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1. Introduction 
 
The SCK•CEN has set up in 2008 several strategic lines for its activities oriented towards the 
development of fusion energy. These lines can be summarized as follows: 

• studies on structural and first wall materials for ITER and DEMO with special focus on 
the neutron irradiation effects and on plasma-wall interactions; 

• studies and testing on the radiation resistance of instruments and components for the 
diagnostics and remote handling, with a special focus on optical instruments and 
components; 

• studies and development concerning fusion radioactive waste management and 
minimization, with a special focus on the detritiation of solids and effluents; 

• development of irradiation devices and systems for the testing of fusion materials under 
representative environment, with a special focus, from 2008 onwards, on the 
development and testing of irradiation modules for the IFMIF facility within the Broader 
Approach agreement. 

 
These main development lines are also supported by the decision to develop new facilities for the 
execution of the strategic objectives. These facilities are mainly: 
- the refurbishment and license renewal (with higher T level) of the tritium laboratory, including 
the installation of the plasmatron within the lab for tritium plasma experiments; 
- the preparation and setting in service of the plasmatron VISION I for studies on plasma wall 
interactions, using deuterium and tritium plasma and toxic or irradiated target material. This 
activity being proposed to be integrated in the Trilateral Euregio Cluster (TEC) agreement. 
- the preparation of the plasma Fibre Optics Current Sensor (FOCS) development, including the 
possibility to test it and qualify it on a real scale mock up. 
 
Most of the activities reported here are in line with these strategic objectives and developments. 
Some supplementary work is still carried out also on socio-economic studies of fusion energy 
development, in the follow-up of preceding activities based on the know-how and skills acquired 
within the fission studies. 
 
For what concerns the research and development around materials for fusion, the SCK•CEN 
concentrated its efforts on three different materials, namely the Reduced Activation Ferritic 
Martensitic steel (Eurofer), the Oxide Dispersion Steel ODS Eurofer and the Tungsten as plasma 
facing material. The effects of irradiation are studied by irradiation and testing; modeling of the 
mechanisms implied should allow extrapolating the results towards high irradiation doses and 
potentially high energy neutrons, not available yet for qualifying the materials. Therefore 
important efforts are delivered for the modeling of the material behavior and neutron damage 
effects. 
 
The plasma-wall interaction is also a topic requiring a lot of development to understand the 
mechanisms and the effects on the materials at this important interface. New materials, like 
tungsten and tungsten alloys are currently considered as first wall material for future fusion 
reactors. But tungsten is still a material not well known and it is thus one of the objectives of the 
strategic lines to acquire a better knowledge of this material and of the effects of neutron 
irradiation on its properties and behavior. Moreover, the plasma-wall interaction (PWI) 
mechanisms can be simulated in non-tokamak plasma facilities dedicated to the PWI studies.  
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The installation and commissioning of the plasmatron VISION I will allow determining the 
effects of deuterium and tritium plasmas on the blanket candidate materials. The year 2009 has 
seen the first plasma generated in the facility and the installations of the main diagnostics. The 
first actual experiments could start at the end of the year or early next year. 
 
The qualification of components and instruments in radiation environment is a topic gaining 
more and more attention as ITER procurements are foreseen in the near future. The effects of 
radiations on dielectric materials and optical components (windows, mirrors, fibre optics,…) 
were analyzed for a long time at the SCK•CEN, and a strong experience has been built on the 
testing methods and the way to harden components towards radiation. The development of rad-
hard sensors is thus also part of the main objectives of the research unit. Within these, the 
development, testing and qualifying of a fibre optics current sensor (FOCS) for the plasma 
current appears to be an interesting diagnostic component to deal with steady state or very long 
pulse durations.  
 
The refurbishment of the tritium lab was already started last year. Now, it has been confirmed 
that the plasmatron VISION I will take place in one of the two main rooms of the new tritium 
lab. This room is also being refurbished and should lead to an available space for the plasmatron 
beginning of 2010. In the meantime the first experiments and use of the first room of the tritium 
lab could take place. The main objectives of the SCK•CEN remains the development of methods 
and processes for the detritiation of solids and effluents. The new capacity of the lab and the new 
installed equipment will allow to carry out prototype scale experiments in controlled atmosphere. 
 
