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Top:   Modelling studies of multi-scale mechanisms in the presence of imposed electric 
fields and resonant q using the code ATTEMPT: Radial (left) and poloidal (right) 
cross-correlation of density fluctuations for several imposed ExB flow shear 
strengths with fixed flow speed: stronger shear enhances correlations. 

Graph:  Institute of Ion Physics and Applied Physics, University of Innsbruck 
 

 
Bottom: A quartz crystal mounted on a sample holder in an ultra-high vacuum (UHV) 

chamber enables the monitoring of  sputtering and deposition processes in situ and 
with high accuracy. The eigenfrequency change of the crystal is directly linked to a 
mass increase or decrease respectively.    

 Photo:  Institute of Applied Physics, Vienna University of Technology 
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Figure 4a shows the fine structure of one Mr during one ELM filament delimited in figure 3 
by the red and blue vertical line. Again it can be seen that the triple fluctuating term nfl vr,fl 
vӨ,fl (red line) strongly dominates over the other terms, even the particle transport term (green 
line). Figure 4b shows the analogy during blob events in L-mode. In figure 2a, this interval is 
delimited by the red and blue vertical line. In this case the Reynolds stress (blue line) is 
strongest but almost equal to the term represented by the dark yellow line, whereas the triple 
fluctuating term (red line) and the particle transport term (green line) are even negative. 

The signals of the magnetic sensor bt, br and bp for the toroidal, radial and poloidal 
components of the magnetic field variations allow conclusions as to whether or not the 
fluctuations in the edge region of AUG are due to waves or singular events. The evidence 
found in the evaluation of the data obtained, namely that ELM filaments are due to current 
filaments in the pedestal when they propagate into the SOL is now well-established. We 
therefore conclude that the magnetic signals during ELMs are mainly generated by currents 
carried by ELM filaments, parallel to the total magnetic field. This magnetic activity can be 
distinguished from general MHD activity due to propagating waves in the plasma, using the 
degree of polarization (DOP) analysis2.  

 

 

 

 

 

Figure 5 shows the spectrogram of the DOP versus time in the upper part and the DOP for a 
frequency of fDOP = 10 kHz (red line) and the ion saturation current Isat (black line) in the 
lower part.  As long as 0.8 ≤ DOP ≤ 1.0, fluctuations can be ascribed to plane waves. For 
DOP < 0.8, the fluctuations are better represented by coherent structures passing by the 
measuring point (the probe head in the present case); these structures are ELMs. Utilizing Isat 

as time reference, figure 5 shows that during ELMs the DOP indeed drops to values between 
0.7 and 0.65, whereas between ELMs DOP rises above 0.75. This is especially well 
discernible in the lower part for fDOP = 10 kHz. From this we can conclude that the observed 
magnetic fluctuations are due to current carrying structures in the SOL. Figure 6 shows the 
ion saturation current (a) and the radial and poloidal component, br,p, of the magnetic 
fluctuations versus time (b). During the time interval highlighted in red a phase jump of π/2 
occurs between the two components, whereas during the rest of the time window the phase 
shift between br and bp is close to zero.    The Isat-signal which reaches a   maximum about 
0.1 ms before the magnetic signals confirms the presence of an ELM filament during the time 

                                                 
2 J. Samson, J.  Olson, Geophys. J. Int. 61 (1980); O. Santolik, Radio Sci. 38 (2003), 13. 

Figure 4.  Close-up of the instantaneous transport during the intervals delimited in the previous 
figures by the red and blue vertical line. Total momentum (black line), the other lines show the 
parameters listed; (a) one filament during an ELM (see figure 3a); (b) during blob events in 
the L-mode (see figure 2a). 
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interval highlighted in red. By drawing a hodogram (figure 6c), i.e. bp as a function of br, a 
closed elliptical loop is obtained in the radial-poloidal plane (red loop). 

 

 

 

 

 

 

Closed loops are signatures of passing current filaments in outward direction (possibly with 
radial and poloidal components) in front of the probe. Outside the ELM, the magnetic field 
perturbation shows an almost linear polarization in the perpendicular plane, which clearly  
indicates that the magnetic activity between ELMs (wavelike) differs qualitatively from the 
magnetic perturbation during an ELM, which is presumably due to the motion of current 
filaments.  

Figure 7 shows a 2D-reconstruction of a closed elliptical loop in a plane slightly tilted with 
respect to the toroidal direction in which the two perpendicular components are called bλ1,2. 
From this we conclude that the magnetic fluctuations observed are generated by a monopolar 
current distribution. This is indicated by the closed elliptical loop (red line in figure 7a) which 

Figure 5. Spectrogram of the degree of 
polarization (DOP) versus time 
in the upper part; DOP for 10 
kHz (red line) and ion saturation 
current Isat versus time in the 
lower part. 

Figure 6. (a)Ion saturation current (b) Radial (blue) and poloidal (pink) component, br,p, 
respectively, of the magnetic field fluctuations. The red box in (b) delimits the time interval 
when the two components change their phase relation. (c) Hodogram of the radial/poloidal 
magnetic field component. The closed loop in red shows b p(br) during the time interval 
highlighted in red in panel (a, b). 
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is a fit of the original data (black line). Figure 7b shows a simulation of the hodograms of 
magnetic signals on two axis perpendicular to each other of a monopolar current filament (red 
ellipse) passing by the observation point and of a bipolar current filament (blue cardioid-
shaped line). The fit of the original data (red ellipse in figure 7a) obviously corresponds to an 
ellipse but not to a cardioid (blue line). Moreover, the elliptical hodogram of a monopolar 
current filament (figure 7b) only extends only over two quadrants of the plane, whereas the 
cardioid-like hodogram of a bipolar current filament extends over three quadrants. Also the 
elliptical fit of the obtained data (red ellipse in figure 7a) expands over only two quadrants, 
which corresponds to a monopolar current filament. As the signals obtained are created by the 
passing-by of a monopolar current filament in outward direction, the distance of the current 
filament from the probe, the current density and the angle of the reconstructed magnetic 
component bλ1 with respect to the radial direction were determined, based on the assumption 
of an approximate radial velocity of 1 km/s. Statistics of the three quantities described above 
were compiled from allavailable ELM in the form of histograms (see figure 8 below). These 
results were partly published in [1.1,1.5 and 5.1]. 

 

 

 

 

 

 

 

 

Figure 7. (a) Hodogram of the magnetic signals bλ2 versus bλ1 in the reconstructed plane 
perpendicular to the axis derived from the minimum variance analysis which almost 
coincides with the direction of Btotal. This system is slightly tilted with respect to the toroidal 
coordinate system; thus b λ1 and b λ2 correspond approximately to the radial and poloidal 
direction, respectively. (b) Simulation of the magnetic signals created by a passing-by 
monopolar current filament (red ellipse) and of a bipolar current filament (blue cardioid 
figure). 

Figure 8. (a) Histogram of the angle 
between λ1 and the radial 
direction;   (b) Histogram of the 
number of filaments as a 
function of the distance of 
closest approach a to the probe 
head.  All filaments are found 
within the SOL; (c) Histogram 
of the number of filaments as a 
function of their current. 
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WP10-TRA-05-02-01 

Edge plasma diagnostics for direct measurements of the plasma potential  
(in cooperation with the ASDEX Upgrade and the COMPASS Teams) 

Data obtained during the ASDEX Upgrade (AUG) campaign in April/May 2009 with an 
arrangement of four ball-pen probes (BPP) and four Langmuir probes were evaluated. A BPP 
consists of a collector which is retracted by a few mm into a ceramic screening tube and 
allows to directly determine the plasma potential Φpl. In a sufficiently strong magnetic field, 
the ceramic tube screens off a certain part of the electron current and the floating potential of 
the probe becomes equal to the plasma potential. In order to determine the plasma potential, 
the difference of two measured values is necessary, which can be reliably measured by two 
BBPs positioned near each other in the desired direction of space. With a conventional 
Langmuir probe close to a BBP also the electron temperature Te can be determined. 

