides reveals an increase of the
separatrix density that scales approximately linearly with
the increase of the line average density. In turn, tracking of
normalized, instead of absolute densities, should provide a
good measure for the local separatrix position. In fact,
following this prescription, plasma displacements can be
followed with sufficient accuracy in discharge phases with
strongly varying line averaged density as shown in Fig. 35
for a density limit shot #15555. Different fractions of the
line averaged density were used to find the scaling factor
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that leads to agreement between the estimation of the
separatrix position from reflectometry and the magnetic
data. The best match found occurs around 38% where the
total verified RMS deviation was ~ 0.6 cm.

Good results were also obtained for standard H-Mode shots,
with type I ELMs, e.g. shot #14829. In this case the scaling
factor that leads to the best agreement with the position of
the magnetic separatrix at low field (Rout) and high field
(Rin) sides, inferred from the magnetic diagnostics, is 42%
with a total RMS deviation of 0.85 cm.

8.4 Interaction of radio frequency electric fields

with the scrape-off layer plasma

A radio frequency (RF) probe, which was developed for
studies of high voltage breakdown phenomena in ion
cyclotron RF antennas was used also to study the mutual
influence of the scrape-off layer plasma with the radio
frequency field. The probe is an open end of the coaxial
resonator with a high RF voltage (10-50 kV). The probe has
been operated on the mid plane manipulator of ASDEX
Upgrade at a radial position about 3.5 cm behind the ICRF
antenna limiter. Measurements of the RF voltage, phase
between the RF voltage and current are possible as well as
the measurements of the DC current flowing between the
coaxial RF conductors. The measurements during AUG
discharges with H-mode and type-I ELMs indicate a drastic
increase of the RF power coupled to the plasma during type
I ELMs and ELM precursors. Furthermore, measurements
of the RF power transmission by a pick-up RF probe and
the measurement of the DC (rectified) current indicate that
a large fraction of the power is dissipated locally in the
region of the probe head. The increase of the coupled power
is associated with an increase of the plasma density during
type I ELMs and ELM-like events. The transient signal of
the coupled power as well as the rectified current signal
have a burst structure during ELMs. The RF probe was
used as a monitor of the plasma density in the limiter
shadow which is sensitive enough to reliably resolve the
precursors of type I ELMs and minor intermittent events.
Work on a detailed description of the mutual influence of
the intermittent SOL plasma and the RF power is in
progress.

8.5 Modelling of tungsten migration

The investigations on the use of tungsten as a plasma facing
material at the central column of ASDEX Upgrade (see
Sect. 2) have been supplemented by modelling
computations for the scrape-off layer transport of tungsten
using the 2D Monte-Carlo impurity transport code
DIVIMP. The required background plasmas were provided
by B2/EIRENE. Since the area of direct interaction of
plasma ions and walls in the code is restricted to the
divertor, DIVIMP had to be extended to accommodate the
tungsten source at the central column during the flat-top
phase of the discharge. This was done by extrapolating the
plasma parameters from the computational mesh to the wall
for the calculation of the sputtered tungsten flux. This
method is flexible enough to describe the measured influx
patterns of eroded tungsten.

The ramp-up and ramp-down phases which, as seen
experimentally, dominate the whole tungsten erosion have

been investigated using a special limiter case, the results of
which indicate a rather local re-deposition of the eroded
tungsten on the central column.

Accordingly the migration patterns derived from the
modelling of the flat-top should correspond to the measured
distribution of deposited tungsten(see project PEMC).

The modelled deposition pattern shows good qualitative
agreement with the measurement. Fig. 36 shows the
modelled poloidal distribution of the tungsten deposition
for the first phase of the tungsten coated central column
1999 for which a deposition measurement for a full poloidal
circumference exists.

In particular the strong deposition on the inner baffle and
the inner strike point region as well as the pronounced
decay of the deposited tungsten towards the top central
column above the coated area can be well reproduced with
the code.
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Figure 36: Modelled deposition of tungsten along a contour of the wall starting on
the top central column and ending at the inner strike point.

8.6 Divertor asymmetries

In-out asymmetries of divertor power load and temperature
have been investigated by means of thermography and
shunt measurements of thermoelectric currents. The
installation of the new high time resolution 2D-
thermograpy system for the upper divertor allowed
measurements in upper single null (SN) configuration as
well as a shot-to-shot change of the toroidal field direction
for fixed plasma current direction. These measurements
complement data obtained in lower SN Div II
configuration, where toroidal field and current can only be
reversed together due to the target plate tilting. The picture
obtained from the analysis of the thermoelectric currents,
which basically measure the temperature difference
between the divertor, is quite simple and robust: If the ion
VB drift points towards a divertor (upper or lower), the
outer divertor is hotter than the inner divertor. For standard
field and current directions (ion VB drift downward), the
outer lower divertor is the hotter one in lower SN
configuration and the upper inner divertor is hotter in upper
SN. The non-aligned targets in the upper divertor allowed
us to demonstrate the in-out reversal of the divertor
temperature with change of the B direction, supporting
drifts as the dominating cause of the asymmetries. If a DN
configuration is approached, thermo currents in the inner
divertors vanish due to a lack of input power (ballooning-
like nature of transport), in full DN currents flow from the
hot lower outer to the colder upper outer divertor (standard
field and current).
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The situation in view of the thermography is different,
probably due to the combined effects of drifts, the balloning
like nature of transport favouring the outer plasma side and
the influence of fast ions. Most of the averaged power flows
to the outer divertor in lower and upper SN discharges for
both directions of the ion VB drift. The ELM power
deposition behaves differently in lower and upper SN
configurations. Whereas in lower SN the ELM power
deposition is to the inner target plate, it favours the outer
plate for higher SN.

8.7 Determination of the 2D radiation distribution
in the divertor

Valuable information about the behaviour of the divertor
plasma is available, if the spatial distribution is not only
known for the total radiation, but individually for the main
species contributing to it, e.g. hydrogen and bright impurity
lines. In order to get reliable 2-D emissivity distributions
from a mathematical reconstruction of the data of a CCD-
camera viewing the divertor tangentially, some
experimental and related mathematical improvements of
this technique have been introduced. As all the
reconstruction techniques performed so far, which make
use of only one tangential CCD-camera, have the problem
of missing vertical resolution in the low-lying strike-point
regions, two additional 1D-arrays of chords have been
installed in divertor IIb, which view exactly these regions
poloidally, and thus improve the reconstruction process
significantly. This poloidal system provides, in addition to
supporting the 2D-reconstruction, the time-resolved
emission profiles of two lines for each discharge. Fig. 37,
which compares the reconstruction results (CIII-data for
#14375) obtained with and without including the poloidal
data, clearly demonstrates the importance of these

improvements for reliable 2D-profiles.
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Figure 37: 2D-reconstruction with and without including profile information from
poloidal views

Taking the pre-processed CCD-data (calibration and
corrections for lens distortion) of the tangential view (upper
left) as input, the 2D-profile in the upper row was
reconstructed without the information from the poloidal

views, whereas the 2D-profile in the lower row was
obtained by including the poloidal data sketched in the
lower left corner. The main improvements brought about by
adding the additional z-resolved data are clearly visible:
The CIII-emission in the vicinity of the outer strike-point is
much more localized and the maximum value is
considerably higher. The same behaviour is seen, only less
pronounced, for CIII between X-point and roof-baffle in the
inner divertor.

8.8 Parasitic plasma below the divertor structure
Using Langmuir probes, a parasitic plasma was found
below the divertor roof baffle. Typical data of a standard H-
mode discharge show an electron density up to 10" m™ and
an electron temperature up to 15 eV. An unexpectedly high
variation of the electron density of almost three orders of
magnitude during the same shot is observed. During
divertor detachment an electron temperature of 5 eV was
measured.

Since the position of the probe is not connected with the
divertor plasma along magnetic field lines, the electrons
found at the probe must have been created locally
underneath the divertor structure. Since in this region the
connection to mechanical structures along magnetic field
lines is only a few meters, the typical plasma loss time is of
the order of 100 microseconds, and the plasma must be
produced very efficiently on those field lines intersecting
the probe. To get an idea of the origin of the parasitic
plasma, the dependence of its density on various divertor
quantities was investigated. Despite a density variation over
three orders of magnitude, a good fit was obtained using
only two input signals, the radiation power in the outer
divertor corner and the neutral gas flux below the divertor,
n.g, =const P> T 7. This result supports the
assumption that the plasma below the divertor baffle
structure is created by energetic photons emitted from the
highly radiating divertor plasma above it .

The existence of a plasma below the divertor has direct
consequences for the deposition of C,H, species. On their
way to the pumps hydrocarbon molecules interact with the
parasitic plasma, which may result in a high deposition on
adjacent structures with short spatial decay lengths as
observed in ASDEX Upgrade and JET.

8.9 Quartz micro balance monitors

Three quartz micro balance monitors where routinely
operated below the divertor IIb. These instruments offer the
measurement of deposited layers on a shot to shot basis. A
quasi-continuous growth of the layers during an
experimental campaign was observed. For identification of
the mechanisms involved in the formation of a-C:H layers
underneath the divertor, the increase per shot was compared
with global plasma parameters and other possibly relevant
diagnostic signals in the same discharge. For this
comparison, the signals have been averaged or integrated
over the divertor phase of the respective shot only.

Taking all discharges in the data base, representing a wide
range of shot scenarios, no simple correlation of the layer
growth with any of these quantities could be found.
Obviously, the instantaneous layer growth depends on a
combination of various parameters in a rather complex
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manner. However, restricting the data base to shots with
rather similar plasma shape, a correlation with the neutral
flux I'y below the divertor was found, despite different
heating scenarios, core densities etc. With further scenario
restrictions, this correlation becomes even more obvious.

9 International Co-operation

9.1 DOE - ASDEX Upgrade Activities

The collaboration in this Agreement continued in 2002. It
was very productive and beneficial to both sides. The
primary area of collaboration concerns Advanced Tokamak
physics issues and divertor physics. The activities ranged
from sharing data, carrying out theoretical studies and
computations, to joint work on demonstrating new
advanced mode operations (such as QH mode and EDA
mode). While the number of personnel exchanges between
ASDEX Upgrade and the U.S. institutions have decreased
compared with last year, the interaction between the U.S.
and ASDEX Upgrade scientists has increased substantially
through the International Tokamak Physics Activity
(ITPA), through joint work on JET and through a joint
workshop with the IEA Large Tokamak Agreement. About
six scientists from each side were involved directly in
personnel exchanges this year between the U.S. (DIII-D, C-
MOD, ORNL, and PPPL) and ASDEX Upgrade in
experiments, theory and modelling. Some of the
collaborative work is carried out off-site, at home
laboratories, in data analysis and modelling work. The
collaboration with South Korea is slowly being integrated
into the existing collaborations and the basis will expand
substantially, if the South Korean long-pulse and
superconducting Tokamak KSTAR starts operating. There
were five personnel exchanges and two joint workshops
from South Korea to U.S. Labs. Results from these
exchanges have been presented at various international
meetings and published in journals.

The ASDEX Upgrade programme is aimed at establishing
and expanding the physics basis for ITER-FEAT and at
Tokamak concept improvement. The U.S. Fusion
programme aims, amongst other goals, at increased
understanding of Tokamak physics. Both of these goals
have many common research interests. For example, both
ASDEX Upgrade and DIII-D have been at the forefront of
research on feedback stabilization of ‘Neoclassical Tearing’
modes using Electron Cyclotron Heating (ECH) system and
on development of reactor-relevant advanced hybrid
scenarios. A joint effort on ELM modelling was started.
Here, the emphasis lies on generating consistent edge
stability analyses for both machines using the same
numerical tools. With the help of two GA scientists who
visited IPP in June 2002, the quiescent H-mode (QH mode),
previously found in the DIII-D Tokamak has been
established in ASDEX Upgrade (see Sec. 7.9). Also,
preparations for similar experiments to be executed in 2003
were made in the area of hybrid scenarios for prolonged
burn in ITER, ITB scenarios and resistive wall modes.
ASDEX Upgrade and C-Mod share close interest on high-Z
wall materials, wall recycling and impurity transport,
whereas DIII-D will stay with graphite walls. All three
Tokamaks are keenly interested in plasma fuelling, particle

transport and density limits. The main heating and CD
methods are based on NBI, ICRH and ECRH at ASDEX
Upgrade and DIII-D, while Alcator C-Mod relies on ICRH
and LHCD. RWM stabilization was pioneered at DIII-D
and is also being considered for ASDEX Upgrade. NSTX
with its low aspect ratio complements these investigations
in many fields and looks for off-axis FWCD and RWM
stabilisation. This collaboration serves the interests of both
the EURATOM/IPP and the U.S. programmes. At KBSI the
buildings for KSTAR were completed and assembling starts
in May 2003. Prototype coil tests of both external and
internal PF coils have started.

The 17" meeting of the IEA Executive Committee was held
at Lyon, France on October 15, 2002 during the TAEA
Fusion Energy Conference. The collaboration is expected to
continue in 2003 with enhanced interaction through
multilateral arrangements such as the ITPA and other IEA
Tokamak agreements. As indicated above, the value of
collaborations is being enhanced through co-ordinated
research among the major world Tokamaks. A slightly
higher level of activity in direct exchanges is expected,
resulting from the participation of Korean scientists.

9.2 CEA Cadarache

ICRF ion heating with mode conversion performed in
collaboration with EURATOM Associate CEA/Cadarache.
A new ICRF heating scenario with the potential to provide
bulk ion heating, was developed and analysed in
collaboration with CEA/Cadarache. It relies on the non-
linear damping on an ion species of the Ion Bernstein Wave
at its 3/2 cyclotron harmonic. The IBW itself is not
launched directly. Rather, the fast magnetosonic wave,
which is more easily launched is used and in a two ion
species (hydrogen and deuterium), the Ion Bernstein Wave
is created at the plasma centre by Mode Conversion. The
series of discharges performed last year during a transition
from pure hydrogen to deuterium plasmas were analysed in
more detail. The scan in isotopic ratio changes the position
RMC of the mode conversion layer. The closeness of this
mode conversion layer to the location of the ion resonance
at the 3/2 deuterium cyclotron harmonic determines how
the heating power is divided between electrons and ions
(deuterium in this case). Power deposition on electrons has
been measured by power modulation, and the location of
the maximum of the damping varies accordingly with the
position of the MC layer. Indications for direct ion heating
have been deduced from the energy spectrum of neutral
deuterium escaping from the plasma and from observed
modifications of the power fraction deposited on electrons.
This data indicates that ion heating takes place when the
MC layer lies close to the 3/2 D cyclotron harmonic layer
and confirm the effectiveness of a non-linear damping
mechanism involving an IBW for bulk ion heating.

9.3 University of Cork

The collaboration with the University of Cork concerning
MHD equilibrium identification using magnetic
measurements was continued. The "CLISTE" interpretative
equilibrium package and the FP real-time reconstruction
now include information from magnetic probes, MSE
diagnostics and kinetic data. The g-profiles from both codes
agree within error bars over most of the plasma radius, but



ASDEX Upgrade

there are significant deviations over the innermost 15% of
the radius. This deviation indicates an over-regularisation
of the inner g-profile in the FP database and work is in
progress to improve the database generation procedure to
rectify this. The CLISTE code has been further extended to
fit the current hole-like equilibria with q on axis taking
values of several hundred by expressing the source profiles
in terms of a spatial co-ordinate and by introducing the
technique of successive over-relaxation to the convergence
process. The second part of the collaboration deals with a
detailed investigation of the internal transport barriers. The
position of the barrier against the minimum q-position,
shearing versus growth rates, propagation of the barrier and
strength of the barrier are currently being investigated.

9.4 Centro de Fusao Nuclear

The collaboration with CFN on the measurement of density
profiles and fluctuations using fast swept microwave
reflectometers has proceeded along the lines of well defined
tasks covering various physics topics, as well as hardware,
software and control developments. 2002 has seen the
regular implementation (upon user request) of "burst mode"
averaging of the group delay to reduce statistical distortions
in the density profile. Burst mode averaging is proving to
be particularly useful for studies of the H-mode density
pedestal behaviour. To extend the profile coverage to
higher densities (up to 1.5-10 m ™) much effort has been
spent on improving the W-band channel (75 - 110GHz),
including converting to heterodyne detection,
complemented with modelling studies using ray-tracing
codes for antenna optimization.

The proposed use of reflectometers in ITER for plasma
position and shape control was also successfully
demonstrated on ASDEX Upgrade by tracking edge density
layers during bulk plasma movements. For shape control,
tracking layers with a fixed density ratio to the line
averaged density were found to give good estimates of the
separatrix position. Substantial progress has also been made
in the understanding of the density and pressure profile
behaviour during ELM events. The density profile collapses
and rebuilds with different time scales inside and outside
the separatrix position. The reflectometers have also been
crucial to the investigation of energy quench, particularly
the evolution of the density profile, just prior to a
disruption.

9.5 TEKES

The collaboration between TEKES and IPP aims at
describing kinetic effects using Monte Carlo techniques and
the study of MHD instabilities. Last year the collaboration
was also extended to include experimental proposals on
ASDEX Upgrade. These include an interest in the heat load
on the divertor plates through the loss of fast ions and the
difference in behaviour of reversed field configurations.
Furthermore, comparisons of orbit loss models for the L-H
transition have been compared with competing calculations
based on B2 Eirene simulations.

9.6 Institut fur Physik TU Wien

In order to develop a new electron density and temperature
diagnostic based on fast He beam emission spectroscopy,

the IAP has performed various proof-of-principle
experiments at ASDEX Upgrade. Measured Hel emission
profiles showed fair agreement with simulated ones for
given plasma density, temperature and impurity
distributions, utilising a collisional-radiative model and
atomic collision data provided by the ADAS group. The
experiments made use of on-site spectroscopy systems and
a "doped"diagnostic He beam produced by adding a small
amount of helium gas into a standard deuterium heating
beam ion source. Out of eleven Hel lines considered seven
showed sufficient intensity, and the 667.8 nm Hel singlet
and 587.6 nm triplet lines proved most suitable for
reconstruction of plasma temperature and density profiles.

9.7 National Institute of Laser, Plasma and
Radiation Physics

The co-operation with the Institute of Atomic Physics,
MEC EURATOM Association, Romania, has been
continued with the interpretation and control of helical
perturbations in Tokamak, as the main area of study. Our
activity was focalised on to directions: Improvement of
equilibrium calculations for stability analysis of modes in
the separatrix vicinity, in order to determine the influence
of the plasma triangularity on the tearing mode stability
parameter DELTA for the ASDEX Upgrade Tokamak and
elaboration of plasma models for feedback control of
helical perturbations.

9.8 Fast camera system for pellet observation

To detect the spatial distribution and time evolution of the
visible radiation emitted during pellet ablation in ASDEX
Upgrade plasmas, a fast observation system was developed
and put into operation. The set up consists of two fast,
trigger-able digital cameras and an optical imaging system.
With the help of two image guides both a tangential and a
vertical view of the inboard pellet injection are imaged onto
each camera with good spatial resolution. Both the
exposure time of the images and the delay of the cameras
can be as short as 1u s.

The results showed that light intensity emitted by the
smallest pellets available is high enough to detect images
with u s long exposure time. The observation from two

different directions with long exposure time (typically 10
ms) allows us to reconstruct the 3D pellet trajectory and to
measure the penetration depth. The pellet cloud size and
shape can be determined by examining the snapshot
images. The first experiments measured the penetration
depth of pellets with 1000 m/s velocity and the pellet cloud
distribution. In order to improve the code calculations of
pellet-plasma interaction, experimental investigation of the
evolution of the pellet cloud has begun.
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1 Introduction

The JET tokamak is exploited under the framework of the
European Fusion Development Agreement. The facility is
operated by the UKAEA under contract with the European
Commission while the physics exploitation of JET is
carried out by task forces from the Euratom Fusion
Associates.

In 2002, three experimental campaigns (C5-C7) of 108
experimental days were planned. In the event only 68.5
days were executed due to machine failures. In addition,
the available neutral beam power was lower than foreseen
and thus experiments requiring high input power had to be
delayed to 2003. In order to make up for some of the
shortfall in experimental time, Campaign C7 was extended
into Jan/Feb 2003.

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

1.1 Task Force S1

Participation of IPP in JET TF-S1 work concentrated on the
study of the H-mode pedestal with plasma shapes optimized
for edge diagnostics, on ion temperature modulation for
transport analysis and on pellet injection, of which we
describe the first topic in some detail.

Specialised plasma shapes (,,Diagnostics optimised
configurations®, DOC) have been developed for best
diagnostics of the gradient region in the H-mode edge. A
significant improvement of the effective radial resolution of
the edge LIDAR diagnostics is achieved by X-point
positioning such that a tangential sightline is obtained in the
H-mode barrier region (DOC-U). It is found that this
arrangement allows the resolution of the edge pressure
gradient at plasma currents of up to about 2 MA.

A variant of this configuration with downshifted strike
points (DOC-L) is used to obtain best possible resolution of
the power deposition width in between and during type I
ELMs by IR-thermography and probe measurements. Here,
best spatial resolution of 7 mm for the outside target and 5

! See Annex to J. Pamela et al., ,,Overview of Recent JET Results and
Future Perspectives®, Fusion Energy 2000 (Proc. 18th Int. Conf. Sorrento,
2000), IAEA, Vienna (2001).

mm for the insde target in poloidal direction was achieved
by a simultaneous coverage of nearly all target tile in the
JET MKII SRP divertor. This optmised positioning of the
strike zones is accompanied by very fast data acquisition
speed of up to 22 us of the IR-system, thus adressing the
temporal evolution of ELM power depsoition on the
divertor target. A picture presenting the covered area of the
divertor target is given in figure 1.

JET Inner Divertor

Figure 1: Area covered by the JET thermographic camera.
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Figure 2: Critical density, normalised to the Borrass, Lingertat, Schneider scaling,
versus average triangularity.

Finally, a high triangularity variant (,,HT3*) with LIDAR
compatible X-point geometry has been developed. A multi-
dimensional scan of experimental parameters (density,
plasma current, heating power and edge safety factor) in
these three configurations has begun to study the parameter
dependencies of the edge pedestal parameters, of main
chamber ELM losses and power deposition on the target.
This work is carried out as the combination of several
experimental proposal from different laboratories.

First work has been started to analyse the stability of the
plasma edge against ballooning and medium-n kink modes.
For the first time at JET, direct measurements of the edge
gradients are now available, thus imposing experimental
restrictions on the pressure gradient and the edge bootstrap
current used in the underlying equilibria.

The important question of the amount of stiffness of the ion
temperature profiles and its compatibility with ‘non-
parametric’ transport models has been addressed on JET.
To clarify this point, experiments have been performed in
which the ion temperature was modulated using modulated
ICRH He3 minority heating. The experiments allowed the
observation of a propagating heat wave in the ions, which
has a clear phase delay between centre and edge meaning
that the ion transport is not infinitely stiff. Analyses on the
agreement with transport models are underway.

Studies with pellet fuelling of JET plasmas aiming at high-
density plasmas with good confinement by more central
particle deposition were continued. The aim was to improve
the refuelling performance using the new high-field side
pellet-track. Unfortunately the finalization of the new set up
faced major technical difficulties resolved by support from
IPP only by the end of the year. Experiments are now
scheduled early in 2003.

Toroidal field B, and major radius R are the two parameters
which are significantly increased when going from present
tokamaks to ITER. Due to a strong covariance between R
and triangularity 8 in the existing JET and ASDEX
Upgrade databases, it is difficult to distinguish between the
two. Therefore, since there is no way to change R in either

JET or ASDEX Upgrade, a careful assessment of the d-
dependence is required to determine the R-dependence of
the density limit. A series of successful high triangularity
JET gas scans have been performed in 2002 using the DOC
configuration. They confirm the absence of any d-
dependence as predicted by models (figure 2). A high
triangularity radio frequency heated scan also fits into this
picture. Scans at even higher triangularity are planned for
2003.

1.2 Task Force S2

Several scientists from IPP contributed to the programs of
S2 at JET. The main contributions were in areas of
operation support, scientific coordination of experiments
and data analysis. The main topics of this scientific work in
S2 concentrated on: (i) Turbulence suppression in ITB
discharges, (ii) profile resilience in ITB’s, (iii) impurity
transport in ITB discharges and suppression of central
impurity accumulation, (iv) the modelling of current profile
control with neutral beams and (v) similarity experiments
on improved H-modes between JET and ASDEX Upgrade.

1.2.1 Turbulence suppression in ITB Discharges

The aim of the experiments was to investigate modification
of turbulence levels and characteristics with varying
velocity shear in low, moderate and strongly reversed shear
discharges. Previous studies showed that low frequency (f <
50kHz) core turbulence in JET is suppressed/reduced
during both dominant ion heated (NBI) ion-ITB discharges
and pure electron heated (LHCD) electron-ITB discharges.
In both ion and electron dominated ITB discharges the
radial extend of the turbulence suppression coincides with
regions of reduced thermal conductivity. The results
experimentally confirm the respective roles of velocity and
magnetic shearing in turbulence suppression in advanced
scenario discharges and give further insight into the
interplay between velocity shear and magnetic shear.

1.2.2 Profile Resilience and ITBs

In ITB plasmas the temperature profiles are observed to
deviate from critical gradient lengths in L- and H-modes.
Nevertheless the ion temperature gradient inside the
transport barrier seems not solely to be determined by the
neoclassical ion conductivity, but rather on the value of the
magnetic shear and velocity shear. A comparison of a
weakly reversed shear and a strongly reversed shear
discharge in JET, shows that initially for the weak shear
case the ion temperature profiles slowly deviate from the
stiff profiles, while for the strongly reversed case they
depart immediately from the stiff regime with the
application of the heating power. However once the ITB is
formed in both cases, the values of the shear at the ITB
location is very similar and close to zero. More detailed
analysis and transport simulations are required to explain
the differences observed.

1.2.3 Impurity transport in ITB discharges and
suppression of central impurity accumulation

Impurity behaviour in scenarios with internal transport
barrier is of special concern since neo-classical convection
might cause strong inwardly directed drift velocities, which
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are not suppressed by anomalous diffusion or MHD
phenomena (sawteeth, fishbones etc.). In particular, the
behaviour of metallic impurities in JET discharges with an
internal transport barrier has been studied by using the
intrinsic nickel impurity sources in the JET tokamak.
Previously, it was found that impurities accumulate in
discharges with deep shear reversal and a strong barrier.
The strength of the impurity peaking increases with the
impurity charge. New experiments have concentrated on
weakly reversed or zero shear discharges (the so called
“optimised shear plasmas”). Initial results, combined with
the analysis of older shots, show no significant differences
in the impurity accumulation between the two types of g-
profiles. In parallel to the impurity transport studies,
experiments were started to documents the evolution of the
impurities with various different central heating schemes.
This is a preparation for the control of the central impurity
accumulation in advanced scenarios.

1.24  Modelling of current profile control with neutral

beams
For real-time current profile control at ASDEX Upgrade, it
is planned to use neutral beam injection as an actuator for
the control of the current density at three radial positions
and poloidal beta. In a similar way, the current profile
control could be obtained in JET, using the NB power from
six sources at 80 keV. For control, the current density
profile at five radial positions and poloidal beta are
selected. An analysis method used for the system
identification at ASDEX Upgrade has been applied to
ASTRA simulations of JET discharges. From the identified
system model, a controller will be developed and tested in
experiments at JET in 2003.
1.2.5  Similarity experiments on improved H-modes
between JET and ASDEX Upgrade
The aim of the experiments at JET is to establish this
regime at 1.4MA/1.7T (qys=4). The emphasis is on
similarity of non-dimensional parameters (for example: p*
and g-profile) with the scenario in ASDEX Upgrade. Two
plasma shapes are to be used; a low triangularity shape
(6=0.20) and a higher triangularity shape (8=0.45). In
addition experiments at 2.8MA/3.4T are planned, lower p*
which is important for a better extrapolation to ITER.
Extensive preparations were made for these experiments in
2002. Due to machine problems at JET, these experiments
will now be done at the beginning of 2003.

1.3 Task Force E

Major topics of IPP contributions to JET exhaust physics
were the development of thermography evaluation
software, the study of steady state and ELM target
powerload and characterisation of the edge plasma in
diagnostic optimized configurations (DOC).

Very steep profiles of the target power flux are observed
under low density H-mode conditions. Since the profile
width approaches the instrumental spatial resolution of the
thermography system, a deconvolution procedure had to be
developed to resolve the gradients of the power flux
densities on the targets. Broadening of the power load

profiles with increasing density is observed as well as a
slight narrowing with power. Strongly enhanced power
fluxes are measured during ELMs. The width of the power
profile does not increase during regular type-I ELMs on the
outer target. The characterisation of power deposition on
the inner target was found to be much more complex due to
the influence of detachment physics and fast ion losses.
Furthermore, different features of ELM energy release have
been parametrised, namely the wetted area, the deposited
energy, the movement of the power deposition maxima and
finally the characteristic power deposition time. This work
has led to a first unified picture of type-I ELMs from JET
and ASDEX Upgrade supporting an extrapolation to ITER.

DOC discharges have been analysed with the Edge2d-
Nimbus code package to obtain a physics-based
regularization of experimental edge profile measurements,
which suffer from large scattering and deficiencies of the
magnetic reconstruction necessary for profile mapping.
Transport coeficients around the edge transport barrier
(ETB) are obtained from this analysis, including estimates
of the barrier widths for a H-mode gas scan. A typical ETB
width for 12 MW, 2 MA H-modes is 2.5 cm, with 1.5 cm
inside the separatrix. The width increases for lower plasma
current.

1.4 Task Force FT

The IPP is strongly involved in the determination of wall
erosion and redeposition of eroded material. These
investigations are of crucial importance for the prediction
of the tritium inventory in ITER.

A set of long term samples (LTS), consisting of 400 nm Al
and 270 nm Cu layers on carbon, was installed at JET in
August 1999 and was removed in September 2001 after
about 5750 pulse numbers, corresponding to 4200 plasma
pulses in divertor configuration with a total discharge time
of 62000 s. The LTS were installed at the inner vessel wall.
After removal, the Al and Cu layers were completely
eroded, showing clearly that the inner wall is a net erosion
area and continuous source of carbon.

Two cavity samples were installed in the inner divertor
close to the louvres and below the septum. These areas can
be reached only by neutral particles, and it is assumed that
deposited hydrocarbon layers are formed by hydrocarbon
radicals. The cavity samples allow the determination of the
sticking coefficient of hydrocarbon radicals. The
thicknesses of deposited layers were analyzed with ion
beam analysis techniques and profilometry. The inner
divertor sample showed deposited layers with thicknesses
up to 50 ym at the outer side and 15 um inside the cavity.
The layers consist mainly of D and C, with D/C = 1.
Additionally some H and O were detected, while the
amount of metals (Be, Ni,...) was very low. The layers are
mainly formed by hydrocarbon species with high sticking
coefficient (surface loss probability § = 0.9). Possible
species are C,D, radicals. The incident flux of low sticking
species like CD; (with B = 107) is comparable to the
incident flux of high sticking species, but due to the low
sticking their contribution to layer formation is negligible.
The septum cavity showed a maximum deposited layer
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thickness of 9 ym inside the cavity, the layer composition
was identical to the inner divertor sample. The layer is
formed mainly by particles with sticking coefficient s = 1.
Particles with B = 0.9 and B = 107 are also present, but their
contribution to layer formation is small. The high sticking
particles are originating likely from the inner strike point.

1.5 Task Force H

A number of ICRF scenarios that were developed by TF-H
in 2001 laid the seed for interesting experiments done, also
by other task forces, in 2002.

The mode conversion scenario, whereby the fast wave is
launched and is mode-converted to an Ion Bernstein wave
provides a localised source of power to the electrons. This
was used extensively in JET, in particular by the task force
Transport, to investigate electron transport effects.

The minority current drive scenario used to influence the
stability of the sawteeth, was used extensively by TF-M to
trigger the appearance of neoclassical tearing modes.

Very enthusiastic proposals were obtained for the use of the
scenario whereby third harmonic heating of 4He injected at
110 keV with NBI can be accelerated to MeV energies.
This scenario provides a method to obtain 4He ions with
properties similar to alpha particles and opens up a route to
investigate alpha particle issues.

Under conditions where the electron absoprtion is low and
the IBW generated in the plasma can damp on ions,
preliminary evidence was obtained of ion heating together
with a possible evidence of induced shear flow.

The rotation induced in the absence of strong toroidal
momentum input (heating with ICRF) was further
investigated, and compared with present theories.

Some progress was made on coupling ICRF to ELMy
plasmas, though improvements based on electronic
measures will have to wait for 2003 and further
improvements based on 3 dB couplers for two existing
antenna arrays and on the new JET-EP antenna will have to
await the installation of those systems in 2004-2005.

Further progress was achieved in the coupling of LH, in
particular to ITB plasmas. Up to 3.4 MW was coupled to
ITB plasmas together with 15 MW of combined NI and
ICRF power, allowing also real time control of the
discharge for the duration of the pulse (7.5 s). Full current
drive was obtained for discharges of 1.8 MA.

1.6 Task Force M

The contributions from task force M were mainly
concentrated on the behaviour of NTMs and the MHD at
the plasma edge during ELMy H-mode discharges.
Especially the NTM experiments suffered from the lack of
NBI heating power and were to a large extent shifted to
later campaigns in 2003. The programme that was
performed in 2002 will be shortly summarized here.

The influence of rotating error fields, induced by the
internal error field coils at frequencies of several kHz, on
(3/2)-NTMs was studied. Some minor variation in the
rotation profile could be observed. These results have as yet
given no final answer about the coupling of external
fluctuating error fields to NTMs and the coupling to the
plasma rotation itself. The analysis of the (3/2)-NTMs
showed more clearly that the so called FIR-NTM regime is
also present at JET discharges and the required mode
coupling between (3/2)-NTMs, a (1/1) mode and (4/3)
modes is observed.

The continuing analysis and characterisation of edge MHD
during various scenarios in discharges from task force S1
and S2 has been another task. Special interest has been the
behaviour of EDA comparison shots with Alcator C-MOD
and ASDEX Upgrade. Similar MHD events could be
observed for all 3 machines.

The experiments proposed to look at the proximity to
resistive wall mode (RWM) stability by using the saddle
coil system on JET to look for evidence of error field
amplification were also cancelled due to the early machine
shutdown. These experiments have now been combined
into the 2003 experimental programme.

The tailoring of the stability of sawteeth by ICCD has been
another field where IPP members contributed to the JET
programme, this time in support of task force H. Different
heating and current drive scenarios were developed in order
to investigate their influence on the sawtooth period.

In general, IPP staff have contributed to the continuous
manning of the CATS system, the supplying of an MHD
expert to the control room in support of the experimental
programme of the other Task Forces and the logging of
interesting MHD events in JET discharges.
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1 Introductory Remarks

In 2002, the developments towards the realization of ITER
have gained considerable momentum through the proposal
of 3 more sites in France, Spain and Japan in addition to the
existing Canadian proposal. Moreover, China and the US
showed increasing interest in joining the activities. The
ITPA (International Tokamak Physics Activity) has proven
to be a bottom-up forum for physicists worldwide to
establish the physics base for ITER and other burning
plasma experiments. IPP contributes actively to this
activity, mainly by providing input from the ASDEX
Upgrade tokamak, which carries out a broad physics
programme that is mainly directed towards the preparation
of ITER (see respective section of this Annual Report). In
future, also the stellarator community will contribute to the
ITPA and IPP will actively participate in this contribution.
Within the EU, preparations have been started for the
negotiations about the share of different activities, namely
diagnostics, heating, CODAC (COntrol and Data
ACquisition) as well as staffing of the different teams. IPP
has expressed a strong interest in the various fields, ranging
from contributing activities such as participation in
diagnostics design up to the interest in developing and
procuring full parts of ITER such as the sources of the
NNBI system. Moreover, building on its traditional strength
in plasma physics, IPP aims at playing an important role in
the EU accompanying physics programme during ITER
construction with its facilities ASDEX Upgrade and W7-X,
both of which will be available to the EU associations for
experimental work.

2 Prediction of ITER Performance

The prediction of ITER performance in terms of
confinement and L-H power threshold is mainly carried out
in the framework of the ITPA activity, both through
contribution of ASDEX Upgrade data into the various
databases as well as analysis of these.

2.1 Confinement and Fusion Performance

New experimental data from ASDEX Upgrade have been
contributed to the H-Mode confinement database. The
dataset on confinement was focused on high-density points
in steady-state phases and includes also variations of
triangularity. It is therefore an important contribution to the
ITPA database, which is weakly populated in this
operational window.

The topic of probabilistic performance prediction to achieve
Q=P,/P, atleast 10 in ITER, implying predominant
alpha-particle heating, has been brought to a temporary
conclusion by an article in Nuclear Fusion based on the
development of a 1/2-D program. Special characteristics are

(a) exposition of the probabilistic framework
(‘distributional inference’) which differs from the Bayesian
approach in that the specification of a prior “probability' is
not needed; (b) a simple analytic formula for the alpha-
particle heating power based on measured D-T cross-
sections; (c) investigation of the plasma radiation, in
particular the derivation of the cyclotron radiation; (d)
analytical formulas for the variation of the plasma shape
parameters (elongation, cross section and major radius)
with flux-surface radius based on calculated PRETOR
equilibria. A flat density profile and a typical temperature
profile shape are applied throughout. The conclusion of the
investigation is that the epistemic probability for reaching
plasma conditions in ITER with Q at least 10 under
standard (‘type-I’) ELMy H-mode at an output power of
some 250 MW is fairly large (“7/8’).

A comparison of ITER performance was made based on
various methods: (a) 1/2-D analysis using SAS, see above;
(b) dimensionless scaling analysis from JET and DIII-D
similarity experiments; (c) performance predictions from
four theory-based models (Multi-mode, Weiland, IFS-PPPL
and GLF23). In the latter case, 1.5-D ASTRA and
BALDUR codes have been employed, while inserting
empirical predictions of the plasma pedestal temperature in
ITER from publications using the ITPA pedestal database.
From this investigation, the following is concluded: (a) a
hypothetical reduction of helium fraction, say from 3.2% to
1.6%, markedly increases the operating window for
achieving Q > 10; (b) ITER performance predictions by the
various alternative methods are quite similar, for instance 5
< Q < 10 when n/n_, varies between 0.5 and 1.0, while
using n,,=0.7n,and T, = c/n, /n;) with c = 1.7 keV; (¢)
a pedestal temperature in the range of 3.6-5.5 keV is
projected to be required for achieving Q > 10 at the
reference operating point.

The interval estimation for the confinement-time prediction
has been re-assessed using the DB3v10 ELMy confinement
database. This led to a technical standard deviation of
+14%. Furthermore, an interaction-term scaling has been
developed based on DB3v10, with additional time-slices
from ASDEX Upgrade, JET and JT-60U, which describes
more accurately than ITERH-98(y,2) the confinement time
dependence near the Greenwald limit, depending on plasma
shape and heating power, and which leads to some 15% -
20% more cautionary predictions for ITER than the point
prediction by ITERH-98(y,2). A re-investigation of the L-
mode database in ITPA framework has been started which
yielded an interesting ratio between L-mode and H-mode
thermal energy scaling depending on Larmor radius and in
accordance to the perceived difference between Bohm (L-
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mode) and gyro-Bohm (H-mode) transport. An extension of
the L-mode database, especially with respect to hydrogen
discharges, is needed to improve the scaling and to predict
performance of ITER during hydrogen operation.