Finally the development and engineering of irradiation devices for the fusion materials and 
components, which is a skill used for years at SCK•CEN in its fusion programme, will be used 
further for the design and engineering of test facilities for the IFMIF facility within the Broader 
Approach. 
 
 
 
Vincent Massaut 
Head of Research Unit 
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2. Plasma Facing Materials (incl. Tungsten & Tungsten alloys) 
 
2.1. Plasma – Wall Interaction studies 
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Quality Assurance testing of manufacturing tiles 
 
EFDA Task nr:  JW6-TA-EP2-ILT-01-D5 
Field:  ITER like wall project  
Principal Investigator: I. Uytdenhouwen (iuytdenh@sckcen.be) 
Scientific Staff:  R. Vanuytven, P. Wouters, R. Mertens 
 
OBJECTIVES 
The ITER-like Wall (ILW) project was initiated at JET with the goal of testing tritium retention, 
material mixing and melt layer behaviour and to optimise ITER-relevant plasma scenarios for the 
ITER reference material combination and will be installed in a dedicated shutdown in 2009. Be-
bulk and Be-coated tiles will be used at JET for the first wall and the limiters; W-bulk and W-
coated tiles for the divertor and other main wall/limiter regions subjected to loads too high for 
beryllium. The lessons to be learned from such an experiment in JET may be critical for reducing 
the risk linked with materials in ITER.  
For the bulk tungsten divertor row, a development for the ITER-like Wall in JET, utmost care 
was taken to limit the stresses in the solid tungsten plasma-facing components. The bulk W tile is 
located at the position of the outer strike point for most plasma configurations as they are 
considered for the ILW operation (Load Bearing Septum Replacement Plate-LBSRP, see fig. 1 
right). The absence of active cooling makes temperature cycling of the refractory tungsten 
material close to or through the DBTT (ductile-to-brittle transition temperature, about 200-
300°C) and above the recrystallization threshold around 1250°C hardly avoidable.  
Each tile is segmented in 4 stacks of 24 solid tungsten lamellae. The clamping scheme minimizes 
the vertical forces applied on the lamellae and provides a compressive pre-load for the integrity 
of the stack, corresponding to uniform pressures below 6.0 N/mm2. The higher loads were 
deliberately moved to the supporting structure: a wedge-shaped carrier, the clamping, and an 
adaptor to the base plate of the torus. The thermo-mechanical analysis of the lamellae gives a 
picture of the distribution of temperature and stresses for nominal exposures ≥ 7MW/m2 (10s). 
The possible onset of the DBTT and of recrystallisation were the main reasons for selecting the 
W lamellae design (see figure 1 left) with due consideration of the mechanical properties of the 
material. 
 

Clamping chains 
(Tungsten, Densamet, 
Inconel)

Tungsten lamellae tilesClamping with 
springs

TZM spacers 
(coated with Al2O3)

Inconel Carrier plate

Clamping chains 
(Tungsten, Densamet, 
Inconel)

Tungsten lamellae tilesClamping with 
springs

TZM spacers 
(coated with Al2O3)

Inconel Carrier plate

Bulk W

W coatings

Bulk W

W coatings

Figure 1:Left: bulk W lamellae concept (with expansion view on top), mechanical assembly of several 
stacks of W blades. Right: poloidal cross-section of the ITER like wall divertor in JET, showing the 
location of bulk W (blue) and W coated tiles(red). 
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ACHIEVEMENTS 
The tungsten lamellae are maintained in place with compressive forces, horizontally over the full 
spacer area and vertically over the tungsten shoulders in the spacers recess. In both cases, 
respectively with a stack compression of 820N-1.2kN and a pull of 250-350N exerted by the 
clamping bolts, the applied pressure does not exceed 6.0N/mm2. The thermo-mechanical stresses 
in W were computed with three different FE systems: the SAMCEF software, ABAQUS, and 
ANSYS, applied to different cases and lamellae types but with a bridging common calculation of 
the standard lamella. All results are comparable within the error bars (about ±50°C in case of 
temperature distributions and ±20MPa for the von Mises stresses).  
The results confirm the beneficial effect of the stress-relieving bottom slit, a feature which is 
particularly needed as the upper castellation originally foreseen has been removed. Moreover, 
only a small region is affected by significant tensile stresses of the order of max. 150 MPa. Their 
location corresponds to a temperature range between 200°C during baking phases and 1500°C 
when the top of the lamellae reaches 2200°C. For commonly accepted values of the 0.2%-yield 
strength, this is indeed only marginally acceptable. At this point, two effects have to be duly 
considered.  
Firstly, up to now fully elastic behavior is assumed but it is possible (dependent on uncertain 
material properties at high temperature), that yielding may occur in the small critical tensile 
region mentioned above. Hence an elastic-plastic analysis is planned to examine the effect of 
yielding in detail. However, in the meantime, this effect is believed to be benign by noting that 
the relevant stress is secondary in nature and so the loading is strain-controlled. This should lead 
to shakedown to purely elastic behavior after one cycle provided that the stress is less than twice 
the yield stress which it is predicted to be.  
If this limit is exceeded, plastic cycling will result and could ultimately lead to fatigue failure 
through exhaustion of ductility.  
 