With this set-up fast and local measurements of plasma density, potential and electron 
temperature in the edge plasma of AUG were performed. With this array a high spatial (2-4 
mm) and temporal (1 μs) resolution of the temperature can be achieved which allows to 
observe details of individual turbulence structures (blobs). The edge plasma transport of 
energy and particles across the magnetic field towards the inner wall of a tokamak is in 
principle a result of electrostatic turbulence, driven by the interchange motion of higher 
pressure blobs, i.e. meso-scale structures (size ≈ 1 cm) which are much larger than the ion 
Larmor radius but much smaller than the characteristic size of the device.  

 

 

 

In order to better understand and to measure potential formation in front of plasma boundaries 
in complex plasmas with more than two species of charged particles, related investigations 
were continued in cooperation with the Jožef-Stefan-Institute in Ljubljana. Such plasma types 
are important for the understanding of the edge plasma and divertor plasma of tokamaks 
where sheaths and pre-sheaths between the plasmas and the material boundaries are formed.  

 

 

In principle, sheaths can be measured best by emissive Langmuir probes, but in ITER 
Langmuir probes are applicable only as flush-mounted probes. Thus spectroscopic methods 
are very important. Nevertheless, Langmuir probes and spectroscopic probes together can 
yield new information on the sheaths, in particular on the influence of different electron 

Figure 9. (a) Example of the temporal evolution of raw data (taken 48 mm from the last closed flux 
surface - LCFS). The blue lines show the plasma potential determined by two BPPs 
poloidally separated from each other by 10 mm. The two black lines show the floating 
potentials of two Langmuir probes also poloidally separated by 10 mm from each other. The 
red line shows the electron density determined from an ion-biased Langmuir probe. The 
green line shows the electron temperature determined from the difference between the 
floating potential (measured by a Langmuir probe) and the plasma potential (measured by a 
BPP as close as possible to the Langmuir probe). (b) Radial profiles of the time-averages of 
the plasma potential (blue line), the electron temperature (green line), the electron density 
(red line) and of the (negative!) cold floating potential in the SOL between the LCFS and the 
limiter and in the limiter shadow.



Association EURATOM-ÖAW – Annual Report 2010 – Plasma Physics 
 

 63

populations on the molecular Fulcher band spectra of hydrogen. Figure 10 shows the 
perturbation patterns of emissive probes (a) versus cold probes (b).  

 

 

 

 

 

 

 

 

In cooperation with the VINETA Team (Max Planck Institute for Plasma Physics, 
Greifswald) tests were performed with a laser-heated probe which has several advantages 
compared to a conventional emissive wire probe: smaller size, longer lifetime and higher 
electron emissivity due to the possibility to use materials that do not melt, no voltage drop 
along the wire, no distortion of the wire in a magnetic field and better time response. Results 
have been published in [1.9]. 

WP10-TRA-05-01 

Inter-ELM and L-mode blobs, post-cursors 
(in cooperation with IPP Garching, ENEA-RFX, Risø and JET)  

Up to now, the so-called palm-tree mode (PTM) has only been found in JET with an edge 
safety factor q = 3. For investigating this mode, data of poloidal and toroidal magnetic pick-
up coil arrays and of the electron cyclotron emission (ECE) diagnostic of JET have been used 
(see figure 11). A detailed analysis of the PTM will improve the understanding of ELMs by 
providing better insight into "blob" and "hole" creation mechanisms and their dynamics. It is 
now generally acknowledged that ELMs lead to the ejection of a number of filamentary 
structures into the scrape off layer (SOL). This includes radial transport of particles, creating 
radially moving structures of increased particle density. The purpose of our investigation was 
to confirm the validity of the assumption that regions with reduced particle density (so-called 
“holes”) are created after an ELM and to gain more insight into the physics of the PTM. 

Figure 10. (a) Typical current-voltage characteristic of the emissive probe. The black upward arrow 
indicates the value of VP below which an increase of the magnitude of the emission current 
due to additional ionization of the background neutrals by the emitted electrons which are 
accelerated in the probe sheath is shown. (b) Three typical characteristics of the cold probe 
for various biases of the emissive probe upstream. The red line shows the characteristic when 
the emissive probe was biased strongly negatively. The blue and green line (almost 
congruent) show characteristics when the emissive probe was biased to only –11 V (green 
line) or not heated and floating (blue line). 
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Figure 12 shows the signal of the poloidal coil arrays when a PTM is passing by. The mode 
propagates in the ion diamagnetic drift direction and manifests itself as electron temperature 
fluctuation in the ECE diagnostic and as magnetic perturbation in the in-vessel magnetic pick 
up coils of JET. From these we verified the helical structure of the PTM. It appears that the 
PTM is a closed current filament on a rational surface. Charge interchange imbalance is 
therefore short-circuited by parallel currents and the mode is radially trapped. The trapped 
filament is no longer in contact with the whole flux surface, its life time is therefore 
significantly increased. After filtering and calibration, the signals were used to reconstruct the 
helical structure of the mode (see visualization in figure 13). Data from all available coils 
were evaluated in the poloidal/toroidal plane. In addition, a simulated current filament on a q 
= 3 surface was synchronized with the mode onset and the propagation of the measured 
signals and the simulated signals from coil to coil was studied. As the ELMs start at a more or 
less localized position, also PTMs would show the same behaviour. Under the assumption that 
the current carried by the PTMs starts with an poloidally peaked initial current distribution 
along the Btotal field lines, it spreads out and transforms into a uniform current distribution as 
the filament is formed. The current density distribution diffuses along a closed magnetic field 
line at a rate given by the parallel diffusion constant. Additional current density is lost due to 
parallel Spitzer resistivity. Figure 14 shows the temporal decay of a simulated, initially 
peaked current distribution and, for comparison, the measured temporal current evolution for 
the outboard side of JET. Parts of these results have been published [4.7 and 5.2]. 

Figure 11. Schematic poloidal cross 
section of JET showing the 
positions of one popoidal limiter 
coil array (orange crossed 
squares). The red dashed line 
shows the q = 3 surface, the red 
and blue triangles show the 
position of PTMs at the indicated 
times. 
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Figure 12. A passing by PTM mode as 
seen by the poloidal limiter coil 
arrays (JET pulse#73568) 

Figure 13. Visualization of the PTM 
filament on a q=3 surface. 
PTM filament seems to be a 
closed 

Figure 14. Upper panel: temporal 
evolution of a simulated 
current distribution along 
a PTM. Lower panel: 
temporal current evolution 
during an ELM, followed 
by a PTM as seen by one 

l d l l
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OUTLOOK FOR 2011 

In 2011, R. Schrittwieser et al. continue their investigations of plasma turbulence structures 
and intermittency and investigations of ELMs in cooperation with ASDEX Upgrade, JET, 
COMPASS-D, Risø and MHEST and contribute to the work programmes 2011 of the EFDA 
Topical Groups and the EFDA Task-Force Plasma-Wall Interaction. 
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5.5.  V. Naulin, … Ch. Maszl, … R. Schrittwieser and JET-EFDA Contributors, "Progress in 
turbulence modeling: JET SOL and edge phenomena", Nuclear Fusion. 