2.2 L-H Power Threshold

New ASDEX Upgrade data were added to the power
threshold database. They were obtained during 2002 in
divertor DIV-IIb and document the fact that the power
threshold in this divertor version is about 20% lower than in
DIV-II, reaching then the level obtained in DIV-I. This
contribution was included in the analyses carried out by the
ITPA Confinement Database and Modelling Topical Group.

3 Design of ITER Technical Systems

3.1 Diagnostics

The area of diagnostics remains a focus of IPP’s ITER
activities. Contributions are now given in the fields of
bolometry, reflectometry, ECE, Thomson scattering, MSE
and neutral pressure gauges. Concerning the latter, an
ASDEX pressure gauge mock-up has recently passed a
neutron irradiation test in the BR2 reactor at SCK.CEN in
Mol, Belgium, under conditions as expected in the ITER
divertor. The resistance of the insulators remained well
above the value necessary for the gauge operation.

Together with CEA Cadarache, IPP plays a leading role in
the present EU studies for the thermographic monitoring of
in-vessel components. Also, a large dataset describing in
detail the ASDEX Upgrade diagnostic systems and their
performance has been contributed to the worldwide
diagnostics database initiated and maintained by the ITPA
diagnostics topical group.

3.2 Heating systems

A major field of support for ITER is the contribution to the
R&D for heating systems, based on the experience gained
on the IPP fusion experiments. Main contributions are
given in the field of NNBI, ICRH and ECRH. For the latter,
the contribution is a design study for the remotely steered
launcher carried out by the IPP sub-association IPF
Stuttgart. It is described in the respective part of this
Annual Report.

3.2.1 ITER NNBI System

3.2.1.1 Development of an RF Negative lon Source

In 2002 the development of a large-area RF source for
negative hydrogen ions entered a new phase: it became the
subject of an official EFDA task agreement, for which
EURATOM preferential support was approved. The project
is aiming at demonstrating ITER-relevant ion source
parameters, i.e. a current density of 20 mA/cm” accelerated
D ions from a PINI-size extraction area for pulse lengths of
up to 1 hour. The corresponding development programme is
scheduled to proceed along four activities in parallel: (i)
raising the current density (at reduced pressure); (ii)
extending the extraction grid area, (iii) extending the pulse
length to 1 hour; (iv) implementing deuterium operation,
which requires substantial neutron shielding of the test

stand in building L6. The final results are expected by
2005.

As far as topic (i) is concerned, the investigations of Cs-free
experiments (initiated in 2001) were continued. As reported
previously, silver sputtered from the Faraday screen onto
the internal surfaces of the source leads to a considerable
reduction of the H  fraction in the plasma. It turned out that,
even after a first cleaning of the source, performance was
still considerably lower than before the silver coating and a
second time-consuming complete source cleaning was
performed. This procedure led to a source with either no or
very little caesium contamination from previous operations.
This source has been used for the studies of the H-yield in
a caesium-free RF source. The large effect of the silver
deposition on the H-yield also showed, that investigating
the effect of the plasma grid material was only meaningful
when sputtering from the Faraday screen could be reduced
sufficiently. It was therefore decided to prefer materials
with a low sputtering yield like tungsten on the Faraday
screen rather than using the same material as used for the
plasma grid. Additionally the importance of a work
function measurement in situ was demonstrated by the
effect of silver. A tungsten-coated Faraday screen and the
work function diagnostics have been ordered and will be
available early 2003.
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Figure 1: Electron density from Langmuir probe measurement as function of RF
power for pulses with argon addition

Progress has also been made in some experimental areas.
Langmuir probes allow deriving plasma parameters such as
the electron temperature, electron density, plasma potential,
and ion density. The measurements are complicated due to
the magnetic filter field as this limits the free flux of
charged particles to the probe and by the RF field, which
introduces noise pickup. Fig. 1 shows electron density
profiles in a distance of 45 mm parallel to the plasma grid.
The density is constant to better than 10% above the
extraction area falling off sharply outside the extraction
area. This significant drop in density is either caused by the
plasma supply from the driver mounted centrally above the
extraction area or from losses to the screened area of the
plasma grid, which is without the magnetic field of the
electron deflection magnets. This will be investigated
further under topic (ii), by using the 6.2 type source with
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two drivers and by using a large area grid, which has a
magnetic electron deflection field over the entire grid area.
As can be seen, the electron density increases with
increasing RF power.

In order to elucidate the processes in the source plasma,
more emphasis is now being laid on improved diagnostics.
Spectroscopic measurements of the source plasma have
started in collaboration with Augsburg University. These
measurements show a large potential giving access to
plasma parameters like electron temperature, H, density,
distribution function of vibrationally excited H,(v), and gas
temperature. These data are being crosschecked with data
from other diagnostics and will be used for modelling of the
source plasma. A laser detachment system to measure the
H concentration in the plasma has been ordered and
installed in 2002 and is now under commissioning.
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Figure 2: Schematic of the hollow cathode set-up

Experiments with a hollow cathode arrangement (Fig. 2)
show that the ion density increases linearly with power in
the frequency range of 1 — 10 MHz. From these data it can
be extrapolated that a PINI size source would require
approximately 30 kW of RF power. The electron
temperature in the expansion region is of the order of a few
eV and essentially independent of either power or location.
The charm of the hollow cathode as an alternative driver
concept is its clear separation between driver and expansion
region. This could be beneficial for the required operation
at lower pressures to reduce the electrode loading in the
ITER neutral beam injector.

In preparing the activity (iii) the procurement of a high
voltage power supply for c.w. operation is under way, and a
cryo pumping system is being studied in collaboration with
FZ Karlsruhe. It is envisaged to use a cryosorption pump
similar to the type that is presently being tested for ITER.
Concerning topic (iv) first considerations of a neutron
shield have started.

3.2.1.2 Design Study for an alternative Residual lon Dump
The scoping study on an alternative concept for the ITER
residual ion removal system has been continued. The final
concept (see Fig. 3) consists of magnetic deflection of the
residual ions to in-line dump plates with an oblique incident
angle (<14°). Previous studies have shown, that the
preferred deflection to remote ion dumps is not possible due
to the geometric restrictions of the ITER beam line.

The in-line target plates are hit only from one side and form
a 0.5 m wide opening to the beam. The maximum power
density deposited onto the target plates is well below 15
MW/m’. In the calculations the ion grid optics was
optimised to the open structure of the magnetic system,
whereas the present reference grid optic design is aligned to
the narrow exits of the four channels of the electrostatic
system.

Beamlets

Figure 3: Schematic view of the residual ion dump design

The concept has several advantages over the reference
design of an electrostatic deflection to in-line target plates:
a) an increased geometric beam line transmission and
hence, an increased injected power (1.7 MW per beam line
for a 3 mrad beam with the reference design parameters),

b) a wide operation window regarding beam alignment,
perveance, transmission, divergence and steering, and

¢) no accelerated secondary electrons.

On the other hand, a magnetic ion removal system creates
an additional stray field that has to be compensated and the
maximum power load is higher than in the case of an
electrostatic system. But this can be handled by the better
access to the target plates for the cooling (from the back
instead from top). Furthermore, the presence of coils in a
high-level neutron radiation field may cause additional
problems.

If the magnetic ion removal system is chosen for ITER, a
redesign of the grip optics and the whole beamline —
especially the beam limiting components as the neutralizer
and the duct — is essential in order to optimise the beam
losses, the gas flows and the power densities at the high
heat flux components of ion dump and calorimeter — and
perhaps the deposition profile in the plasma.

3.2.2 Developments for the ITER ICRH System

The IPP ICRH group participates in the EFDA task on the
technical specifications and industry contacts for the
development of a fusion diacrode (tetrode) and of an ICRF
steady-state generator in support of the principal
association, CEA Cadarache. Part of this task is the
specification of steady-state capable transmission lines. Key
transmission line elements, such as ceramics and the
cooling of the inner conductor, are being developed on a
transmission line resonator built at IPP for W7-X.
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Theoretical work was performed in support of the ITPA
groups. A detailed quantitative study of the power
absorption and predicted current drive, currently using
Ehst-Karney parameterisation was done for three tokamaks:
ASDEX Upgrade, DIII-D, and JET. The 2D full wave
toroidal code TORIC is used to calculate the Fast Wave
(FW) current drive efficiency weighted over the complete
launched spectrum from the antenna. Preliminary work on
FWCD simulations on ITER plasmas have shown that the
current drive figure of merit (current drive efficiency
multiplied by volume density) as a function of central
temperature extrapolates linearly to ITER from the other
three tokamaks. However, this was analysed for one value
of the parallel index of refraction and further studies
covering other launched n / need to be made.

3.3 Redeposition Studies with a Hot Liner
Dedicated studies on the redeposition of hydrocarbons were
carried out in view of the importance of possible T-
deposition in remote areas of the vacuum vessel due to this
mechanism. In order to simulate the hydrocarbon
redeposition pattern to be expected in the ITER divertor, a
realistic set-up (called a “hot liner”) was tested at the
plasma generator PSI-2 in Berlin (some additional
information is given in the section Plasma diagnostic of
this report). The processes involved in layer formation were
monitored using mass spectrometry, passive optical
spectroscopy and a collector probe technique.

Carbon and hydrocarbon molecules were introduced into
the plasma via erosion of a graphite target. A molybdenum
box around the target was used to intensify the particle
fluxes in the direction of a pumping duct where the
hydrocarbon fluxes and the growing layers could be
analysed. During plasma exposure the box walls were
heated to temperatures above 230° C so preventing carbon
deposition inside the box. A small, cooled holder facing the
plasma beam was installed at the end of the duct. Some
experiments were performed with a tantalum liner head at
the duct entrance. The surface of the LN,-cooled panel
installed at the end of the duct was checked in situ for
almost each run. A large amount of experimental data has
been collected for this geometry. They can be summarized
as follows:

No deposition is found at the duct walls which are
maintained at 100° C, whereas very thin, (but quite
detectable) films grow on the holder kept at 20° C.
Measuring the erosion profiles along the duct gives a decay
length of ~10 cm with no detectable erosion of prepared
films installed at the duct ending. Cooling the duct below
50° C leads to film deposition but only at the duct entrance
with no deposition on the cooled holder. In addition, a
shadow pattern is observed indicating that the films are
produced by very active particles with sticking coefficients
close to unity. Heating the tantalum liner to about 700° C
results in an increase in the deposition rates. One possible
explanation is that the hot Ta-liner produces additional
reactive hydrocarbon species via plasma-assisted pyrolysis.
The growth of the deposit is measured when cooling the
panel down to -180° C. However, such deposits are fully
evaporated after warming the panel up to 30° C. The panel
remains clean even after many cycles of cooling and
warming.
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Figure 4: Growth rate vs. surface temperature for two different positions of the
collector.

Finally, the growth rate of the hydrocarbon layers has been
studied as a function of surface temperature for collectors
arranged in the vicinity of the target (plasma edge) and
about 30 cm further away in the duct region. As is to be
seen from Figure 4 this rate can be positive (deposition
dominated) or negative (erosion dominated). In case of zero
growth rate there is a balance between erosion and
deposition. This equilibrium is found for temperatures of
about 100° C, almost independent on collector position.
These findings may open a route to controlling the location
where tritriated hydrocarbons are deposited in ITER
through controlling the wall temperature.
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1 Overview

The experiments on the Stellarator W7-AS ceased on July
31, 2002, according to schedule. The unprecedented and in
its magnitude unexpected success of the island divertor
determined the activities of W7-AS also in the last half year
of operation. Thus, the physics base of the extremely
promising High Density H-mode (HDH) was clarified
further, with important questions remaining.
The favorable properties of the HDH-regime could be
consolidated and even extended:
e ultra-high densities up to 4 10*” m™ in quasi steady-
state discharges
* very flat density profiles, which are responsible for the
high upstream densities
¢ plasma partial detachment at the divertor targets
* adramatic decrease in impurity confinement and thus
no impurity accumulation
* radiation levels up to 90% of the absorbed power,
largely at the edge
* passive density control even for neutral injection
powers up to 2.8 MW
* energy confinement times of up to a factor of two
above the ISS95 scaling
Like the conventional quiescent H-mode (H*) in W7-AS
the HDH-mode shows:
* high energy confinement times g
¢ absence of any ELM- or evident mode activity
¢ flat radial density profiles
* existence above a threshold density increasing with
heating power (but higher than in H¥)
* anegative radial £-field at the edge (but lower than in
H*)
Most remarkable and in contrast to H* is the absence of
impurity accumulation.

For better comparison, discharge scenarios were tailored
whereby an H*-phase was transformed into an HDH-phase
within the same discharge: Constant density H*-mode
discharges, normally running to radiative collapse, could be
further sustained by ramping the density up to a second
plateau above the HDH-mode threshold, immediately
before radiation collapse ensued. The radiation from the
core was then drastically reduced ('self cleaning' of the
discharge) leading to a quasi-steady-state.

It is interesting that the impurity transport in H* and HDH
discharges is totally different, although differences in the
profiles producing this different transport behavior are not
clearly visible. The occurrence of impurity accumulation in
spite of flat density profiles in H*-regimes can be modelled
with significantly lower diffusivities at the edge and poorer
compensation of the inwards pinch associated with the

steep edge pressure profiles - but direct experimental
evidence is still lacking.

An isotope effect between deuterium and hydrogen is
documented, but due to present uncertainties in NBI
deposition, it is not yet clear to what degree these
differences reflect a difference in transport.

Distributions of near-target plasma parameters as well as
neutral pressures in the sub-divertor chambers show a
rather strong top/bottom asymmetry, and certain target
regions which should be mutually shadowed by adjacent
targets are, in attached scenarios, considerably exposed. A
reversal of the B-field direction led to a complete inversion
of the asymmetry thus indicating a prominent role of
plasma drifts. This is supported by EMC3-EIRENE
calculations which reproduced these results by introducing
classical ExB drifts into the code.

In magnetic field configurations with smooth flux surfaces
at the plasma boundary average -values up to <f>= 3.4 %
could be achieved at reduced toroidal field and maximum
NBI heating power. In spite of a sophisticated search for
different modes in these high-p discharges no indication of
a stability B-limit has been found. The maximum plasma 3
is determined by the available heating power rather than by
approaching an equilibrium- or stability-limit.

A key element of of the stellarator optimization anticipated
in the W7-AS device, the reduced Shafranov shift
compared with a classical stellarator along with an
increased equilibrium B-limit, has been verified by studies
of its B dependence in various configurations.

A comparison of the measured line integrated densities for
steady state HDH-mode density limit discharges with those
predicted from a scaling law derived for edge radiation
dominated plasmas was done. Also the high beta discharges
can be included.

Using the reduction of the recycling by the installation of
the divertor, high (optimised) confinement conditions could
be achieved, resulting in discharges with central ion tem-
peratures of up to 1.7 keV at densities of about 6 10" m™.

In high-f plasmas on W7-AS electron Bernstein waves are
strongly absorbed even at higher cyclotron resonances.
Therefore also the third- and fourth-harmonic OXB heating
could be investigated with 140 GHz at 1.5 T and 1.1 T,
respectively. Here both, the plasma energy and the plasma
beta, could be significantly increased. This result is very
promising for high density and high beta ECRH operation
of W7-X.

On the whole, W7-AS has shown very promising results for
W7-X in general and in particular for its island divertor.
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2 Experimental and theoretical results

2.1 Divertor related studies

The island divertor together with NBI-heating allows access
to a new high-density operating regime with improved
confinement properties. This regime — the High Density H-
mode (HDH) - is extant above a threshold density and
characterised by flat density profiles, high energy- and low
impurity-confinement times, and edge-localised radiation.
Quasi-steady-state discharges with line-averaged densities
7. up to 4 10°° m™, edge radiation levels of up to 90%, and
plasma partial detachment at the divertor targets can be
simultaneously realised. Studies in 2002 were focused on
extension of the database, including, in particular, relations
to the conventional H-mode, first estimates of the impurity
transport, isotope effects, more detailed characteristics of
the near-target plasma, and high-density operational limit.

2.1.1 HDH-mode

The HDH-mode could be established in a variety of
magnetic field configurations with the edge rotational
transform ¢, > 1/2 and is not restricted to typical island
divertor configurations with large boundary islands.
Common features with the conventional quiescent H-mode
(H*) in W7-AS are high energy confinement times tg,
existence above a threshold density increasing with heating
power, flat density radial profiles, formation of a negative
radial E-field at the edge, and absence of any ELM- or
evident mode activity. Although the HDH-mode is
reminiscent of the EDA-H-mode in Alcator C-Mod, no
quasi-coherent mode such as seen in C-Mod is ever
observed. Obvious differences between HDH- and H*-
mode are higher threshold densities, lower radial E-fields
and, most outstanding, the absence of impurity
accumulation. Constant density H*-mode discharges,
normally running to radiative collapse, could be further
sustained by ramping up the density to a second plateau
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Figure 1: Comparison of quiescent H-mode (H*) and HDH-mode radiation
profiles. NBI (Ho->H+) discharges with Pyy™ = 1.1 MW. Discharge
#56147 (left) runs into the H*-mode with subsequent radiation collapse.
Discharge #56156 (right) runs through the same cycle, but avoids radiation
collapse by further increasing the density from the H*-mode level to above
the HDH-mode threshold density.

above the HDH-mode threshold immediately before
radiatively collapsing. The radiation from the core was then
drastically reduced ('self cleaning' of the discharge, Fig. 1),
leading to a quasi-steady-state.

Compared with lower-density Normal Confinement (NC)
discharges, model calculations relate the strong reduction of
the impurity confinement time by more than one order of
magnitude in HDH scenarios to a reduction of the inward
pinch velocity vi, in the core by factors 4-5 due to
broadened n. and, hence, pressure profiles. The spatio-
temporal behaviour of the line radiation of laser-injected
aluminium could be well simulated by assuming nearly
unchanged diffusion coefficients (= 0.1 m’s™) in the core
and v, ~ dp/dr (p being the plasma pressure), Fig. 2. In the
gradient region, large diffusivity (= 1 m’s") has to be
assumed to balance the strong pinch and match the reduced
confinement observed in HDH. Considering the
collisionality regimes in the core - collisional impurities
(v*>1) and rather collisionless background ions (v*<1) -
classical temperature screening might be expected in both
HDH and NC, but in the NC case this is strongly overcome
by the inward driving forces of peaked n. profiles being
responsible for the different behaviour. The occurrence of
impurity accumulation in spite of flat density profiles in
H*-regimes is assumed to be due to significantly lower
diffusivities at the edge, which is consistent with stronger
radial E-fields, but there is not direct experimental evidence
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Figure 2: Impurity diffusion coefficients D(r.) (broken lines) and inward
convective velocities v;,(r.) (solid lines) for the NC-type (blue, #55540)
and the HDH-type (red, #55587) plasma derived from simulation of the
line radiation of laser-injected aluminium, discharges with Py = 0.7
MW. Bottom: corresponding profiles of the electron density n.. Electron
temperature profiles were nearly parabolic and comparable in the two
cases.

In deuterium discharges (D°>D" injection) the parameter
changes associated with the NC->HDH transition evolve
with increasing density more continuous than in hydrogen
discharges, resulting in plasmas with even slightly higher
energy- and low impurity-confinement times under certain
conditions. Partial detachment on the divertor targets is
observed at slightly higher density than in hydrogen, and
the edge density and temperature are less decreased during
detachment. Due to present uncertainties concerning details
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of the NBI heating power profiles, it is, however, not yet
clear to what degree the differences reflect a difference in
transport.

2.1.2 Divertor regimes

Stable detachment could be established, but it was always
partial in the sense that full detachment did not extend
along the entire target. Along most of the wetted target area
the energy and particle fluxes to the target were observed to
drop by more than a factor of 10 which is indicative of full
detachment, but in some small spots the plasma always
remained attached (fluxes dropped only by a factor of about
three to five). EMC3/EIRENE code simulations could
qualitatively reproduce this inhomogeneity, Fig. 3. They
indicate that it is due to inboard/outboard asymmetry of the
temperature 7 at the upstream separatrix position. The
target position with permanent attachment is magnetically
connected to the outboard side of the configuration. This
region shows strong flux surface compression, which
favours local radial heat transport into the islands and -
consistently with data from bolometry - leads to a lower
level of carbon radiation, resulting in reduced local
unloading of the plates.
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Figure 3: Power deposition contours on the W7-AS divertor plates from
thermography and EMC3-EIRENE simulations for attached and partially
detached conditions.

Line-of-sight integrated spectroscopic measurements
parallel to the target surface in zones of complete
detachment, with a spatial resolution of 3 mm perpendicular
to the target, show the typical signature of an island divertor
plasma: Measurements of the C II and III line radiation
show that with the transition to detachment the radiation
front moves away from the target surface towards the
vicinity of the X-point. The intense carbon radiation results
in a steep drop of the electron temperature towards the
target down to values of < 3 eV (derived from Balmer
continuum and Boltzmann plot) accompanied by a strong
rise in electron density up to values of 5-8 10 m™ (from
Stark broadening of Balmer lines). This density
condensation is a consequence of pressure conservation.

Across the last 10 mm towards the target plate the density
abruptly dropps to values < 10*° m™ (detection limit) which
is consistent with the value of ~5 10" m™ derived from
target-integrated Langmuir probes. This as well as the
observed line intensity ratios of H,/H,, the high level of
hydrogenic line emission just within this region, the
appearance of molecular lines such as the CH- and the BH-
bands, and the sudden increase of the sub-divertor neutral
pressure to values sufficient for efficient neutral pumping
are all indications of complete detachment at the
investigated location of the target.

Topological pre-conditions for the existence of stable
partial detachment in W7-AS were studied by
independently varying field line connection lengths L.
inside n/m = 5/9 boundary islands and minimum distances
Ay between x-points and targets over large ranges. As is
shown in Fig. 4, stable detachment exists above a critical A,
increasing with L., which indicates that sufficiently large
values of the field line pitch A,/L. inside the islands are a
necessary pre-condition. It is assumed that otherwise cross-
field transport opens too strong a by-pass relatively to
parallel transport in this geometry.
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Figure 4: Field line connection lengths L. (1 cm inside the island separa-
trix) and minimum distances A, between x-points and targets, ¢, = 5/9. The
shaded and hatched ranges are accessible by proper adjustment of + and
control coil currents /. (technically limited to < 3.5 kA). Stable partial
detachment is restricted to the hatched range.

Distributions of near-target plasma parameters as well as
neutral pressures in the sub-divertor chambers show a
rather strong top/bottom asymmetry, and certain target
regions, which should be mutually shadowed by adjacent
targets, are, in attached scenarios, considerably exposed. A
reversal of the B-field direction led to complete inversion of
the asymmetry, thus indicating a prominent role of plasma
drifts. This is supported by EMC3-EIRENE calculations
which well reproduced the exposure of the geometrically
shadowed regions by introducing classical ExB drifts into
the code, providing a poloidal phase shift of the particle
flow into the shadowed region. The E-field was calculated
from equipotential surfaces obtained by integrating the
parallel momentum equation for electrons from plate to
plate.
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2.1.3 Density limit

The introduction of divertor modules has allowed access to
a high-density and high-power H-mode (HDH) regime
where the radiation profiles with predominantly edge
radiation reach a steady state. The density limit in
stellarators has been treated theoretically using power
balance considerations, and it has been recognised that
radiation from the plasma edge or core can lead to a
different power dependence for the density limit scaling
law [Itoh, K. and Itoh, S.-I., J. Phys. Soc. Jpn., 57, 1269,
1988]. A scaling law more relevant to density limit shots in
a stellarator with a radiating layer at the plasma edge, as in
the HDH-mode, can be derived heuristically with
assumptions concerning the power dependence of the
impurity concentration:
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A comparison of the measured line integrated densities for
steady-state HDH-mode density limit discharges with those
predicted from the scaling law derived for edge-radiation-
dominated plasmas is shown in Fig. 5. Even the high beta
discharges at magnetic fields less than 1.25 T that behave
similarly to the HDH-mode and radiate at the edge follow
the predicted scaling.
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Figure 5: Power, plasma radius and magnetic field scans were carried out
to obtain a comparison of the measured line-integrated densities in steady
state HDH-mode density limit discharges with those predicted from the
scaling law derived for edge-radiation-dominated plasmas.

2.2 Studies of the B-limit

In 2002 the high-p programme at W7-AS was continued,
aiming at further optimization of the achievable § and at
improved understanding of the P-limit physics in
stellarators. A wide range of different magnetic
configurations with B < 1.25 T were investigated, including
variations of the external rotational transform, the vertical
field and the toroidal mirror term of the stellarator field. In
addition, experiments with toroidal net-current drive were
performed in order to investigate the interplay between

current- and pressure-driven MHD instabilities close to the
B-limit. The divertor control coils were used to compensate
edge islands in order to obtain smooth magnetic surfaces at
the edge and a maximum effective plasma radius. Besides
configuration parameters, we also changed the plasma ion
mass in order to optimize the energy confinement and/or
the injected neutral beam power. However, the plasma
performance deteriorated in the case of the D—>D as
compared with the H—>H heating scenario. This is caused
by increased bulk impurity radiation in the deuterium
plasma, which has a particularly unfavourable effect in this
parameter regime, where the densities are as high as 2-
4-10** m™ and temperatures are below 0.5 keV. The effect
of additional fourth-harmonic OXB heating with the
1.2 MW ECRH system at 140 GHz in high-p target plasmas
could be demonstrated. However, a significant increase of
the plasma § by OXB heating could not be achieved due to
the power degradation of the confinement at the NBI
heating power levels of up to 2.8 MW used for the target
plasma.

In the case of "currentless" plasmas (bootstrap and Okhawa
currents compensated by OH transformer) optimum
performance was found in configurations with an external
rotational transform (vacuum configuration) of = 0.5,
where (B) = 3.4 % could be achieved at a magnetic field of
0.9 T (Fig. 6).
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Figure 6: The deterioration of () at low iota is attributed to equilibrium
limit effects. At high iota, residual edge islands may be present.

Under these conditions the maximum plasma f is
determined by the available heating power rather than by
approaching an equilibrium- or stability-limit. These
discharges exhibit the favourable properties of the HDH-
mode regime such as quasi-stationary behaviour, enhanced
energy confinement, low impurity confinement times and
very weak MHD activity. The confinement deteriorates
progressively towards low iota. This can be attributed to the
decrease of the equilibrium B-limit (critical Shafranov shift)
associated with enhanced transport. On the other hand, if
the rotational transform is raised above e = 0.53, the
global confinement likewise degrades to some extent, since
the structure of the edge islands becomes more
complicated, and therefore the control coils cannot
completely restore the maximum plasma radius.
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Figure 7: Comparison of X-ray tomograms for #51755 (+, = 0.52) at low
and high  compared with flux surfaces calculated by NEMEC (dashed
line: axis position of the vacuum configuration).

Tomographic reconstruction of X-ray emissivity
distributions in the triangular plasma plane are in good
agreement with flux surfaces calculated with the NEMEC
code (Fig. 7). Hence, a key element of the stellarator
optimization anticipated in the W7-AS device, the reduced
Shafranov shift compared with a classical stellarator along
with an increased equilibrium f-limit, was verified by
studies of its B-dependence in various configurations.

Under optimum conditions the plasmas with highest p-
values show only weak MHD activity, mostly coherent
modes in the range 4..20 kHz. These low-frequency modes
are usually attributed to pressure-driven modes around low-
order rational surfaces. No indication of a stability B-limit
has yet been found. During transition to high-§, in
particular at lower densities, global Alfven gap modes
(AEs) with frequencies of up to = 300 kHz can be excited.
They disappear, however, with increasing density, where
the fast ion content is reduced.

Results of further numerical stability studies, both of
Alfven instabilities and pressure-driven ideal modes, are
roughly consistent with the observed MHD effects. A more
detailed comparison of experimental data with theoretical
predictions, which requires that realistic internal current
distributions for the equilibrium reconstruction and resistive
effects are taken into account, is under way.

The main objectives of the experiments with significant net
currents in W7-AS were to study the effect of current
induced rotational transform and shear on confinement and
equilibrium in the high-p regime and to investigate the
influence of rational surfaces and shear on low m/n pressure
driven modes. Also, current driven MHD can be an
important issue in hybrid systems such as the quasi-
axisymmetric stellarator, where the bootstrap current
contributes significantly to the rotational transform. We
have applied OH-current ramps in co- and counter-
directions up to 20 kA, similarly as in previous low-f3
studies, which aimed at the assessment of the stabilizing
effect of the external rotational transform on tearing modes
and disruptions.

At low external rotational transform the energy content
increases significantly with increasing co-current. This is
attributed to the increase of the equilibrium f-limit at
higher total rotational transform and a change of the plasma
volume. However, the plasma energy collapses in most
cases due to the onset of strong tearing mode activity,

particularly when + = 1/2 is formed in the gradient region
(Fig. 8). Vice versa the maximum achievable f is reduced
by currents in counter-direction. This is a similar
equilibrium B effect as described in Fig. 6. No significant
current driven MHD effects are seen in this case,
presumably because of the involvement of more stable
resonances with higher poloidal mode numbers m and/or
the stabilizing effect of reversed shear configurations on the
island growth.
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Figure 8: OH-current ramp up to -17 kA at & = 0.3. The energy content
rises with increasing +. A thermal collapse induced by tearing modes
occurs when + = 1/2 is formed in the gradient region.

2.3 Conventional H-mode

H-mode studies concentrated on the physics of the LH-
transition, the parameter dependence of ELMs, and the
operational boundaries between conventional H-mode and
High Density H-mode (HDH).
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Figure 9: Plasma rotation (upper traces) and turbulence (lower traces)
obtained from Doppler reflectometry at the L to H (left) and H to L
transition (right). Probed density is 2:10'” m™ correspondingto 2 cm inside
the 5/10 island separactrix. Spectroscopic data interpolated to the same
radius are shown for comparison as open symbolss. The H-mode is
initially characterized by grassy ELMs. Transition and back-transition
occur at about the same rotation velocity of turbulence corresponding to

Ep=-200 V/em, i.e. AE; = - 100 V/em.
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In the operational window with 5/10 island edge the LH-
and HL-transitions were investigated in detail with respect
to edge profile gradients, plasma rotation and turbulence
(see Fig. 9). A maximum energy gain of AW/W = 56% was
achieved with a spontanous transition which evolves from a
flat-top of the average density. The achieved H-mode
characterized by grassy ELMs could be maintained for
200 ms with only a slight increase in radiation.

For the standard island divertor configuration (5/9 island
edge) the operational boundaries between conventional
quiescent H*-mode, HDH-mode and ELMy scenarios were
explored with respect to heating power and density
(Fig. 10). The quiescent H-mode was achieved with ECRH
and NBI down to extremly low heating power.
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Figure 10: Operational ranges for different H-mode variants in W7-AS.
Operational boundaries are included for orientation: minimum heating,
maximum achieved density and the density limit.

2.4 “Optimised confinement” discharges with
high ion temperatures with divertor

Prior to installing a divertor in W7-AS ion temperatures as
high as 1.5 keV had been obtained in "optimised
confinement" discharges (g about twice as high as g °°%)
with combined heating of ECR (1-2 gyrotrons, 350-700
kW) and NBI (up to 850 kW of deposited power), at
moderate central densities of about 5-6 10" m™ and at a
rotational transform of ¢+ =1/3 with a maximum plasma
energy of 17 kJ. At +=1/2 with about 300 kW of ECRH and
less than 580 kW of absorbed NBI power slightly reduced
ion temperatures of 1.3 keV and a plasma energy of 15 kJ
could be achieved. Higher NBI heating powers at both ¢ -
values resulted in non-steady-state conditions losing density
control. In both cases intense conditioning of the machine
and careful positioning the plasma, in order to avoid strong
interactions with limiters or walls, had been essential to
provide low recycling conditions.

By installing divertor elements into W7-AS the effective
plasma radius was reduced from about 16.5 cm to about
15 cm. Despite this reduction and thus reduced plasma
volume it was possible to keep the discharges stationary
even with 4 NBI sources at both + - values with about
1.3 MW absorbed power. Discharges with central ion tem-
peratures of up to 1.7 keV at densities of about 6 10"’ m™

were performed with a maximum plasma energy of 22 kJ at
+ = 1/3 and with 19 kJ at + = 1/2. As in the case without
divertor, the choice of the operating gas, hydrogen or
deuterium, caused only minor differences. Furthermore,
changes of the plasma configuration and position which had
been fatal without divertor, were found to reduce the ion
temperatures only moderately (10-15%). Thus it must be
concluded that installation of the divertor was highly
beneficial for achieving high (optimised) confinement
conditions with high ion temperatures at moderate
densities, mainly by considerably reducing the recycling in
W7-AS, even if the discharges were run as limiter plasmas
against the divertor target plates.

2.5 SOL and edge fluctuations

Inclination of fluctuation structures in the poloidal-radial
plane had been demonstrated in earlier Langmuir probe
measurements. Two possible reasons for such inclination
were identified, which could be distinguished by
observation, if the magnetic field was reversed. The lithium
laser blow-off diagnostic, run in collaboration with FZ
Julich and the Research Institute for Particle and Nuclear
Physics, Budapest, was used to close the gap in the ealier
observations and demonstrate that the observed inclination
of the fluctuations is mainly due to the strong local
magnetic shear of the W7-AS magnetic field configuration
in conjunction with the high correlation of the edge
fluctuations parallel to the magnetic field.

The first results from a poloidal array of 15 fast-swept
Langmuir probes (see diagnostic development for W7-X)
demonstrate the possibility of calculating the poloidal-
temporal correlation functions and cross-spectra of
simultaneously measured density, electron temperature, and
potential fluctuations.

In order to complement the fast-swept Langmuir probes and
better understand the probe theory necessary for their
interpretation, emissive probes were used in several
discharges for the first time in W7-AS. Measurements with
these probes gave us important information on the
amplitudes of and relative phases between floating potential
and plasma potential fluctuations. The differences in
potentials measured by emissive and non-emissive probes
agree well with the expectations from probe theory.

2.5.1 Fast camera observations

A fast-framing CCD camera was used to observe part of the
W7-AS divertor (see diagnostic development for W7-X).
First results show that the H-alpha radiation during large
edge-localized modes (type I ELMs) moves radially across
the divertor tiles. The direction of this movement could be
qualitatively explained by changes in the pressure profile
due to the large particle loss during ELMs. During certain
discharges, a radiative instability with intensity changes on
time-scales of the order of 1 ms was observed. This
phenomenon resembles MARFEs as observed in high-
density tokamak discharges.

2.5.2 Fluctuations in the confinement region and during
changes in the confinement regime

Density fluctuations in the confinement region of W7-AS
were compared for different confinement states in
measurements with the LOTUS CO, laser collective
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scattering diagnostic, which was operated by Rise National
Laboratory, Denmark, and CAT Science Bt., Budapest.
Analysis of these data shows that the fluctuation level in
different ranges of the wavenumber component
perpendicular to the magnetic field can change in different
ways at the transition between confinement regimes. In
particular, a decrease of energy confinement time is not
necessarily related to an increase of the fluctuation
amplitude.

A search for experimental hints towards ETG turbulence
was conducted using the LOTUS CO, scattering system,
after numerical studies had shown that such turbulence
could be expected in frequency and wavenumber ranges
accessible with this diagnostic in W7-AS discharges with
steep electron temperature gradients. So far, no features
indicating the presence of ETG turbulence have been found
in the spectra above the noise level. It will be tried to
reduce the noise level in a further analysis, since the signal
level expected from the theoretical analysis would indeed
be rather low.

2.6 Electron Bernstein waves

2.6.1 Heating at high harmonic resonances

At W7-AS electron Bernstein waves (EBW) are strongly
absorbed even at higher cyclotron resonances. Therefore,
also the third and fourth-harmonic OXB heating was
investigated with 140 GHz at 1.5 T and 1.1 T, respectively.
Here both the plasma energy and the plasma beta could be
significantly increased. Although central power deposition
could not be achieved, a clear dependence on the magnetic
field was found. The OXB conversion efficiency showed a
strong dependence on the density gradient at the plasma
edge, which increases with the peak density. The
conversion efficiency could be determined from the ECRH
stray radiation, which was measured far away from the
ECRH launch antenna as shown in Fig. 11. When the peak
density reached the cut-off density the reflection was nearly
total, the stray radiation level was maximal, and the OXB
conversion was minimal. With increasing density, the stray
radiation level dropped to below 10% of the maximum
value, which indicates that the conversion efficiency rose to
above 90%. This result is very promising for high-density
and high-f ECRH operation at W7-X.

2.6.2 EBW-current drive (EBCD)

The propagation of EBW’s strongly depends on the
magnetic configuration. Therefore the current drive
efficiency was optimised by varying the magnetic mirror
ratio. For the first-harmonic 70 GHz EBW’s the highest
current was found at standard mirror ratio for the co-
direction and at increased mirror ratio for the counter-
direction with respect to the magnetic field. The results
could be confirmed by ray-tracing calculations, which
clearly show the change of the sign of the parallel refractive
index N in the co- and counter-current case. With a
detailed analysis of all plasma currents a normalised current
drive efficiency of

could be estimated where Icp, Pyr and R, are driven
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current, HF power and major plasma radius. The
dimensionless CD efficiency exceeds those of standard
electron cyclotron CD by a factor of 2-3. This was
confirmed by Fokker-Planck calculations. In comparison
with standard ECCD, for EBCD the phase space interaction
is far away from the trapped electrons and mainly supra-
thermal electron are involved.
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Figure 11: Relative stray radiation level (red squares) and total OXB
conversion efficiency (blue circles) as functions of the peak density.

2.7 Tangential and perpendicular neutral beam
Injection

In 2002 NBI at W7-AS was fully operational with its final
stage: two tangential co-injectors (2.8 MW heating power)
and one radial injector. The co-injection was the “working
horse” for the heating of W7-AS, especially for high beta
and HDH discharges. On the scientific side a new attempt
was made to measure the heating power in power
modulation experiments with the ECE diagnostic. One
channel of the ECE was connected directly to the NBI
current signals. This minimizes the uncertainty of previous
measurements using different ADC’s. Modulation
experiments were carried out also with deuterium injection
for different plasma and heating scenarios.

The almost RADIal neutral beam injector RADI with two
RF-sources provides nominal 550 kW power at an injection
energy of 50 keV. Thus, energetic ions are created in the
vicinity of a loss cone and lost without substantial slowing
down. As the radial electric field E; is determined by the
ambipolar radial particle fluxes, the solution of the
ambipolarity condition is modified by the driven fast ion
orbit flux. The ion orbit losses drive therefore E, more
negative so that its value is increased. Such an increased E,
is expected to improve the global discharge confinement
properties, both for the neoclassical and the anomalous
transport.

Parameters scans were performed during discharges, where
the impact of RADI was compared to tangential NBI
heating and the change of £, maximised with respect to
global energy confinement. Maximum changes of E,
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obtained from passive BIV spectroscopy were = - 200
V/cm. This is comparable to the amplitude of the ambipolar
solution. The increase of the global energy content was up
to 10%. However, this rather small value can be explained
by the fact that the injection is not completely perpendicular
so that the plasma is also directly heated.