 

Figure 2:Left: Tensile yield strength at 0.2% strain for test temperatures up to 1500°C in transverse and 
longitudinal orientation of batch 2 (2008), plate 2. Right: Rough indication of the relevant re-
crystallization domain for pure W in a time-temperature plane [MertensPFMC]. 
 
Secondly, the tungsten is certainly weakened by a recrystallization which takes place in the range 
1200-1500°C. An idea of the effect is given by the time versus temperature domain graph 
represented on Fig.2 right. There is a large scatter of data due to several different manufacturing 
methods and differences in grades (impurities, grain size, thermal treatment …).  
In figure 2 left an example of the measured yield strength at 0.2% strain from tensile tests as a 
function of the test temperature is shown for both the transverse as the longitudinal orientation of 
batch 2 (2008), plate 2. It is clear that the temperature window below 200°C is not reliable due to 
brittleness of the material. Premature fracture was initiated before the true yield strength could be 
reached. It was deliberately chosen to shift the highest loads from the tungsten to all the other 
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components: except from hardly avoidable thermo-mechanical stresses, tungsten is acted on 
solely with compressive forces, the driving reason for the latest selected design. The theoretical 
approximation for both orientations is added by a full line. The theoretical assumption showed 
that the yield strength values were above the minimum requirements needed as calculated by 
FEM models (elastic deformation only). Results at 1500°C show a large decrease in the yield 
strength due to recrystallization degradation lowering the strength values below the minimum 
requirements.  
Recrystallization is a reason for introducing three successive operating steps in the use of the 
bulk W divertor, starting with an imposed maximal surface temperature on the plasma-facing 
facet of 1200°C and raising it gradually with an intermediate stage at 1600°C to the nominal 
surface temperature of 2200°C.  
Quantitatively, the chosen tungsten grade displays mechanical properties that lie between those 
of the annealed and of the stress- relieved materials. The 0.2% proof stress at 300°C, for 
instance, was specified at >450MPa on delivery, for the poloidal direction in the torus. 
 
PARTNERS 
• University of Ghent (UGent), Belgium 
• Forschungszentrum Juelich (FZJ), Germany 
• JET-UKAEA, Culham, UK 
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Tungsten & Tungsten alloy development material characterization 
 
EFDA Task nr:  WP08-09-MAT-WWALLOY  
Field:  Emerging technologies 

Fusion Materials Topical Group: W & W alloys development 
Principal Investigator: I. Uytdenhouwen (iuytdenh@sckcen.be) 
Scientific Staff:  R. Vanuytven, H. Sheng (PhD student Ghent University), P. 