Association EURATOM-ÖAW – Annual Report 2010 – Emerging Technologies 

70 

II.  EMERGING TECHNOLOGIES 

Erich-Schmid Institute of Materials Science at ÖAW 

TUNGSTEN AND TUNGSTEN ALLOYS DEVELOPMENT 

R. Pippan; H. Felber, F. Hubner, H.Li,  P. Kutlesa, G. Reiter, B. Gludovatz, L. Romaner,  
S. Wurster 

PROJECT SUMMARY 

Prominent for its high melting point and high temperature strength, W is regarded as a 
promising material for components used in turbine engines and future fusion power plants. 
However, its room temperature brittleness represents a major drawback, which reduces the 
formability of these components, and ultimately limits the usage of these materials. The goal 
of this work is to understand the fracture of tungsten in a comprehensive manner, including 
the influences of microstructure, impurity and alloying contents and temperature, in order to 
shift the DBT temperature to lower temperatures and / or to increase the fracture toughness 
values at low temperatures. 
 

WORK PERFORMED IN 2010 
 

Task Agreement No. / tasks Milestones Participants Person 
years 

EFDA Fusion Materials Topical Group  

WP10-MAT-WALLOYS-2-2 Structural material 
development 

R. Pippan    
S. Wurster  
H. Li  
P. Kutlesa 

0.7 

WP10-MAT-WALLOYS-5-1 Plasticity and fracture 
mechanisms 

R. Pippan   
S. Wurster  
H. Li  
P. Kutlesa, 
G. Reiter 

1.5 

WP10-MAT-WALLOYS-5-2 Micro-plasticity studies of 
tungsten 

R. Pippan  
S. Wurster 
H. Li 

1.5 

 
Structural material development 

Fracture toughness investigations were performed on three industrial alloys (W-1%Ta, W-
5%Ta, W-10%Ta) in as-forged condition. The microstructure of the material was investigated 
after the forging process and at different temperatures from room temperature up to 600°C. 
Three-point-bending (3PB) and compact tension (CT) samples were used. Fracture behaviour 
strongly depends on the microstructure: At room temperature, fracture toughness is either 
about 4MPam1/2, when the crack propagates along the elongated grain structure (direction A) 
or in the range of 8-28MPam1/2, when the crack propagates along forging direction (direction 
B). The highest values in the latter case appear for WTa1. The sometimes fairly low 
toughness values at elevated temperatures originate from crack branching, where the crack 
does not propagate straight forward, but deviates along the grain boundaries, which reduces 
the crack propagation resistance. Nevertheless, testing in direction A leads to toughness 
values well below the values measured for direction B for all alloys and over the whole 
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temperature range. The influence of microstructure on fracture behaviour is also shown by a 
marked change in fracture morphology. The fracture surfaces for samples of type A are 
dominated by fracture along the grain boundaries, whereas the fracture surfaces of type B are 
dominated by trans-crystalline fracture. 
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Figure 1. Fracture toughness values for W-1%Ta (left), W-5%Ta (middle) and W-10%Ta (right) as a 

function of temperature and crack propagation direction 
 
Three different tungsten composite materials were produced by powder mixing, powder 
consolidation and subsequent severe plastic deformation using high-pressure torsion at 
temperatures from room temperature up to 300°C: W-30%Ta, W-25%V and W-2%Ir. The 
low-alloyed W-Ir material was produced with a composition close to a sigma phase field in 
the phase diagram, which is also the case for the W-26%Re alloy (which has very high 
fracture toughness [1]). The appearing lattice instability might ease dislocation movements, 
increase the ability of plastic deformation, workability of the material and, as a consequence, 
fracture toughness. Hardness measurements, investigation of the microstructure using 
scanning electron microscopy and electron backscatter diffraction analysis and room 
temperature fracture experiments were conducted. After a heat treatment of 1000°C for one 
hour to remove eigenstresses, fracture samples were machined out, considering different 
testing directions. After cutting and producing blunt notches with the diamond wire saw, 
sharp notches – in relation to the overall sample dimensions – were made using the focused 
ion beam. As already pointed out in [2], the testing direction in relation to the applied shear 
deformation and position of the sample within the highly deformed cylinder strongly have an 
influence on fracture behaviour.  
 

        

 
 

 

Figure 2. High-pressure torsion sample after 
production (left), after slicing using 
diamond wire saw (centre) and 
starting of mini three-point-bending 
sample production 
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Figure 3. Fracture toughness of W-30%Ta and W-25%V composites for different testing 

direction as a function of applied equivalent von-Mises strain during high pressure 
torsion. The indicated directions are crack propagation directions 

 
The elastic constants results are obtained first to gauge the reliability of the present pseudo-
potentials most relevant for later simulation of the screw dislocation. Virtual crystal 
approximation (VCA) calculations were performed for a set of W-Me (Me=Ta, Re) 
concentrations to show the influence of these solid solute atoms in comparison with pure Ta 
and W. Ta has an ideal solubility in body-centred cubic (bcc) W, so a wide range of Ta 
concentrations include c = 0.25, 0.50 and 0.75 and are constructed with 5.75, 5.50, and 5.25 
valence electrons, respectively. For Re concentration above c = 0.25, the σ phase occurs in the 
phase diagram. Nevertheless, we still consider concentrations up to c = 0.50 to show the clear 
trend with this dynamically stable bcc lattice. So Re concentrations of c = 0.12, 0.25, and 0.50 
are constructed with 6.12, 6.25, and 6.50 valence electrons, respectively. Together with the 
pure W and Ta phases, eight concentrations have been calculated with quantum-ESPRESSO 
using the bcc structure to obtain the elastic properties. General trends for lattice constant and 
bulk modulus are well reproduced from our VCA calculations. The calculated elastic 
constants, C44 and C’, are in consistent with the existing experimental data from [3] 
 

  
Figure 4. Shear modulus C44 and C’ for                        Figure 5. Elastic anisotropy A for W- 
          W-Me alloy                                                                 Me alloys 
 



Association EURATOM-ÖAW – Annual Report 2010 – Emerging Technologies 

73 

Plasticity and fracture mechanisms  

Recrystallized and deformed tungsten materials were investigated for crack resistance as a 
function of crack extension. Compact tension specimens were manufactured with different 
crack planes and crack propagation directions in relation to the rod axis. Fracture morphology 
can be described as predominantly inter-granular for recrystallized samples, whereas the 
deformed samples fracture trans-granularly. Both examined microstructures show an increase 
of fracture resistance with crack extension for most specimens (resistance-curve or R-curve 
behaviour). In contrast to trans-granular fracture where the R-curve increases in a steep 
manner over short crack extensions until catastrophic fracture occurs, the fracture along grain 
boundaries often results in a continuous increase of stress intensities, even for longer crack 
extensions. The initial part of the R-curve, in other words at small crack extensions, is 
dominated by the process of connecting different cleavage planes in front of the crack tip. 
Crack bridges that are further away from the tip govern the increase of the fracture resistance 
for longer cracks. Figure 6, taken from [4], shows the R-curve of recrystallized tungsten in the 
L-R crack plane orientation. Part of the samples was manufactured, recrystallized and finally 
fatigue pre-cracked in cyclic compression. The other samples were fatigue pre-cracked and 
recrystallized afterwards. R-curve behaviour was observed for both types of samples and is 
independent of the manufacturing route.  