2.8 Gasjet and pellet injection experiments

For W7-X, neoclassical transport calculations predict a
strong particle outward transport, driven by the electron
temperature gradient, so that flat or even hollow density
profiles might result, with subsequent onset of instabilities
and impurity accumulation. Thus central particle fuelling
might be necessary. Therefore, two methods of deep
particle fueling were tested on W7-AS.

With a new gasjet injector hydrogen gas is puffed at high
pressure (up to 50 bar) through a small nozzle (0.1 mm
diameter) into the plasma. Due to the large pressure
difference, the gas is accelerated to supersonic velocities
and penetrates deeply into the plasma as a supersonic
gasjet. The effect of the gasjet was studied in ECRH heated
plasmas and during the fast density increase after the start-
up phase of high-f§ discharge. In the experiments, only a
slight and transient density peaking could be monitored
whereas the energy confinement was not improved. With
deuterium ice pellet injection it was demonstrated that deep
particle fuelling into ECRH discharges is feasible with
pellet injection, even with enhanced pellet ablation due to
the high ECRH power.

2.9 Theory

2.9.1 International collaboration in neoclassical theory
The benchmarking of various numerical tools for
determining neoclassical transport coefficients was
continued. First efforts were also made to describe the
results using a fast semi-analytic approach appropriate for
use in transport analysis as well as for predictive transport
modelling. An example of numerical results and their semi-
analytic representations is provided in Fig. 12 for the
inward-shifted LHD, a configuration with a high degree of
drift optimization (in collaboration with V. Tribaldos,
CIEMAT; S. Murakami and A. Wakasa, NIFS; D.R.
Mikkelsen and R.B. White, PPPL; W. Kernbichler and S.
Kasilov, TU-Graz; D.A. Spong, ORNL).

2.9.2 Advanced &f Monte Carlo techniques

A new stellarator-specific 8f Monte Carlo method (based
on the Maxwellian as the inhomogeneity) for estimating the
mono-energetic transport coefficients was implemented and
tested. For the diagonal coefficients, i.e. the radial transport
and parallel conductivity, good statistical properties are
obtained, whereas estimation of the off-diagonals, i.e. the
bootstrap current and the Ware pinch, is problematic due to
the unfavourable weighting (due to ripple-trapped particles
for the bootstrap coefficient). In the new advanced methods
analytic estimates of the distribution function in next order
are added to the inhomogeneity in order to improve the
statistical convergence properties (collaboration with V.
Tribaldos, CIEMAT, and S. Murakami, NIFS).
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Figure 12: Normalized mono-energetic radial transport coefficients are
plotted as a function of "collisionality" (v/v) for the inward-shifted LHD
configuration. Numerical results from the Drift Kinetic Equation Solver
(DKES) are shown as symbols, the semi-analytic descriptions of these
results are given by the curves. Five different values of the radial electric
field (E/uB,) were considered.

2.9.3 Predictive transport code development

In addition to the particle and energy balance equations
together with a diffusion equation for the ambipolar radial
electric field, the current diffusion equation was
implemented in the new predictive transport code. The
interface to the databases of the neoclassical transport with
the bootstrap current and the electrical conductivity taken
into account was installed.

2.9.4 Hint code

A B-sequence was calculated to study first the influence of
increasing [ on the separatrix geometry of a W7-AS high-+
configuration at 5/9. Due to difficulties in handling coils
close to the plasma the configuration did not include the
correction coils used in the divertor experiments. The basic
effect was an increase of the boundary island width with 8
leading to stronger identation of the separatrix. The x-points
moved poloidally at the same time in accordance with the
change in the magnetic coordinate due to the Shafranov
shift. Additionally, on the basis of a last closed flux surface
derived from the HINT results, the equilibria were
recalculated with NEMEC, confirming the main effects on
the bulk plasma. A benchmark with the PIES code
developed at Princeton was started to increase the
confidence in both codes and make further progress in their
development (collaboration with T. Hayashi, NIFS, A.
Reiman, PPPL, and M. Drevlack, ST)

2.9.5 W7-Xversion of TRANS library

A version of the TRANS library used at W7-AS for real-
space to magnetic coordinate transformation has been
developed, so that programs used for W7-AS can easily be
used for diagnostic development for W7-X. This provides a
preliminary tool until a more elaborate approach based on
function parametrisation or neural network techniques
becomes available.
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2.9.6 EMC3-EIRENE modelling

The EMC3-EIRENE code was completely restructured by
implementing the new "Finite Flux Tube" geometry and the
new "Reversible Field Line Mapping" technique. This has
extended the code applicability to general 3D magnetic
edge structures, including open configurations of arbitrary
stochasticity. Additionally to the previous benchmarks with
the B2 code for a slab model, all equation terms sensitive to
the field geometry were separately checked by
benchmarking the code with an analytic model exhibiting
strongly curved field lines. The accuracy of the RFLM
technique for strongly stochastic fields was also checked by
comparing the field line density distribution and the
deposition profiles on the TEXTOR-DED limiter with the
results of a direct field-line integration with the
GOURDON code. As a first application to a 3D tokamak,
the code has been implemented for TEXTOR-DED. First
simulations including a fully self-consistent treatment of
plasma mass, momentum, energy, and neutral gas equations
with realistic boundary conditions at the limiter were
successfully carried out for both the strongly stochastic 3D
and the axisymmetric 2D cases (collaboration with M.
Kobayashi and D. Reiter, IPP Julich).

2.9.7 High power neutral beam current drive

Contrary to tokamaks, where (anomalous) momentum
transport must compensate the strong NBI momentum
source, the friction with ripple-trapped particles in
stellarators represents a significant momentum sink. The
implementation of the full non-linear momentum balance in
the bounce-averaged Fokker-Planck code, FPTM, allows
one to treat the neutral beam current drive (NBCD) for high
power at low collisionality. Furthermore, for better
simulation of the NBCD experiments at W7-AS, it is
necessary to improve the treatment of the electron Ohkawa
current, which is presently available only in the collisional
and the collisionless limits.

2.9.8 Electron Bernstein current drive

Electron Bernstein wave heating and current drive are
implemented in quasi-linear formulation in the bounce-
averaged Fokker-Planck code, FPTM. In addition to
traditional ECCD with the anisotropy in the conductivity,
the high [N]| = 1 leads to a direct momentum source. For the
fairly high collisionalities in the W7-AS experiments,
bounce-averaging underestimates the EBCD efficiency
(missing current diffusion into the trapped particle domain).

2.9.9 Kinetic stability analysis

The slowing-down distribution functions of the fast NBI
ions for the quite different injection scenarios (tangential,
new "radial", and diagnostic beams) are analysed with
respect to the stability of ion Bernstein modes with
harmonics up to the lower hybrid frequency (WTZ
collaboration with E. Suvorov, IAP, Nizhny Novgorod).

2.9.10Integrated data analysis

Realisation of integrated data analysis concepts was
continued. Systematic combination of probability density
functions of quantities to be measured was performed
within the framework of Bayesian probability theory. The

outcome shows gain of information. The major workload,
however, is given by the development and exploration of
statistical models representing distinct measurements. Here,
progress for the Ruby Thomson scattering system and the
ECE radiometer system has been achieved. First results for
a joint evaluation of a statistical model with a function
parametrisation of equilibrium calculations were derived.
This approach represents the key issue for a combination of
plasma bulk diagnostics measuring on different lines of
sight. Concepts for diagnostics software developments for
W7-X were also discussed within the second European
workshop on data validation, which was held in autumn
2002 at Greifswald. Efforts on data consistency checks and
data validation on W7-AS data were continued (cooperation
with R. Fischer, S. Gori, Y. S. Yoon, and U. v. Toussaint,
CIPS).

3 Diagnostic development

In view of the shutdown of W7-AS in July 2002 only minor
modifications or completions of diagnostics were made.
Some diagnostics were further developed with regard to the
needs of W7-X.

3.1 Ruby Thomson scattering diagnostic

The diagnostic, whose set-up was described in the last
annual report, was successfully in operation until the end of
the last W7-AS campaign. It proved its suitability
especially for high-density plasma operation (HDH-mode
and high-B discharges) where the maximum electron
temperatures in the central region of the plasma are limited
to a few hundred eV, which fits well to the spectral range of
the detection system. A major topic in further diagnostic
development remaining is the handling of the plasma
radiation fraction of the signal, which greatly affects the
data analysis.

3.2 Periodic multichannel Thomson scattering

In 2002, modification of the Nd-YAG Thomson scattering
system for implementation of the island divertor was
completed. The W7-AS detection system consists of 13
spatial channels, each equipped with its own
polychromator. The basic design of the polychromators
now consists of four spectral channels, in order to improve
measurements at the very high densities obtained with the
island divertor. Systematic modelling within the Bayesian
probability theory is continued for reconstructing n, und T,
profiles.

3.3 Multichannel Doppler reflectometry

A Doppler reflectometer which measures propagation
velocity and amplitude of small scale turbulence (Lamda
about 0.7 cm) with a temporal resolution of less than 10 us
at six radial positions simultaneously was developed in
collaboration with IPF Stuttgart (for further details see
contribution of IPF Stuttgart, chapter 1.3.1). In the final
campaign of W7-AS the system was operated rountinely to
study the interaction between turbulence and sheared flows,
in particular in different confinement regimes. An example
of a result obtained during an H-mode discharge is shown
in Fig. 9.
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3.4 Divertor thermography

At W7-AS two infrared cameras monitor simultaneously
the power flux onto two opposite divertor modules via 50°
endoscopes placed in re-entrance ports. A 3D finite-element
code is used to derive the actual power flux from the
measured temperature evolution at the target. In order to
study power deposition during ELMs, the fast camera of the
two infrared cameras was adapted for high-resolution
measurements (in time 8t = 200 us, in space 0r =~ 4 mm).
Thus, temperature measurement were limited to the area of
a single target tile, usually the most exposed one.

Fig. 13a shows the power flux onto the divertor target at the
transition from an L-phase into an ELMy H-mode. Between
ELMs, there is basically no power flux. Fig. 13b shows
target plate deposition profiles for various conditions: L-
phase, H*-phase and the flux between ELMs. All the
energy of an ELM is deposited at about the same width.

Figure 13: Profiles of the power deposition onto the divertor target: a) at
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the transition from L- to ELMy H-mode, b) deposition profiles in different
regimes.

3.5 Fabry-Perot spectrometer for CXRS

A high-speed spectroscopic system was installed on W7-AS
to perform fast Charge Exchange Recombination
Spectroscopy (CXRS) in a neutral beam. This system
consists of a temperature-stabilised Fabry-Perot cell. The
spectral dispersion is attained by imaging of the spectral
light under a well-defined angle across the Fabry-Perot. A
back-illuminated high-speed CCD camera system is used as

detector. It allows a full transfer rate of up to 1 kHz. The
spectral light from the interaction volume between the W7-
AS plasma and the neutral beam is guided to the Fabry-
Perot via six individual fibres of 1 mm diameter in a
hexagonal arrangement. Thus, this set-up allows
simultaneous CXRS measurement at six radial locations
with a high spectral resolution of 0.2 Angstrom and high
time resolution of 1 msec. The arrangement was used to
measure the local ion temperature and the toroidal impurity
rotation in W7-AS on the spectral lines of carbon VI and
helium I1.
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WENDELSTEIN 7-X CONSTRUCTION

Head: Dr. Manfred Wanner

1 INTRODUCTION

The W7-X Construction project is responsible for the
design, manufacture, and assembly of the W7-X stellarator,
the heating systems, the power supplies, the cooling system,
and the system control.

The main components of the stellarator are the
superconducting magnet system to confine the plasma, the
cryostat to insulate the cryogenic parts, the ports to observe
and heat the plasma, and the plasma-facing components to
control the energy and particle exhaust. Steady-state plasma
heating is based on powerful ECR sources. In addition, the
plasma temperature and density can be increased by pulses
of ICR or NBI heating. The superconducting coils are
energised with high current by dedicated supplies and kept
at a temperature close to absolute zero by a helium
refrigeration plant. Safe operation of the magnet system is
ensured by fast detection of quenches and subsequent shut-
down. The microwave sources and the NBI system are
supplied with high voltage. A total input power of about
48 MW is required to operate the magnet system, supply
the heating systems, and provide power for cryogenic
refrigeration. Waste heat is removed by circulating water
which is re-cooled by cooling towers. At a later stage NBI
heating is to be upgraded to 20 MW to explore the high-
density regimes and the _-limit of W7-X.

Production of most of the W7-X components made good
progress in 2002. The power supplies for the control coils
were installed and commissioned.

Nevertheless, the project faces a significant delay. Initially
qualification of series production of the superconductor for
the coils required more effort than planned. In 2002 the
processes were improved, which increased the production
capacity. In addition, several steps of the production of the
non-planar and planar coils were not tested in time, which
further delayed delivery of the coils. During summer, the
contractor supplying the non-planar coils, Babcock Noell
Nuclear, filed bankruptcy. Although the contract was
successfully re-negotiated and the company is meanwhile
producing again, there is further delay in delivery of the
first coils. Although the coil manufacturer intends to speed
up production the delay cannot be recovered. Prior to
assembly all superconducting coils will be tested under
operational conditions at the Low Temperature Laboratory
of Commissariat a L'Energie Atomique (CEA) in Saclay.
The facilities are prepared and ready to receive coils.

Several tests with the DEMO coil were performed to
optimise the test procedure and find ways to advance the
series tests.

Assembly of W7-X was detailed and assessed by a review
board. Measures to accelerate assembly of W7-X are being
assessed.

In summary, the consequence of the delayed delivery of the
coils and the implications for assembly is a new date for
commissioning W7-X and mapping the magnetic field at
the beginning of 2010.

FZK is contributing the complete ECRH system for W7-X.
After successful testing of a pre-prototype in 2001 and of
the first prototype in summer 2002, which achieved a
record performance of 0.9 MW for a pulse length of 180 s,
development of a continuously working 140 GHz gyrotron
by FZK, European Industry, and CRPP Lausanne was
completed.

The University of Rostock and the University of Applied
Sciences at Neubrandenburg are supporting the project with
specific tasks. Co-operation was started with the D.V.
Efremov Scientific Research Institute of Electrophysical
Apparatus in St. Petersburg to perform structural analyses
and characterise components at cryogenic temperatures.
Forschungszentrum Julich, which already contributes to the
project Diagnostics for W7-X, will take over engineering
tasks within the W7-X Construction project.

Production of all W7-X components is quality-controlled
by a quality management system which follows the
standards of ISO 9001. The work flow is described in
quality inspection and production plans, new processes are
verified and approved before application, tests follow
written procedures, and deviations are notified and handled
through non-conformance reports. Fabrication at the
contractors premises is witnessed by inspectors. Samples
taken during manufacture are independently checked by
IPP through regional laboratories.
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2 BASIC MACHINE
2.1 Magnet System

The main components of the magnet system are the
superconducting coils, the coil support structure, and the
power supplies. All components of the magnet system are
in an advanced state of fabrication. Babcock Noell Nuclear
(BNN)/Ansaldo consortium made progress in the design
and manufacture of the 50 non-planar coils. Tesla wound
several planar coils and the main parts of the coil support
structure were manufactured. The power supplies and the
coil protection system are being fabricated and critical
components were tested.

2.1.1 Superconductor

The superconducting cable is composed of 243 strands
enclosed by an aluminium jacket. A total of 360 conductor
lengths, typically 120 to 180 m long, are required to wind
all superconducting coils. The conductor is being
manufactured by the VAC/EM consortium. Difficulties
experienced in the past during twisting of the strands,
jacketing the cable, and verifying the specified properties of
the conductor were overcome. In particular, the shortfalls of
the helium leak test facility at EM were removed by
installing a new vacuum test facility. By the end of
December 2002, 206 conductor lengths were manufactured.
The delivered lengths are sufficient for ten non-planar and
eight planar coils.

IPP supervises all steps of conductor production by
inspectors. A number of analyses and tests accompanied the
quality tests of the manufacturers and helped to improve
understanding of the flow dynamics within the conductor.

Integrity of the superconducting cable and the absence of
impurities in the cooling channel are of fundamental
importance for proper cooling of the coils. During cabling
of the strands, slings and abrasion were occasionally
observed. As a consequence the surface of the full length of
each rope is checked for broken strands and loops and
documented by a digital camera system. The cleanliness of
the rope was also checked after extrusion of the Al jacket
by washing samples through a filter. The size and amount
of copper particles was in an acceptable range.

Works tests after conductor production showed that the gas
flow through the cable-in-conduit conductor does not
correlate with the void fraction as expected. Additional
laboratory tests were therefore performed in a wide range of
Reynolds numbers. Although the measured dependence of
the pressure drop on throughput, temperature, pressure, and
the gas used could be described by an ansatz, the
dependence of the flow on the void fraction is still an open
question. It was assumed that this phenomenon could be
explained by a strong variation of the void fraction along
the conductor. This was excluded, however, by measuring
the void fraction of a series of samples taken from one
length of conductor. The observed variations were below
*=1%.

2.1.2 Superconducting coils

The non-planar coils are being wound on three winding
lines at Ansaldo and two winding lines at BNN's
subcontractor, ABB. Production of the winding packages at
Ansaldo is supervised by an inspector. By end of 2002 three
winding packages were ready for integration and several
more were in different stages of winding (see Fig. 1).

Figure 1: Non-planar winding package prior to vacuum impregnation (by courtesy of
Ansaldo Superconduttori)

Control of the specified contour of the winding package
requires precise measurement of approx. 1,000 co-ordinates
on the surface, a best fit of the measured data to the CAD
model, and transformation of the contour information to
eight reference pins on each winding package. The co-
ordinates of these pins represent the geometry of the
winding package and are used during final machining of the
coil casing and during assembly.

Some thirty half-shells for the coil casings were cast, heat
treated, and machined by the Swedish subcontractor,
Osterby Gjuteri AB. The cooling design of the cases was
improved. The technique of spraying copper on the
complicated surfaces of the cases was replaced because of
the great effort in applying the copper and the difficulty in
controlling and maintaining the required heat conductivity
of the amorphous copper. In the new concept approx. 1/3 of
the surface of the casing will be covered by strips of highly
conductive sheet copper. The strips are welded to the casing
and attached to the helium cooling pipes by soldering. The
new concept also reduces eddy current heating of the coils
in case of rapid shut-down of the magnet system.

Integration started at the production site of BNN at Zeitz
and two coils were integrated and embedded in the casing
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(see Fig. 2). The first non-planar coil is expected to be
available for testing at Saclay in May 2003.

Design of the 20 planar coils at Tesla Engineering was
basically completed and the first coil was already expected
in 2002. Tesla experienced, however, a number of
difficulties during production of the winding packages and
casings, qualification of components, and testing.

Four winding packages were produced and one was
integrated into the casing and embedded. Survey of the
shape of the first winding packages revealed local
deviations which were significantly larger than specified.
The winding packages can be used, however, since the
packages of one type of coil are sufficiently identical in
shape.

The coil casings of the planar coils are manufactured from
plate material. For each casing a U-shaped base part and a
plane top plate are screwed together. The first coil was
embedded and delivery is scheduled for May 2003.

Insulating the electric circuits of the winding package from
the helium pipes requires special voltage breakers. These
joints are made by two stainless-steel pipes connected by an
insulating epoxy tube. The voltage breakers have to
withstand a maximum voltage of 13 kV and allow different
thermal contractions of the dissimilar materials during cool-
down. Temperature cycle tests were performed with several
voltage breakers at IPP to select the most reliable design.
The design selected is already successfully in use at FZK
and other laboratories and will now be used throughout the
machine.

Figure 2: Non-planar winding package and lower half of the casing (by courtesy of
BNN)

2.1.3 Coil support structure

The coil support structure is being manufactured by the
Spanish contractor, Equipos Nucleares, S.A. and consists of
ten identical sectors with a total weight of 72t which are
joined by screws to span a central pentagon. Ten supports
carry the structure and provide the thermal barrier between
the cold structure and the base plate. The coil support

structure is made from steel plates and cast steel elements
for the coil fixtures. Seven segments were pre-fabricated.

A detailed structural analysis of the magnet system by the
Central Technical Services of IPP revealed that the screws
which are to connect the coils with the coil support
structure are overloaded during certain modes of operation.
Measures to reinforce the magnet system and the coil
connections are being investigated.

2.1.4 Magnet current supply

The five types of non-planar and two types of planar coils
are powered by supplies which provide direct currents of up
to 20 kA at voltages of less than 30 V. The Swiss
contractor, ABB, selected the concept of twelve-pulse
rectifiers to ensure that the currents are stabilised with an
accuracy of 2x107.

Fast and reliable discharge of the superconducting magnets
in case of a quench is realised by a fast circuit which short-
circuits the coils and dumps the magnet energy to nickel
resistors. These resistors feature a high heat capacity and a
strong increase of the resistance with temperature. The
switching voltages can thus be kept low. Production of the
resistors was started and the breakers passed the works
tests. The control concept was designed in detail and took
into account the required detection of grounding defects in
the electronic circuits.

2.1.5 Current leads

Fourteen current leads capable of carrying 20 kA connect
the seven groups of superconducting coils with the power
supplies. The concept is based on conventional current
leads which are designed for lower than nominal current,
and overloaded during nominal operation. In this way the
heat conduction along the current leads and hence the
cooling requirements are reduced during stand-by periods.
The leads are fixed to the outer vessel and the coil support
structure. The design keeps movements of the connected
bus system within tolerable limits.

2.2 Cryostat

The cryostat provides the thermal protection of the magnet
system and gives access to the plasma. Its main components
are the plasma vessel, the outer vessel, the ports, and the
thermal protection.

The German company, Deggendorfer Werft und Eisenbau
GmbH, is responsible for manufacture of the plasma vessel
and the outer vessel. The plasma vessel is composed of 20
segments for each half-module. Each half-module is again
divided into two parts to allow stringing of the innermost
coil during assembly. For each half-module 20 steel rings
are precisely bent to the required shape and carefully
welded to represent the changing cross-section of the
plasma vessel. For local areas which cannot be
approximated by bending steel sheets are fitted by hot
pressing. The two parts of the first half-module were
manufactured (see Fig. 3). The contours of the parts were
measured by laser tracking and were well within the given
narrow tolerances. Vacuum tightness of the welds will be
checked by an integral helium leak test of the segments.
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Precise cutting of the holes for the ports will be performed
by the water jet technique.

Water pipes around the outside of the vessel allow its
temperature to be controlled during plasma operation and
for bake out. A process to attach thin-walled steel pipes to
the vessel by welding has been qualified.

The outer vessel of W7-X is assembled from five lower and
upper half-shells. Design of the vessel was continued and
supported by structural analyses for the ports, manholes,
domes, and feedthroughs. All upper and lower half-shells of
the outer vessel were welded.

Figure 3: Half-module of the plasma vessel (by courtesy of Deggendorfer Werft und
Eisenbau GmbH)

Manufacture of the 309 ports is performed by the Swiss
company, Romabau. Production of bellows, flanges, and
cooling pipes is ongoing. A large bellows with a cross-
section of 500x1,000 mm_ successfully passed an
endurance test of 1,000 full load cycles.

Efficient insulation of the cold magnet system requires
careful protection against thermal radiation by high vacuum
and multi-layers of reflecting metallic foils. Efficiency of
the thermal protection is enhanced by metallic shields
which cover all areas at ambient temperature. These shields
are kept at temperatures between 40 K and 70 K by cold
helium gas. A study was performed by industry to assess
pre-fabrication and assembly of mats of multi-layer
insulation. The thermal protection needs to consider rapid
shut-down of the magnet system. In that case eddy currents
are induced in the shields and the super-insulation. These
currents and the resulting forces were modelled to

dimension the fixtures for the thermal protection. Tendering
activities were continued.

Routing of the cryogenic supply lines in the cryostat was
continued and considered the restricted accessibility of the
tubes during assembly for joining and leak testing.
Modelling of the helium exhaust from the magnets during
rapid shutdown was refined. In the worst case of a quench
of all superconducting coils the total helium inventory of
500 kg would be released within a few seconds, resulting in
maximum flow rates of up to 60 kg/s.

2.3 In-vessel Components

2.3.1 Divertor modelling

The behaviour of the neutral particles in the boundary layer
of the W7-X plasma and recycling of impurities were
modelled. The EMC3 (Edge Monte Carlo 3D) plasma
transport code was adapted to the twisted surface of the
W7-X plasma. Recent application of this code to the
W7-AS divertor gave results, which were in good
agreement with experimental data. In addition, a 3D plasma
fluid model based on the W7-X geometry, where strong
stochastic effects become important, is being developed by
the plasma edge physics group of IPP.

2.3.2 Design of the plasma-facing components

Three different types of surfaces face the W7-X plasma:
The divertor target plates are hit predominantly by hot
particles from the plasma and have to withstand heat loads
of up to 10 MW/m_. Baffles, which influence the fluxes
and density of neutralised particles in front of the target
plates and improve the pumping efficiency, need to be
designed for heat loads of 0.5 MW/m_. The wall protection
of the plasma vessel mostly interacts with neutral particles
and radiation from the plasma boundary and receives heat
loads of up to 0.2 MW/m_. To keep the reflux of impurities
from the wall to the plasma at acceptable limits, all plasma-
facing surfaces have to be covered with low-Z material.
The neutralised particles are removed from the divertor by
mechanical vacuum pumps outside the machine. Additional
cryo-pumps are installed behind the divertor units to
enhance the pumping capacity. Control coils allow one to
modify the magnetic configuration and the interaction of
the plasma edge with the target plates.

The ideal shape of the target plates has to follow the
3-dimensional boundary of the plasma and is approximated
by a series of planes. Combinations of standardised plane
target elements with a width of 55 mm and lengths between
270 and 500 mm achieve a nearly constant incidence angle
of the particles. After assembly of the 8-13 target elements
of the target modules the precise 3-dimensional shape of the
plasma-facing surface is achieved by machining.

Each target plate is composed of a water-cooled metallic
support and tiles from flat carbon fibre composite (CFC).
Precipitation-hardened CuCrZr alloy is used for the support
because of its good thermal conductivity and compatibility
with the CFC.
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The tiles are made from SEPCARB® NB31 because of its
high tensile strength and good heat conductivity
perpendicular to the tile surface. The same material has also
been selected for ITER. A total amount of 700 kg of CFC
material was ordered and is being manufactured by the
French company, Snecma Propulsion Solide.

The baffles are composed of a water-cooled CuCrZr
support and flat graphite tiles of typically 150x150 mm_
which are clamped by screws. The tiles are to be made from
improved fine-grain graphite. Samples of this graphite were
tested in the MARION test facility of Forschungszentrum
Julich and successfully withstood transient heat pulses of
4 MW/m_ for 5.5s and a maximum power density of
35 MW/m_ for 0.3 s. The same material was recently
applied for the inner heat shield elements of ASDEX
Upgrade.

The wall of the plasma vessel spans a total area of approx.
120 m_. Two concepts will be used to realise the protection
of the plasma vessel: At critical areas where the distance
between the plasma boundary and the wall is small the
concept of clamped tiles as developed for the baffles will be
applied.

The major part of the wall with an area of 70 m* will be
protected by double-walled steel panels with integrated
cooling loop. The panels are to be coated with boron
carbide as low-Z material. The panel approach reduces the
number of tiles and the carbon inventory and simplifies
mounting within the plasma vessel. The complicated
surface of the plasma vessel is approximated by cylinder
segments of different radii, which further simplifies
production. 190 panels with 19 different shapes are required
to cover the wall of the plasma vessel.

The Materials Research Division continued studies on the
characteristics of boron carbide coating up to 300 ym thick
in ASDEX Upgrade and W7-AS (see Plasma-facing
Materials and Components)

Design of all plasma-facing components and definition of
the instrumentation required for operation and control were
continued. The requirements of the diagnostics and the
thermal loads from the heating systems were considered.
Technical specifications for the plasma facing components
were prepared and offers for the fabrication of the
components were received. To realise the plasma-facing
components within the allocated budget the target area
needs to be reduced at the expense of a somewhat higher
heat load during plasma operation. In addition, means to
reduce the industrial supply by increased internal labour are
under investigation.

2.3.3  Pumping

Vacuum pumps are required to evacuate the plasma vessel
to a level of less than 10® mbar before plasma operation in
order to control the density of auxiliary gases injected into
the divertor chamber and pump out neutral particles.
Additional cryo-pumps behind the divertor allow the
pumping capacity to be increased during high-density
plasma discharges, e.g. during injection of neutral beams or
pellets. In such cases particle fluxes of 5x10*' s have to be

handled at pressures of about 10° mbar. For each divertor
unit one segmented cryo-pump will be positioned behind
the target plates. The cryo-pumps will be designed for a
total capacity of 150,000 I/s for a duration of 2 hours.

2.3.4 Control coils

Ten copper coils will be installed in the plasma vessel
behind the baffle plates to correct minor field errors,
influence the extent and location of the magnetic islands,
and allow the power deposition area to be swept across the
target plates.

Each coil can be individually supplied with direct currents
of up to 3 kA at voltages of up to 30 V, which can be
modulated at frequencies of up to 20 Hz by dedicated
power supplies. All ten power supplies were delivered and
installed by the Spanish contractor, JEMA, and passed
preliminary acceptance tests.

Design of the control coils was finished and the tendering
documentation was prepared. The coils, with dimensions of
2x0.3 m_, will be wound by 8 turns of hollow copper
conductor and cooled by water.

2.4 System Control

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

Programmable Logic Controllers (PLCs) will be used
mainly to control those machine components and diagnostic
systems which do not require short response times. A semi-
automated control system for the gas supply of W7-X was
completed. The standard control logic is implemented in a
Siemens S7/400 PLC, safety interlocks are implemented on
a PNOZplus device and the man-machine interface was
programmed with WinCC. A WinCC server provides data
access to any WinCC client connected to the experiment
subnet. All clients have simultaneous and unrestricted
access to inspect data, but operation of the system is
restricted to one authorised station at a time. The gas
control system allows one to run standard procedures such
as evacuating pipes or mixing gases in automatic mode. For
troubleshooting, each valve, mass flow controller etc. can
be operated by manual action on the screen.

Segment processing and fast feedback control, which
require data processing in real time, will be performed by
PCs running the VxWorks real-time operating system.
Special software and hardware are being developed for the
segment control system. Software modules for sharing
control data between computers and distributing messages
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across a network were completed by means of layer 2
Ethernet, UDP or TCP. Prioritisation of data packets on the
network is possible. Messages received are routed into
different queues depending on the type of message and can
be followed up in different tasks with different priority. The
software for generating control objects based on
information from a data base has still to be developed. A
draft specification for an object editor which will be
necessary to generate the data base information was
prepared in co-operation with the XDV group. Emphasis
was put on establishing methods and software tools to
develop and document the software projects and control the
version. SniFF+ was chosen as a multi-purpose tool
offering, besides many other features, a suitable interface to
the CVS version control system. The UML tool, Together®,
was chosen to design, develop, and document object-
oriented software.

A central trigger-time-event system (TTE) will serve to
distribute the precise system time, triggers, and event
messages. Local TTE-cards in the connected units respond
to the central TTE system and have local trigger, time, and
event-handling capabilities. A prototype for a local TTE
card was developed in co-operation with the University of
Rostock. Some cards were manufactured and tests
performed with support from the Technical Services of IPP.
The central TTE system with redundant GPS time receivers
is now under development.

2.5 W7-X Assembly

Basically, the assembly of the basic machine can be divided
into three main phases. During the first phase half-modules
are assembled by stringing five non-planar and two planar
coils across the plasma vessel and fixing them to a segment
of the coil support structure. During the second phase the
half-modules are joined to form a module of the magnet
system. The sectors of the coil support structure are bolted,
the plasma vessel segments are welded, and the electric bus
and cooling lines are connected. All these activities are
performed in the assembly hall on dedicated mounting
devices. The mounting device to join half-modules was
already erected in 2001; set-up of the mounting devices for
the assembly of the coils starts in January 2003. Several
auxiliary mounting tools were designed to handle and
support the five non-planar and two planar coils and the
plasma vessel during assembly.

After assembly of the half-modules each unit is moved into
the torus hall and lifted into the insulated lower half of the
outer vessel. After integration of supports, the outer vessel
is closed and some fifty ports and the in-vessel components
are installed. A special tool was designed to thread the ports
with masses of several hundred kilograms into the correct
position.

A review of the assembly of W7-X by experts of EFDA,
TEXTOR, industry, and IPP showed that assembly of
W7-X can be accelerated if the modules are sequentially
mounted. This differs from the earlier concept, where
W7-X was assembled by simultaneously moving the five
modules radially to minimise the risk of unsymmetrical
errors in the magnetic configuration.

In the new concept the W7-X modules are assembled in
their final position on a fixed base frame. After assembly
each module is joined with the preceding module.
Achieving optimum symmetry of the magnetic
configuration requires careful control of the positioning of
the coils and adjustment of the sectors of the support
system during all assembly steps by laser tracking.
Assembly of the modules already in the final position
allows one to install the supply lines and diagnostics earlier.

The ring-shaped base frame which carries the W7-X
modules is supported by five steel foundation columns in
the lower basement of the torus hall. The columns have
been contracted out and are to be installed at the beginning
of 2003.

The coils have to be electrically connected with each other
and with the current leads by a system of superconducting
bus lines. Interconnecting the coils of one module requires
25 helium-cooled bus lines which have to be routed
bifilarly, supported by fixed and gliding bearings, and
insulated against high voltage. The basic design of the bus
system was finished and considered routing of some
1,100 m of conductor. Forschungszentrum Julich will
design, manufacture, and assemble the complete bus system
for W7-X.

Connection between the bus sectors is achieved by approx.
200 detachable low-resistance joints. The design of these
joints is a modified version of that used for the inter-layer
connections of the coils and aims at a resistance of 5 nQ.
Prototypes of such joints were prepared for tests at the D.V.
Efremov Scientific Research Institute of Electrophysical
Apparatus in St. Petersburg.

Design of some 20 km of cooling water pipes with
diameters of up to 600 mm and vacuum-insulated helium
pipes as well as positioning of some 750 valves were
continued.

3 HEATING SYSTEMS

3.1 Electron Cyclotron Resonance Heating

The electron cyclotron resonance heating (ECRH) system is
being developed and built by FZK as a joint project with
IPP and IPF Stuttgart. The ‘Projekt Mikrowellenheizung fur
W7-X* (PMW) co-ordinates all engineering and scientific
activities in the laboratories and in industry. It is
responsible for the realisation and installation of the ECRH
system for W7-X.

ECRH is to be the main heating system during the first
experimental phase and is capable of steady-state operation
with 10 MW of heating power at a frequency of 140 GHz.
Ten gyrotrons with 1 MW each will provide the required
microwave power. The European R&D programme for the
development of the W7-X gyrotrons, which was launched
in 1998 as a joint effort of the French company, THALES
Electron Devices (TED), and the FZK, IPP, IPF, and
CRPP-Lausanne research laboratories was successfully
terminated in 2002. The “Maquette” pre-prototype



WENDELSTEIN 7-X Diagnostics

WENDELSTEIN 7-X Diagnostics

Head: Prof. Dr. Hans-Jurgen HartfuR

1 Overview

Work of the project concentrated on the completion of the
feasibility studies of the diagnostics proposed. However, in
case of those diagnostics to be integrated into the vacuum
vessel detailed design is being done and laboratory tests are
underway. In addition new diagnostic systems are being
developed and have successfully been tested in W7-AS (see
reports below).

After thorough discussion those diagostics from the set of
level-1 diagnostics -the set basic for machine and divertor
operation and plasma characterization- have been selected
which are indispensable for the start-up phase of W7-X. In
the list of priorities it is called the level-O diagnostics set.
Detailed work of the project is concentrating on this
particular selection, however, space requirements are
considered and feasibility studies are carried out for the
whole level-1 set of proposed diagnostics.

The project is divided into nine scientific subgroups, where
details of the various systems are being discussed. All
technical problems in the field of mechanics and electronics
design are treated by a technical coordination group. This
group coordinates the design work as well as space
requirements in the experimental hall and the dedicated
peripheral buildings

Problems connected with the long pulse operation of W7-X
and which are common to a number of diagnostics have
been identified. These are on one hand the thermal load of
the plasma facing windows by broadband electromagnetic
radiation from the plasma and their coating by particles,
and on the other hand the load of windows and vacuum
sealants and of all in-vessel diagnostic components by non-
absorbed ECRH microwave stray radiation at 140 GHz.
Since the quality of optical windows at the interfaces to the
plasma vessel is of primary importance, two temporary
working groups concentrating on these problems have been
established.

The group "Plasma Facing Optical Components" is working
on concepts for the construction of immersion flanges for
optical observation which can stand the high heat flow and
particle fluxes expected. The design of a prototype water
cooled immersion flange equipped with a cooled movable
window protection systems and the setting of a high heat
flux vacuum test chamber has been started. The “ECRH
Stray Radiation” working group is testing materials to be
used inside the vacuum vessel, and is developing
components resistant to high microwave radiation levels, as
well as shielding and protection measures for in-vessel
components. For investigations under realistic conditions a
large test chamber is being constructed. It will be equipped
with various diagnostics and will be operated together with
a 140 GHz cw gyrotron generator at a sufficient power

level to gene-rate inside the chamber the power flux
densities expected in W7-X.

2 Reports of subgroups

The activities of the nine subgroups and the technical
coordination group of the project are briefly summarized in
the following chapters.

For more details see the homepage of the project under the
address http://www.rzg. mpg.de/KRONO/

2.1 Fluctuations

The subgroup defines the turbulence diagnostics for W7-X.
A number of research activities conducted at W7-AS help
to identify problems and to find proper methods. In this
context the aim of measuring simultaneously several
fluctuating quantities with electric probes in the plasma
edge has been further pursued. The first project was the
improvement of fast swept Langmuir-probes in W7-AS:
miniaturized differential amplifiers, mounted on a pneu-
matically operated reciprocating probe drive characterized
by high common mode voltage input range of +/- 200 V,
high bandwidth of now 15 MHz, and high common mode
rejection of 55 dB at 1 MHz -specifications which are
crucial for the intended purpose- were successfully tested
with probe arrays. The improvement of the data analysis
procedure is still subject of current work. In a second pro-
ject, various types of emissive probes complementing the
fast swept Langmuir probes have been tested in the edge of
W7-AS plasmas. So far, the performance of plasma-heated
LaB6 tips has been found to be inferior to that of a plasma-
heated tungsten loop. Although interesting first results have
been obtained a reliable operation requires further
development.

In order to explore the possibilities of optically imaging fast
phenomena, a fast framing CCD-camera, allowing to study
fast radiation phenomena at the divertor plates in high
spatial and temporal resolution, has been tested. Software
for camera control was developed to enable remote control
and fast data transfer from camera to hard disk in order to
minimize the idle time.

2.2 Plasma edge

Standard edge and divertor diagnostics, spectroscopic,
particle beam, and probe diagnostics are being developed.
Activities were focused on the detailed design of a proto-
type pop-up Langmuir-probe array. It is planned to inte-
grate pop-up probes developed on this basis into a top
divertor target and into the opposite bottom target in order
to obtain poloidal profiles of the near-target electron
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density and temperature as well as of the ion saturation
current (particle flux) and of the floating potential (plasma
potential) at least at two toroidal positions per target. To
avoid active cooling, the dome shaped probe tips made of
CFC with a diameter of about 2 mm will be designed to be
retractable behind the target surface with a stroke of about 6
mm. The envisaged exposition time is 100 ms every
second. A prototype arrangement is now under
construction. Extensive tests in particular of the pneumatic
drive and the position control characteristics will be
conducted after its completion.