Wouters, R. Mertens 
 
OBJECTIVES 
Tungsten and tungsten alloys are presently considered for helium cooled divertor and possibly 
for the protection of the helium cooled first wall in DEMO designs, mainly because of their high 
temperature strength, good thermal conductivity, and low sputter rates. There are two types of 
applications for these materials which require quite different properties: one is the use as plasma-
facing armour or shield component, the other is for structural purposes. An armour material 
needs high crack resistance under extreme thermal operation condition while a structural 
material has to be ductile within the operation temperature range. Both material types have also 
to be stable with respect to high neutron irradiation doses and helium hydrogen production rates. 
None of the W & W alloys developed so-far has been fully optimised for structure or armour 
application in fusion reactors. In addition all the present grades are characterized by low fracture 
toughness and high ductile-brittle transition temperature in their initial metallurgical condition 
and exhibit probably unacceptable extreme brittleness after neutron irradiation. No full 
characterization has been performed up to now for reference tungsten grades to compare with. 
The material testing on protection materials will be organized between SCK•CEN, FZJ and FZK. 
SCK•CEN will perform mechanical tests (figure 3) and FZJ thermal shock & thermal fatigue 
tests on two commercial available tungsten grades to establish a database. These material 
properties will be used later on as a reference material grade. A selected number of specimens 
from the two batches from SCK•CEN and FZJ were send to FZK for supporting tests at low 
temperature tensile and low cycle fatigue tests.  
 

 
Figure 3: Left: High temperature vacuum furnace for mechanical tests up to 2000°C under vacuum. 
Right: Mechanical test table for disruptions and ELMs with calculated strain rate from the pulse 
duration, power density and expected surface temperature rise.  
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ACHIEVEMENTS 
New developed double forged pure W 
The reference batch that will be used for the full characterization was a newly developed double 
forged pure W. The investigated material was supplied by Plansee AG, Austria. The chosen 
production route for this material (figure 4) consists out of four steps:  
(1) densification to cylindrical geometry by cold isostatic pressing followed by sintering 
(between 2000–2500°C);  
(2) forging in radial direction for obtaining a rod with 80 mm diameter, cut to a length of ~140 
mm;  
(3) forging along the cylinder axis to a flat disc shaped geometry;  
(4) removal of residual stresses by a stress relief treatment at 1000°C.  
The reason for this approach was the idea to use the densification process for obtaining an 
isotropic material acting as reference on which all relevant thermo-physical and thermo-
mechanical properties will be determined. Doing so, the most relevant parameters influencing 
the herein investigated thermal shock behavior and the cracking resistance will be determined. 
 

Figure 4: Left: Schematic description of the material's production process by double forging. Right: 
Picture of a tungsten block after manufacturing. 
 
Besides the purely stress relieved material (material A) also a recrystallized material (material B) 
was characterized simulating a microstructural change of the material due to operational 
conditions in a fusion reactor. The recrystallization treatment was performed at 1600°C for 1 
hour by the company Plansee AG. 
 
The microstructure from the stress relieved and annealed material exhibited anisotropic grain 
size behaviour in contrast to what was expected. Therefore the thermal shock and mechanical 
tests were performed in both the radial as well as longitudinal orientation of the discs. In 
collaboration with Forschungszentrum Juelich, the thermal shock resistance of the grades was 
investigated with an electron beam. ELM like loading conditions were applied on an area of 4×4 
mm2 for 1 ms and 100 pulses. The base temperature of the investigated material before the 
thermal shock was varied between RT and 600°C. It was found that for the stress-relieved 
material in the reference (radial) direction that the cracking threshold could be found between 
150-200°C. A major crack network could be found below the threshold, whereas only a large 
surface modification could be found above. Cross-section analysis revealed that horizontal crack 
formation was found beneath the surface. The annealed tungsten grade has a cracking threshold 
shifted to higher base temperatures between 200-300°C. It can be expected that the DBTT of 
these grades are found at higher temperatures. Again a large horizontal crack formation was 
detected below the surface. The second orientation in longitudinal orientation showed a very 
high crack formation threshold above a temperature of ~500°C. Therefore it is expected that the 
DBTT in accordance with the microstructure will be strongly anisotropic. 
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This behaviour was also found back in the mechanical test results and was very consistent with 
the thermal shock results. Therefore a database of all properties can be set-up for modeling of the 
material.  
 