 
Figure 6. R-curve of recrystallized tungsten in the L-R crack plane orientation. The solid 

symbols represent pure mode I cracks, whereas the transparent symbols represent  
kinked cracks taken from [4] 

 
To investigate the influence of impurities on fracture behaviour, ten different tungsten 
materials of varied impurity concentrations and microstructures were examined by Auger 
electron spectroscopy (AES, [5]). As impurities, such as O, S, and P have a very low 
solubility limit, they are mainly present at grain boundaries. Due to the varied impurity 
content and manufacturing history of the material, a large variation in grain boundary 
impurity content was observed. Samples with ultra-low impurity content were made of 
tungsten single crystals, subjected to high pressure torsion and different heat treatments. In 
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addition to tungsten materials of industrial purity, an as-hipped tungsten material of high 
oxygen content was investigated. AES measurements show that the decrease in grain size 
leads to the expected reduction of grain boundary impurities. The experiments indicate that 
the occurrence of grain boundary fracture cannot be correlated with the difference in grain 
boundary impurities. In contrast, the fraction of trans-granular to inter-granular fracture is 
mainly governed by other influences, such as the shape of grains, the grain-size distribution, 
texture, dislocation density and temperature. 

The results of the computer simulation programme performed in 2010 can be summarized as 
follows: 
 
(a) The core structures of the 1/2<111> screw dislocation in W-Me obtained within the VCA 

and single crystal schemes are in excellent quantitative agreement with each other. These 
observations confirm that Re alloying leads to an asymmetric core, whereas the core in Ta 
alloys is symmetric; 

(b) If the applied stress exceeds Peierls stress, dislocations are found to move in different 
manners, depending on the symmetry of the dislocation core. In case of a symmetric core 
(pure Ta, 25%, 50%, 75% of Ta and pure W) the movement of the dislocations is a rather 
simple elementary process of dislocation motion along the Peach-Köhler force in the 
{110} plane. However, the asymmetric core for W-Re alloys is observed to move in a 
zigzag manner which changes the overall slip plane to {112}. µm-sized bicrystalline 
bending sample will be used to identify the slip planes and their changes in W-Re, W-Ta 
and W-V alloys; 

(c) The calculated Peierls stress σP shows that a reduction of σP explains the brittle to ductile 
transition in W-Re alloys; 

(d) It was shown that the contrasting dislocation properties for W-Ta and W-Re alloys cannot 
be explained in terms of the γ-surfaces. 

 
Micro-plasticity studies of tungsten alloys 

Micrometer-sized samples of W single crystals (W-SC), a recrystallized W-26%Re alloy and 
technically pure W in as-sintered condition were used to investigate the fracture behaviour on 
small scales. Sample manufacturing is described in [6] and involves the production of a thin 
lamella with thicknesses of about 5-20µm by ion slicing and subsequently, by focused ion 
beam (FIB) milling to generate the shape of the final sample. Notches are also made with the 
FIB using lower ion currents, substituting natural cracks. Experiments on samples milled out 
of bulk W-SC using the FIB, incorporating natural cracks do not show a qualitative difference 
compared to samples with FIB-made notches. The samples used were notched and un-notched 
cantilevers and tensile samples, respectively. Samples of W-SC with the lowest fracture 
toughness due to a different starting crack-plane orientation, deviating from the crack system 
{100}<011>, were used to study the influence of the misorientation angle between initial 
crack plane and the preferred cleavage plane. A more detailed description of these 
experiments is given in [7]. Due to stable crack growth in notched cantilevers and restricted 
application of linear elastic fracture mechanics (LEFM), the model had to be extended to 
elastic-plastic fracture mechanics using the J-Integral. J-values result from the area beneath 
the load-displacement curve, whereas crack extensions are derived from a change of slope of 
load releases during the experiments. J-values for initiation of crack propagation are 
comparable to those gained from macroscopic samples with the same crystallography. Elastic-
plastic evaluations of bending experiments are furthermore comparable to tensile experiments, 
using notched tensile samples, where unstable crack propagation happens and LEFM still can 
be applied. Crack tip opening angles (CTOA) – accessible from large series of pictures made 
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during the in-situ experiments in the SEM – are expected to provide more detailed 
information on fracture processes on the µm-scale, these investigations are, however, still at 
an early state. From the first results, it might be concluded that the behaviour of CTOA versus 
crack length is the same as for thin sheets of ductile materials for which this method is 
applied. At first, when the crack tunnels in the centre of the specimen, CTOA is high; later it 
reaches a constant value – typical for the material’s crack propagation resistance.  

 
Figure 7. Sequence of SEM micrographs of the notched region of a cantilever with the notch 

within the crystal’s cleavage plane 

A supported model for the above-mentioned fracture difference for bending samples (stable) 
and tensile samples (unstable) is displayed in figure 9. Due to the small size of the samples, 
dislocations moving away from the crack tip show compressive stresses resulting from the 
bended sample, pile up and dislocation sources shut down due to back stresses. Less anti-
shielding dislocations reach the crack tip, and the crack tip does not blunt. 

More experiments were conducted using a W-26%Re alloy and technically pure tungsten, on 
the one hand to investigate the probably appearing change in slip planes from {110} to {112}, 
as pointed out by Romaner et al. in [8], and on the other hand to investigate grain boundary 
fracture, the preferred brittle fracture mode of polycrystalline tungsten. While the sample of 
pure tungsten fractured along the grain boundary, both samples made of W-26%Re did not, 
which can be related to the much higher fracture toughness observed in tungsten rhenium 
alloys even at room temperature [9]. These types of experiments clearly indicate the potential 
to find out weak points and regions in the microstructure and to quantify the changes in 
different microstructures. 
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Figure 8. Left: J-Integral vs. crack propagation for different angles of deviation of initial crack 

plane to crystal’s preferred cleavage plane. Initial values, where crack propagation is 
supposed to take place are converted into K-values, which is shown in the diagram on the 
right (bars) together with results from tensile testing (dashed area) using notched tensile 
samples with 15° misorientation to the preferred cleavage plane [10]. 
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Figure 9. Schematic representation of supposed dislocation movement in µm-sized samples in case 

of bending (left) and tension (right) 

 
OUTLOOK FOR 2011 

In 2011, further work on the improvement of tungsten alloys is performed in cooperation with 
the EFDA Fusion Materials Topical Group.  As part of this activity, consolidated samples of 
several tungsten alloys are produced and tested for thermal stability and ductility.  
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Institute of Atomic and Subatomic Physics, Vienna University of Technology 

HIGH-TEMPERATURE SUPERCONDUCTING MATERIALS FOR FUSION 
MAGNETS 

H. Weber; M. Eisterer, J. Emhofer, F. Hengstberger, N. Hörhager,  F. M. Sauerzopf, 
M. Zehetmayer 
 

PROJECT SUMMARY 

High-temperature superconducting (HTS) materials offer a considerable potential for magnet 
applications because of their extremely high critical magnetic fields and their excellent 
current carrying capabilities at low temperatures. In the framework of this project, the 
material properties of HTS materials developed and optimized by industry are characterized 
under different temperatures and before and after neutron irradiation. 

 
 

WORK PERFORMED IN 2010 
Milestones for 2010   

June  

 Report on properties of irradiated tapes from Bruker HTS: 2×1021 m-2 (transport 
measurements including Ic-anisotropy). 