2.3 Microwave diagnostics

The group develops the classical microwave diagnostics
interferometry, ECE, reflectometry, and polarimetry. A 40-
channel broadband radiometer covering the range 120 to
160 GHz has successfully been set into operation at W7-
AS. It is designed in such a way that it can directly can be
transferred to W7-X to cover the frequency range during
standard operation at 2.5 T. While antennas and sightlines
of the reflectometers proposed are being designed, the
decision which kind of reflectometry systems will be used
is shifted to a later phase to be able to react to recent
progress in the development of microwave components.

A multi channel Doppler-reflectometer was put into opera-
tion at W7-AS measuring the poloidal propagation velocity
of density structures at six radial positions. The radial
propagation velocity is obtained from cross-correlation
analysis. The velocity shear and its fluctuations can be
measured directly from radially neighbouring channels. A
dual antenna system with two poloidally separated spots
allows to measure this quantity also via cross-correlation.
This time-of-flight type reflectometry is complementary to
Doppler-reflectometry as it is particularly suited for low
propagation velocities, where the accuracy of Doppler
reflectometry is intrinsically low.

A single channel CO2 interferometer was set up in the
laboratory and first tests of vibration compensation by the
aid of a second collinear He:Ne laser interferometer were
successfully performed. The test interferometer will be used
for vibration studies, the design of the transmission line and
for component tests. Design studies were performed to in-
corporate reflecting mirrors into the first wall of W7-X.
Protection methods during boronization are being deve-
loped to avoid coating. A procedure to find the optimum
sightline orientation in the 3D stellarator geometry of W7-
X has been developed in collaboration with the University
of Helsinki. Systems with 4 and 8 channels were
considered. In numerical studies including also noise, test
density profiles could be reproduced with low errors. Tests
both in the laboratory and at W7-AS are continued to
optimize the polarimeter based on the Cotton-Mouton effect
(linear birefringence) with the aim of developing a robust
line integrated density measuring diagnostic for control
purposes at W7-X.

2.4 Charge exchange diagnostics

The total set up considered consists of five neutral particle
analyzers and a dedicated diagnostic neutral particle beam.
For local measurements of the ion temperature using the
neutral particle analyzers or by applying spectroscopic me-
thods, a diagnostic neutral particle injector is indispensable.

In close collaboration with the colleagues of FZ-Julich and
the Budker-Institute, Nowosibirsk, such a system called
RUDI is being developed.

It will consist of an optimised single beam arrangement
with minimised divergence (= 0.5 degrees) and diameter
(=15 cm in the beam waist). It will be possible to vary the
acceleration voltage between 20 and 60 kV. The equivalent
neutral beam current will be higher than 2.5 A, more than
70% of the neutrals being in the full energy beam
component. As those parameters are rather ambitious, a
long-term collaboration phase for the development and
optimisation of RUDI at the Budker Institute will precede
its operation on W7-X.

2.5 Spectroscopy

W7-X will be equipped with a large number of spec-
troscopic diagnostics, which will derive multiple infor-
mation from optical measurements in the spectral region
ranging from the visible to the soft X-ray.

The design for a set of four new VUV/XUV spectrometers
has been developed, which will be used for impurity
monitoring and impurity transport studies covering the en-
tire wavelength range from 2.5 nm to 160 nm, divided into
four subsections with some overlapping, thus achieving a
complete coverage of prominent spectral lines from the
relevant impurity elements. The numerical design of op-
timised new toroidal holographic diffraction gratings has
been finalised, while the spectrometer geometries and de-
tector properties are chosen to obtain a high efficiency at a
good wavelength resolution. The list of technical speci-
fications for the difffraction gratings , mechanics, detectors,
and the vacuum system has been prepared for the forth-
coming procurement of the systems. Viewing lines could be
identified for the four systems which all meet in the plasma
centre. The expected performance of the spectrometers is
tested and optimised by means of ray tracing calculations.
In order to investigate the possibilities for line identification
as well as the expected levels of accuracy of the new
systems, simulated spectra have been calculated using the
impurity transport code STRAHL. Under typical plasma
conditions the new spectrometers will allow to clearly
identify practically all relevant impurity elements in the
plasma.

The island divertor concept for the W7-X stellarator is very
similar to the one tested in W7-AS. The installation of such
a divertor in W7-AS for its last experimental campaign
gave us therefore the unique opportunity to already put a
number of new spectroscopic island divertor diagnostics to
realistic test, well in advance to their later installation: (i) A
low spectral resolution spectrometer equipped with a 2D
CCD detector has been successfully tested imaging line and
continuum emission, originating from the region between
the target plate and the X-point, with a spatial resolution of
about 3 mm in the direction perpendicular to the target
surface. (ii) A pair of independently operable He-beam
nozzles, installed in a narrow gap between two divertor tiles
allowed us to investigate the principle suitability of a
thermal He-beam diagnostic as a means to derive local T,-
and n_-profiles perpendicular to the target plate of W7-X.
(iii) This system was further complemented by a very high
spectral resolution Echelle-type spectrometer with the same
viewing geometry but with a somewhat lower spatial
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resolution. This was found to be suitable for deriving
electron densities from the Stark broadening of Balmer
lines of hydrogen. (iv) A time resolved coherence imaging
camera, called imaging MOSS spectrometer, has also been
tested. It allowed to derive the ion temperature distribution
across the entire W7-AS divertor surface in 2D, from the
Doppler broadening of a He II line at 486 nm.

2.6 Thomson scattering

Work concentrated on space requirements of all proposed
Thomson scattering systems with its large number of beam
lines, mirrors, and all supporting structures at the machine
and its periphery. The location of the laser hardware was
fixed. The infrastructural needs were determined. The laser
beam line for the plasma bulk system was designed using
CAD tools, including radiation protection requirements.
This beam line is compatible with other diagnostic
equipment and subsidiary components of W7-X. One main
demand was the application of standardised beam de-
flection mirrors for transferring the laser beam to the torus,
considering the polarization requirements of the laser
radiation at the measuring position. In additional studies at
W7-AS, new fast data acquisition hardware components
were tested with the existing Nd:YAG Thomson scattering
diagnostic system. These tests proved the suitability of the
bulk Thomson scattering system proposed for W7-X, which
will include interference filter polychromators with discrete
avalanche diode detectors.

2.7 Soft X-Ray and electromagnetic diagnostics
X-ray diagnostics proposed for W7-X consists of horizontal
and vertical camera systems, a multi-camera, and a tem-
perature camera. The design concentrates on defining space
requirements for the various systems and the development
of first concepts for their realization. Laboratory tests are
being conducted with X-ray detectors, Peltier-cooling
elements, vacuum feedthroughs, and choppers to block the
radiation. Technical constraints are mainly determined by
the first wall design of W7-X. Solutions have been found to
incorporate the cameras into the vessel panelling
Saddle-coils, diamagnetic loops, Rogowski-coils, magnetic
probes and Mirnov-coils have been designed and tested
taking into account other in-vessel components, such as
divertor substructures and the first wall as well as the whole
mechanical assembly process. The expected signal levels of
all coils for equilibrium reconstruction have been simulated
using the NEMEC/DIAGNO code package. Saddle-coils
have been found to exhibit the best performance with
respect to energy measurements since their signals are in-
sensitive to not-toroidal plasma currents. They are now
being prepared for installation onto the first vessel module
of W7-X. A test facility has been built to measure transfer
functions of magnetic pick-up coils and the influence of
conducting materials surrounding the coil in the frequency
range of 10 Hz up to 5 MHz.

2.8 Heavy ion beam probe

In the field of measuring local electric fields with the heavy
ion beam probe (HIBP), American institutes offered to
collaborate and to contribute with hardware. The appli-
cability of the 2 MeV accelerator successfully operated at

TEXT-Upgrade in the context of European regulations is
being investigated. First design of the probing and the
detector beam lines has been conducted. Beam trajectories
inside the machine are calculated to determine space
erquirements and eventual collisions with in-vessel
components.

2.9 Fusion product diagnostics

A number of fusion product diagnostics has been proposed
in close collaboration with the Alfven Laboratory, Stock-
holm and the PTB Braunschweig. However, the level-0 set
consists of six neutron detectors only, oriented sym-
metrically around the torus and in its centre. To define their
dynamic range and the energy range of interest, neutron
transport calculations are being conducted based on
expected plasma parameters for given heating scenarios.

2.10  Technical coordination

Besides all the problems connected to the infrastructure
indispensable for the large number of diagnostic systems,
work mainly concentrated on CAD design of the diagnostics
proposed. The work of including all diagnostics into the
CAD-model was continued. These models serve to identify
and find solutions for potential collisions with technical
components of W7-X. This includes the positioning of
diagnostic models in the small gap between the plasma
vessel and the first wall and between the plasma vessel and
the 70 K cooling shield. Furthermore prototypes of several
diagnostics were developed. Modeling was started for the
long term developments of periscopes, the diagnostic
injector and the multi-channel interferometer. However,
detailed design was made for the saddle-coils and the
Rogowski-coils to be mounted onto the vacuum vessel.
Work continued to find proper solution to integrate the large
number of Mirnov-coils and the multi-camera X-ray
diagnostic systems into the wall protection of the vacuum
vessel. Work on the infrastructure systems for all
diagnostics has been carried on. This includes vacuum
requirements, power supplies, connection to data
acquisition, as well as the adaptation of the grounding
concept to each diagnostic. In addition the set-up of a
vacuum test chamber for heat load experiments and the
ECRH stray radiation test chamber has been initiated and
designed respectively.
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1. Introduction

In 2002, the work of the Stellarator Theory Division was
concentrated on widening the scope of the theoretical work
at the Greifswald Branch Institute /98, 269, 793, 241, 737/
and on further development of the stellarator concept,
notably for quasi-axisymmetric /689/ and quasi-isodynamic
configurations /689, 190, 320/.

2. Development of Stellarator Concept

The possibility to fulfill the condition of poloidal closure of
the contours of the second adiabatic invariant for all
reflected particles is studied for systems with poloidally
closed contours of the magnetic field B on the magnetic
surfaces through computational stellarator optimization in
collaboration with the Kurchatov Institute. It was shown
/190/ that by adjusting the geometry this is possible in a
major fraction of the plasma volume. The most salient
characteristic (as compared to previous quasi-isodynamic
configurations) is a magnetic axis whose curvature vanishes
in all cross-sections with an extremum of B on the magnetic
axis and renders possible a 3D structure of B without
transitional particles (see Fig. 1) and with unprecedentedly
high collisionless a-particle confinement.

Figure 1: Boundary magnetic surface of the optimized configuration also showing
the magnetic topography. The shading is related to the magnetic field
strength (Bmax-Bmin)/B= 0.5. The new characteristic feature of the
configuration is the nearly vanishing curvature of the plasma column in
the regions of the maxima of B occurring in the crescent-shaped cross-
sections where the contours of B are poloidally closed, too.

3. MHD Theory of Stellarators
3. 1 Limiter free PIES Equilibria

In order to facilitate computation of free boundary
equilibria at higher B using, in collaboration with PPPL, the
PIES code, the auxiliary codes MORPH/VMORPH were
written. They are designed to generate a coordinate system
and initial field for arbitrary domain shape. Thus, an initial
PIES computation can be reused when the plasma boundary

moves too close to the previous computation domain. For
W7-X, this effect is particularly strong at <> > 3% and
was prohibitive to PIES computations at high pressure.
Figure 2 shows a calculation assisted with these codes. The
upper half results from a preliminary PIES run with few
modes, poloidal and toroidal mode numbers m=12 and
n=10, respectively. The initial domain boundary is shown
as dashed line. As the plasma gets very close to the
boundary at some cross sections, a new domain (solid line,
lower half) was chosen. A new PIES run was set up using
the results from the preliminary one with MORPH. The
Poincaré plot resulting from the final PIES run is shown in
the lower half of the plot. The magnetic field was extended
beyond the PIES computation domain using a Neumann
problem solving code, EXTENDER P, allowing for
analysis of the 5/5 islands (see figure).

The calculations confirm earlier investigations using the
MFBE procedure, showing that the last closed flux surface
at finite pressure does not extend beyond the separatrix of
the vacuum field.

Final computation
extended domain

Figure 2: Computation of <> = 3% free boundary equilibrium with domain
adaption.

3. 2 |deal MHD Stability

In 2002, besides a generalization of the 3D global ideal
MHD stability code CAS3D to general walls, work has
included a number of application studies /369, 829/, among
them investigations connected to the W?7-AS high-B
campaign /306, 806, 807, 813/ (see Fig. 3). With the present
version of the code physical growth rates may now be given
also for a finite adiabatic index, so that, knowing their
growth times and mode structures, the potential risks of
ideal MHD instabilities may be assessed more definitely.
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Figure 3: R-scan of free-boundary ideal MHD perturbations in W7-AS #51755:
Instability is found for n = 4 (o) at low B and for n = 1 (e) at low to

intermediate 3. The growth time of the essentially (2,-1) perturbation at
<p>=0.008 (insert for the normal displacement contours) is ~ 100 ps.

3.3 MHD-Stability with Kinetic Effects

Fast particles in a magnetic fusion device have the potential
to destabilize modes from the stable part of the MHD
spectrum. During the last years the experimental as well as
the theoretical investigation of tIHis process has made
progress. A kinetic energy integral ' from the solution of a
drift kinetic equation in three dimensional geometry
assuming zero radial orbit width has been used for a
numerical approach to calculate the growth rate numerically
(CAS3D-K) /574/. The code extends the 3D ideal MHD
stability code CAS3D =. The particle orbits have been
integrated along field lines using a Fourier transform and a
technique =, in which particle drifts are approximated as
bounce averaged drifts. The code keeps track of all possible
orbits in this approximation and retains all geometrical
features of the magnetic configuration. In collaboration
with the Institute for Nuclear Research Kiev éhe code has
been benchmarked against analytical results = for a large
aspect ratio three dimensional heliotron device with
satisfactory agreement of both results, see figure 4.
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Figure 4: Benchmark of growth rate and frequency shift for a heliotron device with
A=20, Np=20 and a slowing down distribution of a-particles

! A. Kénies, Phys. Plasmas 7 (2000) 1139

? C. Niihrenberg, Phys. Plasmas 6 (1998) 137 and C. Niihrenberg, Plasma
Phys. Control. Fusion 41 (1999) 1055

» R. Marchand, W. M. Tang and G. Rewoldt, Phys. Fluids 23 (1980) 1164
V. V. Lutsenko, private communication

However, there remain questions how a sufficient
resolution for the pitch angle integration in the velocity
space can be achieved when the particle drifts away from
the field line are included. This is especially true for
reflected particles. Further benchmarks of the code are
desirable to improve the confidence in the results.

To allow easier comparison between experimentally
determined modes frequencies and the theoretical Alfvén
continua a 3D-MHD continuum code (CONTI) has been
written.

4.1TG & Drift Wave Theory of

Stellarators
4 1 Linear ITG Instabilities

ITG driven instabilities are likely to be one main
mechanism to drive turbulence leading to anomalous
transport in magnetically confined plasmas.

In collaboration with T. Rafiq (Chalmers University,
Sweden) a ballooning study of ITG modes (using a two
fluid model) in W7-X has been performed. It showed that
depending on the ballooning parameters both localized and
extended modes can be found /229/.

The studies of linear ITG instabilities which have been
done so far /269/ will be extended to include
electromagnetic perturbations. To explore the parameter
space extensive studies with a gyrokinetic local dispersion
relation have been done down to the Debye scale in a slab
geometry.

An eigenvalue code for global ITG modes in general
geometry based on the Braginskii equations has been
developed and is currently being tested.

In collaboration with CRPP, the EUTERPE code -- a global
3dim. linear gyrokinetic PIC code ™ -- has been ported to
the REGATTA machine and is now used to study ITG
modes in W7-X and related configurations.

4.2 Global non-linear particle-in-cell simulation
of ITG turbulence for a cylindrical finite 3
equilibrium

Turbulence investigations in the geometry of a straight
cylinder as a first simplified model of the W7-X stellarator
have been started /98/. The gyrokinetic global non-linear
particle-in-cell code TORB (CRPP/IPP) was further
modified by implementing a finite-beta equilibrium leading
to a magnetic well. Considering the results of linear global
gyrokinetic calculations, this modification appears to be an
important next step on the way to the description of W7-X.
This modification leads to a significant decrease of the
growth of ITG-modes cmapared to the case of an
homogeneous magnetic field *.

First calculations showed a decrease of the turbulent heat
transport due to the magnetic well. Particle and energy
conservation obtained with an optimized initial distribution
of the marker particles in phase space, are retained. In
figure 5 are shown normalized energy contributions (top)
and heat fluxes (bottom) as the result of non-linear PIC
simulations for different plasma conditions.

% G. Jost et al., Phys. Plasmas 8, 3321 (2001)
 R. Hatzky et al. Eur. Conf. Abstr. 22C, 1804 (1998)



Stellarator Theory

3
=
=
o
il
£
w1
] 1 2 3 4 5
time / (107 =)
1.5
|_*: 1.0 i
o -
= TN, =
- F H-.“‘x -
5 s ! .
o . h
0.0 -
Q 1 4 5

2 2
time f (107 5)

Figure 5: Dot-dashed lines: =0, solid lines: B=5%; Top: electrostatic mode
energies Emoce/Tio (thin lines), the negative deviations from the initial
kinetic energy —AExin/Tio (with thick lines), Tio=5 keV. The total energies
are perfectly conserved, if the differences (Emode-|AExin|)/Tio are zero.
Plasma parameter: Tio=5keV

4.3 Drift Wave Turbulence in Stellarators
With the objective of investigating turbulence in the
boundary plasma of stellarators the DALF-TI code was
adopted and modified in collaboration with B. Scott.

=
=1

1510
10
st

2040°

Figure 6: Particle and electron/ion heat flux F,, Qg, Qj for different shear at 1=0.28

VMEC calculated equilibria transformed to magnetic
(Boozer) coordinates can now be used. As a first
application and in order to separate the influences of the

rotational transform and the shear on turbulence simulations
for a family of consistent tokamak configurations (circular,
=0, A=3.3) with different 1 profiles (1,~0.3...0.9 and v’ =-
0.2...0.2, at the center of the flux tube) were performed.
Changing the shear from tokamak- to stellarator-like leads
to a strong decrease in the fluxes. Increasing 1 but leaving
the shear fixed has a similar effect.

9. Plasma Edge Theory

The physics model within the 3D SOL transport code
BoRiS was further extended to solve in addition to the
transport equations for the plasma (electron and ion heat
equation, parallel momentum and continuity equation) also
a fluid model for the neutral transport, analogous to fluid
models used already quite successfully in tokomak edge
codes like B2 or UEDGE. In implementing the new
equations, several tests and benchmarks were performed in
different geometries from simple slabs to full 3D setups
/246, 722/. As a prerequisite for modelling of the full W7-
X, magnetic coordinates and the metric information have to
be generated for the complete plasma domain. For this, a
generalized algorithm was developed based on solving a set
of ordinary differential equations along the field-lines to
optimize the numerical accuracy.
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Figure 7: Flux surface geometry for W7-X vacuum field
A comparison with VMEC results shows quite good

agreement in the core where both codes should be valid. In
the edge region close to the separatrix the new algorithm
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allows now also an accurate calculation without the
problems of the Fourier approximation within VMEC.
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Figure 8: Comparison between the new algorithm and VMEC

To extend the transport models to ergodic configurations
two different methods are used. The first model solves the
transport equations with Monte-Carlo techniques making
use of mappings. Special emphasis is put on the
construction of local magnetic coordinates and their
respective metric tensor. First applications of this technique
to W7-X in a limiter-like configuration are shown in Fig. 9.
The reduction of the relative importance of parallel
transport with respect to radial transport for electron heat,
ion heat and particle transport results in less and less
aligned profiles for the respective quantities in the islands.
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Figure 9: Temperature distribution in the W7-X edge

As an alternative ansatz a finite-difference discretization of
the transport equations on a custom-tailored grid is used.
This grid is generated by field-line tracing to guarantee an
exact discretization of the dominant parallel transport
(minimizing by this also the numerical diffusion problem).
The perpendicular fluxes are then interpolated in a 2-D
plane (using local magnetic coordinates), where the
interpolation problem for a quasi-isotropic problem has to
be solved by a constrained Delauney triangulation (keeping
the structural information for magnetic surfaces if they
exist) and discretization. All terms involving toroidal terms
are discretized by finite differences. The first tests for W7-
X were successfully performed.

In addition to the development of transport models for the
plasma edge general problems of plasma-surface
interactions are addressed. Modelling of ECR-heated
methane plasmas is done to get a better understanding in
the problem of carbon layer production and chemical

sputtering in such plasmas, which serve as a model system
of divertor plasmas being dominated by carbon sputtering,
especially at detached conditions.
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Figure 10: Discretization stencil for ergodic magnetic fields

A fully kinetic model (resolving also the sheath in front of
the wall) including all relevant species and their reactions
(neutrals, ions, electrons) was developped and applied
/178/. The same model was used to study electron
distribution functions for capacitive discharges, photon-
created plasmas (which appear e.g. below the dome baftle
of Asdex Upgrade) and plasma crystals.

In the area of plasma-surface interaction physics the new
generalized version of the binary-collision codes TRIM and
TRIDYN was completed and an extension to a 3D version
was started. The problem of plasma-surface interaction
processes for chemical sputtering is studied using molecular
dynamics simulation of carbon microcrystallites. The
resulting anisotropic diffusion coefficients and reaction
rates are then used for a kinetic Monte-Carlo model
accounting for real geometry effects like voids to calculate
the chemical sputtering and hydrogen diffusion /757/.

6. Scientific Staff

X. Bonnin, M. Borchardt, M. Drevlak, R. Kleiber, A.
Koénies, V. Kornilov, K. Matyash, A. Mishchenko, N.
McTaggart, P. Merkel, C. Niihrenberg, J. Niihrenberg, J.
Riemann, A., Rygov, R. Schneider, S. Sorge, M. Warrier.
Guests: M. Behr”, P. Beyerg), B. Braamsg), R. Dewar'” ,T.
Fauster“), A. Hatayamalz), M. Isaevm, N. JelicM), S.
Kasilovls), E. Kaveevaw), A. Kuyanov13), V. Lutsenko”),
M. Mikhailov13), I. Moeller”g), 1. Morozovlé), V.
Rozhanskylé), M. Samitov13), L. Senichenkovm, M.
Shoucrilg), A. Subbotinls), A. Tomasizo), M. Umanskyz”, S.

Voskoboynikov'?, Y. Yakovenko'”, R. Zagorski®®.

"Rice University Houston, ¥Universitit Marseille, “New York University,
"“Universitit Canberra, '"Universitit Erlangen-Niirnberg, '?Keio
Universitit Yokohama, 'PKurchatov-Institute Moscow, “Universitit
Ljubljana, '’National Science Center Kharkov, '®State Technical
University St. Petersburg, '"Institute for Nuclear Research Kiev, '*'Ruhr-
Universitit Bochum, '“Institut de recherche d’Hydro-Québec,
20)University of Sussex, 21>LLNL, Dnstitute of Plasma Physics and Laser
Microfusion Warsaw.



Stellarator

IEA Implementing Agreement for Cooperation in Development of the
Stellarator Concept

1 Objectives of the Agreement

The objective of the Implementing Agreement, first
concluded in 1985, is to "improve the physics base of
the Stellarator concept and to enhance the
effectiveness and productivity of research and
development efforts relating to the Stellarator concept
by strengthening co-operation among Agency member
countries". To achieve this, it was agreed to exchange
information, conduct workshops, exchange scientists,
do joint theoretical, design and system studies,
coordinate experimental programmes in selected
areas, exchange computer codes, and perform joint
experiments. In 2000 the Agreement was extended
until June 2005. The contracting parties are
EURATOM, the U.S. DoE, Japan, and Australia. In
September 1994, Russia became an Associate
Contracting Party. In 2002, the Ukraine also joined
the Implementing Agreement.

2 Status of the Agreement

In 2002, there have been two meetings of the Executive
Committee. The 30th meeting was held on February 24 at
Canberra, Australia. The 31st meeting took place on
October 15 at Lyon, France, in conjunction with the IAEA
Fusion Energy Conference. The next meeting is scheduled
for 2003 at Greifswald.

3 Report on 2002 Activities

In 2002, 26 physicists participated in the exchange of
scientists.

M. Osakabe from NIFS, Toki, held discussions on further
collaboration with measurements on ion losses from
January 27 to February 10. J. Howard from PPPL used a 4-
day stay to work on the design of the MOSS spectrometer
on WENDELSTEIN 7-AS in January. A. Kislyakov from
Ioffe Institute, St. Petersburg, conducted neutral particle
analyses for two months from February 6 to April 3. A
second visit for two months started on June 1. Y.
Kolesnychenko and V. Marchenko from NUCRESI, Kyiv,
studied energetic ions in WENDELSTEIN 7-AS for 5
weeks from March 17 to April 21. During a short visit in
April, D. Mikkelsen from PPPL discussed the collaboration
on stellarator reactor studies. S. Murakami, K. Ida, S.
Inagaki, M. Yoshinuma and H. Yamada, all from NIFS,

Toki, participated in deuterium injection experiments in
WENDELSTEIN 7-AS from April 18 to May 6. M.
Zarnstoff and E. Fredrickson from PPPL worked on
current-induced effects in high-beta discharges in
WENDELSTEIN 7-ASfrom April 13 to 21. M. Zarnstoff
continued the co-operation for a further 2.5 months, starting
on May 25. V. Afanasiev and St. Koslovsky from Ioffe
Institute, St. Petersburg, visited IPP to perform neutral
particle analyses from April 1 to May 17. A short visit of A.
Reimann and D. Monticello from PPPL at the end of June
was devoted to studying high-beta equilibria with the PIES
code. J. Lyon from Oak Ridge worked on pellet injection in
WENDELSTEIN 7-AS from June 24 to 28. During a 2-
week stay at Garching in June E. Suvorov from IAP,
Nishny Novgorod, analysed the kinetic stability of
distribution functions on W 7-AS. V. Timokine and V.
Skokov from STU St. Petersburg worked on the impurity
pellet injector and studied impurity pellets on
WENDELSTEIN 7-AS for 2 months from June 12 to
August 11. D. Mikkelsen from PPPL continued the
collaboration on stellarator reactor studies from October 27
to November 8. A. Kislyakov from Ioffe Institute, St.
Petersburg, participated in the studies on neutral particle
analysis for 3 weeks from November 17 to December 8.

J. Knauer, H.-J. Hartfuss, F. Volpe and R. Konig attended
the 14th Topical Conference on High Temperature Plasma
Diagnostics at Madison, USA, from July 8 to 11. A. Weller
participated in the NCSX Programme Advisory Committee
Meeting at Princeton from December 7 to 13.

4 Conferences and Workshops

The 13th International Stellarator Workshop was held at
Canberra, Australia, from February 25 to March 1, with 12
scientists from IPP participating.
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Stellarator System Studies

Head: Dr. Horst Wobig (till 07/2002)
Provisional Head: Dr. Yuri lgitkhanov (since 08/2002)

1 Helias reactor

During this year, Helias reactors concepts (HSR) with 4 and
3 field periods were investigated. Changing of the number
of field periods from 5 (as in W7-X) to 4 and 3, lowers the
aspect ratio and reduces the size and cost of the reactor.
Furthermore, a Helias ignition experiment, HSR4/18i, was
considered with the basic aim the same as in ITER FDR - to
demonstrate a burning plasma.

These concepts were presented at the 13th Stellarator
Workshop in Canberra, the 9th EU-US Transport Task
Force Workshop in Cordoba, the 22nd SOFT in Helsinki,
the 19™ IAEA Fusion Energy Conference in Lyon, and the
International Conference in Alushta (September 16-21).

1.1 Coil system

The magnetic forces acting on the coils of the HSR
configuration are balanced by an appropriate support
system. The system consists of an intercoil structure and
two toroidal support rings, connected to each other. To
balance the torque the toroidal rings were designed as a
framework. The coils were surrounded by stainless-steel
housings. In regions of high coil curvature the coil housings
were locally reinforced. Maximum values of the equivalent
stress of about 670 MPa at maximum displacements of
about 60 mm were found in the stainless-steel structure, see
Fig.1

Figure 1: Half a field period of HSR4/18: equivalent stress distribution in
the coil support structure.

Compression stress of the toroidal support rings mainly acts
in the toroidal direction with a maximum value of about
400 MPa.

In summary, the large values of the magnetic forces call for
strong support of the coil winding pack by a rigid coil
housing and, in addition, a scheme of mutual support of the
structure.

1.2 Reactor configuration with 3 field periods

To reduce the aspect ratio further, a configuration of the
Helias type with 3 periods, HSR 3/15, was investigated.
This device has a major radius of 15m, a minor radius of
2.5m, and an aspect ratio of 6. With 10 coils per period the
total number of modular coils is 30. In Fig.2 the top view of
the coils of one field period and in Fig.3 the magnetic
surfaces of the vacuum field are shown. The main
parameters of the configuration are listed in Table 1.

Figure 2: View from top of one period of the coil set (winding packs) of
HSR 3/15.

Figure 3: Poincare’plots of HSR 3/15 for planes ¢ =0, 30, 60°.

The stochastic region outside the last magnetic surface is
impressed by the remnants of the 3/4 islands and the plasma
flows along the certain channels towards the plates.
Although iota per period is in the same range as in HSR
4/18 the total value is significantly by smaller and results in
a higher ratio of the Pfirsch-Schluter currents to
diamagnetic currents. The neoclassical transport
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characterised by the effective ripple coefficient e.¢r is very
small and amounts to about 0.65% at half-radius. The
energy loss of fast a-particles is calculated to be about 6%.
The main problem arises from the high value of the
magnetic field at the coils. Further optimisation is required.

HSR3/1 |HSR4/18i | HSR 5/22
Major radius [m] 15 18 22
Av. minor radius [m] 2.5 2.1 1.8
Plasma volume [m’] | 1600 1560 1410
Av. fieldon axis [T] | 4.4 4.4 4.75
Max. field on coils[T] | 8.3 8.5 10
Number of coils 30 40 50
Magnetic energy [GJ] | 72 76 100

Table 1: Main parameters of HSR3/15, HSR4/18, and HSR5/22
configurations.

1.3 Stellarator transport code

Development of the Stellarator transport code was
established on the basis of international co-operation,
aiming to provide an analytical and predictive tool.
Neoclassical and anomalous transport models and also the
equation for the radial electric field were incorporated into
the code. The possible operational regimes for the Helias
reactor were discussed by analysing the HDH and H*
regimes in W7-AS.

2 Helias ignition experiment

Since a breeding blanket is not required in an ignition
experiment, the distance between the plasma and coils can
be made smaller than in a power reactor. For this reason the
maximum field on the coils can be reduced to 8.5T, which
allows one to utilise NbTi superconductors at a cooling
temperature of 4K. Since self-sustained burn depends on
the balance between alpha-particle heating and energy
transport, current scaling laws of energy confinement were
tested with respect to their compatibility with ignition
conditions. Three of the empirical scaling laws (Lackner-
Gottardi, W7 and NLHD2 scaling) predict confinement
times which are larger than those required (2.5-3 sec). Self-
sustained burn can be reached in the parameter regime:
temperature T(0) = 11 keV, line-averaged density
2.1x10*'m>, averaged beta 3.6%, fusion power 1600 MW.
The design point has rather high density and low
temperature in comparison with a tokamak experiment. The
choice of the high-density regime is justified by recent
results in W7-AS, where line-averaged densities of up to
4x10"m™ could be achieved. The Helias reactor is expected
to operate at high density (central electron density of 3x10*
m'3) and moderate temperature (T(0) less than 15keV).
Under these conditions, neoclassical theory predicts that
only the so-called ‘ion-root’ solution for the radial electric
field exists, thus requiring strong optimisation of the
magnetic field spectrum to minimise losses in the
stellarator-specific 1/v-regime. HSR4/18i is excellent in
this regard, having an effective helical ripple considerably
less than one per cent over the entire plasma cross-section.

At this level, 1/v-losses pose no threat to ignition. The
divertor concept in the Helias reactor follows the same
ideas applied for W7-AS and W7-X. However, the heat
load on the target plates remains a critical issue: to keep the
thermal load below the technical limits up to 90% of the
alpha-particle power must be radiated. Since there is no
need in stellarators to drive a toroidal current, neither trans-
former coils nor poloidal field coils are necessary. No
provisions must be be made for controlling disruptions. The
modular coils are based on conventional NbTi technology;
its winding pack consists of 1040 tons of superconducting
NbTi cable. The total weight of the coil system, including
the support structure, is estimated to be about 9600 t, which
is much less than the weight of the ITER FDR coil system.

3 WENDELSTEIN 7-X

The vacuum magnetic configurations of W7-X were
calculated in detail and presented for nine operational cases.
Documentation is available as an IPP report (IPP 111/270)
and also in electronic form under /afs/ipp/home/
t/tya/w7x_vacuumconf. The magnetic field at the conductor
for the coils in the test arrangement of CEA-DAPNIA in
Saclay was computed.

3.1 Neutron field in the W7-X hall

The (d,d)-reactions between the deuterons will produce
neutrons with an average energy of 2.46 MeV, which are
shielded by concrete wall 180 cm thick. Knowledge of the
neutron field inside the hall is of special interest for the
different diagnostic equipment including neutron
diagnostics. Detailed analysis of the neutron field was
carried out the MCNP, code together with the nuclear
cross-section library, ENDF/B-VI. The divertor structure,
graphite tiles, and openings for diagnostic and heating
facilities are included in that cell model. A deuterium
plasma with density 10“cm”and temperature 4keV was
assumed. The ring source for the neutrons is located at R =
550 cm, z = 0 and produces Q = 10'° neutrons/sec. Typically
20 to 60 energy groups are taken into account. The total
neutron flux and the energy spectrum are computed at
various radial and vertical positions by using a ring
detector, a point detector, and control spheres (small radius
50 cm). There is only a weak dependence of the neutron
flux on the radial position.
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PLASMA-FACING MATERIALS AND COMPONENTS

Heads: Prof. Dr. Dr. Harald Bolt, Dr. Joachim Roth

During the operation of fusion devices the plasma-facing
materials are subjected to particle fluxes from the plasma
(ions, electrons, atoms) and to electromagnetic radiation.
This results in a multitude of complex processes termed as
“plasma wall interaction”. The understanding of these
processes helps to improve the materials used for
applications on the first wall of fusion experiments. It also
leads to optimised operation conditions and thus to
performance improvement during the plasma discharge.
New materials with improved properties in terms of e.g.
erosion behaviour and heat flux capability are to be
developed and characterised under plasma interactive
conditions. The integration of new materials into plasma-
facing components (PFC) also requires detailed work on
interfacial engineering, since dissimilar materials with
different functions have to be used. Within the project
»Plasma-Facing Materials and Components“ the areas of
plasma wall interaction studies, material modification under
plasma exposure, development of new plasma-facing
materials and their characterisation have been merged to
form a field of competence at IPP. The work supports the
exploration and the further development of the fusion
devices of IPP and also generates basic expertise with
regard to the PFC related questions in ITER and fusion
reactors. The tasks of the project are:

« Surface processes on plasma-exposed materials,

« Migration of materials in fusion devices,

« Tritium inventory — understanding and control,

< Materials — processing and characterisation,

« Component behaviour

1 Surface processes on plasma-exposed
materials

1.1 Carbide formation on nickel and iron

The carbide formation on iron and nickel was measured
using X-ray photoelectron spectroscopy (XPS). Carbide
formation reactions are either exothermic (W, Ti, Si, Be) or
endothermic (Fe, Ni). Thin carbon films on W, Ti, Si and
Be were measured before, now carbidization on Ni and Fe
was studied.

Thin carbon films (one to several monolayers) were repared
at room temperature. The C 1s signal showed elementary
(not reacted) carbon in an earlier described contribution.
Despite the endothermic formation reactions, at the
interface carbidic carbon could be observed in both cases.
During annealing experiments up to 970 K, carbon films on
iron showed a decrease in carbidic contribution beginning
at 470 K. At 670 K the fraction of carbidic carbon
increased, accompanied by a decrease in elementary signal.
Beginning at 770 K the C 1s signal intensity rapidly

decreased due to carbon diffusion into the iron bulk. The
remaining carbon detected at the surface is bound in
carbide. Annealing of carbon films on nickel to higher
temperatures, however, lead not to any loss of carbon into
the bulk below 720 K. At 770 K the carbide formation set
in. The carbon diffusion into nickel started at this
temperature and lead to a decrease in the C 1s signal
intensity. Up to 920 K both carbidic and elementary carbon
are present in the XPS signal, in contrast to carbon films on
iron.
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Figure 1: Carbide formation on iron and nickel (open symbols) and change of
total carbon amount in the surface layer by diffusion (black
symbols) during the annealing up to 920 K.

1.2 Mixed material erosion

1.2.1  Erosion of titanium/carbon mixtures

The interaction of deuterium ions with thin carbon layers on
titanium was analysed using X-ray photoelectron
spectroscopy (XPS). This technique allows identification of
the chemical composition of the carbon surface layer.
Comparison with bombardment by chemically inert noble
gases verifies the chemical erosion mechanism of the
carbon layer through deuterium at room temperature.

It was shown that erosion proceeds in two stages. Initially,
an exponential decrease in the total carbon intensity,
accompanied by a simultaneous increase in the carbidic
carbon signal, are observed. Once only carbidic carbon
remains, linear erosion is measured.

The initial exponential decrease of carbon results from a
chemical erosion mechanism involving the whole carbon
layer resembling ion-induced desorption of adsorbed
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monolayers. This agrees with penetration depths of
implanted ions exceeding the thickness of the carbon
surface layer.

The cross-section for this erosion mechanism was
determined as 4.7x10™"7 cm®. The linear erosion yield of
carbidic carbon by deuterium ions was deduced from the
measurements as 0.003, which compares reasonably well
with the erosion yield calculated by a kinematic simulation.

1.2.2  Chemical erosion of atomically dispersed doped

hydrocarbon layers by Deuterium
To study the influence of doping on the chemical erosion of
carbon by hydrogen, atomically dispersed Ti-doped (~10
at.%) amorphous hydrocarbon layers were produced by
magnetron sputtering and characterised (see Annual Report
2001).
The chemical erosion of these layers was investigated
mass-spectroscopically in the temperature range of 300 K
to 800 K for 30 eV deuterium impact with mass
spectrometry. Compared to pyrolytic graphite, the methane
production yield is strongly reduced at elevated
temperatures. This reduction starts from temperatures just
above room temperature and is even larger than for B-
doped graphite, which has the highest reported reduction till
now. The most likely explanation for the decreased
hydrocarbon formation is a decreased activation energy for
hydrogen release in the doped layer. The ratio of emitted
CD; to CD, increases with temperature for pyrolytic
graphite and even stronger for the doped layers.
The fluence dependence of the chemical erosion yield was
also determined. The additionally observed reduction is
explained by enrichment and the depth profile were
measured with X-ray photoelectron spectroscopy.