Commercially available rolled WVWM (K-doped W) 
A commercial available product, namely rolled K-doped W was investigated and showed 
remarkably good properties compared to the pure W materials.  
The potassium doped tungsten grade WVMW was characterized with respect to its ability to 
withstand fusion relevant high transient thermal loads. For this purpose microstructural 
investigations were performed and the recrystallization temperature as well as related material 
modifications determined. This comprises the evaluation of mechanical and thermo-physical 
properties, i.e. the stress strain relationship at temperatures up to 2000°C (figure 5 left) and the 
thermal conductivity. Due to a significant increase in ductility after recrystallization (figure 5 
right) the amount of plastic deformation, caused by applying repeated thermal shocks, increased 
as well. This led on the one hand to an increase in surface roughness. On the other hand the 
temperature threshold below which cracking is observed decreases by about 50 to 100°C for an 
applied power density of 0.95 GW/m2 for 1 ms (100x). This behavior is most probably correlated 
to a shift in DBTT.  
In general, the potassium doped tungsten performed very well showing no clear objection against 
a use in fusion environment. Furthermore, its higher recrystallization temperature and in case of 
recrystallization its significantly enhanced material ductility makes it attractive alternative to 
state of the art materials or other, still developmental, W-alloy materials. 
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Figure 5: Comparison of as-received and annealed WVMW at a deformation speed of 0.2mm/min. Left: 
yield and tensile strength as a function of temperature. Right: strain at tensile strength and fracture. 
 
New developed single forged W alloys 
In addition new trial production routes for single forged W, WTa (with 1% and 5% Tantalum), 
K-doped W and UHP-W were established by Plansee AG and will be examined for its thermal 
shock resistance and basic mechanical properties.  
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Post mortem analysis of tungsten grades under repetitive transient heat loads 
 
EFDA Task nr:  PWI-08-TA-07/SCK/BS+PS/01 
 WP09-PWI-09-04a/SCK/BS  
Field:  Plasma Wall Interaction 
Principal Investigator: I. Uytdenhouwen (iuytdenh@sckcen.be) 
Scientific Staff:  W. Claes, K. Kaers, R. Mertens, S. Van den Berghe 
 
 
OBJECTIVES 
ITER operation will be highly discontinuous, which will cause thermal fatigue of the materials. 
Moreover, transient events will appear, such as plasma disruptions, vertical displacement events 
(VDEs) and edge localized modes (ELMs). During these intense transient heat loads, material 
erosion and subsequent redeposition of layers and dust formation will take place. They are the 
main concerns from a safety point of view, and will limit the lifetime of the plasma facing 
components. The current material selection for ITER is beryllium on the first wall, carbon fibre 
composites (CFC) in the heavily thermal loaded regions of the divertor, and tungsten or tungsten 
alloys for the upper vertical target of the divertor, the baffle and the dome. To investigate their 
behaviour, ITER specific thermal shock loading conditions are simulated by the electron beam 
test facility JUDITH of FZJ (Jülich). 
In addition to the heat loads, 14 MeV neutrons result in radiation damage. The ultimate goal is to 
predict the thermal shock resistance of these materials after neutron irradiation. A neutron 
irradiation in the BR2 reactor was started in 2005 (up to 0,5 dpa at 300°C under helium gas 
atmosphere). In 2006, this irradiation campaign was continued with additional coated samples. 
The final fluence obtained was 0.75 dpa, for the original samples, and 0.25 dpa for the additional 
coated samples. The thermal shock simulation has been performed at FZJ in 2008, and additional 
post-irradiation examination were performed at SCK•CEN in 2009.  
 
ACHIEVEMENTS 
The first study was dealing with the microstructural evaluation of several vacuum plasma 
sprayed (VPS) coatings produced by PLANSEE AG (thickness between 300-500µm). These 
tungsten coatings were sprayed on tungsten and graphite substrates to investigate the separate 
and combined influence of the substrates and the coatings. A summary table of the un-irradiated 
coatings as-received can be found in table 1. A SEM picture of the pan-cake structure can be 
found next to the table. 
 

 
 
Left: Table above: Summary of the properties (coating thickness, surface roughness, density, chemical 
analysis and gas content) of the un-irradiated VPS-W coatings. Right: SEM image of an undamaged as-
received sprayed W coating surface revealing the pan-cake structure.  
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Before neutron irradiation, very good thermal shock resistance of the VPS W coatings on W and 
C was found. The cracking threshold was found at 0.55 GW/m2, 5ms for both. No melting, 
erosion or loss of coatings could be found up to power densities of 1.4 GW/m2 for 5 ms on an 
area of 4×4 mm2 (see figure 2 left, reference material: pink circles). The interlayers (if present) 
could withstand the thermal stresses up to the maximum power density applied. The higher 
melting threshold than pure W bulk material: reveals the good thermal conductivity of the 
coatings and/or the bulk materials 
 