 Report on the progress of conductor development: Transport measurements on the 
latest generation of tapes from SuperPower and AMSC. 

December  

 Report on properties of irradiated tapes: Bruker HTS: 1022 m-2 (transport 
measurements including Ic-anisotropy). SuperPower: Transport and magnetic 
measurements available after irradiation to 2×1022 m-2. 

 Investigation of the current flow in HTS cables from Industrial Research Ltd. (IRL, 
New Zealand, Hall mapping). 

 Report on the strain dependence of Ic at 77 K and in magnetic fields up to 1.4 T 
(SuperPower and AMSC (344C) tapes). 

 

Transport measurements were performed at 77 K and 64 K on HTS tapes from Bruker prior to 
and after neutron irradiation to a fast (En>0.1 MeV) neutron fluence of 2×1021 m-2. The 
samples were rotated in a 6 T superconducting split coil, with the field always perpendicular 
to the direction of the current (maximum Lorentz force configuration).  Ic was defined as the 
current at which the electric field between the voltage contacts reaches 1 µVcm-1. Figure 1 
shows the angular dependence of Ic at 77 K.  The defects, which were introduced during the 
irradiation, increase Ic at 77 K at all fields and angles. The Ic-anisotropy clearly decreases.  At 
64 K, the currents generally increase, a slight degradation of Ic was found only near the 
parallel orientation (85° < < 95°). 
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Results on the change of Jc in the SuperPower tapes after sequential neutron irradiation are 
presented in figure 2. The left hand panel refers to 77 K, the right to 64 K. The data were 
obtained from magnetization measurements in a vector VSM (vibrating sample 
magnetometer) at a ramp rate of 0.5 T/min. The data were normalized to Jc of the unirradiated 
tape at the respective field and temperature in order to reduce sample to sample variations. A 
distinct maximum is observed at 4×1021 m-2 and Jc decreases upon further irradiation, but 
remains above the value in the pristine sample at 64 K, while a degradation is found at 77 K 
and 1 T after the last irradiation step (total fluence: 1.3×1022 m-2). Unfortunately, the 
irradiation of the SuperPower tapes to the final fluence of 2×1022 m-2 (transport and 
magnetization measurements) failed and superconductivity severely degraded. Most likely, 
the atmosphere in the quartz capsule, in which the samples were sealed for the irradiation, was 
contaminated by moisture or organic materials. 

The latest generation of conductors from SuperPower and American Superconductor were 
included in our monitoring programme of the progress in conductor development. The largely 
improved performance is demonstrated in figure 3. The new samples are denoted as SP12 and 
AC3, the reference samples (previous generation) SP 2007 and AMSC 2007, respectively.  
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Figure 1.  Angular dependence of the critical current of the Bruker tape at
various magnetic fields and 77 K. The neutron irradiation increased Ic. 
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Figure 3.  Critical current densities of tapes from SuperPower (SP) and American Superconductor
(AMSC) in both main field orientations. A significant increase in performance was realized by
the latest generation of tapes (AC3, SP12).  

The self field Jc hardly changed, but the field dependence is significantly reduced for both 
main field orientations. SuperPower (circles) improved the tape mainly in the parallel 
orientation (B||ab, left panel), American Superconductor (triangles) mainly in the 
perpendicular orientation (B||c, right panel).  

In particular for B||ab, Jc of the best tape was nearly doubled at 64 K (red symbols) in high 
fields. For B||c on the other hand, Jc hardly changed at 64 K from the old to the new 
generation of SuperPower tapes. In the new American Superconductor tape Jc is now very 
similar to the “best” SuperPower tape.  

Prototype cables (5 strands) of Industrial Research Inc. (New Zealand) were investigated by 
means of the magnetoscan technique (figure 4). The technique proved to be suitable for the 
detection of defects along the cable (e.g. green circle in figure 4).  Single strands of the cable 
were investigated for a more detailed analysis. Damage introduced by the production process 
was identified, e.g., the change of the superconducting cross section because of displaced 
punching or cracks introduced by the tensile stress during the production process. Although 
these defects were already seen in magnetoscan measurements, a transport current was 
applied to the strand and the resulting self field was mapped by a Hall probe. The recorded 
field profile was inverted numerically by means of the Biot-Savart law to obtain the local 
current densities. This allows the visualization of the current flow and the (unfavourable) 
concentration of currents around these defects (green circles in figure 5).  

The Karlsruhe Institute of Technology supplied us with a Roebel strand, into which filaments 
were cut by a laser as an attempt to reduce the ac losses in the cable. Figure 6 demonstrates 
the homogeneity of the filaments by a magnetoscan of the strand. Laser cutting results in 
regular filaments of well defined geometry and only little local damage was found (right 
panel). However, the requirements on homogeneity are tough, given the need of kilometre 
length conductors. The bottlenecks in the filaments could result from laser cutting, but also 
inhomogeneities of the pristine coated conductor could be responsible. This clearly 
demonstrates the importance of a rigorous quality control of the conductor at all stages of 
production. 
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A typical result of an anisotropy measurement in AMSC tapes at 0.5 T is shown in figure 7.  
We find a degradation in critical current by around 7% at 80% of the reversible strain limit 
(red circles), which is independent of the field orientation.   

 

 

 

 

 

 

 

Figure 4. Magnetoscan of prototype Roebel cable. The circle highlights a defect. 

Figure 5. Current flow in a single Roebel strand. Damage introduced by tensile stress during the 
production process (left) and by punching (right) can be identified. 

Figure 6.  Magnetoscan of a striated Roebel strand. Although the filaments look quite homogeneous 
(left), a closer inspection reveals bottlenecks in some filaments. 
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Milestones for 2011  

June  

 Report on critical currents in irradiated tapes from AMSC (344C) and SuperPower 
(SCS4050): 1022 m-2 (transport measurements in main field orientations). 

 Assessment of strain dependence of the critical current in the AMSC 344S tape. 

 Map of ac flux penetration into Roebel-like structures.  

December  

 Report on critical currents in irradiated tapes from AMSC (344S): 1022 m-2 (transport 
measurements in main field orientations). 

 Results on angular dependence of the critical currents in irradiated (1022 m-2) AMSC 
and SuperPower tapes.  

 Report on the strain dependence of Ic at 77 K and in magnetic fields up to 1.4 T 
(SuperPower and AMSC tapes after irradiation to 1022 m-2). 

 

Publications 
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(2010), 323. 
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A. Badcock and N. J. Long, “Current and field distribution in meandered coated 
conductors for Roebel cables”, IEEE Trans. Appl. Supercond. 99 (2010). 

Figure 7.  Strain dependence of the angular dependent critical current density at 0.5 T. 



Association EURATOM-ÖAW – Annual Report 2010 – Socio-Economic Research on Fusion 

82 

III. SOCIO-ECONOMIC RESEARCH ON FUSION 
Research Studios Austria  

EFDA-TIMES MODEL: NEW MODELLING APPROACH FOR INTERMITTENT 
RENEWABLE SOURCES OF ENERGY 

 
M. Biberacher; T. Eder, S. Gadocha, D. Zocher 

 

PROJECT SUMMARY 

The EFDA World TIMES Model is a global multi-regional bottom-up energy system model 
designed as a partial equilibrium model which distinguishes 15 world regions. The objective 
of the model is the description of the future development of the global energy system by 
implementing a forecast methodology. Although the model comprises the complete range of 
energy related process chains and commodities, a special focus is dedicated on a possible 
future market entrance of fusion power. Besides fossil and nuclear resources, the model also 
considers renewable energy resources.  In 2010, a new modelling approach for intermittent 
renewable sources of energy was developed for inclusion into the EFDA Times Model.  