1.2.3  Chemical erosion

A model of the chemical erosion of graphite during
hydrogen ion bombardment has been implemented in the
TRIDYN code. The model includes methane formation at
the end of the ion track as well as kinetic emission of
hydrocarbons from the near surface region. Model
calculations were performed for hydrogen ion energies
from 10 to 1000 eV, and at target temperatures ranging
from 300 to 900 K. Good agreement between calculated
and measured erosion yields is obtained.

1.3 New methods of surface analysis

In the ERDA-TOF apparatus put up at the tandem
accelerator, time of flight and energy of the recoil particles
have to be measured simultaneously. Flight times from 70
ns to 1.5 ps have to be detected with appropriate time
resolution. The start and stop signals of the TOF
measurement are given by secondary electrons released
from a thin foil through which the particles pass. Time
variances are minimised by deflecting the electrons to a
micro channel plate (MCP) assembly in an isochronous
electrostatic mirror. In order to reduce energy straggling
within the foils, ultra thin diamond foils (0.6 pg/cm?)
developed at Kurchatov Institute Moscow with diameters
up to 70 mm are employed to obtain acceptable solid
angles. In co-operation with V. Liechtenstein from
Kurchatov Institute different MCP assemblies and

operating conditions were tested to optimise the time
behaviour of the system. Investigations on different
coatings of the foils were started to increase their secondary
electron yield and to improve the detection efficiency
especially for light ions

2 Migration of materials in fusion devices

2.1 ASDEX Upgrade
2.1.1  Carbon deposition in ASDEX Upgrade

The growth of carbon layers has been studied with long
term samples below the divertor IIb and in a pump duct of
ASDEX Upgrade from March to August 2001. The
composition of re-deposited layers and their optical
properties were analysed with ion beam techniques and
ellipsometry. The deposition in the sub-divertor area
showed a complicated deposition pattern with a maximum
deposition of about 1.3 um on the samples closest to the
strike point. The thicknesses of deposited layers decreased
strongly with increasing distance from the strike points. All
deposits form soft hydrocarbon layers which consist mainly
of deuterium and carbon with D/C from 0.7-1.4. Only a
small deposition was observed in the pump duct, with a
maximum of about 2.5x10" D-atoms/cm’ at the duct
entrance. The observed deposition pattern in the duct was
compared with simulation calculations assuming neutral
hydrocarbon radicals as precursors for film deposition. The
deposition pattern can be explained by 2 different radical
species with surface loss probabilities < 10° and 0.1 <
3 <0.9. The most likely species are CD; and C,D;, radicals.

2.1.2  Tungsten migration in ASDEX Upgrade

In ASDEX Upgrade, tungsten coated graphite tiles are
employed as plasma-facing components in the main
chamber and the divertor baffle region. In the 2002
campaign, sample tiles with an especially manufactured
350 nm thin W coating were exposed in the divertor
excluding the strike point regions. lon beam analysis before
and after exposure of these tiles was performed to
determine the erosion behaviour of tungsten in divertor Ilb.
The locations of these sample tiles were equivalent to those,
where W is foreseen to be employed in ITER. On the outer
baffle tiles strong sputtering of W occurred : After roughly
6000 s of total discharge time in the campaign, a peak
erosion value of 100 nm was found. On all of the other
sample tiles, erosion by sputtering was negligible. In these
regions, however, a relatively strong erosion of the W
coatings by arcing was found.

Re-deposition of eroded tungsten was investigated by
quantitative PIXE analysis of deposited atoms on carbon
tiles retrieved after the experimental campaign both from
main chamber and divertor. Maximum deposition is found
at divertor baffle tiles in contact with the far periphery of
the plasma scrape-off layer. However, the total amount of
re-deposited W accounts only for a small fraction of the
total eroded W determined from spectroscopic detection of
neutral tungsten emission lines. This is explained by the
observation that tungsten is predominantly eroded during
plasma ramp down phases where the plasma is not diverted
and in direct contact with the central column surface.
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DIVIMP transport simulations have shown that under these
conditions most of the eroded tungsten is locally re-
deposited close to its sputtering location.

2.2 TEXTOR

A new method for the determination of massive erosion and
deposition on plasma-facing components was developed
and tested successfully on a graphite tile of the ALT-II
limiter of TEXTOR. The surface profile of the tile was
measured before and after exposure to plasma discharges
with an optical profiler, erosion or deposition is determined
from the difference of the two profiles. The profiles were
determined relative to specially machined holes, which
provide stable reference points. An accuracy of about 1 um
can be achieved. After exposure for 7625 plasma seconds a
maximum erosion of 28 pum carbon is observed in erosion
dominated areas, while a maximum deposition of about
40um is observed in net re-deposition areas. The
composition and structure of the re-deposited layers were
investigated with SIMS and scanning electron microscopy.

2.3 Wendelstein 7-X

For the upcoming stellarator experiment W7-X manipulator
diagnostics are planned to allow exposure of material
samples both in the plasma boundary region and in the
divertor plasma for single discharges. Probe heads will be
equipped with electrical connections to allow measurement
of local plasma parameters and probe temperature. After
identification of suitable vessel ports, design studies have
been carried out in collaboration with the W7-X design
team to detect possible collisions with other diagnostics. As
a result of these studies, the probe manipulator for the
plasma boundary region will be placed at the inboard side
of the W7-X vessel while the manipulator for the divertor
plasma will be placed at the outboard side.

3 Tritium inventory - understanding and
control

3.1 Mechanisms of Tritium co-deposition

The surface loss probabilities of various hydrocarbon
radicals have previously been determined in laboratory
low-temperature plasma experiments using cavity probes.
These data provide a basis to explain the formation of thick
co-deposited layers in fusion devices. To determine sticking
coefficients and other elementary surface reaction cross
sections directly, a dedicated particle-beam experiment was
commissioned. Using this set-up, the sticking coefficient of
CH; radicals on a-C:H surfaces was measured to be around
10”. However, the combined interaction of atomic
hydrogen and CHj; radicals leads to a dramatic increase of
the sticking coefficient to 10~

Actual investigations aim at a microscopic understanding of
plasma-surface-interaction processes such as chemical
sputtering. Here it was found that the simultaneous
interaction of low energy ions (10 to 1000 eV) and atomic
hydrogen with a-C:H surfaces leads, in particular at low ion
energies and low substrate temperatures, to a dramatic
increase of the erosion rates compared with the interaction
of the individual species alone.

3.2 Deuterium retention in tungsten

New measurements of ion-driven deuterium retention in
polycrystalline W foil have been performed. Deuterium
retention has been investigated as a function of ion fluence,
implantation temperature, incident energy and surface
conditions. Special attention has been given to the
investigation of deuterium retention in thin films of W
carbide and oxide which can be formed on W surfaces in a
fusion device. Such kinds of films increase the deuterium
retention in W. Several points are reviewed: (i) inventory in
pure W, (ii) inventory in W pre-implanted by carbon ions
and (iii) inventory in W oxide.

The main conclusions are: D retention increases
approximately with the square root of the fluence,
indicating diffusion limited trapping in intrinsic

(E=0.85eV) and ion induced traps (E=1.45eV). D is
retained far beyond the implantation range at room
temperature in polycrystalline W. Pre-annealing at 1573K
results in a decrease of the D retention in intrinsic traps.
The retention decreases with increasing implantation
temperature (Fig. 2).

Pre-implantation of 1 keV C* at room temperature and low
fluence increases the D retention in intrinsic traps, but
prevents the deuterium retention in radiation damage
induced traps. D retention is strongly increased in WO3/W
compared to pure W.
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Figure 2: Fluence dependence of D retention in W for different temperatures

3.3 Hydrogen permeation measurements and
diffusion barriers

The safe operation of a future fusion power plant will
require a thorough control of the on-site inventory of
radioactive tritium. Hydrogen isotopes in general diffuse
into and through metals. Therefore the knowledge of the
solubility and permeation of hydrogen isotopes in candidate
materials as well as active measures to control this
permeation are required. We perform direct measurements
of the diffusion of hydrogen through thin samples and we
also investigate the performance of ceramic coatings as
diffusion barriers.

Deuterium permeation through a membrane made from the
low activation steel EUROFER has been investigated at
different driving pressures and both for the clean and
oxidised state of the surface. For the clean surface state
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when the permeation was very close to being diffusion
limited, permeability values coincided well with literature
data on the same material and on F82H (which is rather
similar to EUROFER in composition) within all pressures
and temperatures applied in the experiments. Surface
oxidation lead to approximately one order of magnitude
decrease in permeated flux.

Experiments on coating of EUROFER samples with Al,O3
thin films as diffusion barriers have been done and
permeation measurements on barrier coated EUROFER are
on the way.

A EUROFER Clean (IPP)
° * EUROFER Oxidised (IPP)
0 ® EUROFER (ENEA, Italy)
1x10 7 ® F82H (clean)

o a *  F82H (Oxidised)
& * .
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Figure 3: Arrhenius plots of D fluxes permeated through low-
activation steels

4 Materials — processing and
characterisation

4.1 Low-Z coatings for the first wall protection of
Wendelstein 7-X

Vacuum plasma sprayed boron carbide (B4C)-layers are
considered as low-Z coatings for the first wall of W7-X.
The development programme of low-Z coatings on water-
cooled stainless steel panels was continued to examine the
suitability of B4C coatings. The B4C coated wall panels will
be used on the 70 m2 outboard side, where the surface is not
in direct plasma contact and receives a relatively low
particle and power flux.

In order to investigate the probability of arcing on these
nearly ceramic protection layers, B,C coated samples were
exposed at the vessel walls of the tokamak ASDEX
Upgrade and the stellarator W7-AS. The position of the
samples was similar to the expected plasma wall distance in
W?7-X. The total exposure time in ASDEX Upgrade was
app. 2350 s (444 discharges) and 643 s in W7-AS (1445
discharges). The optical and electron microscopic analysis
of the ASDEX Upgrade and W7-AS wall sample surfaces
showed no visible arc traces, cracks or delaminations. This
result is in contrast to the observation at TEXTOR, where
B,C layers were exposed on a highly loaded limiter and a
large number of arc tracks was detected (see IPP Annual
Report 2000).

The plasma-physical and thermo-mechanical evaluation of
B,C-coated water-cooled stainless steel panels is nearly

finished. The selected VPS B,C coating with 300 pm
thickness and additional stainless steel interlayer fulfils all
the requirements of the wall protection and can be
manufactured industrially with an efficient plasma spray
technique. In 2003 the final thermal cycling tests will be
performed with a full scale mock-up.

Figure 4: Prototype of B«C covered first wall panel (manufacturer:
Plansee/Deggendorfer Werft)

4.2 Deuterium retention in carbide-doped

graphites

Fine-grain graphites doped with different carbides (TiC,
VC, WC, ZrC) were manufactured in the frame of a project
dealing with the optimisation possibilities of doped fine-
grain graphites with respect to high thermal conductivity,
good mechanical properties, and reduced chemical erosion
(see Annual Report 2001).

The retention of 1 keV deuterium implanted at room
temperature in these doped graphites has been investigated
up to a fluence of about 10** D/m* by thermal desorption
spectroscopy and ion beam analysis. The influences of the
porosity, degree of graphitisation, and kind of dopant on the
fluence dependence of the D retention were studied for
graphites with different final heat treatment.

A strong decrease of the D retention for fluences higher
than 10*' D/m” was observed for the undoped graphites
graphitised at temperatures above 2000 K compared to
material only calcined at 1270 K. Due to the identical
manufacturing processes for the carbide-doped graphites
used in this study, the structure is comparable for all of
them. The choice of dopant as well as the ratio of open to
closed porosity show no influence on the D retention.
Therefore, these properties of the graphites can be
neglected for hydrogen retention estimations.

4.3 Metal matrix composites

The development of new materials with high thermal
conductivity and sufficient strength is decisive for the
efficiency of future fusion reactors. In the case of the
divertor, the copper alloys used allow for an operation
temperature of 350°C under neutron irradiation. To increase
efficiency it is necessary to develop materials for operation
temperatures up to 550°C. Therefore, we investigate metal
matrix composites with a copper matrix for thermal
conductivity reinforced with silicon carbide long fibres for
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strength. SiC fibres (SCS6, Textron) were electrolytically
coated with a 100 um thick copper layer. An additional heat
treatment was performed to reduce the pores coming from
chemical reactions between hydrogen and oxygen in the
layer. The coated and degased fibres were hot isostatically
pressed in a copper capsule. Hardness measurements and
EDX analysis showed no diffusion of carbon from the fibre
surface into the matrix. Push out tests were applied to
investigate the bonding between the fibres and matrix
(Figure 5). The calculated shear strength of this composite
was about 8 MPa. One possibility to increase the shear
strength is the deposition of an interface layer for reactive
bonding between fibre and matrix.

Figure 5: SiC fibres reinforced copper after push out test

5 Component behaviour

5.1 Micro- and macroscopic composite

mechanics

In a fibrous metal matrix composite subjected to thermal
loads, complex thermal stresses develop on micro-scale due
to the thermal expansion misfit of the constituent materials.
Dual scale stress analysis was performed for a copper alloy
matrix/SiC long fibre composite system. Focus was placed
on the non-linear deformation behaviour and local ductile
damage evolution under thermal cycling. To this end, an
incremental micro-mechanics technique combined with a
finite element method was applied. Ten cycles of uniform
temperature change between 150°C and 500°C were
assumed as loading history. The residual stresses
originating from the processing were also considered. A
composite laminate structure consisting of laminae with
20% of fibre volume fraction was modelled. The effect of
temperature-dependent matrix yield stress on the damage
accumulation was quantitatively estimated.

Simulation results showed that soft copper would not be
adequate as a matrix due to significant damage
development whereas the use of a precipitation-hardened
alloy led to an effective suppression of plastic strain
accumulation despite of high hydrostatic stress states. In the
latter case, the accumulated effective plastic strain in the
matrix was less than 1 %. In the case of a laminate, the
global total in-plane strain was about 0.2 %. The maximum
compressive fibre stress is found at ambient temperature
reaching about 3.6 GPa which is 95 % of the mean tensile
fibre strength.

5.2 IPP high heat flux test facility

Plasma-facing components (PFC) for the divertors, limiters
and first wall are the thermally highest loaded parts of a
fusion experiment or a future fusion power plant.

The thermal stresses in highly loaded PFCs, generated from
stationary heat loads up to 20 MW/m? and significantly
higher transient heat loads, are the most important loading
for such components. The development and the quality
control of the manufacturing of actively cooled PFCs,
especially for the next generation of long pulse fusion
experiments, W7-X and ITER, requires thermal tests with
heat loads similar to the operating conditions.

IPP plans to build a high heat flux (HHF) test facility on the
basis of available ion sources and power supply of the
closed W7-AS experiment. Start of construction will be in
2003. The increase of the pulse length of the ion sources up
to 15-30 s and a maximal beam power of 1.1 MW allows an
efficient testing of the divertor components for W7-X. It is
planned to start the heat flux tests of W7-X divertor
components in 2004. The modular concept of the water-
cooled vacuum chamber ((01.5 x 4.5 m) enables easy future
modifications of the facility. So, after the testing of the W7-
X PFCs, it should be possible to offer an additional
European HHF test facility for the tests of ITER divertor
components.
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Tokamak Physics

Head of Project: Prof. Dr. S. Ginter

The aims of the activities in the tokamak physics division
are twofold: on the one hand to advance the theoretical ba-
sis of high temperature plasma physics with particular re-
gard to tokamak physics, and on the other to give theoretical
support to the tokamak program of IPP. The main topics
of the theoretical activities are: modelling of the scrape-off
layer and divertor plasmas, investigation of MHD stability,
analysis of transport properties, propagation and absorption
of waves in inhomogeneous plasmas, and the simulation of
turbulent transport. The contributions described here are
mostly concerned with model and code developments in
the stage prior to specific applications or those aspects of
theory where comparison with experiments is still in the
qualitative rather than the quantitative phase. That part of
the scientific work which has been carried out in close col-
laboration with experiments is reported in the respective
sections on the projects: ASDEX Upgrade, JET and ITER.

1 Tokamak Edge Physics Group

D. Coster, K. Borrass, J. Kim, Y. Nishimura,V. Rozhan-
sky*, S. O. Voskoboynikov*!

Development of the SOLPS code package. The edge physics
group has, in collaboration with Prof. Rozhansky’s group
in St. Petersburg and Dr. Ralf Schneider’s group in
IPP Greifswald, continued the development of the SOLPS
codes. In particular, a change in the implementation of the
core heat boundary condition has enabled a significantly
expanded domain of convergence for code runs with drift
terms enabled. Support of the SOLPS package for groups
around the world (including Japan, China, Russia, the USA)
as well as within Europe has continued with increasing
contributions to supporting the use of the code within the
EFDA-JET workframe.

Since 2000, a version of the B2.5 code has been utilized to
determine perpendicular transport from experimental pro-
files. Last year the possibility to use the determined pro-
files (or transport coefficients) in distinguishing between
different physics models was suggested. The work is being
extended to improve the profile determination in ASDEX
Upgrade and to include other devices, which could give a
size scaling.

Divertor and edge turbulence simulation by combined B2
and turbulence codes.> A new approach to edge plasma
transport has been implemented, combining a 2D fluid
turbulence simulation model (including dissipation and
interchange-forcing) and a Braginskii type 2D transport

! * Visitors
in collaboration with the TOK Turbulence Group

code (B2), coupled through the perpendicular transport co-
efficients. The basic idea is to replace the fast time scale,
repetitive turbulence vortex dynamics by a diffusion oper-
ator. To this end, parametrisation of transport coefficients
“D and x’s” by turbulence runs is introduced. Selfconsis-
tent turbulent transport coefficients and equilibrium plasma
profiles are calculated in the ASDEX Upgrade divertor ge-
ometry. It has been shown that the transport is determined
by the competition of the gradient drive and non-adiabatic
electron response induced by collisionality.

On the other hand the B2 code incorporates the toroidic-
ity induced drifts within a Braginskii type description and
generates F, shear in the presence of steep pressure gra-
dients. This Braginskii type £, —field can enter the tur-
bulence model as a background F x B shear flow which
suppresses the radial flux together with Reynolds stress in-
duced electric fields. The transport coefficients now include
the shear flow suppression effects (together with the drift
wave dynamics described above) and — within the 2D tur-
bulence model used — can lead to non-monotonic D and
x profiles which are the key component of the tokamak
L-H transitions. As an example of the H-mode study, heat
pulse induced L-H transitions (after sawtooth events, for
example) are examined by controlling the influx at the core
boundary (and thus to actively produce steepening of the
edge gradients).

2 MHD Theory Group

S. Giinter, V. Igochine, P. Lauber, P. Merkel, G. Pautasso,
S. Pinches, S. Riondato, E. Strumberger, Q. Yu

The group deals with the theory of macroscopic instabilities
in tokamak plasmas. There is a wide range of activities
extending from first principle approaches (like the treatment
of fast particle driven modes) to the interpretation of MHD
instabilities observed in experiments

Fast particle driven instabilities. In a plasma with a sig-
nificant population of suprathermal particles generated by
external heating or fusion processes, kinetic effects can lead
to additional destabilisation of MHD modes or even to ad-
ditional (energetic particle) modes. To address this problem
in a selfconsistent wary a gyrokinetic description (instead of
the often used hybrid-MHD model) is required. Therefore a
new linear gyrokinetic MHD code has been developed and
is being tested. In the MHD limit known results on, e.g.
internal kinks and TAE modes have been successfully re-
produced. After completion, this code and the perturbative
nonlinear code HAGIS will complement each other, with
the new gyrokinetic model allowing to derive the linear sta-
bility properties (complex frequencies and eigenfunctions)
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over a larger validity range, and HAGIS permitting to an-
alyse the nonlinear consequences of these modes on the
particular distribution in space and velocity.

Neoclassical tearing modes (NTMs). The previously exist-
ing code to describe the non-linear evolution of NTMs has
been improved by refinement in the numerical techniques
(implicite formulation and a novel, conservative treatment
of parallel fluxes in the perturbed magnetic field) to enable
it to deal with realistic ratios of parallel to perpendicular
heat transport coefficients (x| /x1 ~ 10'") and Lundquist
numbers (up to ~ 10%). This new code has been used to
investigate the growth and saturation of NTMs. Future ap-
plications will be the study of heat transport in ergodised
magnetic fields and the interaction of NTMs with external
magnetic fields.

Resistive wall modes. The 2D linear stability code CAS-
TOR has been extended by implementing a resistive wall
(in the thin shell approximation) and finite viscosity. In co-
operation with the stellarator theory group (C. Niihrenberg)
the 3D MHD stability code CAS3D has been generalized
to study wall stabilization by arbitrarily shaped conducting
structures including holes and poloidal and toroidal gaps.
For the vacuum part of the code a parallelized version has
been developed. The code has been applied to predict the
influence of an ideal wall in realistic geometry on the MHD
stability of ASDEX Upgrade type equilibria.

Equilibria for advanced tokamak scenarios. Usual toka-
mak equilibrium codes are not able to deal with strongly
reversed magnetic shear and high-q core regions character-
istic of some advanced tokamak scenarios. Therefore the
3D fixed/free boundary VMEC/NEMEC code (developed
for stellarator equilibria) has been used for the study of
tokamak equilibria with current holes, and — in a separate
project — for the assessment of 3D effects. For general (not
up-down symmetric) tokamak configurations new interfaces
between this equilibrium code and the stability codes CAS-
TOR and CAS3D have been developed.

Interpretation of complex MHD instabilities. The MHD
interpretation code (MHD-IC) has been further developed
to account for the toroidal coupling of modes with different
poloidal mode numbers. The code has been successfully
applied to identify and investigate MHD instabilities in
advanced scenarios on ASDEX Upgrade.

Effect of plasma shaping on the ELM activity. On ASDEX
Upgrade it has been found that plasma shaping is able to
strongly influence the ELM size. Experimentally, closeness
to double Null shape together with high plasma density have
been found to lead to type II ELMs. In stability analyses
the same conditions (plasma density entering through the
collisionality dependence of bootstrap current) have been
found to reduce the drive for low-mode number instabilities
at the plasma edge. Furthermore the reduced bootstrap
current (at high density) closes the access to the second
stability regime allowing to limit the edge pressure gradient
by n —o ballooning modes. These results are in agreement
with the experimental observation of small energy losses
per ELM as the unstable region becomes smaller with
increasing mode number.

3 Transport Analysis Group

A. G. Peeters, C. Angioni, M. Apostoliceanu, G. Becker, A.
Bergmann, O. Kardaun, G. Pereverzev, E. Poli, G. Tardini

The group studies neoclassical as well as anomalous trans-
port. Work is done on global scaling laws, transport code
development, heat and particle transport (theory and exper-
iment), polarization current, physics of internal transport
barriers (discussed under the ASDEX Upgrade section) and
linear stability of micro instabilities. Below a few high-
lights are discussed in more detail.

Extension of the transport code ASTRA.The transport code
Astra has been further developed. During the year 2002 the
code was installed in 8 research Institutes and Universities
worldwide in Europe, US and Japan. Presently a number
of Laboratories where the code is installed approaches 40.
New features were added to improve performance of the
code. In addition to previously available transport models
the multi-mode model (MMM 95) was added. Presently
a user of the code has a choice of 5 theory-based trans-
port models. Systematic studies show that ITG/TEM tur-
bulent transport reasonably describes present tokamak ex-
periments.

Theory based ITER predictions. A predictive transport
modelling of ITER was performed. All theory-based mod-
els show that the ITG/TEM induced core transport allows
ITER operation at ¢ > 10. Although an uncertainty in a
minimum pedestal temperature required for such an oper-
ation remains. According to different models, the pedestal
temperature required for achieving high performance in
ITER varies between 3.5 and 5.5 keV. These values of
T} q overlap with the empirical scaling predictions for T5eq
within the margins of uncertainty.

Modelling of density profile peaking. This year the study
of anomalous tokamak transport has concentrated on the
comparison of theory based transport models with the ob-
served density profile behaviour. A new transport property
of tokamak plasmas has been identified: the density peak-
ing measured in H-mode plasmas of the ASDEX Upgrade
tokamak is correlated with collisionality, and in particu-
lar decreases with increasing collision frequency as shown
in Fig. 3.1. This experimental evidence can be explained
with theoretical fluid transport models describing drift wave
instabilities, ion temperature gradient and trapped electron
modes, provided they include a valid description of the
effects of collisions on these instabilities, like the GLF23
model. Collisionless models, like the Weiland model, are
in disagreement with the experimental observations. The
theoretically predicted anomalous particle pinch decreases
with collisionality. The neoclassical Ware pinch plays an
important role in plasmas at high collisionality, which is
close to the density limit in present large tokamak experi-
ments, while it is practically negligible at low collisionality.
The present results reconciliate apparently contradictory ob-
servations on the existence of an anomalous particle pinch
collected so far in tokamaks, and are of great relevance for
the prediction of particle transport and density profiles in
ITER burning plasmas.
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3.1 ASDEX Upgrade data clearly show the correlation between density peaking
and normalized collisionality

Polarization current of rotating NTMs. The polarisation
current due to the motion of a magnetic island with respect
to the surrounding plasma has been studied by means of
numerical simulations based on a Monte Carlo 6 f solution
of the drift kinetic equation. This current is believed to play
a role in determining the treshold for the onset of the neo-
classical tearing mode (NTM) and its evolution before the
saturation. At small island widths W (W comparable to the
ion banana width wy), the ion orbits overlapping the island
are subject to a different electric potential inside and outside
of it. This makes the local description of the standard ana-
lytic theory invalid. It has been found that this overlapping
process leads to a drop of the polarisation current near the
island (nearly proportional to W/w;). The consequence is a
reduction of the role of the polarisation-current term in the
Rutherford equation for the NTM. The controversial prob-
lem of the transition from low to high collisionality regime
(related to an increase of the polarisation current by a factor
£78/2 where ¢ is the inverse aspect ratio) has been inves-
tigated. It has been found that such a transition occurs for
very high values of the collision frequency, quite far from
the usual ASDEX Upgrade parameters.

4 Wave Physics Group

M. Brambilla, R. Bilato, D. Correa-Restrepo, K. Dimova,
M. Gotz, R. Meyer-Spasche, D. Pfirsch, G. Spies, H. Tasso,
G. N. Throumoulopoulos

Modelling of heating and current drive with waves in the
ICR frequency range. The efforts to improve numerical
simulations of plasma heating and current drive in the
Ion Cyclotron range of frequencies have been continued.
The toroidal full-wave code TORIC has been modified to

allow interfacing with MHD equilibrium codes. The range
of applications for TORIC has been extended to higher
frequencies by taking into account damping at higher ion
cyclotron harmonics, and to lower frequencies by including
ion Landau and Transit Time damping.

For the construction of the bounce-averaged quasilinear
diffusion coefficient for the electrons using the wave fields
evaluated by TORIC an algorithm has been developed,
which ensures that power absorption profiles predicted by
the solver of the Fokker-Planck kinetic equation and by
TORIC will agree. This enables the evaluation of reliable
profiles of the hf-driven current. Extensive explorations
of Fast-Wave current drive scenarios for ASDEX Upgrade
have been initiated.

Drift and gyrokinetic theories. Drift and gyrokinetic theo-
ries have been further investigated based on a previously
derived Lagrangian for the system of Maxwell and kinetic
equations, focusing in particular on the derivation of conser-
vation laws. The method employed, contrary to other cur-
rent approaches, enforces the exact gauge invariance in the
definition of the approximate Lagrangian, thereby avoid-
ing inconsistencies, in particular in the derivation of the
energy-momentum tensor.

Analytic investigations of MHD equilibria and stability. In-
vestigations of MHD equilibria with flows have been ex-
tended to take into account anisotropic resistivity, Hall term,
and two-fluid theory. Many properties and exact solutions
have been found, including ones with characteristics corre-
sponding to Internal Transport Barrier plasmas.

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

Theoretical contributions to gyrotron optimization. FElec-
tron trajectories in a gyrotron were studied. Methods of
optimum control were used to optimize the electron per-
pendicular efficiency in the so-called cold-cavity approxi-
mation of gyrotron theory.

Development of numerical methods. The nonlinear dynami-
cal properties of Runge-Kutta difference schemes have been
further investigated, in search for difference schemes al-
lowing for large time-steps and improving the computing
efficiency for the solution of evolution equations.

5 Turbulence Modelling Group

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

Computational Studies of Turbulence in Magnetised Plas-
mas. Our studies of the low frequency fluidlike drift turbu-
lence believed to underly anomalous transport in magnet-
ically confined fusion experiments continue. We employ
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fluid models extended to capture important kinetic effects
(Landau damping, finite gyroradius), and kinetic models
intended to treat all phenomena at the scales of interest
(Imm to 10cm, 10 kHz to 1 MHz). The latter models are
called gyrokinetic. Both fluid and gyrokinetic models are
now reliable under generally electromagnetic conditions for
phenomena from global scales down to the electron gyro-
radius, although it remains infeasible to cover such a wide
range within the same computation.

Saturation of Self Generated Zonal Flows in the Edge. The
fluid and gyrofluid codes DALF and GEM, respectively,
have been used mainly to investigate edge turbulence. The
main point of the studies is to determine the saturation
mechanism not only of the turbulence but also to the zonal
flow/sideband system to which it is nonlinearly coupled.
The zonal flow results from the flux surface averaged elec-
trostatic potential, and the sidebands are sinusoidal modes
with up/down anti-symmetric structure. Both the geodesic
acoustic oscillation and the global Alfvén oscillation whose
end state is the Pfirsch-Schliiter current are involved. The
energetic transfer mechanism have been identified by deriv-
ing the zonal and sideband energy theorem and measured in
the computations. These have confirmed that the geodesic
curvature mechanism limits the growth of self-generated
zonal flows, to the point where this favoured mechanism
for the L-to-H transition does not function.

Finite Beta and Finite Electron Mass Effects in Core Turbu-
lence. The fluid codes have also been run for core turbu-
lence cases, examining the effects of a finite plasma beta (i.
e., electromagnetic induction) on the standard Cyclone Base
Case for ion temperature gradient (ITG) turbulence. The
studies find that the modifications are significant, including
a substantial level of transport by parallel electron motion
along disturbed magnetic field lines. This is consistent with
the mode structure of the turbulence changing from ITG to
kinetic ballooning (similar to MHD ballooning but limited
to ITG scales by the kinetic dissipation mechanisms). These
modifications are seen already at beta levels below normal
for modern tokamaks, suggesting reduced relevance for es-
tablished electrostatic results and an urgency for world wide
development of electromagnetic core turbulence codes. An
important companion result is a significant dependence of
the mode structure and transport on the electron mass even
at realistic values, suggesting that one should not use model
ratios on the order of 100, as has been ongoing elsewhere.

Nonlinear Threshold for Kinetic Electron Temperature. The
kinetic code GENE has been concentrating on electron tem-
perature driven (ETG) turbulence, which is the correspond-
ing case at the electron gyroradius scale to the ITG turbu-
lence at the ion gyroradius scale. Of practical interest is the
extent to which this model can account for experimentally
observed stiffness in the electron temperature profiles. This
situation is complicated by the presence in some regimes

of a substantial trapped electron component to ITG turbu-
lence, which would relax the stiffness. This is sometimes
experimentally observed. The ETG computations cannot
include this because it remains infeasible to carry both ion
and electron gyroradius scales in the same computation with
a realistic mass ratio. Nevertheless, it does emerge that
the transport induced by ETG “streamer” turbulence as de-
scribed in previous reports is large enough to establish a
“floor value” for electron thermal transport which is con-
sistent with the levels one finds in core transport barriers.
A nonlinear analytic model has been derived using basic
model assumptions, which captures both the linear thresh-
old and the nonlinear “streamer” threshold as found by the
computations.

Effects on Local Magnetic Shear Properties on Edge Turbu-
lence. Reexamining the general damping effect of magnetic
shear on edge turbulence we have found that much of the
effect is due to a nonlinear change in the associated zonal
flow layer structure, towards narrower vorticity layers for
moderate to strong magnetic shear in general terms. In stel-
larator geometry, local shear generally plays the same role
as global shear does, when the latter is absent; one should
therefore expect low shear stellarators to exhibit a similar
type of edge turbulence as existing configurations. Sharp
local variations in the shear have a strong localised effect,
mainly by changing the effective parallel wavelength.
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1 PLASMA TECHNOLOGY

The Low-temperature Plasma Physics group (LTPP group)
at IPP is concerned with the application of low-temperature
plasmas for surface treatment, such as deposition of thin
films, erosion, and surface modification. The main focus is
on the investigation of plasma-surface interaction processes
of hydrogen and hydrocarbon plasmas (e.g. CH,) with
hydrocarbon layers. These processes play an important role
in the transport of carbon in the boundary layers of fusion
experiments. The main activities in 2002 were to
investigate deposition of amorphous, hydrogenated carbon
films (a-C:H) from pulsed discharges and to study the
synergistic interaction of ions and neutral radicals relevant
to deposition and erosion of hydrogenated carbon films.

1.1 Synergistic Erosion of C:H Surfaces by
Energetic Argon lons and Thermal Hydrogen
Atoms

Erosion of hard a-C:H films by simultaneous exposure to an
Ar* ion beam and a beam of thermal, atomic hydrogen was
investigated by in-situ real-time ellipsometry. Experiments
were performed at room temperature, where erosion by
atomic hydrogen is negligible. The energy of the Ar* ions
was varied between 20 eV and 800 eV. Bombardment of
the film with Ar* ions alone yields physical sputtering at
energies higher than about 100 eV. Below that energy no
physical sputtering is observed. This is in agreement with
TRIM.SP computer simulations. However, if both beams
are switched on, a strong increase of the erosion rate by a
factor of more than 5 is observed at an ion energy of
800 eV, and even at 20 eV substantial erosion occurs which
significantly exceeds that due to atomic hydrogen alone.

In the literature low-energy erosion of carbon at room
temperature due to hydrogen ions is explained by so-called
kinetic hydrocarbon emission: Chemical reaction of
hydrogen leads to creation of weakly-bound hydrocarbon
surface groups, which can then be sputtered at energies
below the threshold for physical sputtering of the original
material. To test the consistency of this explanation with
our results, TRIM.SP calculations were performed for
different surface binding energies of carbon. In order to
simulate erosion yields of the order of those found
experimentally, a surface binding energy of =0.1 eV has to
be assumed (see blue line in Fig. 1), which is unreasonably
low.

Alternatively, the following mechanism of chemical
sputtering is proposed: Incident ions break C—C bonds
within their penetration range. Atomic hydrogen, which is
known to permeate a few nanometers into a-C:H, passivates
the broken bonds. By repeated bond breaking and
passivation by hydrogen, stable molecules are formed
which thermally diffuse out of the film. The proposed
mechanism is in agreement with various experimental
observations reported in the literature.
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Figure 1: Erosion yield (eroded carbon atoms per incident Ar ion) as a function of
Ar ion energy for the erosion of a-C:H layers due to bombardment of Ar
ions alone (red circles) and Ar ions in the presence of a flux of atomic H
(blue circles). The solid lines are TRIM.SP simulations. The dotted green
line indicates the erosion rate (right-hand scale) due to atomic H alone.

1.2 Inductively-coupled Plasma Device for In-
situ Studies

In a new plasma experiment set up in 2001, the plasma is
produced by inductive coupling at a frequency of
13.56 MHz. Growth and erosion of layers are investigated
by real-time, in-situ ellipsometry and in-situ infrared
spectroscopy. In this device, the deposition of a-C:H layers
from pulsed discharges was investigated. The total
deposited film thickness d is divided by the number of
pulses to obtain the film growth per cycle (dd/cycle). With
a constant plasma on-time t,, = 5 ms, the plasma off-time
T, is varied. The resulting dd/cycle in a CH, and C,Hg
plasma is plotted in Fig. 2. First the thickness gain per pulse
increases steeply, reaches a maximum, and then decreases
again. The rise time is of the order of 5 ms, whereas the
decay time is of the order of 50 ms. This behaviour can be
schematically understood as the incorporation of two
different species: (i) high-reactive species (such as C,H,
CH) which chemisorb upon impact on the surface and (ii)
low-reactive species (such as CH;, C,Hs) which chemisorb
only if the surface is activated by plasma exposure during a
plasma pulse.

The contribution of reactive species (i) to film growth
increases with T, before it saturates, because the efficiency
of dissociation depends on the pulse length and duty cycle.
Optimal plasma operation with respect to growth rate is
realised if two conditions are met: (a) The absorbed power
needs to be tuned so that the minimum energy per molecule
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is dissipated to cause film growth. This results for a given
plasma power during the plasma on-phase and given
residence time in a specific duty cycle; (b) the plasma off-
time needs to be long enough so that all species are able to
diffuse to the surfaces before a subsequent plasma pulse
causes further dissociation reactions. These two conditions
pose absolute boundary constraints for the duty cycle and
the pulse length.
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Figure 2: Thickness gain per pulse for a pulsed ICP discharge using methane (solid
squares) and ethane (blank cycles) as working gas as a function of plasma
off-time .

The contribution of low-reactive species (ii) increases at the
beginning of the plasma off-phase because the
recombination of radicals is no longer counter-balanced by
electron-induced dissociation reactions. After this initial
increase, the density again decreases on a time scale
corresponding to the residence time of neutrals in the
plasma reactor. The contribution of low-reactive species to
film growth goes through a maximum with increasing T .
At the maximum the plasma off-phase is long enough to
allow the density of low-reactive species to build up, but
short enough for these species to be incorporated in the film
in a subsequent plasma pulse before they are pumped away.
A simple rate equation model based on film growth by
reactive and low-reactive species is able to reproduce the
observed dependence of dd/cycle on T as illustrated by the
solid lines in Fig. 2.

1.3 Particle Growth Experiment

In a collaboration between the experimental groups
'Complex Plasmas' at MPE and 'Low-temperature Plasma
Physics' at IPP, a new experiment for the growth of carbon
microparticles in a hydrocarbon plasma was constructed
and commissioned. Key points of the experiment are the
possibility of controlling the electron energy distribution by
a specific proprietary control to achieve diamond growth on
diamond seed particles and levitation by thermophoresis.
First experiments showed the successful levitation of
particles in a RF plasma and particle generation in methane
plasmas. Particle clouds can be observed by a video system
and first indications of crystallisation were found. For in-
situ measurement of particle size distributions, Mie
scattering ellipsometry was installed.

1.4 Quantitative Mass Spectrometry

In collaboration with the data analysis group, a novel
method of decomposing mass spectra based on Bayesian
probability theory was developed. The algorithm combines
measured mass spectra of the gas mixture of unknown
composition with calibration measurements of known gases
and returns the relative concentrations and the associated
margin of confidence for each component of the mixture. In
addition to the concentrations, the procedure allows one to
derive improved values of the cracking coefficients of all
contributing species, even for those components for which
no calibration measurements exist or cannot be performed.
This latter feature also allows one to analyse mixtures
which contain radicals in addition to stable molecules, a
problem often encountered in the mass-spectrometric
analysis of plasmas. The method was applied to the gas
phase analysis of methane RF plasmas. Besides the stable
hydrocarbon molecules containing one and 2 C atoms, the
radical species H, CH;, and C,Hs were identified.