0
20
40
60
80

100
120
140
160

H
ea

t f
ac

to
r [

M
W

/m
2 .s

1/
2 ]

Cracking Melting Erosion

0.55 GW/m2

5ms 

1.2 GW/m2

5ms 

0.33 GW/m2

5ms 

1.4 GW/m2

10ms 

Threshold

Irr. W  o n  C

Irr. W  o n  W

R ef. W  on  W  &
R ef. W  on  C

0
20
40
60
80

100
120
140
160

H
ea

t f
ac

to
r [

M
W

/m
2 .s

1/
2 ]

Cracking Melting Erosion

0.55 GW/m2

5ms 

1.2 GW/m2

5ms 

0.33 GW/m2

5ms 

1.4 GW/m2

10ms 

Threshold

Irr. W  o n  C

Irr. W  o n  W

R ef. W  on  W  &
R ef. W  on  C

Figure 6: Left: Threshold graph in function of the heat factor for the reference and irradiated VPS-W 
coating on W and C in function of cracking, melting and erosion. Right: Summary table of the damage for 
each exposed coating after irradiation with the respective power density and ID number.  
 
The influence of the substrate material on the coating performance, the interlayer degradation on 
its thermal shock resistance before and after neutron irradiation was investigated by 
microstructural tools such as SEM.  
Main results obtained after neutron irradiation: 

(1) VPS-W on C: large degradation after neutron irradiation (figure 6) 
o Large thermal conductivity degradation of graphite: effect on coating (even with 

the 300-500µm thick coating) 
o Lower melting threshold due to the thermal conductivity decrease 
o Lower cracking threshold: could also be due to the degradation of the graphite 

substrate that imposes large transient stresses or could be due to the degradation 
of the coating interlayer itself. 

o Erosion and loss of coating: degradation of interlayers with increase of surface 
temperature rise and thermal stresses 

(2) VPS-W on W: change in surface damage, no large degradation (figure 6) 
o Degradation in cracking threshold similar to the cracking threshold of the VPS W 

on C. Therefore it is assumed that the degradation is an effect of the 
embrittlement of the coating itself. Because the thermal conductivity of the W 
bulk material did not degrade. 

o Change in surface topology (surface is covered by small holes (<1µm diameter) 
and emission of thermionic electrons. Drop in absorbed current is not due to 
melting behaviour and because similar surface temperatures as before neutron 
irradiation were found and no melt layer could be detected on the surface. Holes 
and thermionic emission could be caused by gaseous release from the surface 
such as Helium/tritium removal.  

 
Conclusions: 
VPS-W coatings are promising materials for the in-situ repair of damaged divertor materials. 
The survival depends on the substrate and less on the interlayers in these investigations. They are 
able to withstand the ITER relevant neutron degradation. 
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Additional questions that were raised after these investigations: 
- the largest decrease in thermal conductivity for the coatings on graphite is due to the 

substrate. However, a small decrease was found for the coatings on tungsten as well. It 
should be found out if this is due to the thermal conductivity decrease of the coating or 
due degradation in the interlayer that reduces the heat transfer.  

- The change in surface topology could be caused by the helium gas in the coatings or local 
overheated areas that were melted.  

- The crack formation that was found on the surfaces, does it reach the coating interlayer? 
Are the cracks parallel to the heat load or are there deflections beneath the surface 
(horizontal cracks).  
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Figure 7: Weight loss of VPS-W coatings on graphite (left) and on tungsten (right). Melting areas are 
indicated as well as the lost coatings for the VPS-W on C.  
 
The damage more in-depth should be examined to broaden the understanding of the various 
failure modes and to answer to some of the questions raised above such as: 

- cross-section analysis to investigate crack depth, interlayer condition, bubble formations, 
porosity increase, densification of coatings, … 

- investigation of gas release/retention after neutron irradiation. 
The investigations of the cross-sections are difficult due to the fact that several coatings 
(especially the W coatings on C, see figure 7) were lost due to severe stresses after the neutron 
irradiation. 
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Characterisation of JET in-vessel samples using AES/XPS, SEM and XRD 
 

EFDA Task nr:  JW9-FT-3.48 
Field:  Plasma Wall Interaction 
Principal Investigator: Sehila Gonzáles (Sehila.Gonzalez@efda.org) 
Scientific Staff:  I. Uytdenhouwen, W. Van Rentergem, S. Van den Berghe 
 
 
OBJECTIVES 
 
This task was devoted to the study of Be and T contaminated JET samples, i.e., SEM and EDX 
analysis of the sample surface in order to obtain information about the morphology 
(erosion/deposition) and composition of sample surface;  XPS analysis of the deposited layers on 
the sample surface, applying the new technique previously developed in order to obtain the 
compositional profile of the deposited layer; and XRD measurement to identify phase formation 
within the deposited films, or by interaction with the substrate. 
 