 

WORK PERFORMED IN 2010 

Synopsis of the contribution to EFDA-task WP10-SER-ETM-4-01 
 
The EFDA World TIMES Model is a global multi-regional bottom-up energy system model. 
It is designed as a partial equilibrium model and distinguishes 15 world regions (see figure 1).  
 

 

Figure 1.  EFDA World regions 

 
The model considers processes and commodities to describe and model the global energy 
system. Figure 2 illustrates the processes and commodities considered in the model in a 
simplified manner.  
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Figure 2.  Simplified illustration of the Reference Energy System RES (Source: Mühlich, 2008) 

 
The objective of the EFDA World TIMES model is the description of a possible future 
development of the global energy system by implementing a forecast approach. The model 
comprises the whole range of energy related process chains and commodities. A special focus 
is dedicated to a possible future market entrance of fusion power. A major role in future 
energy systems will be played by renewable energy carriers.  

Renewable energy carriers require a more detailed examination in energy system models than 
conventional energy carriers. Besides the area to harvest renewable energy carriers, also the 
high temporal intermittence raises a specific challenge in including renewable energy carriers 
in the current energy system. On the global scale, especially balancing effects due to a time-
shift of the availability of renewable energy carriers between different world regions may 
have a major impact. 

Sorted load duration curves for renewable energy supply, energy demand and especially for 
the balance between supply and demand provides a good basis for the evaluation of the ability 
of inconstantly available renewable energy carriers to satisfy the request on-demand. The 
evaluation of these load duration curves and in particular the balance curve enables the 
calculation which share of the electricity demand load curve in one certain region could be 
satisfied in real-time by intermittent solar- and wind potential WITHOUT any grid connection 
to neighbouring regions or storage facilities.  
 
Load curves  Load duration curves

hour of the year  cumulated hours 

Figure 3.  Load- and load duration curves of intermittent supply and demand  
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For the single EFDA World regions, load duration curves (as outlined in figure 3) have been 
generated for different scenarios regarding solar and/or wind potential balanced with the 
electricity demand. The resulting balance duration curves provide the number of hours per 
year in which the demand can be covered exclusively by the assumed renewable energy 
installations.   
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Figure 4. Possible demand coverage depending on solar collector surface installations relative to region area 

 
These relations will be incorporated in the EFDA World TIMES Model in a next step. To 
quantify impacts triggered by storage facilities and a global grid infrastructure in the context 
of a high coverage by renewable energy resources with inconstant temporal availability, a 
new model approach has been made available. The “Time And Space resolved Energy 
Simulation – TASES” model has been developed to address especially the impact of high 
intermittent and spatially disperse energy potentials in a globally linked energy system. In 
contrast to the TIMES model approach, it is not designed as a foresight model that describes 
the development of the future energy system, but as a snap-shot model outlining the optimal 
energy system setup under specific conditions. 

The model uses a spatial resolution of 2.5° grid cells and an individual description of each 
single grid cell by time series for temporarily differentiated renewable energy potentials and 
demand pattern. Based on these inputs, the model delivers an optimal setup and an optimal 
energy flow structure for the whole globe (see figure 5).  
 

 

Figure 5. Spatially optimised energy system setup with respect to temporal supply and demand loads 

"

"
" "

"
"

"
"

"
"

"

"
"

"

"

"
"

"
"

"
"

"

"

"

"

"
"

" "

"
"

"

"
"

"
"

"

"

"

" ""

"

"

"

"

"

"

"

"

"
"

"

"

"

"
""

"
"

"

"

"" "

"

"

"
"

"

"

"

"

"
"

"

"

"

" "

"

"

"

"

"

"

"
"

"

"
"

"
"

"

"

"

"

"

"

" "

"

"

"

"

"
"

"

"
"

"
"

"

"

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" ""

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

""

"

"

"
"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"
"

"

"

"
"

"

"

"

"

"

"

"

""
"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
"

"

"
"

""

"

"

"

"

"
"

"

"

"

"

""

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
"

"

"

"

"

"

"

"

" "

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"
"

"

"

"

"

"

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"
"

"

"
"

"

"

"
"

"

"

"

"

"

"

"

""

"

"

"

"
"

"

"

"

"

"

"

"

"
"

"

"

"

" "

"

"

"

"

"
"

"

"

"

"

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"
"

"
"

"

"

"

"
"

"

"

"

"

""

"

"

"
"

"

""

"

"
"

"

"

"

"

"

"

"

"

"

"
"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

""

"

"

"

" "

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

""

"

"

""

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

" "

"

"

"

" "

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

"

""

"

"

"

"

"

"

"

"

"

"

"

""

" """

!

!

!

!

!

!

!

!

!!!

!

!!

!

!

!

!!

!

!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

! !

!

!

!

!

!

!

!

!

! !

!

!

!

!

! !

!

!

!

!! ! !
!

! ! ! ! !! ! ! ! ! !

! ! ! ! ! ! ! ! !

! ! !

! ! ! ! ! ! ! ! !

! !

! ! ! ! ! ! ! ! ! !

! ! ! !

! ! ! ! ! ! ! !

! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
!

! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! !

!

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

!

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !!

!

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

!

! ! ! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! ! ! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! ! !

! ! !

! ! ! ! ! ! ! ! ! ! ! ! ! !

!

! ! !

!

! ! ! ! ! !

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

! !

Demand 
 

Solar installations 

Wind installations 

Storage installations 

Backup installations 



Association EURATOM-ÖAW – Annual Report 2010 – Socio-Economic Research on Fusion 

85 

The model approach enables sensitivity studies regarding the impact of costs and efficiencies 
assumed for renewable energy plant installations and will be utilized to generate reasonable 
validation scenarios for the EFDA world TIMES model in a next step. 

The overall context of the EFDA TIMES model 

The assumptions for future energy scenarios have been outlined in a joint publication [1] of 
the partners contributing to the EFDA task WP10-SER-ETM.  The EFDA-TIMES model 
covers the whole of the 21st century and includes fusion power plants as a possible energy 
option. It is driven by energy service demands in five different end use sectors. Due to 
substantial economic growth in emerging economies, a four-fold increase in global primary 
energy consumption and a seven-fold increase in global electricity demand at the end of the 
model time horizon is anticipated. A series of scenarios has been developed based on various 
assumptions on future policy and economic developments. 

Albeit fusion power is a cost-intensive technology, substantial market shares can be expected 
in a world earnestly striving for climate change mitigation. This, however, strongly depends 
on future developments and acceptability of nuclear fission technologies. 
 

 
 
 
 
 
 
 

Reference 
 
[1] P. Muehlich, M. Biberacher, H. Cabal Cuesta, U. Ciorbad, C. Eherer, F. Gracceva, P. 

E. Gronheit , T. Hamacher, W. Han, Y. Lechon, A. Pina and D. Ward, “The potential 
role for fusion power in future energy markets”, 23th IAEA Fusion Energy 
Conference, Daejon, Republic of Korea, October 2010. 

Figure 6. Cumulative electricity generation levels in the period from 2067 to 2104 in various 
scenarios. Electricity produced with Carbon Dioxide Capture and Storage (CCS) 
technologies is not displayed separately. The COSTLY FUSION scenario is based on 
CO2 550 PPM but assumes a doubling of fusion investments costs.  