2 PLASMA THEORY
2.1 Pinch Effect Studies

High-resolution gyrokinetic turbulence computations
augmented by Braginskii fluid simulations were used to
study particle transport in the tokamak core and edge
plasma. Although the particle diffusivities are small
compared to the heat diffusivities, they determine the final
density profile, with obvious consequences for the energy
confinement time. Especially important is the occurrence of
inward particle transport (pinch) for realistic parameters, as
it can lead to a profile instability incurring a steepening of
the density, and result in a barrier for ITG turbulence.
Contrary to common wisdom, the residual particle transport
in ITG and TEM turbulence is due not only to the trapped
electron fraction. It is also controlled to a great extent by
the passing electrons. In all ITG or TEM scenarios where a
pinch effect has been found, the inward electron current is
carried only by the circulating electrons, while the trapped
electrons are advected outward. Analysis shows that the
ITG/TEM pinch effect is caused by the non-adiabatic part
of the collisionless parallel circulating electron response.
The trapped electrons' response is mostly controlled by the
local electric potential at the outboard midplane, which
prevents parallel inhomogeneities.

Analogously for ETG turbulence, the residual particle
transport is determined by the non-adiabatic part of the ion
response at the electron gyroradius scale, and can also
cause inward particle transport.

2.2 Edge Turbulence Simulations

For an L-mode reference discharge 3D edge turbulence
simulations for comparison with the GPI images were
carried out. The NLET turbulence code was expanded to
include EFIT generated geometry data in the simulations.
Open and closed field lines as well as the effect of limiter
like boundary conditions were tested. The atomic emission
efficiency curves for the D-alpha line were applied to the
code results. Linear growth rates of the fluid code were
found to agree with gyrokinetic results for the same plasma
parameters in the relevant regime for the C-Mod L-Mode
edge.
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2.3 Low Collisionality Zonal Flows

A new interpretation of the computation of the effective
inertia of collisionless zonal flows was studied. A very
small fraction of the passing ions is found to nearly cancel
the large inertia of the trapped ions. The effect of collisions
on this small fraction of ions is currently being studied,
since it might dramatically alter the effective mass density
of the plasma with respect to the zonal flows.

2.4 Anisotropic Intermittency in Homogeneous
Magnetohydrodynamic Turbulence

Homogeneous incompressible magnetohydrodynamic
(MHD) turbulence was shown to be statistically anisotropic
by considering higher-order two-point statistics of the
turbulent fields parallel and perpendicular to the local
magnetic field. The anisotropy is attributed to the influence
of the magnetic field on the nonlinear energy cascade. An
increasing mean magnetic-field damps the parallel-field
dynamics, while in the perpendicular direction a gradual
transition towards two-dimensional MHD turbulence is
observed with perpendicular energy-spectra showing
Iroshnikov-Kraichnan scaling. This is equivalent to higher
parallel-field homogeneity of small-scale dissipative
structures, i.e., current and vorticity microsheets, due to
their stronger alignment along the mean field. A modified
Log-Poisson model reproduces the corresponding
anisotropic intermittency of energy dissipation by
phenomenological tuning of the respective parallel and
perpendicular energy-cascade rates.

2.5 Method of Characteristics for Ideal
Magnetohydrodynamics

By applying the theory of characteristics to the hyperbolic
set of partial differential equations governing deal
magnetohydrodynamics (MHD), we were able to develop a
three-dimensional Method-of-Characteristics algorithm
(MoC). The Hartree-type scheme allows the maximum
possible Courant-Friedrichs-Lewy time-step to be used by
naturally respecting the physical domain of dependence of a
fluid particle within the space-time of ideal MHD.The
implementation allows the advance of shock fronts and
other discontinuities arriving in ideal MHD as infinitely
thin objects, obeying the MHD Rankine-Hugoniot relations.
This renders the MoC approach superior to finite-difference
methods when it comes to accuracy and physical
consistency. The code is second-order accurate in space and
time. In parallel, performance tests with state-of-the-art
MHD Riemann solvers were carried out.

3 Data Analysis

The Data Analysis group at IPP is concerned with analysis
of measured data to obtain most reliable results. Data sets
may consist of measurements from different experiments
(diagnostics). Measured data from one experiment may
comprise various calibration measurements. The reliability
of the results depends on the uncertainties of all measured
data, the uncertainties of parameters entering the
measurement descriptive model, and the quality of the
physical model. A ubiquitous problem in data analysis is to
identify and quantify sources of uncertainties of a
measurement system and describe the data with a model
including all uncertainties in order to obtain the most
reliable result, including its credibility. This can only be

achieved if all information relevant to the inference
problem is combined in one concise formalism. Bayesian
probability theory (BPT) provides a general and consistent
frame for combining various kinds of information taking
into account the degree of uncertainty of data and models.

3.1 Integrated Data Analysis

Integrated data analysis of fusion diagnostics is the
combination of different, heterogeneous diagnostics in
order to improve physics knowledge and reduce the
uncertainties of results. One example is the validation of
profiles of plasma quantities. Integration of different
diagnostics requires systematic and formalised error
analysis for all uncertainties involved. The BPT allows
systematic combination of all information entering the
measurement descriptive model that considers all
uncertainties of the measured data, calibration
measurements, physical model parameters, and
measurement nuisance parameters.

Systematic error analysis was performed at the Nd:YAG
and ruby Thomson scattering diagnostics ( in collaboration
with A. Dinklage, E. Pasch, J. Knauer, E3). A software
package for n, and T, profile estimation for the Nd:YAG
Thomson scattering system including a thorough error
analysis was transfered to W7-AS. The analysis of the ECE
diagnostic for T, profile estimation is in progress.

The complete statistical model of the diagnostics allows the
experimentalist to quantify the influence of different error
sources on the reliability of the results, which has an impact
on both diagnostic improvement and design. The reliability
of the profiles can be studied by eliminating selected error
sources or assuming exact calibration measurements. The
error sources are of different importance for the various
quantities of interest. Hence, the diagnostic improvement is
strongly related to physics goals, i.e. one has to specify if n,
or T, measurements are to be preferred in terms of
accuracy. Diagnostics improvement can be achieved by
reducing crucial uncertainties and by hardware upgrades,
e.g. with additional spectral channels. The complete
statistical description allows one to find the best operational
settings for existing hardware and hardware upgrades. In
addition, the Bayesian framework allows easy adaptation of
the analysis to changes in the diagnostics due to new
operational plasma regimes.

First steps towards an integrated data analysis were
achieved by combining different heterogeneous data (see
figure 3). The result of combining different diagnostics
within the Bayesian framework affords a gain in
information, since it contains all the correlations between
different parameters. For example, the combination of a
diagnostic allowing information only about T, (soft X-ray)
with a diagnostic containing information about T, and n,
(Thomson scattering) yields more reliable results for n,
compared with the results from the second diagnostic only.
The probabilistic description contains the full correlation
structure of parameters.

3.2 Magnetic Island Dynamics of Tearing Modes
in ASDEX Upgrade

Magnetic islands of neoclassical tearing modes have been
found to limit the maximum achievable energy which can
be stored in a fusion plasma and may therefore be a
problem for a future reactor. Concepts of stabilising the
plasma in order to handle these instabilities include electron
cyclotron current drive, which can only be useful if it is
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accurately adjusted to the quantity needed. A thorough
understanding of the island is therefore necessary.

The time dependence of the magnetic island width is
theoretically described by the generalised Rutherford
equation. This first-order nonlinear differential equation
with respect to time contains in our case three terms
describing stabilising and destabilising effects in the
plasma. Assigned to these terms are three free parameters
which have to be determined from measured data since
theoretical considerations can only provide estimates.

The square of the width of a magnetic island is proportional
to the amplitude of the magnetic flux. The variation of the
latter with time is contained in the signal of the Mirnov
coils. However, this signal suffers from perturbing events
such as ELMs (edge localised modes). In order to clear the
signal one first has to look for the time incidents where the
ELMs occur and then employ Fourier transformation
together with integration over time to get the amplitude of
the unhampered range in-between. Furthermore, that time
interval has to be identified which is actually described by
the Rutherford equation and not spoiled by fluctuations,
which especially show up during the onset of the island, or
additional modes. Since in the valid range of the Rutherford
equation the signal is smoother and suffers less from noise,
a typical Bayesian change point problem arises in
identfying the time incident for which the behavior
changes. But even more, with this numerical procedure it is
now possible to separate sections of the signal with coupled
modes from those of a single mode.

Finally, the pure signal in the valid time range was used to
determine the three free parameters of the Rutherford
equation employing BPT. Comparison of the result from
theory obtained by inserting the calculated parameters with
the signal from experiment gives very good agreement
within the error margin. Moreover, it can be stated that one
of the three terms, the so-called Glasser-Greene-Johnson
term, may be neglected in the Rutherford equation because
it does not lead to a better description of the data. The
examinations will be continued with a more thorough
consideration of the assumptions used for the Rutherford
equation.

3.3 Resolution Enhancement

The growth process of tetrahedral amorphous carbon (ta-C)
was studied with deconvolved "*C depth profiles from
elastic recoil detection measurements. The deconvolution
was performed by the adaptive kernel method in the
framework of BPT. The depth profiles were compared with
TRIM and molecular dynamics calculations (in
collaboration with P. Neumeier, G. Dollinger,
TU Munchen).

The toroidal and poloidal distribution of tritium in the
ASDEX Upgrade walls was measured by secondary ion
mass spectroscopy. The total tritium content as well as the
depth distribution were recovered by deconvolving the
SIMS transfer matrix from the data. Specific toroidal and
poloidal variations were found. The interpretation is still in
progress (in collaboration with E. Nolte, TU Munchen).

3.4 Speckle Interferometry

Speckle interferometry is one of the best suited techniques
for non-contact measurements of deformations of rough
surfaces. Nevertheless, the evaluation of the obtained data
suffers from a low signal-to-noise ratio of about 1. A novel

approach based on combination of Bayesian hyperplane-
priors and neural networks was developed and successfully
applied.

3.5 Mass Spectroscopy with Incomplete
Cracking Matrix

The analysis of samples by mass spectroscopy techniques is
often hampered by limited knowledge of the cracking
matrix. A fast technique based on the Generalized
Maximum Entropy (GME) method for joint estimation of
the concentrations and the cracking matrix was used to
decompose multicomponent mass spectra of hydrocarbons
containing radicals.
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Figure 3: Posterior probability distributions for the electron temperature and electron
density exploiting information from (a) the cut-off density from the
operational regime of the w-wave interferometer, (b) the soft X-ray
diagnostic containing only information about T, (c) the Nd:YAG Thomson
scattering diagnostic, (d) monotonicity constraints on neighbouring spatial
channels of the Nd:YAG Thomson scattering diagnostic, (e) the result from
the integrated information.
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Plasma Diagnostic

(Head of Division: Prof. Dr. G. Fussmann)

1 Introduction

The Plasma Diagnostics Division contributes to various
WENDELSTEIN 7-X activities (conceptual studies and
experimental testing of diagnostic components) and
participates in the ASDEX Upgrade and WENDELSTEIN 7-
AS fusion experiments at Garching. This work is reported
under the sections dealing with the respective projects.
Additional activities comprise experimental and theoretical
investigations in Berlin. The areas covered are: PSI-2 plasma
generator, UHV laboratory, electron beam ion trap (EBIT)
experiment, and basic plasma physics studies using analytical
and/or numerical methods.

2 PSI-2 Plasmagenerator

One major topic of investigation at PSI-2 was the hot-liner
experiment. The experiment was designed to study the
deposition/erosionbehaviour of hydrocarbonsunder conditions
such as those present in ITER and future fusion reactors
(further information is given inthe ITER part of this report).
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Figure 1: Schematic view of the hot-liner experiment (top). Growth rates of layers
in the duct region for different experimental conditions (bottom).

To produce hydrocarbons in the PSI generator, chemical
erosion of a graphite target was used. In a number of cases,
the rate of hydrocarbon production was enhanced by injecting
methane (CH,) into the main chamber. Figure 1 illustrates the
placement of the graphite target and the hot-liner with the

attached liner tube (pump duct) relative to the plasma. As a
general observation the growth process in the liner tube is
found to be determined by the rates at which hydrocarbons are
deposited, but also eroded by atomic hydrogen. This is of
crucial importance for understanding the formation of
hydrocarbon layers on surfaces. Furthermore,it was found that
the temperature of the hot-liner has a large effect on the
deposition/erosion behaviour. When this temperature was
fixed at 450° C, for example, the process of erosion prevailed
in the liner tube with the highest rate at the tube entrance
(Fig. 1 bottom). Raising the liner temperature to 700° C
resulted in net deposition, i.e., the formation of a-CH layers
in the tube. An explanation of the qualitatively different
results could be pyrolysis of the hydrocarbons at the hot
surface producing fragments with a high sticking probability.
Progress was also made concerning the data analysis for
different methods of determining the electron temperature T,
in discharges with hydrogen. It was found that T, can be
correctly measured by Langmuir probes even if T, is as low as
0.2 eV. The temperatures extracted from Boltzmann plots of
the Balmer lines are systematically lower and it seems that
this method is not reliably applicable for a wide temperature
range.

Previous investigations on the heat flux in magnetized
plasmas were continued by measuringthe floating potential as
well as the ion and electron fluxes to a probe. The PSI-2
device was furnished with a new rotatable target for
simultaneous measurements of potential, energy flux and
current; first experiments with this target are under way.

3 Electron beam ion trap (EBIT)

During 2002, the EBIT group has concentrated its work on a
number of topics:

(i) Development of the beam line for guiding extracted ions
from the trap to external analyses and experiment systems:
With a reflectron time-of-flight (TOF) spectrometer the
composition of the trap inventory can be analysed. In front of
the TOF apparatus an atomic gas jet can intersect the ion
beam to perform collision experiments.

(i1) Implementation of a normal-incidence spectrometer at the
EBIT facility: The spectrometer is being employed to record
fine structure transitions in the ground term of highly charged
ions. Because the lifetimes of such magnetic dipole transitions
(1-10 ms) are much larger than the ions' orbital periods (10°-
10" ms), these lines can be used to monitor the extent of the
ion cloud in a given experiment and to receive information on
the ion temperature.

(iii) Extension of the database on the EUV spectra: Previous
investigations of EUV spectra for tungsten were extended to
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argon and xenon. Such experimental data are of great
importance in plasma diagnostics, particularly for the
diagnostics of fusion plasmas.
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Figure 2: X-ray emission of highly charged Ar and Ba ions vs. time. Emission
bands for Ar and Ba from different X-ray production mechanisms are
marked. The lower plot is a projection of the Ar (n = 2-1) and Ba (n =
3-2) X-ray events onto the time axis. The feedback between the Ar and
Ba ions is expressed by the mirrorlike behaviour of the X-ray intensities.

(iv) Investigation of the evolution of ions in EBIT: In the
context of our EBIT physics studies, the dynamics of a two-
component ion plasma was measured. An unexpected
sawtooth behaviour in the X-ray emission was observed. To
study the interaction between ions of a light and heavy
element, time-resolved X-ray spectra were recorded for trapped
ions whilst feeding the trap with a constant flux of Ar (Z=18)
and Ba (Z=56) atoms. The data taken in such experiments are
presented as a scatter plot in Fig. 2. A prominent feature is
the time structureof the X-ray emission pointing to a periodic
collapse in the ion population of the trap. The sawtooth effect
is very sensitive to electron-beam current and axial trap depth,
and there are thresholds for switching the activity on and off.
Theoretical analysis of the sawtooth behaviour was made in
terms of the feedback between low-Z and high-Z ions. Part of
the experimental findings can be understood as arising from a
bifurcation of temperature and density (Hopf bifurcation).

4 UHV laboratory

The application of plasma-sprayed B,C layers is envisaged for
use as plasma-facing material in the W7-X stellarator. B,C
layers combine excellent thermal properties, long erosion
lifetime and high electrical resistivity. Modifications of B,C
layers were investigated after exposure of a suitable sample to
the edge plasma of TEXTOR-94 tokamak discharges. The
sample consisted of a Cu limiter coated with a 170 um thick
B,C layer. The analysis methods revealed that interaction of
the plasma with the surface has resulted in the formation of
craters. The diameter of asingle crater was found to vary from
25 to 100 wm; the crater edge is surrounded by re-solidified
molten material. B and C material is deposited from the eroded
B,C layer in zones approximately 1 mm away from the
craters. Further analyses were made to determine how crater

formation has modified the electrical resistance of the B,C
layer (in co-operation with the Paul Drude Institut in Berlin).
It was found that this quantity is about 200 times higher than
that of massive B,C from the literature. Additional variations
in resistivity can be expected if the Cu substrate is involved
in the deposition process. Placing a needle tip on different
positions of a crater spot (controlled by a microscope) and
measuring the resistivity to the underlying substrate, large
reductions were found compared with regions of the surface
where cratering was absent (40-160 kQ). For example, in the
crater hole 4Q are measured, while at the rim of a crater and
on its periphery, values of 0.2-1 kQ and 2-6 k€,
respectively, were found. Changes in resistivity due to arcing
are a serious problem and may explain the re-ignition of arcs
at the location of a crater. In the future, the possibility of
reducing the arc-ignition probability of B,C layers by adding
impurities during the spraying process should be investigated.

5 Theory and Modelling

In the following, the main topics of the theory and plasma
modelling group are listed:

(1) Bifurcation of temperature and anomalous transport in the
edge region of W7-X: A 3-dimensional, time-dependent heat
conduction equation was used to calculate the temperature in
the edge region of W 7-X. By averaging over fluctuations and
the geometry of closed field lines the equation was reduced to
a 2-D problem. The effect of island structures on predicted
temperature profiles was also studied within the framework of
a cylindrical plasma model. For the plasma temperature,
bifurcation phenomena are observed.

(i1) The particle-in-cellcode PLAS was used to investigate the
behaviour of magnetized plasmas with respect to the
following features: charge shielding, ion confinement, and
electron transport across magnetic field lines. Starting with a
thermal plasma (T,=T;=T) embedded in an external magnetic
field B, the time evolution was calculatedin 2-D geometry. In
regions with an ion pressure gradient, an electric field occurs
producing electron drift motion. Due to the Kelvin-Helmholtz
instability this drift motion is instable. A large number of
interacting vortices with different rotation directions then leads
to electron transport across the magnetic field lines. It is
important to note that this type of transport is proportional to
the ratio of T/B, but independent of the plasma density.

(ii1) Studies of material surfaces under high heat flux
conditions: Investigation of the temperature evolution for
targets exposed to intense laser pulses or plasma events like
ELMs was continued. Modelling calculations were made for
different heating scenarios and different target materials with
non-isotropic heat conduction being taken into account.

o6 Staff

F. Allen, I. Arkhipov®, P. Bachmann, C. Biedermann, W.
Bohmeyer, N. Ezumi', D. Hildebrandt, B. Juttner?, H.
Kastelewicz?, B. Koch, P. Kornejew, M. Laux, A. Markin®,
D. Naujoks, R. Radtke, H.-D. Reiner, A. Stareprawo, D.
Sunder, U. Wenzel.

1 Guest, Nagano College of Technology, Japan

2 Humboldt University, Berlin

3 Guest, Ac. Sci. Inst. of Chemistry, Moscow, Russia



Energy and System Studies

Energy and System Studies

Thomas Hamacher

1 Objectives

The energy and system studies group evaluates possible
future developments of the energy system. Special
emphasis is put on the possible role of fusion in the very
long-term. Therefor the studies need to consider a time
horizon far beyond the next fifty years.

The group is involved in two European projectes, the
SERF and the VLEEM studies. At the university of
Augsburg the group is involved in stetting up the
Wissenschaftszentrum Umwelt. As part of this work a co-
operation with the adminstration and city government of
Augsburg and local utility (Stadtwerke Augsburg) is
formed.

2 Very Long Energy and Environmental
Model (VLEEM)

The VLEEM project came to a first end in 2002 by issuing
the final report to the European Commission. The report
can be found under www.vleem.org. A second phase of the
project was launched in autumn 2002. Objective of the
study is develop a new energy model being well suited to
talk about the very long term. The model should be used by
the European Commission to shape the energy R&D
portfolio. The model applies a so called back-casting
methodology. The IPP was involved in setting up the
overall framework of the methodology and to co-ordinate
the activities to describe the supply side technologies.

The IPP developed a simulation tool called TASES, which
is well able to simulate energy systems on various levels of
spatial and temporal detail.

The final goal is to develop pictures of a sustainable energy
future being either based on fossil, nuclear or renewable
primary energy carriers and to describe the path that could
lead into these futures.

3 Socio-Economic Research on Fusion
(SERF)

Four different major tasks were attacked in 2002 within the
SERF framework. The ongoing studies on External Costs
very finalised. IPPs main contribution was a critical review
of the ExternE methodology itself. The main criticism can
be summarised as follows: it is rather doubtful that all
values, including human life, can be monetised and second
that ethical judgements can not be replaced by an
automatically algorithm. An alternative way to judge
environmental damages was proposed, which is mainly
based on concepts of A. Sen.

The fruitful co-operation with the Indian Institute of
Management in Ahmedabad was continued. More and
refined scenarios of the development of the Indian energy
system were developed.

A new co-operation with the institute Elektrische
Energietechnik at the university of Rostock was formed.
Objective of the co-operation are detailed studies about the
development of the future electricity grid and the role
fusion could play with in this grid. In a first step it was
assumed that the number of intermittent electricity sources,
mainly wind and solar PV increased considerable. Two
sound conclusions could be drawn already from the first
part of the study: the electricity network needs to be
strengthen considerable and large amount of back-up
capacity to guarantee the tertiary control of the network
need to be installed. It is also obvious that the introduction
of off-shore wind power will influence not only the German
network but the UCTE net as a whole.

A third co-operation was launched with the IER at the
university of Stuttgart. Goal of the co-operation was to
develop a global energy model based on TIMES. TIMES is
a software tool that was created within the ETSAP group,
which is a special IEA agreement. The task of the IER was
to design the topology of the model. TIMES was
successfully implemented at the IPP.

4 URBS

The energy and system studies groups is actively involved
in setting up the Wissenschaftszentrum Umwelt (WZU) at
the university of Augsburg. Task of the WZU is to co-
ordinate all kinds of environmental studies at the university.
More information on the WZU and the annual report can be
found under www.wzu.uni-augsburg.de. The IPP is
affiliated to the WZU via the EPP institute at the university
of Augsburg which is lead in personal union by one of the
IPP directors. The main contribution of the IPP is the
development of the URBS methodology. URBS should
become a tool to analyse and optimise urban energy
systems. The development of URBS have lead to a close
co-operation with the local utility (Stadtwerke Ausburg)
and to the city government and administration. Numerous
scenarios for the future development in Augsburg are
prepared. Special emphasis is put on the potentials of
combined heat and power and the use of renewables.
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Head: Dr. Johann Lingertat

1 Introduction )
WEGA (Wendelstein Experiment in Greifswald fur
Ausbildung) is a classical stellarator and was established as
a EURATOM collaboration between Max-Planck-Institut
fur Plasmaphysik/Garching, the C.E.N. Institute/Grenoble,
and the Institute ERM Institute/Bruxelles. The machine was
originally built in the "70s in Grenoble/France as a tokamak
with 40 field coils. Later it was converted to a stellarator by
changing the torus (now R = 0.72 m and a = 0.19 m) and
adding 4 helical coil packets forming a 1=2, m=5
configuration.

After successful operation in Grenoble the WEGA was
transferred via Institut_fur Plasmaforschung, Stuttgart, to
Max-Planck-Institut fur Plasmaphysik, TI Greifswald in
2000 and rebuilt in a modernised version. The machine is
used mainly for educational training, testing of new
diagnostic equipment, and basic research in plasma physics
and for test and continuous operation of the new technical
infrastructure of the institute. In July 2001 the first
stellarator discharge was carried out in the new WEGA
device.

2 Device and diagnostics

The plasma is ignited and heated from the low-field side by
ECRH at 2.45 GHz (O-mode). The maximum power
available is 6 kW. Typically, the resonant field of B, = 87.5
mT (first harmonic) or of By/2 (second harmonic) is located
in the centre of the vacuum vessel. , is varied between 0.2
and 0.5. The standard length of a discharge is a few
minutes. As wall cleaning procedures either glow
discharges in nitrogen, argon, and helium or stellarator
discharges are used. The routinely achieved base pressure is
in the 10™ mbar range. Working gases are H,, He and Ar.
The established operational limits for the magnetic fields in
steady-state operation are Iy, = 2.6 kA (By, < 0.37 T) and
Inet = 3.5 kA (19 = 0.18 at I, = 2.6 kA).

The following diagnostics are operational: residual gas
analyser, Langmuir probe with slow manipulator, H, -
detector, single-channel interferometer, and optical
overview spectrometer. A bolometer and a fast manipulator
for a second Langmuir probe are commissioned.

3 Experimental results

3.1 Flux surface measurements

One of the first tasks performed on the WEGA device was
to evaluate the magnetic field structure. For experimental
mapping of the magnetic flux surfaces the well-established
fluorescent method was chosen.

The experiments were carried out to scan a wide range of 1,
(0.1==1) by changing the current in the helical field coils
at a constant toroidal field B, = 87.5 mT. For some
configurations up to 40 single striking points, each

representing one toroidal turn of the electron beam, could
be distinguished experimentally. The experiments show
good agreement with the calculations on the existence of
closed nested magnetic field surfaces as well as the position
of the magnetic axis. As can be seen from Figs. 1 and 2 (left
side), the magnetic surfaces at v = 1/7 and v = 1/3 are
disturbed by non-natural islands caused by error fields. In
fact, all islands for v = (n =1) / m with m = 3...7 were
distinguished experimentally.

Figure 2: Measured and computed magnetic surfaces for v = 1/3 at ¢ = 72°

In Figs. 1 and 2 the results of calculations using the
Gourdon code are shown on the right side. In order to
obtain a similar shape and position of the experimentally
observed islands a horizontal shift of approximately 3 mm
between the axis of the toroidal and helical field coils was
assumed.

To compensate the error fields an additional coil was
recently installed. As calculations show, this coil will
suppress formation of non-natural islands and, moreover,
will allow islands to be moved poloidally. The related
experiments will start in the near future.

3.2 Characterisation of the plasma

One of the basic diagnostics implemented at WEGA is a
Langmuir probe. Given the low power density of the
WEGA plasma, the probe can be used throughout the whole
cross-section to measure the electron density, electron
temperature, and plasma potential as function of the radius.
Different probe geometries, materials, and arrangements
were used to study specific features of probe characteristics
and develop procedures for data evaluating the
characteristics.

One common feature of all characteristics is the absence of
ion current saturation even at relatively high probe voltages
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of —150V. A model capable of fitting the measured
characteristics relies on the assumption of a two-
temperature Maxwellian distribution of electron energies
where only a small number of electrons belong to the high-
temperature component. This assumption is consistent with
the heating method used. Typical values obtained after
fitting the probe characteristics with a two-temperature
model are: Tejow = 15 €V, Tehigh = 700 €V, 0, 10w =< 5%10"
m'3, ne,high/ne,low =< 0.05.

The measured profiles of the electron temperature and
density for discharges heated by the first-harmonic are
hollow with maxima located outside the separatrix. Here
the maximum density is always above the cut-off density
for O-mode (n ., . = 7.5%x10' m?). The electron density
obtained by fitting the Langmuir characteristics was
regularly cross-checked with interferometer measurements.
The hollowness of profiles may be explained by assuming
that the O-mode wave is reflected at the cut-off layer
outside the separatrix and thereby partially converted into
X-mode. The X-mode fraction is effectively absorbed at the
upper-hybrid layer, which is located between the cut-off
and the outer wall. The remaining O-mode part is converted
through multiple reflections into a X-mode wave which is
finally absorbed at the upper-hybrid resonance.
Additionally, wave conversion into Bernstein modes may
contribute to absorption.

Attempts to avoid build-up of the cut-off layer outside the
separatrix by reducing the density (lower gas flow) were
not successful. The plasma extinguishes before the cut-off
layer moves into the separatrix.

By using second-harmonic ECRH at half the standard
magnetic field value the situation improves. As shown in
Fig. 3, the density profile becomes peaked. However, the
electron temperature profile stays hollow, although the
temperature maximum moves with increasing heating
power inside the separatrix. Probably, the efficiency of
mode conversion into Bernstein waves is increased at
second-harmonic ECRH. These waves may easily
propagate towards the plasma centre and be absorbed there.
Experiments with changed geometry of the microwave
injection port are under preparation. The aim is to increase
the mode conversion efficiency by more tangential
injection.
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Figure 3: Measured profiles for 2nd — harmonic ECRH (separatrix at a=8cm)
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Head: Prof. Dr. Thomas Klinger

1 Introduction

The linearly magnetized helicon plasma device, VINETA,
went into full operation at IPP Greifswald branch in spring
2001. It is designed for conducting basic research in general
plasma dynamics and is accordingly equipped with
specialized diagnostics. The current scientific programme is
also the subject of project A15 in the special collaborative
research centre (SFB 198) “kinetics of partially ionized
plasmas” of DFG (German Science Fund), established at
Greifswald University. The project is focused on
electromagnetic plasma waves and instabilities in bounded,
inhomogeneous geometries, e.g., whistler waves, Alfven
waves, and drift waves.

2 Device Design and Diagnostics

The VINETA device is designed for versatile operation and
maximum flexibility. It consists of four identical cylindrical
modules; each of them is immersed in a set of 8-9 water-
cooled magnetic field coils that can be freely adjusted along
the axis. The assembled device has a homogeneous
magnetic field of maximum B = 0.1 T. If required, axial
gradients in the magnetic field can be tailored to create
magnetic bottle, mirror or separatrix configurations. The
total length of the VINETA device is 5 m. Figure 1 shows a
photo of the experiment. VINETA can be run either in
steady-state or pulsed operation. A long, large-volume (V =
40 1) magnetized plasma column (argon, helium, xenon) is
created with electron densities 10'°- 10" m™. The electron
temperature is in the range of 2-5 eV.

3 Experimental Programme

3.1 Discharge Physics

Main tool for plasma production is the RF source, installed
in form of a glass tube at the one end of the VINETA
device. The RF power is coupled into the plasma by a
Nagoya type III double-half-turn right-helical antenna.
Such an antenna geometry drives on m=1 helicon mode.
Figure 2 shows density profiles in the poloidal plane of the
plasma column. The three discharge modes — capacitive,
inductive, helicon — are established if the RF input power is
increased from zero to a few kW. In the capacitive mode, a
hollow profile forms since plasma production takes place in
the antenna sheaths only. Above a certain power threshold
~1 kW, in a sudden jump the helicon-wave-sustained
discharge mode is established. The helicon discharge mode
is characterized by high plasma densities (up to 10" m™)
and a peaked density profile. By lowering

Figurel: Full view of the VINETA device. The magnetic field coils (red) can be
adjusted along the axis. The helicon plasma source is installed on the
right-hand side.

the RF power below a different power threshold, the
discharge jumps from the helicon mode into the inductive
mode with a flat-top density profile (plasma density in the
centre is 10'7- 10" m™).

In all three cases, the electron temperature remains in the
range 2-5 eV. Higher electron temperatures could be
achieved specifically by electron cyclotron resonance
heating (ECR) of the helicon target plasma. As an
alternative plasma source, a quiescent DC hot-cathode
discharge is currently under construction.

3.2 Whistler Waves in Bounded Plasmas

Whistler waves are right-hand polarized electromagnetic
waves with frequencies in the range of w, ; << ® << ®,.
They are of fundamental importance in ionospheric plasma
physics and radio sciences. Whistler waves have regained
attention in the context of helicon discharges, where the
long-wavelength whistler waves are used to heat the plasma
non-resonantly. The primary goal of the project is
systematic investigation of the transition from unbounded-
plasma whistler waves to bounded-plasma helicon modes
with special attention to the wave dynamics. This is
understood only if the problem of a plasma-filled

Figure. 2: Poloidal plasma density profiles for capacitive, inductive, and helicon
discharge mode (left to right).
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waveguide is considered, i. e. the complete plasma-edge-
boundary system must be taken into account. The numerical
solution of the resulting equations gives a reasonable
answer to questions arising from experimental observation.
In the long wave-length regime (~10 MHz ~ wy), relevant
to helicon wave physics, measurements of the amplitude
and phase of the RF-driven wave magnetic field were done
in a plane section parallel to the magnetic field. Figure 3
shows the result.
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Figure 3: The B,-component of the magnetic field fluctuations measured in a plane
parallel to B, .Top diagram (a): amplitude. Bottom diagram (b): phase. The
dashed lines indicate the 1d sections.
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The phase fronts (bottom diagram) show a surprisingly
complicated pattern. The coarse structure indicates a more
or less constant phase in the radial direction, but the fine
structure with curved and broken fronts is only to be
understood if obliquely propagating waves are taken into
account that are totally reflected at the plasma (cut-off)
boundary layer. This reflection process is well consistent
with the dispersion properties of whistler waves and
supports the analogue to electromagnetic waves
propagating in an optical fibre.

3.3 Drift and drift-Alfven waves

The high density achieved in the helicon discharge mode
allows one to approach the f >> m/m; regime of drift
waves. This project aims to make systematic investigation
of electrostatic drift waves observed in the density gradient
regions of the VINETA device. Basically one expects to
enter the electromagnetic drift (Alfven) wave regime if §§ =
m,/m, ,,q B’ = B(Ly/2nL,)*~1, where L, is the profile length
scale perpendicular to B, and L, is the parallel magnetic
con-nection length. However, since the collisionality at T, =
2-5 eV is comparetively high, the electron response parallel
to B, is strongly damped and the drift waves keep
electrostatic. Shown in Fig. 5 is an m = 2 electrostatic drift
wave mode (f = 160 m/m; and v,= 50 MHz) as recorded
with the probe array.
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Figure 4: Space-time diagram of density fluctuations caused by an m = 2
electrostatic drift mode.

Work in progress is a comparison between linear
eigenmode calculations (in cooperation with Risg National
Laboratory), fully taking into account the radial collision
profile, and measured frequencies and mode
numbers/structures. As a next step, by ECR heating the
electron temperature is increased above T, = 10eV. This
reduces the collisionality and opens the parameter space for
electromagnetic drift wave studies. An appropriate ECR
heating system is under construction.

3.4 Alfven waves

For high-density helicon plasmas, the Alfven wavelength
Aa = v/t is much less than the axial plasma column length.
It is thus feasible to study torsional Alfven waves under
steady-state laboratory conditions. Alfven waves are
launched by small exciter electrodes or current loops. The
measurement of propagating wave fields is currently being
done by relatively large magnetic probes, in future with
miniaturized Hall probes and optical (LIF) techniques. Of
particular interest are kinetic Alfven waves, where v, _ V.
Kinetic Alfven waves play an important role in ionospheric
plasma physics but also in electromagnetic drift wave
dynamics. Figure 6 shows the wave dispersion measured in
a helium plasma. Also shown is the theoretically expected
dispersion curve of a torsional Alfven wave. The agreement
is quite reasonable. Note the long wavelengths at low
frequencies.
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Figure 5: Dispersion measurements of a kinetic torsional Alfven wave. The
theoretically Expected dispersion behaviour is also included (solid ling).
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Electron Spectroscopy Group

Head: Uwe Hergenhahn

1 Introduction

The electron spectroscopy group uses synchrotron radiation
in fundamental investigations of the detection of charged
particles, which are important for the characterization of
species in the cold region of fusion plasmas.

2 Results

Important results have been achieved in 2002 mainly in two
areas, namely electron spectroscopy of free clusters and in
coincident detection of electron pairs. For the latter project,
a new apparatus, in which a number of electron time-of-
flight analysers are coupled with a hemispherical electron
spectrometer, has been completed.

2.1 Autoionization of clusters

Photoelectron spectroscopy of free van-der-Waals clusters
can reveal important information on the electronic structure
of these weakly bound systems and substantially benefits
from the use of synchrotron radiation.

A new process, which has recently been investigated theo-
retically, is the autoionization of singly ionized van-der-
Waals clusters. Here, as compared to the monomer, the
number of dicationic states is greatly increased since the
two positive charges can be distributed among two different
sites in the cluster. Calculations of the energies of these
states, e.g. for (Ney)** clusters, have shown that these ‘two-
site’ states have a significantly smaller binding energy than
atomic Ne®* states. By that, autoionization of inner-valence
vacancy states, like (Ney)* 257", is energetically possible,
whereas this state would decay by fluorescence in the atom.
Other than conventional Auger decay, this process is only
possible in the presence of the environment surrounding the
vacancy, and therefore has been termed Interatomic Cou-
lombic Decay (ICD).

The detection of ICD would be of great interdisciplinary
interest, since the same decay mechanism is expected to be
present in other weakly bonded systems, like aggregates
bound by hydrogen bridges.

To collect evidence for the ICD hypothesis, electron spectra
of Ne clusters at photon energies below and above the 2s
ionization threshold were collected. The cluster bulk and
surface components of the 2s line and the monomer com-
ponent due to uncondensed atoms in the beam can be dis-
tinguished (Fig. 1). Apart from that a peak-like feature with
kinetic energies between 1.2 and 2 eV appears, when the
photon energy is tuned above the 2s ionization threshold. In
Ar clusters, where ICD of the 3s levels is not allowed, a co-
rresponding feature is absent. We interpret this as the first
experimental proof for the existence of ICD.
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Figure 1: Electron spectrum of free Ne clusters showing strong evidence for
electrons resulting from ICD with kinetic energies around 1.6 eV.

2.2 Photoelectron — Auger electron coincidence
measurements

Molecular Auger spectra are complex due to the large num-
ber of doubly charged final states that can be populated.
Moreover, in conventional Auger electron spectroscopy
contributions of all intermediate states are present in the
final spectrum. By that, in molecules, where core holes can
be created at several chemically inequivalent atoms with
the same nuclear charge, contributions of these atoms will
overlap. A simple example of the latter case is the nitrogen
K-shell photoionization of dinitrogenoxide, N,O.

N,O, or Ni=N.=0, is a linear molecule, where N and N
are called the terminal and the central nitrogen atom. Their
N 1s photoionization thresholds are 408.5 and 412.5 eV,
resp. In this project, we have used a new apparatus to sepa-
rately record the K-VV Auger spectra of the two chemically
shifted nitrogen core hole species. To this end, the Auger
electrons were detected in coincidence with the pertaining
photoelectrons. Significant differences between the two
Auger spectra were found, which are in rough agreement
with theoretical predictions.

For the last experiment carried out in 2002, our high-
resolution electron spectrometer was combined with a
projective ion spectrometer constructed in the group of
Prof. U. Becker, FHI Berlin. This allowed to carry out high
resolution detection of photoelectrons from axis selected
molecules.
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Scientific Computing, Data Management and Data Acquisition

Head: Stefan Heinzel

1 Introduction

Rechenzentrum Garching (RZG) traditionally provides
supercomputing power and archival services for IPP and
other Max Planck Institutes throughout Germany. Besides
operation of the systems, application support is given to
Max Planck Institutes with high-end computing needs in
fusion research, materials science, astrophysics, and other
fields. Large amounts of experimental data from the fusion
devices of IPP (ASDEX Upgrade, WENDELSTEIN 7-AS,
and, later, WENDELSTEIN 7-X), satellite data of MPI of
Extraterrestrial Physics (MPE) at the Garching site, and
data from supercomputer simulations are administered and
stored with high lifetimes. In addition, RZG provides
network and standard services for IPP and part of the other
MPIs at the Garching site. The experimental data acquisi-
tion software development group for the new WENDEL-
STEIN 7-X fusion experiment and the current ASDEX
Upgrade fusion experiment operates as part of RZG.

2 Major Hardware Changes

The massively parallel Cray T3E system (with 816 process-
ors, 102 GB main memory, and a peak performance of 0.49
TeraFlop/s) has been replaced by a new IBM super-
computer. In the first half of 2002 a one TeraFlop/s system
with 208 Power 4 processors was available. Upgrade to a
3.8 TeraFlop/s system with 704 Power 4 compute
processors and 1.8 TeraBytes of main memory occurred in
summer. In the Nov 2002 list of the top 500
supercomputers worldwide the system was ranked no 1 in
Germany, no 5 in Europe and no 21 world-wide. The
performance of the new system exceeds that of the Cray
T3E system by one order of magnitude. For non-parallel
vectorizing codes, a NEC SX-5 vector system with high
single processor performance with 3 processors and 12 GB
of main memory is available. As general purpose machine,
the 20 processor IBM SP2 system has been replaced by an
8 processor IBM power 4 system. The following dedicated
compute servers for different institutes have been installed
or upgraded and are being operated by RZG: Linux cluster
with 64 Pentium 4 processors for Fritz-Haber-Institute; SGI
Origin 3400 system (12 processors, 24 GB main memory)
for IPP; SUNFIRE 3800 system (8 processors US III, 32
GB main memory) for MPI of Developmental Biology;
SUNFIRE V880 system (4 processors, 8 GB of main
memory) for MPI of Extraterrestrial Physics.

3 Data Management

3.1 Multiple-resident AFS and OpenAFS

RZG developed the OpenAFS client for IBM AIX 5.1,
which is used on the new Regatta systems. The major ad-
vantage over the IBM supplied AFS client are large file
support and the MR-AFS extensions to allow for data-
migration commands. The OpenAFS client for AIX 5.1
works, however, presently only in the 32-bit-kernel. Further
development is needed to support the 64-bit-kernel as well.
On the server side RAID systems, which use inexpensive
IDE disks, but appear to the host as SCSI disks are going to
replace more and more the traditional SSA disks. The new
RAID systems show better performance at much higher
capacities and lower price. They can be used not only with
Linux PCs, but with any hard- and software supporting
SCSI or fibre channel.

Especially for the Regatta systems a high performance AFS
solution based on GPFS data transfer protocol is being
developed.

3.2 Archival and Backup System

Concerning mass storage of data, a basic distinction is
made between experiment-type data sets with requirements
for long-time conservation and short-lifetime data of the
backup type, which are replaced by new versions at short
intervals. Meanwhile, besides MR-AFS, TSM (Tivoli
Storage Manager from IBM) is routinely in use. The tape
drive capacity of the TSM server (an IBM H80 machine)
has been extended by additional tape drives to a total of
fourteen (four STK 9940 and ten STK 9840 drives) served
by the Grau/ADIC and STK robot systems and tape silos.
The “Arc” service stayed in operation only for the high-
performance systems Cray T3E and NEC SX-5, for which
no TSM clients are available. For TSM archival data the
second tape copy is being routinely generated at Leibniz
Rechenzentrum Munchen (LRZ) in downtown Munich.

4 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
support new developments in close collaboration with the
respective scientists are described in detail.
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4.1 Fusion Research

4.1.1 MHDT Code

The general turbulence code MHDT (magneto-hydro-
dynamic turbulence) with Cray-specific communication
routines was ported to the new IBM system. Usage of the
Cray shmem compatibility library was helpful. Fast Fourier
Transformation library routines had also to be converted
from the Cray to the IBM system. In the first approach IBM
specific routines from the pESSL library were tested. Due
to scalability problems alternatively better scaling routines
from the FFT package FFTW from MIT were implemented.

4.1.2 SDTrimSP Code

The functionality of the SDTrimSP (static/dynamic Trim
sputtering) code of the generalized TRIDYN code package
was further extended in co-operation with R. Schneider.
Target compositions can now be taken from an input file so
that previous runs may serve as starting points for new
simulations. Further on the option for the variation of
isotopes was implemented. A single code version is
maintained for all potential computer systems (Linux
cluster, IBM regatta systems, Cray T3E) depending on
compute and main memory requirements.

4.1.3 TORB Code

The TORB code was extended by an important
functionality. Support was given for the implementation of
“Zonal Flows” as an extension of the physical model and
the adaptation of the diagnostic possibilities. For graphical
display of the results the corresponding analysis program
was extended. The parallelization of the code was adapted
to the hybride architecture of the IBM “Regatta” systems by
cloning/farming.

4.1.4 EUTERPE Code

Support was given for porting the code to the IBM regatta
system and to integrate the essential diagnostics of the
TORB code.

4.7 Materials Sciences

4.2.1 WIEN2K Package

The new WIEN2K version of the LAPW programme
package with important new functionalities replaces the
previous WIEN97 code. WIEN2K was now adapted to the
new Power4-based IBM system. Initial test runs with large
data sets showed that the achievable scaling behaviour
stayed behind the expectations. Because of the complex
structure of the code several reasons can be considered. The
parallel solver for the Eigenvalue problem is an essential
component which is a set of ScaLAPACK library routines
in WIEN2K. In a first approach it was investigated whether
analogous routines from the IBM optimized pESSL library
scale better. Furtheron the existence of alternative suitable
parallel solver algorithms was evaluated. So far better
alternatives could not be found. Usage of pESSL routines
showed now improvement over the public domain
ScaLAPACK routines. A potential for improvement,
however, lies in the usage of an improved MPI
communication library with shorter latencies. There are two

other larger program parts besides the Eigenvalue solver,
which deal with the set up of the matrix. Detailed timings
showed a need for improvements. Work is in progress, in
close co-operation with the authors at TU Vienna.

4.2.2 FHImd97 Code

The ab-initio molecular dynamics code FHImd97 with T3E
specific optimizations and Cray proprietary communication
and numeric routines was ported to the new IBM system.
Significant code revisions were necessary especially for the
specific implementation of the Fast Fourier transformations.
By further optimizing the ported code, a tenfold
acceleration of the code could be achieved on 32 IBM
processors compared to 32 Cray T3E processors.

4.2.3 CHARMm

The molecular dynamics programme CHARMMmM was
implemented on the new IBM system. Especially the
introduction of the 64-bit version, which was not yet
supported for IBM systems, caused problems. The new
code is now used for production runs by MPI for
Biophysics, Dep. Prof. Michel.

4.2.4 STRIP code

For the STRIP simulation code of MPI for Metal Research
support was given to significantly enhance the performance
on the IBM system.

4.3 Astrophysics

4.3.1 Adaptive Mesh Refinement

Installation work has been carried out for the CHOMBO
and CHOMBO-Vis package, which provides a general
adaptive mesh refinement procedure with integrated
visualization. Interoperability with additionally necessary
software packages like Python, HDF and VTK turned out to
be very complicated.

4.3.2 Rady/2D

The performance of the supernova simulation code
Rady/2D (radiation hydro code) could be considerably
improved on the new IBM Power 4 system. Especially
correct usage of highly optimized IBM specific library
routines (from ESSL and MASS libraries) together with an
additional particular compiler option increased the
performance of the 2D version over 1 Gflop/s and the 1D
version over 1.4 Gflop/s.

433 AMRA/Genesis

For the parallel usage of the integrated AMRA/Genesis
code performance bottlenecks were analyzed and solved
together with the author. Removal of Divide Exceptions led
to a significant performance enhancement.

4.4 Earth Sciences / Climate Research

4.4.1 ECHAM

After the parallelization of the advection procedures in
ECHAM model version 5 had been finished and delivered
to MPI for Meteorology for inclusion into the ECHAMS-
standard version, the need for parallelization of extension
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functions, especially the so-called nudging arose. An
additional term creates a necessary guidance along a given
(measured) trajectory. This additional term and the filtering
for normal mode initialisation was now also parallelized.

44.2 C-HOPE

The sequential C-HOPE code for ocean modelling was
parallelized using the OpenMP model for shared memory
systems on IBM machines at RZG and the transferred to the
large NEC SX-6 system at DKRZ. The code can now be
used with a performance of 13 to 15 Gflop/s on a SX-6
node at DKRZ.

5 Vector Computing

Support was given to implement a molecular dynamics
code of the CIPS group on the NEC SX-5 system. The per-
formance analysis showed, however, that a scalar cache-
based system is more suitable for this code. As an alter-
native to parallelization of this code there was a screening
for suitable, already existing parallel molecular dynamics
codes. The LAMMPS package from Sandia Labs appeared
to be principally suitable and was ordered by the author.

6 Multimedia
6.1 Video Conferencing

The RZG video group, established in 2002, gives central
support to guarantee effective use of the increasing number
of systems in- and outside IPP. 188 video conferences with
about 60 minutes per session have been run between the
lecture halls at Garching and Greifswald. Only two
meetings had to be cancelled due to GWiN failures, minor
problems were: 8 presentations had to be shown by video
and 11 technical bugs deteriorated sound or video quality.
The AUG seminar room was equipped with hard- and
software comparable to the lecture hall in D2. The IPP VC
now consists of 3 high-end systems Tandberg 6000, 6
settop systems - 1 Tandberg 880, 5 Tandberg 500 —20
desktop systems Polycom ViaVideo, and 2 PictureTel
ISDN systems. Software clients like Sun Forum,
NetMeeting and GnoMeMeeting are tested at AUG. Most
systems are operated over the GWIiN, alternatively over up
to 6 SO ISDN lines. Multipoint conferences are run on in-
built MCUs or the VC service of the DFN-Verein (still in
pilot phase, steadily improved and used for 3 conferences
per week). The firewall and safety problem has been solved
by testing, improving and installing a software gatekeeper /
proxy on a dedicated Linux PC (to be moved to RZG
DMZ). All VC systems inside IPP are registered on that
gatekeeper, which restricts in and out going VC traffic to
those machines only. The global dialling system (GDS) of
the Internet2 is used, allowing standardized world-wide
connections. To schedule and administrate the IPP systems,
the VSA software of MVC-AG has been installed.

The requirements for an EFDA teleconferencing
infrastructure have been summarized in an ad hoc report to
the EFDA leader: The unstable inter-operating of the ITU
standards H.320 and H.323 at IPP and the free software
VRVS should be further tested, the situation will be
evaluated again in 2003. Where high quality video and

audio is needed, H.323 hardware is recommended. The
Generalverwaltung of the MPG has been supported in
installing 5 high end desktop system for the president, the
general secretary and the three vice presidents, together
with one videoconferencing room. Another 15 systems are
currently installed in MPIs of the biological medical section
of MPG. The DFN VC service is used.

7 Developments in Networking

New network infrastructure was implemented at IPP. The
goal was to use a cabling structure that can easily be
adapted to future technologies. The data network realized
was therefore based on the concept of a “collapsed
backbone*, consisting of switches at a few central locations
which directly connect to all endpoints via links based on
copper or fibre. This structure drastically enhances overall
network performance, for all connections between
centralized switches are now at a speed of 1 Gigabit/s
(Gigabit Ethernet technology) with the option of
implementing even more powerful trunks. Due to the avail-
ability 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 the
security and integrity of data because eavesdropping is
almost impossible.

For logical security based on the functionality of the
internet protocol suite TCP/IP a packet filter firewall at the
access point to the internet was implemented, where all the
incoming/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 internal network. Spam mail filtering has also
been installed. Users can now individually define and set
filter threshold values.

8 Data Acquisition and Data Bases for

Plasma Fusion Experiments

The XDV group supports the experiments at IPP in data
acquisition, archiving and processing. The complete design
concept for the data acquisition system of WENDELSTEIN
7-X was reviewed. All known requirements concerning real
time control, data visualization in near real time, data
archiving, data analysis and configuration were
incorporated in the design. The primary goal in the design
process was to achieve a state in the software development,
ready to support the first data acquisition stations in
measuring and archiving data. Those stations, needed for
lab testing of heating subsystems and for the first tests on
diagnostic construction, are expected to operate by the
middle of 2003.

Another test for the design principles is the implementation
of a diagnostic system for ASDEX-Upgrade (the shot based
tokamak at the IPP) that will operate with the newly
developed software. The first stage of this MSX diagnostic
is nearly finished and will start operation at the beginning
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of 2003. More work has to be done on real time processing
of incoming data.

The interface to the object-oriented Objectivity database
was further developed. The database is used for archiving
of all measured data streams and to log the used parameters
and configurations. The database also contains all
information that an analysis task needs for processing. The
setup parameters and the start configuration are stored in a
second federation. A GUI-based object editor, which is
needed for generating and editing parameter and
configuration objects, was tested and adapted to the urgent
needs of the XDV wusers. This tool is still under
development.

Together with the control group of WENDELSTEIN 7-X
we started the process of designing GUI-based editors for
the discharge programs of the WENDELSTEIN 7-X
stellarator. A discharge program is a planned sequence of
segments. Each segment describes the state of the machine
for a planned duration of time. During the run of a program
there is always one and only one segment active. The
control system is responsible for changing of segments.
These editors are necessary, to give the users of the
experiment access to the overwhelming amount of free
parameters of the subsystems. The tools are crucial to the
experimental program and must be thoroughly designed to
be accepted by the users. There is still work to be done in
the design process as well as in the implementation.

The time-measuring system of WENDELSTEIN 7-X
consists of a central clock and a time-generating device that
connects via a star-like fiber optic network to numerous
slave time-capturing devices (TDC’s and TTE’s). The
development of the slave devices as well as a simple central
timer is finished. All interfaces are implemented as PCI
cards. The TDC (“time to digital converter”) was tested and
reviewed. Drivers for VxWorks, Solaris, Windows NT and
Linux have been developed. The TTE (“Trigger Time
Event”) is also finished, but the drivers for Windows NT
and Linux have still to be developed. Together with the
simple central timer, a star-like networks was implemented
and connects now the prototype DAQ (“data acquisition”)
stations. The accurate comparison in time of measured data
between different stations is now possible.

The duration of a discharge of WENDELSTEIN 7-X is
planned to be up to 30 minutes. This means, that most of
the important state parameters have to be monitored and
supervised during the discharge. This is also true for the
diagnostic subsystems during the data acquisition phase.
This monitoring system for the DAQ stations is a two step
process. The collected data is reduced on the DAQ stations
and sent by IP multicast protocol to one or more monitor
servers. The servers analyze the data and publish evaluated
and physically meaningful data back to the net. This data is
then visualized by monitor clients on the physicist’s
workstation. Again the IP multicast protocol is used to
reduce the amount of network traffic. The tasks of the
monitor server have to be investigated in close co-operation
with the physicists and have still to be defined. Several
prototype clients with different visualizing methods have
been implemented.

Data communication and event transmission with the
control system will be done via the “real time network”. An
implementation of an ethernet real time protocol, proposed
by the control group of WENDELSTEIN 7-X, was
accomplished for Windows NT and Linux. The
functionality and the performance of this system is still
under test and has to be further improved.
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In collaboration with the “Experimental Plasma Physics
Division E4” the research of the department is focused on
diagnostics of low temperature plasmas including fusion
edge plasmas. Main emphasis is given on the development
and application of diagnostic methods, in particular on
molecular diagnostics. The investigations are basically
carried out at several laboratory experiments (ECR, MW
and RF plasmas), however, some methods are applied also
to the divertor plasma of ASDEX Upgrade.

1 Molecular Hydrogen

Radiation of molecular hydrogen is a diagnostic tool to
determine molecular densities in laboratory plasmas and
molecular fluxes in the edge plasma of fusion experiments.
Interpretation of the radiation is based on a collisional
radiative model which has to be verified by experimental
results. Furthermore, the vibrational population in the
ground state is deduced from the measured vibrational
population in the excited state. Since the vibrational
population in the ground state plays a key role in a manifold
of processes, the interaction of hydrogen plasmas with
surfaces is also a point of interest.

1.1 Collisional Radiative Model

The collisional radiative model for molecular hydrogen was
further improved. A comparison of measured with
calculated population densities in an electronically excited
state of the triplet system (d °TI,) showed the relevance of
quenching processes (Q), charge exchange (CX) and
dissociative attachment (DA) of electronically excited
states. This is illustrated by Fig. 1, which shows calculated
photon efficiencies (destruction events, such as ionisation S
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Figure 1: Extensions of the collisional radiative model verified by an experimental
data point (ASDEX Upgrade).

and dissociation D, per emitted Fulcher photon XB). The
(S+D)/XB ratio increases systematically with each further
process. The enhancement is up to an order of magnitude
for n, > 10" m”. These additional processes are clearly
verified by the experimental data point which is obtained
from gas puff experiments with calibrated valves in the
outer divertor of ASDEX Upgrade. T, and n, were taken
from Langmuir probe measurements.

In order to resolve underlying rate coefficients for
electronic impact excitation into the vibrational states,
Franck-Condon factors and transition probabilities are
needed. These data were calculated on the basis of potential
curves and electronic transition dipole moments with a
previously developed computer code TraDiMo. Calcula-
tions of corresponding cross sections are currently started.
The knowledge of transition probabilities for the isotopes
allow predictions for the wavelength range of intense
vibrational transitions. This is now available for selected
transitions in H,, HD, D,, DT and T,.

1.2 Interaction with Surfaces

The vibrational population of the first five vibrational
quantum numbers in the ground state of molecular
hydrogen can be characterised by a vibrational temperature
T,s(X). This quantity is accessible by emission
spectroscopy. Modifications of T,;,(X) were observed in
hydrogen plasmas being in contact with several surfaces
(plasma treated) as shown in Fig. 2. Tungsten and graphite
lead to an enhancement of T,;,(X) in comparison to steel,
Cu and Al. Gas blow experiments of methane above steel
result in the highest value. This might be due to dissociation
of hydrocarbons into already vibrationally excited hydrogen
molecules. First investigations show a dependence of
T,i»(X) on the substrate temperature, i.e. a decrease from
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Figure 2: Influence of surfaces on the vibrational population of hydrogen in a
hydrogen plasma.
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T= 500 K to T&= 300 K enhances T,;,(X) from 4200 K to
5400 K above tungsten.

2 Hydrocarbons

Hydrocarbons are formed by chemical erosion of carbon in
hydrogen plasmas. Measurements of erosion yields require
knowledge of the incoming hydrogen flux and the released
carbon flux. Both quantities can be determined by
spectroscopic techniques using the Balmer line radiation
and radiation of hydrocarbon radicals, e.g. CH. A similar
technique (density instead of flux measurements) is applied
to laboratory plasmas with the advantages of having well
defined plasma and surface parameters. Furthermore,
weight loss measurements are applicable. The combination
of these methods is used to quantify the formation of higher
hydrocarbons.

2.1 Erosion yields

The composition of ions in a H,/He plasma was measured
in an ICP discharge by using mass spectrometry. It is
typical for these low pressure plasmas that H;* is the most
dominant ion. Ratios of ion to atomic fluxes are shown in
Fig. 3 (left). Due to the simultaneous bombardment of
atoms and ions, the chemical enhanced erosion of graphite
is observed in these plasmas. The additional existence of
low energy rare gas ions leads to the chemical sputtering
(ion-neutral synergism) as shown in Fig. 3 (right). A
dependence on the rare gas ion species is observed.

2.2 Higher Hydrocarbons and Photon
Efficiencies

The method to determine the methane particle flux from the
photon flux of CH is well established. Detailed
investigations of hydrocarbon plasmas in ICP and ECR
discharges have shown that the radiation of the C, molecule
(Swan band, around 516 nm) is correlated with the C,
density and, due to a dominant formation mechanism, to the
C,H, densities. Therefore, it is suggested to use the C,
emission as diagnostics for the formation of higher
hydrocarbons (C,H,) released from a carbon surface.

The quantity, which gives the correlation between a
measured photon flux and the carbon flux, is the so-called
photon efficiency D/XB. Due to complex reaction channels
of hydrocarbons, calculated D/XB ratios (dissociation
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Figure 3: Left: measured ion to atomic flux ratio in a H,/He plasma. Right: carbon
fluxes released from graphite using He, Ne or Ar as background gas.

models) have to be checked by experimental results. This
was done for CH, particles and CH radiation in a special
campaign (gas puff experiments) at ASDEX Upgrade in a
limited parameter range of T, and n.. The radiation of C,
was simultaneously observed by the transportable
spectroscopic system which is maintained from Augsburg.
A comparison of CH radiation originating from CH, puffs
with CH radiation from C,Hg puffs gives almost equal
photon efficiencies. As a consequence CH radiation can
refer to both, CH, and C,H, formation and the contribution
of higher hydrocarbons to CH radiation has to be
considered in spectroscopic measurements of erosion
yields. For C, radiation the situation is more clear: the
contribution of CH, particles is almost negligible. The
photon efficiency for C, from C,H, is comparable with the
photon efficiency of CH from CH,, both being in the range
of 55 — 60. On this basis, spectroscopically determined
carbon fluxes can be corrected now by the contribution of
the C,H; formation. Work is ongoing for other hydro-
carbons such as C,H,, C,H, and C;Hs.
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1. Elementary reactions of hydrogen
atoms with adsorbates and solid
surfaces

Cooperation between IPP and the University of Bayreuth is
concentrated on investigating fusion-relevant plasma-wall
interaction processes. Accordingly, the hydrogen atom surface
chemistry on possible reactor wall materials is the primary
research topic.

A considerable fraction of the species impinging on the first
wall of a fusion experimental vessel are neutrals and ions in
the energy range below a kinetic energy of about 10 eV. These
particles are not capable of causing physical sputtering, but
can induce several processes, such as chemical erosion,
abstraction etc, which contaminate the plasma. It is therefore
desirable to understand the elemental processes and
mechanisms of these processes. Recent work of the IPP/UBT
collaboration was concentrated on investigating these issues.
Since low-energy ions are neutralised in the immediate
vicinity of a substrate by resonance neutralisation, it is
sufficient to study the low-energy atom-surface interaction.
For experimental reasons, the present work utilised only
thermal atoms with energies in the range of a few tenth of an
eV.

Despite the fact that impinging ions from the boundary plasma
transform a considerable fraction of the surfaces of carbon
tiled walls into hydrogenated a-C:H, it is of interest to know
whether H atoms exhibit strong interaction with graphite
surfaces.

Graphite is available in various forms: quasi-crystalline C
flakes with mm sized surface areas of C(0001) orientation,
HOPG (highly oriented pyrolytic graphite) samples of
different qualities with um-sized surface patches of (0001)
orientation, oriented pyrolytic graphite with (0001) layers
oriented normally or almost normally to the surface, and
pyrolytic graphite with random orientation of the (0001)
planes in sub-pm-sized crystallites.

Prior to 2002 there was no experimental evidence that H
adsorbs on the C(0001) surface and this surface was
considered as essentially “inert”, even with respect to
adsorption of atoms. This was plausible taking the sp*-

hybridization of C in the C(0001) plane and the strong in-
plane C-C interaction into account. However, in 1999 and in
2001 two theoretical papers were published (Sidis et al.,
Jackson et al.) in which strong chemisorption of H on the
C(0001) plane was suggested by allowing the C atom to which
the H was bonded to relax outward from the C(0001) plane by
a few tenth of an A.

Our experimental studies on the H/graphite interaction
confirmed these theoretical predictions and provided the first
experimental evidence for H adsorption on the C(0001) plane,
with a binding energy of about 1 eV, and parallel and normal
vibrational frequencies very close to theoretical values.
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Figure 1: Thermal desorption spectra of D on HOPG surfaces.

Fig.1 shows thermal desorption spectra of D exposed HOPG
surfaces. The main peak around 500 K stems from D adsorbed
on (0001) terraces, the minor peak at 580 K is probably due to
defect sites. The saturation coverage was obtained as close to
0.5, i.e. H atoms adsorb on every other C atom.
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Concerning abstraction of D on C(0001) by gaseous H
theoretical calculations predicted surprisingly large cross
sections, up to 12 A% at low D coverages. These cross sections
illustrate that D by H abstraction on graphite is governed by
the D-H interaction and that the H-substrate interaction plays
a minor role in the abstraction process. As a consequence, the
abstraction kinetics is of the Eley-Rideal type, i.e. the HD rate
as a function of the H fluence (= time at constant H flux)
exhibits a purely exponential decay, as apparent in fig.2.
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Figure 2: HD kinetics measured during abstraction of D on C(0001) with
gaseous H atoms at various D precoverages. The inset illustrates the
background D, rate.
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1 The Torsatron TJ-K

The objective of this project is the experimental

experiments are carried out on the torsatron TJ-K.
device magnetically confines a low-temperature plasm

to 6x10"m=>. Hydrogen, Helium and Argon plasmas

heated with helicon waves and with ECRH. The magngt

field is up toB = 0.3 T. The moderate parameters allow

to measure a full set of turbulence data in the entire pl
cross-section. The results are closely compared
simulations of drift-wave turbulence using the DAL
code. Furthermore, the physics of helicon-wave hea

and ECRH In toroidal low-temperature plasmas is studied.

2 Turbulence simulations

Turbulence simulations are carried out with the drift-Alfvg

turbulence code DALF3, which was written for fusi
plasmas. The dimensionless parameters which gover

ir
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n white are regions of high values of the total integrated

the bicoherence between the fluctuations in poloidal and radial flow
and the low frequency poloidal flow.

equations solved are such that they are relevant both for the
edge of a fusion and the core of the TJ-K plasma.

Systematic numerical studies have shown that polojdal

wave-number spectra of density and transport fluctuat ods Turbulence measurements

can serve to reveal the relevant turbulence drivingystematic turbulence measurements were carried out in the

mechanism. Drift-wave transport spectra have a maxi
in the range where the density spectrum already de
exponentially. The density-potential cross-phase is in
vicinity of zero. Curvature driven instabilities create
spectrum which is peaked at long wavelengths with cr
phases of aboutv2. For the whole range of TJ-}
parameters, the drift-wave mechanism is predicted
clearly dominate the interchange mechanism.

The simulated data were also applied to assess advg
analyses tools which are usually applied to experime
data. In particular, bi-spectral analysis has been proposé
a diagnostic for Reynolds stress as a driving mechanis
zonal flows. The analysis of the simulated data showed

Ughtire parameter range accessible in TJ-K. The
CaMsaracteristics of the detected fluctuations are similar to
thRose reported from fusion experiments. Turbulent power
&pectra are found decaying over more than 2 decades in
DSBequency space. The density fluctuation amplitude
increases when the plasma density decreases. The
Brobability density functions of density and potential
fluctuations have a Gaussian shape. Transport fluctuations,
on the other hand, are intermittent. In order to investigate
ngredrmittency more in detail, wavelet tools were applied to
Ntathieve scale separation. A typical result is depicted in Fig.
pd3asThe upper part of the figure compares power spectra
nceAlculated from Fourier and wavelet transforms. The
thajreement is rather satisfactory. The wavelet transforms,

the geodesic acoustic mode dominates the poloidal

lowowever, yield time traces which represent a characteristic

spectrum and that it reduces radial transport in the spmequency of the fluctuations. Hence it can be used to
way as does a low frequency zonal flow. Using the totghlculate the PDFs as function of the characteristic
cross-bicoherence a correlation between Reynolds stréesquency. The Kurtosis of these PDFs is shown in the
and large scale poloidal flows could be detected. Thewer part of the figure. An increase of the Kurtosis with
experimentally more accessible auto-bicoherences did| feéquency is found. This is a clear signature of
proof to be a useful quantity to study this interactipnintermittency.

However, Reynold’s stress was not observed as a prectrsor

of the flow, it rather appears simultaneously in the region of

radial flow shear.
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Figure 2:Power spectra from turbulent transport data using Fourier (line)
and wavelet (diamonds) methods. The Kurtosis of the wavelet
are shown in the lower part.

4  Plasma Heating

Helicon-wave heating at 27.12 MHz and a power of 2
is successfully applied at neutral pressures fromtd0|
5x10° mbar.
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Figure 3:2D profiles of the ion-saturation current and the floating
potential in an ECRH Helium discahrge. Flux surfaces are
overlaid.

The heating mechanism depends on plasma species
magnetic field strength. In Argon, the line averaged den
rises withB up to &10"¥*m™. Discontinuities in the density
increase are consistent with the assumption of wavele
changes of a toroidally closed wave. Peaked den

which has largest amplitudes in the plasma centre.
Hydrogen discharges have an inductive character. The
profiles are hollow and the density is independenB.ofn
Helium a transition from helicon to inductive heating
occurs aB=0.17 T.

Recently an ECRH system at 2.45 GHz and 6 kW power
went into operation. The wave is coupled in O-mode from a
bottom flansch to the plasma. In Hydrogen, Helium and
Argon at a neutral pressure ok®® mbar, over-dense
plasma up to $10"*m* were achieved, pointing to an O-X-

B mode-conversion process. The density profiles are
centrally peaked. Fig. 3 depicts a 2D profile of the ion-
saturation current and the floating potential measured in a
poloidal plasma cross-section. Both nicely follow the
calculated flux surfaces. In potential profile has a shear
layer at the separatrix.
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1 Introduction

The cooperation of the IPP and the Technische Universitéat
Miunchen is concentrated on the development of speckle
measurement techniques for the detection arc traces,
surface deformation, surface erosion, surface roughness,
surface structure and surface contours in the divertor region
of experimental fusion devices.

2 Correlation of Speckle Images

The appearance of speckle photographs is mainly
determined by the microstructure of the irradiated surface,
and is therefore very sensitive to any changes thereof,
caused e.g. by surface erosion. The determination of the
similarity of sequentially recorded speckle images can
assist in detecting of changes of the surface microstructure
using the so called pearson’s coefficient Cy, according to
eg. (1), where 1, denotes the intensity | of a pixel at the
position of the coordinates n, m of the first image.

c _ ,i_l:zﬂ( 1nm _E)(lz,n,m _E) (1)
\/i:zl(llnm _)2 Dn::zzl( 2,n,m _)2

It can be shown —l-hal—l-he—val-ue—emeeﬁeqaechs to the

variance of surface height changes gy, according to eg. (2),
where A denotes the irradiation wavelength and 6 the angle
between the observation direction and the surface normal.

ILIZ_EXp{ k ml+cos(3) Ah}' k:%; (2)

Using a wavelength A of 496,5 nm (Ar-lon-Laser) at an
angle of B = 0° (long-range measurement) as an example, it
can be seen that already a very small variance of surface
height changes of gy, = 20 nm leads to a value of
Ci1,2 = 0.77 und thus becomes easily detectable. In order to
monitor a continuous erosion process, several images with
small steps of oy, have to be recorded and each
corresponding surface state has to be correlated with each
proceeding one. In Fig. 1, an erosion of an aluminium plate,
induced by pulses of a Nd:YAG-Laser (energy = 200
mJ/pulse) is imaged using this method. By applying the
same procedure to small sub-sections of the images, this

b Hinsch, K.D., Fricke-Begemann, T., Giilker, G., Wolff, K.; Speckle
correlation for the analysis of random processes at rough surfaces; Optics
and Lasersin Engineering 2000, Vol. 33, p. 87 - 105

method permits to obtain spatial information of the erosion
process, too.

This technique was implemented in the interferometric set-
up introduced already in former annual reports.

Crorsey T owrnistion Toeiicw
. . " .
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Figure 1: Decreasing correllation coefficient caused by laser induced erosion of
an aluminium plate

3 Interferometry at Moving Objects

A research set-up of a two wavelength speckle-
interferometer was developed and already presented in
former reports. By synchronizing a two-camera system the
set-up is capable of recording two interferograms of
different wavelengths simultaneously and thus to perform
surface contouring even if movements of the measurement
object with respect to the interferometer should occur. At a
laser power of 300 mW and an exposure time of 250 ps of
the CCD-camera, recent tests demonstrate that a surface
contour can still be measured when the object is shifted at a
velocity of 12 mm/s during observation.
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The Max-Planck-Institut fiir Plasmaphysik (IPP) at
Garching and Institut fiir Plasmaforschung (IPF) at
University of Stuttgart are collaborating closely for more
than three decades on technological developments,
measurements, and interpretations of heating and diagnostic
systems. The main topics of the co-operation are
applications of millimetre waves for heating, current drive,
plasma stabilization and diagnostics - mainly for W7-X,
ASDEX Upgrade and W7-AS — and contributions to
emission, absorption and LIF spectroscopy for bulk and
divertor plasma diagnostics.

1 Plasma Heating and Diagnostics

The investigations of the application of millimetre waves to
fusion plasmas for electron cyclotron resonance heating
(ECRH), current drive, and neoclassical tearing mode
stabilization were continued. On the technical side, work on
the ECRH system of W7-X formed the major part.
Nevertheless, technical support, research and development
for W7-AS, ASDEX Upgrade and ITER was continued.
Studies of the MHD stability of high-f discharges in
ASDEX Upgrade and the use of ECRH / ECCD to control
instabilities continued to be a major issue. Moreover,
general developments in the field of millimetre wave
technology as well as the study of microwaves as a plasma
diagnostic tool are reported here.

1.1 Electron cyclotron resonance heating
(ECRH)

1.1.1 ECRH on W7-AS

Technical support of the ECRH system on W7-AS was
continued. The generator as well as the transmission system
could be maintained at a high level of reliability, although
two gyrotrons became defect. Until the shut-down of W7-
AS in August 2002, plasma experiments with ECRH were
performed with two gyrotrons at 140 GHz and one gyrotron
at 70 GHz, each of them delivering 0.5 MW. Details can be
found in the IPP part of this report.

1.1.2 ECRH system on ASDEX Upgrade

The present ECRH system at ASDEX Upgrade (140 GHz,
4 x 0.5 MW, pulse length 2 s, steerable launchers in
poloidal and toroidal direction) is running routinely. To
analyse the experimental data of the power absorption in
the plasma the shape of the RF beam should be well known.
Therefore, the launching structure of ASDEX Upgrade has
been rebuilt and low power measurements have been

performed to determine the beam profile in the plasma. The
results (FWHM = 15 mm) are in good agreement with
calculations of the beam propagation.

A new ECRH system with 4 gyrotrons, 1 MW each, has
been planned and is currently under construction. These
gyrotrons will allow operation at frequencies between 104
GHz and 140 GHz, where the first tube emits only at these
two frequencies, the others shall be step-tuneable. The
transmission system is a combination of a quasi-optical
mirror line (matching of gyrotron output beam, polarisation
adjustment) and a HE, corrugated waveguide (I.D. 87 mm,
for the transmission from gyrotron hall to the plasma), both
operating at atmospheric pressure. The beam parameters
have been defined, and the construction of the support
structure for the mirrors is finished. The performance of the
system with respect to broadband transmission has been
improved. Various surface profiles of the corrugated
polarizers have been manufactured and tested; significant
increase of the bandwidth compared to sinusoidal polarizers
was found.

1.1.3 MHD stability studies on ASDEX Upgrade
The occurrence of neoclassical tearing modes (NTM),
driven by the gradients of the toroidal current density and
the plasma pressure limit the energy content in a Tokamak
plasma. To maximise the fusion power of a future machine
the operation at high plasma pressure is foreseen — a regime
where the occurrence of these modes is highly probable.
Therefore possibilities are explored to control or prevent
such instabilities. The NTM’s are associated with the
development of magnetic islands with an initially relatively
small width. Electron cyclotron current drive (ECCD) and
electron cyclotron resonance heating (ECRH) which have a
well localised power deposition to modify the current
distribution within the islands are excellent candidates to
stabilise the NTM’s. On the tokamak ASDEX Upgrade
both, ECCD and ECRH, are used to study the MHD
stability of fusion plasmas.

1.1.3.1 Active control of neoclassical tearing modes
using ECRH / ECCD on ASDEX Upgrade

Experiments have been conducted to investigate the
possibilities of stabilising the m = 3, n = 2 mode at high By.
Fig. 1 illustrates a typical discharge where the 3/2 NTM is
completely stabilised. In this discharge B, is changed during
the shot, thus ensuring that the ECCD deposition coincides
with the resonant g-surface and consequently keeps the
discharge free from the 3/2 NTM in a steady state for about
300 ms at By = 2.6. This situation is constant until the NBI
power is increased from 12.5 to 15 MW at t = 3.25 s. In that
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case Py increases temporarily up to 3.0 and the 3/2 NTM is
triggered again at the end of the B, scan. At t = 2.8 s the
NBI power is increased up to 12.5 MW and f increases
also up to 2.7 until the NTM is triggered again at t = 3.1 s
and grows to its saturated width. Since this happens in the
presence of ECCD injection it is assumed that the positions
of deposition and island do not coincide any more. This
assumption is supported by the analysis of the ECE signals
which show a radial shift of the island by about 5 cm.
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Figure 1: Stabilisation of 3/2 mode with a quasi stationary region (2.9 <t <
3.29).

Many discharges at ASDEX Upgrade are limited by the 2/1
mode situated at the q=2 surface which is closer to the wall.
In some cases these modes can lead to a slowing-down of
plasma rotation and to a dramatic loss of confinement. A
special discharge scenario has been developed to allow
reproducible experiments on 2/1 mode stabilisation at
ASDEX Upgrade. A first result of such an experiment is

ASDEX Upgrade

n=1, Mirnov Signal (2/1 mode) #16584
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Figure 2: First results of stabilization of 2/1 mode.

given in Figure 2. This example shows that ECRH releases
a locked 2/1 mode and finally suppresses the instability.

1.1.4 ECRH system for W7-X

Work on the 140 GHz, 10 MW-CW ECRH system for the
stellarator W7-X continued. IPF has taken responsibility for
the quasi-optical transmission lines as well as for the
development of the acceleration voltage modulator, the
thyratron crowbars and cathode heater supplies for the
depressed collector gyrotrons which are under development
at FZK Karlsruhe.

1.1.4.1 Multi-beam transmission system

The prototype transmission line at IPF Stuttgart was
completed by water-cooled components as foreseen for the
ECRH system in Greifswald. Measurements on the
prototype line which at present consists of 17 mirrors
confirm the expected power transmission efficiency of = 90
% . The mode analysis of the beams at the exit of the multi-
beam section yields a TEM,,-mode purity of = 98 %.
Further tests, where the heat load of the reflectors due to
microwaves was simulated by infrared radiators and heating
of the cooling water, show negligible reduction of the
quality of the lines. In Table 1, a summary of results from
the various channels of the prototype line is presented.

Channel of A B BN |C (D |E |[F
MBWG

transm. efficiency | 89.5 86.8 [89.8 [ 89.1 [90.7 [ 90.0 | 90.5
(%)

purity of TEM,, 988 199.1 199.2 [98.9 1990 [97.3]99.2
(%)

Table 1:  Transmission data for the prototype beam conditioning systems

and multi-beam waveguide (17 reflectors)

The mirrors, which are installed in the gyrotron test bed at
Forschungszentrum Karlsruhe did not show any fatigue for
the present power levels of 890 kW for 3 min or 520 kW
for 17 min. After integration of polarizers into the test
chamber, arcing in the dummy load could be completely
avoided owing to the use of a circularly polarized beam.
Also, no arcing was detected on the corrugated surfaces of
the polarizers, provided that they were clean.

At present, most of the transmission system for Greifswald
has been designed. All mirrors for the transmission up to
the torus hall are being manufactured or have been
delivered already. Prototypes of a calorimeter and mirrors
with directional couplers have been fabricated. The cooling
system for the mirrors was installed. At present, data
acquisition and mirror control are in preparation.