Source: [1] 
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ABBREVIATIONS AND ACRONYMS 

Institutes and organizations 

ATI Atominstitut der Österreichischen Universitäten, (Institute of 
Atomic and Subatomic Physics), Vienna University of 
Technology 

CCFE Culham Centre for Fusion Energy 

CFR/IST Centro de Fusão Nuclear/Instituto Superior Técnico, Lisbon, 
Portugal 

CIEMAT Centro de Investigaciones Energéticas, Medioambientales y 
Tecnológicas, Madrid, Spain 

CNRS Centre National de la Recherche Scientifique, Paris, Frankreich 

DRFC/CEA 
Cadarache 

Département de Recherche sur la Fusion Contrôlée/Commissariat 
à l'Energie Atomique, Cadarache, France  

EFDA European Fusion Development Agreement 

EPA/CRPP Ècole Polytechnique Fédérale de Lausanne, Centre de Recherches 
en Physique des Plasmas, Lausanne, Switzerland 

EPS European Physical Society 

FZ Jülich Forschungszentrum Jülich, Germany 

F4E The European Joint Undertaking for ITER and the Development 
of Fusion Energy (“Fusion for Energy”) 

HAS Hungarian Academy of Sciences, Budapest 

IPP Garching Institut für Plasmaphysik Garching, Germany 

IPP.CR Institute of Plasma Physics, Academy of Sciences of the Czech 
Republic, Prague 

ITP-TUG Institut für Theoretische Physik – Computational Physics, TU 
Graz 

JAERI Japan Atomic Energy Research Institute 

KINR Kiev Institute for Nuclear Research 

KKKÖ Commission for the Coordination of Fusion Research in Austria 
at ÖAW, Vienna, Austria 

KTH Royal Institute of Technology, Stockholm, Sweden 

MEdC Ministry of Education, Research and Youth, Bucarest, Romania 

MHEST Ministry of Higher Education, Science and Technology, 
Republic of Slovenia 

NIFS National Institute for Fusion Science, Gifu, Japan 

ÖAW Austrian Academy of Sciences, Vienna 

ÖAW-ESI Erich-Schmid-Institut für Materialwissenschaft der ÖAW, 
Leoben, Austria 
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European networks 

ADAS-EU Atomic Data and Analysis Structure for Fusion in Europe 

FEMaS-CA Fusion Energy Materials Science  - Coordination Action 

FUSENET European Fusion Education Network 

DEISA Distributed European Infrastructure for Supercomputing 
Applications 

EU consortium of 11 partners, coordinated by the 
Rechenzentrum Garching of the Max-Planck Society; 
objectives: development and support of the pan-European high 
performance computing infrastructure 

EUFORIA EU Fusion for ITER Applications 

EU consortium of 14 partners coordinated by the Chalmers 
University of Technology (Sweden); objectives: development of 
a data structure for edge and core simulations, adaptation of a 
workflow orchestration tool and generic tools for data 
exploration and visualisation. In its second stage, the project 
aims at providing the means for building a broader user 
community for the code packages residing on the EUFORIA and 
at adapting a suite of community-operated tools. 

Fusion experiments 

AUG ASDEX Upgrade, facility at IPP Garching 

COMPASS-D Tokamak at the Institute of Plasma Physics of the Czech 
Academy of Sciences, Prague 

CHS Compact Helical Device, NIFS, Japan 

HSX Helically Symmetric Stellarator, University of Wisconsin, 
Madison, USA 

ISTTOK Tokamak of the Instituto Superior Técnico, Lisbon, Portugal 

ITER “The way” (under construction at Cadarache, France) 

JET Joint European Torus, UKAEA, Culham, UK 

JFT-2M Jaeri Fusion Torus – 2M, Tokai-mura, Japan 

LHD Large Helical Device, NIFS, Japan 

NSTX National Spherical Torus Experiment, Princeton Plasma Physics 
Laboratory, USA 

RFX Reverse Field Pinch experiment, Padova, Italy 

TCV Tokamak à Configuration Variable, CRPP, Lausanne, 
Switzerland 

TFTR Tokamak Fusion Test Reactor, Princeton Plasma Physics 
Laboratory, USA 
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Scientific and technical abbreviations 

AES Auger electron spectroscopy 

AMNS data atomic, molecular, nuclear and surface data 

AOCC atomic orbital close coupling 

BCC metals body-centered cubic metals 

BES beam-emission spectroscopy 

CCS technologies Carbon Dioxide Capture and Storage Technologies 

CFC carbon-fibre reinforced carbon composites 

CFP charged fusion product 

CPO consistent physical object 

COD crack opening displacement (materials science) 

COM constant of motion  

CTMC calculations Classical trajectory Monte Carlo calculations 

CTOA Crack-tip opening angles 

CXRS charge exchange recombination spectroscopy 

DBTT ductile-to-brittle transition temperature 

DEA dissociative electron attachment 

DED dynamic ergodic divertor 

DM formalism Deutsch-Märk formalism 

DSA diffusion structural analysis 

ECCD electron cyclotron current drive 

ECRH electron cyclotron resonance heating 

ELMs edge-localized modes (short, recurrent instabilities of the edge 
plasma) 

ETB external transport barrier 

ETS European transport solver 

ETSAP Energy Technology Systems Analysis Programme of IEA 

FIB focused ion beam 

FLR Finite Larmor radius 

GLF gyro-Landau fluid 

H&CD heating and current drive 

HOPG highly oriented pyrolytic graphite 

HPT high-pressure torsion 

ICRF ion cyclotron resonant frequency 

ICRH ion cyclotron resonant heating 

IIEE ion-induced electron emission 
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ILSS interlaminar shear strength 

ITB internal transport barrier 

ITER CS ITER central solenoid 

ITER TFMC ITER toroidal field model coil 

ITM integrated tokamak modelling  

LEFM linear elastic fracture mechanics 

KER kinetic energy release 

LHCD lower hybrid current drive 

LHW lower hybrid waves 

MCC Monte Carlo collisions 

MHD magneto-hydrodynamics 

MMM multi-mode model 

MS monotonic shear 

NGS neutral gas shielding 

NBI neutron beam injection 

NPA neutral particle analyzer  

NTM neoclassical tearing mode 

OFC orbit following code 

PCR method polymer chain reaction method 

PIC simulation particle-in-cell simulation 

PIMS plasma ion mass spectrometer 

PPM parts per million 

PSW plasma-sprayed tungsten 

PWI plasma-wall interaction 

PWT plasma-wall transition 

RF heating radio-frequency heating 

RMP resonant magnetic perturbation  

RMS deviation root mean square deviation 

RRR residual resistance ratio 

RS reversed shear 

SANS small-angle neutron scattering 

SEC single electron capture 

SEM scanning electron microscope 

SIA symplectic integration algorithm 

SOL scrape-off  layer 

SPD severe plastic deformation 
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TAE toroidicity-induced Alfvén Eigenmodes 

TEM trochoidal electron monochromator 

TES translational energy spectroscopy 

TIM trace ion module 

UAL  universal access layer (modelling) 

UFS ultimate flexural strength 

UTS ultimate tensile strength 

VCA virtual crystal approximation 

VDF velocity distribution function 

  

 
 



91 

FINANCIAL INFORMATION 

Table 1. Association EURATOM-ÖAW: expenditure and EURATOM support in 2009 

(all figures in Euro) 

 Expenditure Support 

Work performed in the framework of the 
Contract of Association 
 

 

 