Work now concentrates on detailed design of beam
diagnostics as well as on absorbers for stray radiation. A
prototype of the last mirror in front of the torus window
was designed, machined and equipped with a diagnostic
hologram to measure the quality of alignment of the lines.
First tests confirm the principle and show the potential for
an automatic alignment system. Furthermore, the drafting
of the launchers has been started.

1.1.4.2 High-voltage system for gyrotron power
control and tube protection

The high-voltage system as shown in Fig. 3 for each of the
1 MW, 140 GHz gyrotrons consists of a high-power supply
(65 kV, 50 A) for the electron beam current and a low-
power, high-voltage source for the beam acceleration. The
gyrotron output power is controlled by fast control of this
low-power high-voltage source. The high-power source is
realised by THALES in PSM (pulse-step modulator)
technology, which consists of individual 1 kV DC sources
connected in series via semiconductor switches. The output
voltage is determined by the number of connected sources.
The sequence of connected sources is changed at a
repetition rate of 100 kHz. A low pass output filter reduces
the voltage ripple.
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First tests of the PSM module showed poor transient
behaviour during voltage steps and a high voltage ripple in
the frequency spectrum of the switching sequence. For the
analysis of these phenomena the whole 65 kV module
consisting of 84 stages was modelled by PSpice. The
inclusion of the stray capacitances from stage to stage and
stage to ground via the isolation transformers and the
design of the low-pass filter were recognized as key issues
for the explanation of the high ripple. By detailed numerical
circuit simulation a new low-pass filter was designed. After
a change of the components, new tests showed a
remarkable improvement of the output voltage behaviour,
which is close to the specified data for gyrotron application.
Simulations show that the design of the low-pass filter has
to be matched to the load in operation.

In addition to the redesign of the PSM low-pass filter the
function of the crowbar circuit for gyrotron protection was
simulated to limit the released energy into an arc in the tube
to the specified maximum value.

As a fast low-power HV source for beam acceleration and
gyrotron output-power control, a high voltage servo-
amplifier is used which suppresses the influence of the
residual ripple from the PSM supply on the acceleration
voltage. The required high slew-rate of the amplifier output
voltage of 600 V/us could be attained by separate feed-back
loops for the regulation of value and slew-rate of the output
voltage sketched in Fig.3. The frequency behaviour of
ripple suppression is shown in Fig. 4. The ripple with a
frequency of up to 1 kHz is suppressed by 60 dB, and the
100 kHz ripple from the PSM switching is reduced by 18
dB, leaving a gyrotron output power ripple of only 0.2 % .
The prototype of such a servo amplifier is in construction.
After completion and test this device will be the basis for
10 units needed for the ECRH system on W7-X.

-30

Gain in dB

-60
10 100Hz 1 10
Frequency

100kHz 1 10MHz

Figure 4: Servo amplifier. Suppression of voltage noise from
main supply.

1.1.5 ITER contributions

In 2002, the investigations of the ITER-relevant concept of
remotely steerable antennas based on the imaging
properties of a four-wall corrugated square waveguide were
continued. The work concentrated on detailed
measurements of the loss, which is introduced by the
integration of mitre bends into the antenna (e.g. for neutron
screening). Compared to a straight antenna, and in spite of
an optimum position of these "dog-legs", the measurements
yield an increase of the transmission loss for polarization
parallel to the scanning plane (see Fig. 5). The reason is an
abrupt change of the boundary conditions in the side walls
of the mitre bends, which cannot be avoided in standard
bends. At present, work is going on to optimize the mitre
bend design, and first improvements are obtained.

For characterisation and quality control of square
waveguides, a method based on resonator techniques to
measure the complex propagation constants of HE,, modes
is under development. First investigations yield promising
results, and further work is planned.
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Figure 5:

2.1 General developments in millimetre
wave technology

1.2.1 Investigations of materials for in-

vessel components and absorbers
For the characterization of the in-vessel reflections as well
as for development of absorbers and loads, investigations of
absorbing plates made from vacuum plasma-sprayed B,C
and atmospheric plasma sprayed mixtures of Al,O; and
TiO, on metallic substrates (Cu, Mo and Al) or alloy TZM
(Ti-Zr-Mo) were carried out. To determine the dielectric
constants €, and ¢, of the coating, the reflection coefficient
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Figure 3: HV-supply for the 1 MW cw, 140 GHz gyrotron.i
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R, (i) as a function of incidence angle at a fixed frequency
and (ii) as a function of frequency f at a fixed incidence
angle of 20° was measured with polarization parallel to the
plane of incidence. From a fit of both data sets to theory, ¢,
and ¢, as well as the dielectric parameters n and k can be
determined unambiguously. Results for various coatings are
summarized in Table 2.

Coating Sub- d R(a=0) N K
strate | (mm) (db)

Cu 0.15 -4.96 2.7 1.1

B,C Mo 0.3 -3.26 39 | 2.1
TZM 0.1 -2.7 38 | 2.7
TZM | 0.19 -1.95 48 | 0.8
. 0.21 -2.36 52129
00 | Al [C056 [ 306 |49 | 2.
' e 0.85 30 | 50 [ 22
. 0.3 -1.57 82 | 50
8'2 21105 Al 04 | -174 | 68 | 46
Coe 0.6 -185 [ 78 | 4.1

Table 2:  Dielectric parameters n and k: var. samples at 140 GHz

As a main result, the analysis of the tables shows a strong
dependence of the data on the production process. For
mixtures of materials, a non-linear variation of the
constants as function of the mixing ratio due to formation
of semiconductors is found.

1.2.2 Design of components for oversized

waveguide systems

The existing computer codes for numerical optimisation
and design of overmoded waveguide systems (based on
scattering matrix method, coupled wave equations and
simulated annealing) were further improved. The
development focuses on calculations of far-field patterns
radiated from waveguide antennas based on the mode
mixtures generated in the corrugated or smooth waveguide
structures. The programs use analytic formulas and are
suitable for both cylindrical and rectangular waveguides. In
addition, the implementation of optimisation algorithms for
waveguide structures with varying diameter (tapers, mode
converters, horn antennas) is in progress.

1.2.3 Frequency diplexers for oversized

waveguides
A program was developed to design and optimize
frequency diplexers based on the spatial Talbot effect in
rectangular waveguides. Such diplexers can be used, if
microwaves with two different frequencies must be
transmitted in one waveguide (e.g. reflectometers). The
diplexer consists of a combining section with two input
waveguides (TE,;,-mode) at one side and the output
waveguide at the other side (see Fig.6). A fourth
waveguide (top right in Fig. 6, not shown) with an
integrated absorber prevents reflections of spurious field
components. By optimizing the dimensions of the diplexer,
one can find solutions, where the power losses of the TE -
mode are below 3 % for both frequencies. A scaled diplexer
is currently under construction and will be tested soon.

Further developments will include an investigation of a
different design, which is based on the angular Talbot-
effect, as well as the possibility to build other components
(triplexers, band filters).

1.2.4 Microwave beam propagation and
diagnostics
The available computer code for the analysis of microwave

beam profiles was developed further. It now makes possible
to find the position and the direction of the beam's axis as

Figure 6: Field distribution in a diplexer for 45 GHz (top) and 70 GHz
(bottom).

well as the position of the beam waist, and it delivers the
contents of all Hermite-Gaussian modes up to TEMs;. This
code was applied to analyse the measured profiles of the
test beam used in evaluating the prototype multi-beam
waveguide for ECRH on W7-X and of the resulting beams
at various positions along the waveguide. Improved beam
propagation calculations were done for the design of the
new microwave lines on ASDEX-Upgrade.

1.2.5 Wood’s anomaly in the design of

corrugated mirrors

For broadband polarizers, where the groove period p is in
the region A/2 < p < A, Wood’s anomaly can occur, which
leads to the almost total extinction of the 0™ order reflected
power in a narrow frequency band. The lost power is
converted into heat or radiated away as a leaky wave which
can lead to serious problems at the MW levels considered.

In experiments, the occurrence of Wood’s anomaly was
found to be a function of frequency, the geometry (depth,
period length) and shape (rectangular, rounded) of the
polarizing grating as well as the angle of incidence.
Modelling was performed with the FDTD (Finite
Difference Time Domain) method, and very good
agreement with the measurements is found. The results are
used for the final optimization of broadband polarizers for
the multi-frequency ECRH system on ASDEX upgrade.

1.2.6 Corrugated mode converters with varying

wall impedance
Efficient transmission of high power microwaves and their
launching can be achieved in corrugated waveguides by
special mixtures of hybrid modes. For this purpose, mode
converters based on varying wall impedance without inner
diameter change were studied.
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In Fig.7, mode coupling between HE,, and other HE,, or
EH,, modes as function of corrugation depth is shown for
constant width w and period p of the corrugations. The
mode conversion of the input HE,; mode and the HE,, can
be optimized by different periods of the perturbation, the
number of beat-wavelengths and the corrugation depth. As
plotted in Fig. 7, significant coupling occurs only at
corrugation depths between 0.1-_/4 and 0.6:_/4. For a
variation of the corrugation depth given by

d (z)= dy, — d, sin [2n/ _,, )z + _,], the wanted mode
mixture of 85% HE,, and 15% HE,, was achieved after 4
beat-wavelengths, each _, = 0.12 m, with d,= 0.77 mm and
d, = 0.3mm, and a phase shift of _,=1.57. At z =480 mm,
the maximum spurious mode was 1.7% in the EH,, mode.

ouﬁling of HE11 mode with: 1
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Figure 7. Coupling coefficients due to varying wall impedance as

function of the normalized corrugation depth ( f= 70
GHz, a=13.9 mm).

1.3 Millimetre wave diagnostics

1.3.1 Doppler reflectometer for density

fluctuation and plasma rotation studies
Doppler reflectometry is a new diagnostic method for the
investigation of propagating density perturbations. Whereas
in a standard reflectometer transmitter and receiver
antennas are oriented perpendicularly to the plasma surface
the Doppler reflectometer probes the plasma by a
microwave signal with a line of sight which is non-
perpendicular with respect to the reflecting layer. The
diagnostic selects density perturbations with finite wave
number k, in the reflecting layer defined by the tilt angle.
For a given propagation velocity of these fluctuations this
leads to a Doppler shift of the returning microwave. The
accuracy in the measurement of both reflected power and
its frequency shift is determined by the integration time and
the statistical properties of the signals.
Numerical simulations were carried out to optimise the
antenna spot size with respect to plasma curvature effects in
order to obtain maximum k-resolution. From the Doppler
shift of the returning microwave the propagation velocity of
the selected density perturbations v, can then be directly
obtained.
In the experiments W7-AS and ASDEX-Upgrade Doppler
reflectometry is used to measure the frequency spectrum
which contains information on propagation velocity,
wavenumber and power of the plasma turbulence.

It was found that a useful interpretation of the
measurements in general is only possible if the design of
the reflectometer (antenna geometry, receiver) and relevant
plasma discharge parameters (density profile, magnetic
field configuration) are taken in consideration. Especially
developed computer programs (FDTD-code, equivalent
network code) allow to calculate the propagation of the
microwave in the inhomogenous plasma. These
computations yield the instrument function of the
reflectometer, which depends on the input plasma
parameters. The solutions of both numerical codes were
benchmarked against analytical solution. These
investigations are carried out in collaboration with other
groups at IST (Portugal) and CEA (Marseille, Nancy) .
Numerically calculated turbulence (e.g. B. Scott, IPP) has
been implemented into the numerical reflectometer. This
allows to find out if and to what degree characteristic
parameters of the turbulence can be observed by the
instrument function of the Doppler reflectometer.

The comparison of numerically generated time-series of the
numerical reflectometer with receiver signals in actual
plasma experiments with corresponding discharge
parameters also allows conclusions about the relevance of
numerical turbulence codes. Such a comparison has been
carried out for an L-mode discharge on ASDEX —Upgrade
and corresponding numerical turbulence (B. Scott, IPP).

The 2000-2002 experimental campaign of W7-AS
comprises the first island-divertor operation as well as
externally triggered radial electric fields. For this campaign
fast changes in the radial profile of turbulence level and
propagation velocity were diagnosed. A total of seven
homodyne reflectometers spanning the range 70 GHz to
110 GHz were installed.

For an antenna with a fixed tilt angle of +14 deg with
respect to the normal onto the reflecting layer values of up
to 10 MHz were observed for the Doppler frequency shift
which correspond to a poloidal velocity of up to 70 km/s. A
second symmetric antenna with -14 deg allows differential
measurements if the orientation of the cut-off layer changes
with the magnetic configuration. A fast spectrum analyzer
has been built in Stuttgart from which frequency shift and
intensity of the Doppler-shifted spectral component were
determined with a temporal resolution of less than 10
microseconds. The main results are:

-~ Temporal and radial dependence of the signal power in
discharges with different confinement properties.

—~  Dependence of poloidal propagation velocity of the
turbulence in the gradient region and energy
confinement. In cases where a comparison of the
poloidal propagation velocity of the turbulence with
the results from radial electric field measurements
(CRX spectroscopy) were available agreement was
found within the error bars of the diagnostics.

—  Time-of-flight-measurements with 2 poloidally
separated antennas as second independent diagnostic
for the measurement of the propagation velocity of the
turbulence. The results agree with those of the Doppler
reflectometer.

Near the end of the experimental campaign a conventional
reflectometer with perpendicular incidence was installed to
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look specifically for long-wavelength components of the
turbulence. The main results are:

-~ Radial movement of the steep density profile in the
H*-mode and the HDH-mode.

— In search for long-wavelength quasi-coherent
fluctuations as a possible concomitant for the HDH-
mode, no sign of such a dependence could be found.

1.3.2 Microwave reflectometry on ASDEX
Upgrade

The optimised O- and X-mode antennas together with the
improved receiver module of the Doppler reflectometer
now allow measurements of rotation velocities v,
perpendicular to the magnetic field, even for the low level
of the density fluctuations in the H-mode barrier.

The k-selectivity of the antenna system with respect to
fluctuations was calculated by numerical modelling of the
Doppler reflectometer experiment. It could be shown that in
principle the comparison of this k-selectivity with the
measured k-spectrum yields the k-spectrum of density
fluctuations. A numerical simulation of the reflectometer
was found to be required to interpret the measurements.
The main results are:

-~ Determination of the radial extent of the layer with
suppressed turbulence in the H-mode barrier.

—  Measurement of the ExB-rotation of the plasma and its
radial shear with high temporal and radial resolution.
This high resolution was exploited during the
investigation of the L-H-transition. As can be seen in
Fig. 8, a spin-up occurs before the transition in the
region of the later H-mode barrier.

—  The comparison with spectroscopy allows to estimate
the contribution of the intrinsic propagation velocity of
the turbulence in different discharge regimes.

-~ Analysis of the changes in turbulence during the L-H
transition with high temporal resolution.
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Figure 8: Rotation velocity profiles before the L-H-transition at the
plasma edge (shot No. 14516). Note that there is a radial offset
of p = 0.02 due to uncertainties in the profiles of magnetic field
and density.

1.3.3 Microwave components for multiplex

reflectometry

A multiplex reflectometer performs simultaneous
measurements at different frequencies through a single
antenna. This requires frequency multiplexers with a
minimum of power loss. Using the Talbot principle (c.f.
1.2.3), multiplexers can be realised in oversized geometries.
Therefore, the properties of multiplexers (losses, cross-talk,
mechanical dimensions) in the frequency range relevant for
reflectometry will be further investigated.

1.4 WEGA

With respect to the measurements of magnetic flux surfaces
in WEGA some useful adjustments were applied to the
Gourdon code, accompanying calculations were done and
hints for measurement and evaluation were given.

1.5 Staff

(W. Kasparek, P. Brand, H. Braune', G. Gantenbein, M.
Griinert’, H. Hailer, E. Holzhauer, S. Klenge®, H. Kumric,
G. A. Miiller, R. Munk, B. Plaum, J. Shi*, K. Schwérer,
R. Wacker), in collaboration with IPP Garching, FZK
Karlsruhe, and IAP Nizhny Novgorod.

2 PLASMA EDGE DIAGNOSTICS

2.1 Spectroscopic measurements of
plasma parameters in the divertor of
ASDEX Upgrade

Laser induced fluorescence (LIF) via fiber is a new
diagnostic for the investigation of space resolved
temperature and density profiles of hydrogen isotopes, wall
materials and impurities.

LIF is an established method in plasma physics to
determine spatially and spectrally resolved measurements
of atomic and molecular species, with the opportunity to
measure the velocity distribution of the species.
Furthermore, preparation of the laser system was done to
qualify the laser system, frequency conversion and
wavelength tuning as well as the detection system. In a first
test in the laboratory the applicability of LIF via fibre was
analysed.

! on leave from IPP since Sept. 15, 2002
2 from November 1 ,2002

® until March 31,2002

* from August 1,2002
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Figure 2.1: Experimental set-up for measurements of the fiber peak power
threshold level.

Figure 2.1 shows the experimental set up of the laboratory
LIF-system. The frequency doubled Nd:YAG-Laser (1=532
nm, t,;=7ns) is used as a pump laser for the dye laser. The
spectral ranges of the system depend on the applied dye.
The first measurement was done with the DCM dye with a
specified spectral range between 600-660 nm. A new dye
laser is used with a spectral resolution of

which will allow to determine the velocity distribution of
the detected species.

The opto-galvanic effect on a neon filled hollow cathode
lamp is used to calibrate the dye laser wavelength by tuning
with the grating.

One of the critical points of this new diagnostic
development is the power that can be transmitted via fibers
into the divertor of ASDEX Upgrade. There are two goals
in this point:

The first one is to estimate the detection limit of the
diagnostic system. The threshold peak power level of the
fiber is 1 GW /cm_. This threshold was measured with the
experimental set-up which is shown in Figure 2.1. The
measurement is shown in Figure 2.2 where the upper line
illustrates the peak power threshold level of the fiber
referring to the diameter of the fiber and the lower line
shows the calculated detection limit of the LIF diagnostic.
This result illustrates that the detection limit is more than
one order of magnitudes lower than the threshold power
level of the fiber.

The second one is to demonstrate that the laser light system
does not heat the coupling of the fiber to the vacuum vessel
of ASDEX Upgrade. For this experiment the laser was
coupled in to the fiber with a power near to the damage
threshold, and a fiber coupler was used to connect the two
fibers. The temperature was measured with a thermocouple.
The measurement shows a 10 % loss of power in the

coupler but not a measurable increase of the temperature of

the fiber coupling.
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Figure 2.2: Power transmission measurements via fiber: The upper line
illustrates the peak power threshold level, and the lower line
gives the detection limit of the LIF diagnostic system. The
detection limit of the LIF diagnostic could be improved after a
redesign of the optical path of the laser beam in the ASDEX
Upgrade Divertor by a factor of 5. The line of sight was
adjusted during the last shut down phase further more: fibers
were installed from ASDEX Upgrade to the laser room.

The schematic experimental set-up of the laser and
detection system on ASDEX Upgrade is shown in Figure
2.3.
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Figure 2.3: Scheme of the experimental set-up of the LIF diagnostic system
on ASDEX-Upgrade

Further investigation will be performed to change the
wavelength calibration to the hollow cathode with a
Hydrogen/Deuterium gas filling. The automation of the
laser and detection system has to be completed and further
LIF test measurements on Neon, Helium and Hydrogen will
be performed on a laboratory ECR-Plasma. The LIF
diagnostic will be transferred to ASDEX Upgrade in the
second quarter of 2003.

2.2 Erosion studies from emission and

absorption spectroscopy

The determination of erosion mechanisms and erosion

rates as a function of the plasma parameters and surface
temperature is of major importance not only for tests of
thermal protection materials for reusable space
transportation systems but also for plasma facing
components in thermonuclear fusion devices. Plasma jets
interacting with targets of the material in question are
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applied for these measurements and material tests. One of
the methods is to study the erosion of a C/C-SiC target in
such a plasma jet by high-resolution emission and
absorption spectroscopy of Si I resonance spectra of the
multiplet lines at 251 nm and the singlet lines at 263 nm,
288 nm or 390nm, respectively. The silicon is eroded by the
plasma jet and forms a disc like radiating cloud in front of
the target.

Further improvement of the experimental set up was done
to measure the silicon density as a function of time and
surface temperature. Figure 2.4 shows an Arrhenius plot of
the measured silicon neutral density as a function of inverse
surface temperature. The measurement was done with an
uncoated C/C-SiC sample and coated with TiO,. The
sample with TiO, coating shows an increase of the effective
surface binding energy of a factor of 3. Furthermore the
plot shows the low and high temperature transition from
active to passive oxidation.
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FIGURE 2.4: Measurements of silicon neutral density as a function of
surface temperature

The change in the surface composition as a result of coating
and plasma wall interaction makes it necessary to determine
in situ the emissivity of the sample. In addition, an
increasing emissivity allows an increasing thermal load to
be tolerable. The ex-situ measurement of emissivity as a
function of temperature and different coatings is shown in
Figure 2.5. This graph illustrates that the emissivity
increases up to a value of 0.9 at 1900 K for the TiO,
protection layer.This demonstrates the necessity of the in-
situ determination of the emissivity.
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FIGURE 2.5: Total normal emissivity as a function of the surface temperature
for uncoated C/C-SiC and as well as for different coatings
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1 Future electricity networks

Especially the introduction of intermittent electricity
sources and the diffusion of distributed generation will
make it necessary to improve the electricity network
capacities and control mechanisms and will make the
introduction of completely new dispatching philosophies
necessary. The dispatching philosophy has to be changed
from a demand driven to a supply driven philosophy, which
distinguishes between renewable primary supplies and
back-up secondary supplies. Basis for the following
analysis is the software tool DIgSILENT PowerFactory.
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The picture shows the additional power flow in the
European UCTE net due to the installation of off-shore
wind turbines

Within this tool the UCTE grid is modelled using 1488
nodes, 2401 transmission lines, 533 power plants, 92
transformers and 948 consumer loads. Information on the
production and consumption in the UCTE states,
distribution of produced power on the individual power
plants and plant types, load-curves for high and low
demand cases and the dynamic of power plants are
available. In a first step the static electricity transport
capacities in the German grid was analysed. Basis for the
analysis are the existing capacities of the high-voltage
transmission system. In a second step the planned
development of the offshore wind energy was examined
into the year 2030. In the picture the change of the load
flow is presented with a feed of seven Gigawatt from
offshore wind parks in the north and Baltic Sea opposite a
basic scenario. The extension of the high-voltage
transmission system in Northern Germany should take
place in the same speed, as the establishment of the

offshore wind parks. Otherwise it is not possible to transfer
power from several Gigawatts. Further the supply of control
power will be a large problem for the utilities. It depends
not only on the load prognosis, but also on the wind
prognosis. However in principle it is possible to feed
twenty Gigawatt from offshore wind power into the
German grid, if the high-voltage transmission system is
accordingly developed and enough control power is
available.

2 Influence of WENDELSTEIN 7-X on the
electricity grid

The heating power of the experiment WENDELSTEIN 7-X
is taken from the 110-kV-distribution network of the e.dis
Energie Nord AG. These heavy pulsating load causes
network reaction effects for consumers close to the IPP e.g.
the city of Greifswald. In cooperation with IPP Institute of
Greifswald and the utility e.dis the University of Rostock
analyses the effects to the supplying high-voltage-network
and the distribution subsystems. The aim of the study is the
evaluation of the network reaction effects and to find
possibilities to influence or to reduce the effects.
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A detailed network model is used for the investigations. All
parts of the local network levels are included inside of the
model. The heating scenarios are simulated and the network
reaction effects are detected. Some various load- and
network conditions, different heating scenarios and future
network constellations are considered within the simulation.
The results show that the sudden load rises are
problematically. There are some possibilities to improve the
situation, which are studied more exactly at present.
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Teams

Teams
ASDEX Upgrade Team: C.Roach*, F.Ryter, R.Sartori*, K.Shinohara*, J.Snipes*,
C.Angioni, C.Atanasiu*, M.Balden,W.Becker, G.Becker, A.Stabler, J.Stober, L.Sugiyama*, W.Suttrop, A.Sykes*,
K.Behler, K.Behringer, A.Bergmann, R.Bilato, K.Borrass, T.Takizuka*, K.Thomsen*, K.Tsuzuki*, H.Urano*, M.Valovic*,
M.Brambilla, F.Braun, A.Buhler, A.Carlson, G.Conway, I.Voitsekhovich*, M.Walsh*, M.Wakatani*, J.Weiland*.

D.P.Coster, R.Drube, R.Dux, S.Egorov*, T.Eich, K.Engelhardt,
H.-U.Fahrbach, U.Fantz, H.Faugel, M.Foley*, P.Franzen,
J.C.Fuchs, J.Gafert, G.Gantenbein*, O.Gehre, A.Gelier,
J.Gernhardt, L.Gianonne, O.Gruber, A.Gude, S.Gunter, G.Haas,
D.Hartmann, B.Heger, B.Heinemann, A.Herrmann, J.Hobirk,
H.Hohenocker, L.D.Horton, M.Huart, V.Igochine, D.Jacobi,
M.Jakobi, F.Jenko, A.Kallenbach, O.Kardaun, M.Kaufmann,
A Keller, A.Kendl, MKick, J.-W.Kim, K.Kirov, S.Klenge,
R.Kochergov, H.Kollotzek, W .Kraus, K.Krieger, T.Kurki-
Suonio*, B.Kurzan, P.T.Lang, P.Lauber, M.Laux, F.Leuterer,
A.Lohs, A.Lorenz, C.Maggi, H.Maier, K.Mank, A.Manini,
M.-E.Manso*, M.Maraschek, K.-F.Mast, H.Mayer, P.McCarthy*,
D.Meisel, H.Meister, F.Meo, P.Merkel, R.Merkel, D.Merkl,
V.Mertens, F.Monaco, A.Mick, H.W.Miuller, M.Minich,
H.Murmann, Y.-S.Na, G.Neu, R.Neu, J.Neuhauser, D.Nishijima,

Y.Nishimura,J.-M.Noterdaeme, I.Nunes*, M.Pacco-Diichs,
G.Pautasso, A.G.Peeters, G.Pereverzev, S.D.Pinches,
E.Posthumus-Wolfrum, T.Putterich, R.Pugno, E.Quigley*,

G.Raupp, T.Ribeiro*, R.Riedl, S.Riondato, V.Rohde, J.Roth,
F.Ryter, S.Saarelma*, F.Salzedas*, W.Sandmann, H.-B.Schilling,
J.Schirmer, W.Schneider, G.Schramm, J.Schweinzer,
S.Schweizer, B.D.Scott, U.Seidel, F.Serra*, S.Sesnic*, C.Sihler,
A.Silva*, A.C.C.Sips, E.Speth, A.Stabler, K.-H.Steuer, J.Stober,
B.Streibl, D.Strintzi, E.Strumberger, W.Suttrop, A.Tanga,
G.Tardini, C.Tichmann, W.Treutterer, M.Troppmann, H.Urano,
P.Varela*, D.Wagner, F.Wesner, R.-Wolf, E.Wirsching, M.Y.Ye,
S.-W.Yoon, Q.Yu, D.Zasche, T..Zehetbauer, H.-P.Zehrfeld,
M.Zilker, H.Zohm.

ECRH Group (AUG):
F.Leuterer, K.Kirov, F.Monaco, M.Munich, F.Ryter, H.Schitz,
D.Wagner.

ICRH Group:
W.Becker, V.Bobkov, D.Birus, F.Braun, H.Faugel, D.Hartmann,
F.Meo, J.-M.Noterdaeme, J.Wendorf, F.Wesner, E.Wirsching.

ITER International Team:
R.Aymar, A.Costley, G.Janeschitz, Y.Murakami, V.Mukhovatov,
A.Polevoi, M.Shimada, Y.Shimomura, M.Sugihara, O.Zolotukhin

ITPA Database and Modelling Group:

T.Aniel*, G.Bateman*, G.Becker, M.Bell*, G.Bracco*,
R.Budny*, C.Bush*, T.Carlstrom*, A.Chudnovskij*, J.Connor*,
J.Cordey*, A.Coté*, J.DeBoo*, A .Dnestrovskij*,
Yu.Dnestrovskij*, T.Fukuda*, M.Greenwald*, Y.Gribov¥,
G.Hammett*, T.Hatae*, T.Hoang*, L.Horton, W.Houlberg*,
A.Hubbard*, Y.Kamada*, O.Kardaun, S.Kaye*, S.Konovalov*,
A Kritz*, A Kukushkin*, A.Kus, S.Lebedev*, V.Leonov*,
Y.Martin*, Y.Miura*, J.Ongena*, T.Onjun*, T.Osborne*,
G.Pacher*, A.Pankin*, V.Parail*, G.Pereverzev, F.W.Perkins*,

NI Group:

M.Bandyopadhyay, A.Entscheva, H.Falter, P.Franzen,
B.Heinemann, D.Holtum, C.Hu, M.Kick, W.Kraus, P.McNeely,
S.Obermayer, F.Probst, R.Riedl, P.Rong, N.Rust, W.Schirich,
R.Schroeder, E.Speth, A.Stabler, R.Su, A.Tanga.

NI Team (W7-AS):
F.Probst, R.Riedl, N.Rust, W.Schirich, E.Speth, R.Suf.

Threshold Database Group:

T.N.Carlstrom?*, J.G.Cordey*, J.C.DeBoo*, T.Fukuda*,
M.Greenwald*, Y.Kamada*, O.Kardaun, S.M.Kaye*,
S.Lebedev*,  Y.Miura*, Y.Martin*, E.Righi*, F.Ryter,

J.A.Snipes*, J.Stober, T.Takizuka*, K.Thomsen*, K.Tsuchiya*,
M.Valovic*.

W7-AS Team:

T.Andreeva, S.Baumel, J.Baldzuhn, C.Beidler, T.Bindemann,
R.Brakel, H.Braune, R.Burhenn, J.Chung, A.Dinklage, A.Dodhy,
H.Ehmler, M.Endler, V.Erckmann, Y.Feng, M.Fink, C.Franck,
F.Gadelmeier, J.Geiger, L.Giannone, P.Grigull, O.Grulke,
E.Harmeyer, H.-J.Hartfuss, D.Hartmann, F.Herrnegger, M.Hirsch,
E.Holzhauer*, K.Horvath, Yu.L.Igitkhanov, R.Jaenicke, F.Karger,
W .Kasparek*, M.Kick, J Kisslinger, T.Klinger, S.Klose, J.Knauer,
R.Kbnig, G.Kiuthner, A.Kus, H.Laqua, K.D.Lee, J.Lingertat, R.Liu,
H.Maafberg, S.Marsen, N.B.Marushchenko, K.McCormick,
G.Michel, G.Miuller*, R.Narayanan, U.Neuner, M.Otte,
M.G.Pacco-Duchs, E.Pasch, A.Pasternak, E.Polunovsky*, A.
Reichert, N.Ruhs, J.Saffert, E.Sallander, J.Sallander, F.Sardei,
F.Schneider, M.Schmidt, C.Schroder, M.Schubert, A.Stark,
J.Svensson, H.Thomsen, Y.Turkin, F.Volpe, F.Wagner, A.Weller,
A.Werner, H Wobig, E.Wirsching, D.Zhang, D.Zimmermann.

W7-X Construction Division Engineering Team:

Y.Bozhko, J.Boscary, T.Brauer, J.-H.Feist, W.Gardebrecht,
H.Grote, B.Hein, H.Laqua, J.Ludvik, M.Nagel, H.Niedermeyer,
J Reich, H.Renner, K.Rie, T.Rummel, J.Schacht, F.Schauer,
H.Schneider, D.Sharma, S.Y.Shim, A.Spring, K.Stache,
M.Wanner, L. Wegener.

W7-X Construction Division Technical Team:

H.Bau, A.Benndorf, A.Berg, H.-J.Bramow, R.Brockmann,
A.Bruckner, M.Czerwinski, H.Dutz, M.Fricke, F.Fiullenbach,
G.Gliege, M.Gottschewsky, S.Heinrich, A.Holting, U.Kamionka,
T.Kluck, E.Koster, C.Kopplin, U.Krybus, F.Kunkel, K.Lang,
H.Lentz, B.Missal, T.Monnich, I.Miller, F.Nankemann, A.Opitz,
M.Pietsch, S.Pingel, S.Raatz, R.Rieck, U.Schultz, M.Schweitzer,
K.-U.Seidler, F.Starke, H.Viebke, O.Volzke, A.Vorkoper,
A.Wolk.
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Scientific division of IPP

Experimental Plasma Physics Division 1

Director: Prof. Michael Kaufmann

ASDEX Upgrade (Divertor Tokamak)
« operation of ASDEX Upgrade
« investigation of ITER plasma boundary in a reactor-
relevant divertor
« advanced tokamak studies
« investigation of energy transport, MHD stability, beta
limit, density limit and disruptions

JET collaboration
* participation in experiments on JET under EFDA
« operation of special discharge scenarios at JET
» comparative studies together with ASDEX Upgrade

Experimental Plasma Physics Division 4

Director: Prof. Kurt Behringer

Experimental and theoretical investigations of plasma
boundary and divertor physics, impurity transport, che
mical impurity production and plasma radiation in
ASDEX Upgrade and WENDELSTEIN 7-AS

* spectroscopic diagnostics on ASDEX Upgrade

* spectroscopic diagnostics on WENDELSTEIN 7-AS
laboratory experiments at the University of Augsburg,
Experimental Plasma Physics

Experimental Plasma Physics Division 2

Director: Prof. Hartmut Zohm

ASDEX Upgrade
* Analysis and control of MHD instabilities

Diagnostics
« Control and data acquisition

ITER
» Coordination of ITER related activities at IPP

JET
 Contributions to task forces S1, S2 and M

Experimental Plasma Physics Division 3

Director: Prof. Friedrich Wagner

WENDELSTEIN 7-AS (Advanced Stellarator)
« stellarator with improved magnetic characteristics
» Experiment-orientated stellarator Theory
« interpretation of stellarator experiments
« Stellarator power plant system studies
« development of the HELIAS power plant concept
* Preparation of the WENDELSTEIN 7-X diagnostics
* Preparation of ECRH for WENDELSTEIN 7-X
» Development of Greifswald site

Experimental Plasma Physics Division 5

Director: Prof. Thomas Klinger

dynamical behaviour of stellarator plasmas physics of
plasma edge and divertor region stellarator magnetohy
drodynamics data acquisition and control

WENDELSTEIN 7-AS
 development and optimization of diagnostics

WENDELSTEIN 7-X
e preparation of the experiment program

VINETA
* basic behaviour of plasmas waves and plasma instak
ties

INTERNATIONAL MAX-PLANCK RESEARCH SCHOOL "BOUNDED
PLASMAS"
e training of PhD students

Stellarator Theory Division

Director: Prof. Jiirgen Niihrenberg

General stellarator theory
« Further development of the stellarator concept and
computational as well as analytical methods to investig
te equilibrium, stability and transport problems in three
dimensional toroidal configurations.

Plasma edge physics
* Theoretical work on 3D plasma edge physics




Scientific division of IPP

Plasma Diagnostics Division

Director: Prof. Gerd Fussmann

Edge plasma physics
 experimental and theoretical work relating to fusion
devices

Plasma generator PSI-II
* basic plasma physics
* plasma interaction with solid surfaces
edevelopment and testing of plasma diagnostics
Electron Beam lon Trap (EBIT)
* production of highly charged ions
» X-ray spectroscopy and atomic physics measuremel
UHV laboratory, arc physics, ITER collaboration

nts

Materials Research Division

Director: Prof. Harald Bolt

 Characterisation of fusion relevant properties of plas

facing materials; development and qualification of plas

ma facing materials for present fusion devices, esp.
ASDEX Upgrade and WENDELSTEIN 7-X

* Design and development of materials for plasma fac
components in fusion reactors

ma

p

ing

Surface Physics Division

Directors: Prof. Volker Dose, Prof. Jurgen Kiippers

Surface physics
 atomistic characterisation of surfaces
Plasma-wall interactions
* interactions of atoms, ions and electrons with solid
surfaces
 wall fluxes in the boundary layer of plasma devices
e limiter and wall analyses

Low temperature plasma physics
* preparation and characterisation of thin-film coatings
for plasma devices and plasma diagnostics

Data analysis*
« application of Bayesian techniques to experimental ¢
* Part of Centre for Interdisciplinary Plasma Science

lata

WENDELSTEIN 7-X Construction

Director: Dr. Manfred Wanner

WENDELSTEIN 7-X Construction

e engineering, construction and installation of the W 71.

device

incl. system control, plasma heating, in-vessel compo
nents, and auxiliary systems

« project control and quality management

Technology Division

Director: Prof. Rolf Wilhelm

Neutral injection

¢ development, constuction and operation of the inje¢

tion systems for ASDEX Upgrade and WENDELSTEIN
7-X

e development of RF-driven negative ion sources for
ITER

Electron cyclotron resonance heating
e construction and operation of an ECRH system for
ASDEX Upgrade

lon cyclotron resonance heating
¢ development, construction and operation of ICRH
systems for ASDEX Upgrade and WENDELSTEIN 7-

N

Tokamak Physics

Director: Prof. Sibylle Giinter

Theoretical support for the tokamak activities of IPP a
well as study of fundamental plasma physics in toroid
magnetic confinement devices:

e plasma edge physics

e nonlinear plasma dynamics and turbulence

« heat and particle transport in tokamaks

« large scale instabilities in tokamaks including MHD
and kinetic effects

e wave propagation and absorption in inhomogeneous
plasmas




How to reach IPP in Garching

B 13

Nirnberg autobahn

B 388

Garching
Research Site

Garching-Hochbriick

snnEEn Bys

Feldkirchen
B 12

By car:
Exit Garching-Nord

on the Miinchen-Nirnberg
autobahn.

By public transport:
Any S metro from
Munich Main Station to
Marienplatz, metro U6 to
Garching-Hochbriick,
then bus 291 or 691;

or S8 to Ismaning,

then bus 230



How to reach Greifswald Branch Institute of IPP

Greifswald Branch Institute of
Max-Planck-Institut fur Plasmaphysik
Stralsund Wendelsteinstraie 1
B 96 D-17491 Greifswald

f

"Rathaus"
Bus Stop

Hansering

Lubmin

Greifswald Bahnhofsstr. W
. ) olgast
Main Station N
TTTT Railway
_____ Footpath Greifswald
South Station
[ Bus Stop .
@ 'Elisenpark”
Schonwalder Landstr. Bus Stop
&)
* \ @6@1@%@ \
: 9
Berlin B 109
Anklam
B 96
Neubgn?.enburg Pr§n1z1lau
(Berlin) (Berlin)
By air:

Via Berlin: from Berlin Tegel Airport by bus No. X9 to Zoologischer Garten, by train to Greifswald
Via Hamburg: from the airport to Main Railway Station, by train to Greifswald.

By car:
Via Berlin, Neubrandenburg to Greifswald or via Hamburg, Liibeck, Stralsund to Greifswald,
in Greifswald follow the signs "Max-Planck-Institut".

By bus:
From Greifswald Railway Station walking distance of 10 minutes to the "Rathaus" (Town Hall).
Then from "Rathaus's" stop by bus No. 2 or 3 to the "Elisenpark's" stop.
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