Baseline support 2,890,920 453,800 

Priority support    (268,700) 53,740 

Sub-total 1       2,890,920 507,540 

EFDA article 6.3 contracts (JET orders) 49,108 49,108 

EFDA article 9 (secondments to Close Support Units) 67,137 67,137 

Sub-total 2 116,245 116,245 

TOTAL 3,007,165  623,785 

Mobility 143,350 143,350 
 

Source:  Association EURATOM-ÖAW 
              Certified Annual Accounts for 2009 

 

 
 
 
 

Distribution of national funding of fusion research (year 2009) 
 

 
 
 
Source:   Energieforschungserhebung 2009, Federal Ministry for Transport, Innovation 

and Technology 
 
 
 

Federal Ministries 

Extra-university research  

Universities 
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EURATOM support for Austrian fusion research projects 

(1996-2010, in Euro) 

 

The graph below shows the development of EURATOM support for Austrian fusion research projects 
from the establishment of the Association EURATOM-ÖAW in 1996 until the end of 2010. Individual 
lines are shown for support under the Contract of Association, additional support under EFDA (5.1a 
and 5.1b contracts under previous EFDA, participation in the EFDA-JET campaigns under orders, 
secondments of staff to Culham and Garching), missions and secondments in the framework of the 
Agreement on Staff Mobility and contracts with Fusion for Energy and the ITER Organization as of 
2009.  Participation in the Coordinated Support Actions of the 7th EU Framework programme is not 
included in the diagram.  
 

 

 
 

 
 
 
 

Participation in Coordinated Support Actions (CSAs) of the 7th Framework Programme 

Three groups participate in the three FP7 Coordinated Support Actions of the EURATOM Fusion 
Programme: 

Institute of Ion Physics and Applied Physics, University of Innsbruck: Fusion Education 

Institute of Applied Physics, Vienna University of Technology: Fusion Data 

Erich-Schmid Institute of Materials Science at ÖAW: Fusion Materials 

 



 

 93

AUSTRIAN REPRESENTATIVES IN EUROPEAN COMMITTEES RELEVANT FOR FUSION 
RESEARCH AND DEVELOPMENT (2010) 

Consultative Committee for the EURATOM Specific Programme on Nuclear Energy Research  

Dr. Daniel Weselka Federal Ministry of Science and Research 
Mag. Volker Holubetz Federal Ministry of Forestry and Agriculture, Environment and 

Water-Economy 
Univ.Prof.Dr. Harald W. Weber Institute of Atomic and Subatomic Physics / Vienna University of 

Technology 

EFDA Steering Committee 

Univ.Prof.Dr. Harald W. Weber Institute of Atomic and Subatomic Physics / Vienna University of 
Technology  

Dr. Daniel Weselka Federal Ministry of Science and Research  

EFDA Scientific and Technical Advisory Committee (EFDA-STAC) 

Univ.Prof.Dr. Friedrich Aumayr Institute of Applied Physics / Vienna University of Technology  
 

Governing Board of Fusion for Energy  

Univ.Prof.Dr. Harald W. Weber Institute of Atomic and Subatomic Physics / Vienna University of 
Technology  

Dr. Daniel Weselka Federal Ministry of Science and Research 
 

Executive Committee of Fusion for Energy 

Dr. Reinhard Maix Institute of Atomic and Subatomic Physics / Vienna University of 
Technology  

Public Information Group 

Mag. Monika Fischer Austrian Academy of Sciences 
Mag. Anna Kantner Austrian Academy of Sciences 
Univ.Prof.Dr. Harald W. Weber Institute of Atomic and Subatomic Physics / Vienna University of 

Technology  
 

Members of expert groups, contact persons 
 

Expert group Contact person Organisation 

Quality Assurance Mag. Anna Kantner Austrian Academy of Sciences 

EFDA Task-Force 
“Plasma-Wall Interaction” 

Univ.Prof.Dr. Friedrich Aumayr Institute of Applied Physics /    
Vienna University of Technology 

EFDA Task-Force 
„Integrated Tokamak 
Modelling“ 

Dr. David Tskhakaya Institute for Theoretical Physics / 
University of Innsbruck 

JET Administrative 
Contact Person 

Mag. Monika Fischer Austrian Academy of Sciences 

Remote Participation  Mag. Anna Kantner Austrian Academy of Sciences 

Intellectual Property 
Rights (IPR) 

Mag. Monika Fischer Austrian Academy of Sciences 

Industrial Liaison Officer Dr. Michael Scherz                 
Mag. Maria Ratzinger 

Austrian Federal Economic Chamber 

 

High-Performance 
Computer (FZ Jülich) 

Dr. David Tskhakaya Institute for Theoretical Physics, 
University of Innsbruck 
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CONTACT INFORMATION 

Austrian Academy of Sciences, ÖAW-EURATOM Coordination Office 
Kegelgasse 27/13, 1030 Wien 
Tel.: +43-1-51581-2675, 2676    Fax: +43-1-51581-2677 

Monika Fischer  monika.fischer@oeaw.ac.at 
Anna Kantner   anna.kantner@oeaw.ac.at 
Harald W. Weber  weber@ati.ac.at 
 
Institute for Theoretical Physics, University of Innsbruck 
Technikerstraße 25, 6020 Innsbruck 
Tel.: +43-512-507-6206, 6210    Fax: +43-512-507-2919 
Siegbert Kuhn   siegbert.kuhn@uibk.ac.at 
Klaus Schöpf   klaus.schoepf@uibk.ac.at 
 
Institute of Theoretical and Computational Physics, Graz University of 
Technology 
Petersgasse 16, 8010 Graz 
Tel.: +43-316-873-8182     Fax: +43-316-873-108182 

Winfried Kernbichler  winfried.kernbichler@tugraz.at 
Martin Heyn   martin.heyn@tugraz.at 
 
Institute of Applied Physics, Vienna University of Technology 
Wiedner Hauptstraße 8-10, 1040 Wien 
Tel. +43-1-58801-13430     Fax: +43-1-58801-13499 

Friedrich Aumayr   aumayr@iap.tuwien.ac.at 
 
Institut für Ionenphysik und Angewandte Physik, University of Innsbruck 
Technikerstraße 25, 6020 Innsbruck 
Tel.: +43-512-507-6243, 6267, 6244, 6260   Fax: +43-512-507-2922 

Paul Scheier   paul.scheier@uibk.ac.at 
Alexander Kendl  alexander.kendl@uibk.ac.at 
Roman Schrittwieser  roman.schrittwieser@uibk.ac.at 
Michael Probst  michael.probst@uibk.ac.at 
 
Institute of Atomic and Subatomic Physics, Vienna University of Technology 
Stadionallee 2, 1020 Wien 
Tel.: +43-1-58801-141540, 141552, 142102   Fax: +43-1-58801-14199 

Harald W. Weber  weber@ati.ac.at  
Michael Eisterer  eisterer@ati.ac.at 
Helmut Leeb   leeb@kph.tuwien.ac.at 
 
Erich-Schmid Institute of Materials Science, Austrian Academy of Sciences 
Jahnstr. 12, 8700 Leoben 
Tel.: +43-3842-804311     Fax: +43-3842-804116 

Reinhard Pippan  reinhard.pippan@oeaw.ac.at  
 

Research Studios Austria Forschungsgesellschaft mbH 
Leopoldskronstraße 30, 5020 Salzburg 
Tel.: +43 (0) 662 908585 – 221    Fax: +43-662-908585-299 

Markus Biberacher  markus.biberacher@researchstudio.at 
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