Different JET Carbon Fibre Composite (CFC) samples belonging to the divertor area were 
studied: 
 

- Cross sections: 2IW G3A/5 (1998 - 2004); 2BNG 4C/7 (1998-2004); BNG 6D/7 (1998-
2007) 

- Regular ones: G3A/5 (1998-2004); G6D/7 (1998-2004); G1B/5 (1998-2007); 2WI G3A/6 
(2004-2007); G4C/7 (1998-2007) 

 
The measurements performed on these samples were: 
 

• SEM measurements of all samples (cross sections + regular) 
• EDX analysis of all samples  
• XPS analysis of only G3A/5, G4C/7 and G6D/7 samples 
• XRD measurement: all measurement were done together with Anna Widdowson from 

JET at SCK CEN  (analysis performed only on the regular samples) 
 
 
EDX and SEM analysis of the specimen surfaces, performed with a JSM 6310 SEM by Jeol in a 
hot-cell, gave the morphology and the composition of the surface. XPS analysis were carried out 
with a ThermoVG Scientific XPS Escalab 220i-XL which allows a spot of 200 µm by 200µm to 
obtain the chemical bonding of the elements at the surface layers. XRD data are being analyzed 
currently by A. Widdowson. 
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Some examples of the measurements carried out are: 
 
 

 
Figure 8: SEM image of cross section of deposited material on tile G6D/7 sample: 60 times of 
magnification on the left site; Ni and Cr mapping composition corresponding to the SEM image in central 
and right position respectively 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: SEM image of deposited material on tile G6D/7 sample: 130 times of magnification on the left 
site; Ni and Cr mapping composition corresponding to the SEM image in central and right position 
respectively  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10:  SEM images of the surface of samples G6D/7 (left) and G3A/5 (right): 500 times of 
magnification 
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Figure 11: XPS spectra corresponding to survey spectrum (left side) and beryllium 1s peak (right side) 
performed on G3A/5 sample surface 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: XPS spectra corresponding to survey spectrum (left side) and beryllium 1s peak (right side) 
performed on G6D/7 sample surface 
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Surface Morphology and characterization of first mirrors and mirror carriers 
at JET for ITER 
 
EFDA Task nr:  JW9-NFT-BELG-31 (JW9-FT-3.49) 
Field: Plasma Wall Interaction 
Principal Investigator: I. Uytdenhouwen (iuytdenh@sckcen.be) 
Scientific Staff:  B. Vos, K. Kaers 
 
 
OBJECTIVES 
Metallic mirrors will be essential components of all optical systems for plasma diagnosis that 
will be used on the next-step magnetic fusion experiment, ITER. Effects of erosion and 
deposition processes on mirror surfaces would change the mirror performance, in particular 
reflectivity, thus influencing the quality and reliability of detected signals. For this reason, First 
Mirror Test (FMT) has been carried out at JET in order to test the behaviour of molybdenum and 
stainless steel mirrors under fusion environment containing both carbon and beryllium. To date, 
it is the most comprehensive test performed with a large number of specimens (32) installed on 
the outer wall (figure 13) and in the Mk-II HD divertor (figure 14): inner leg, outer leg and base 
plate under the load bearing tile. The mirrors were placed in 8 cassettes in separate channels at 
different distance to the plasma. This allowed for qualitative and quantitative study of deposits 
along the channels. The total plasma time was over 35 h including 27 h of X-point operation. 
The correspondence with ITER pulses are a factor of 8 scaled by the power input and 2/3 scaled 
by the expected divertor fluxes.  

Position cassette in main wall 

 

Main chamber wall cassette 

 
Figure 13:Left: Cross section of JET with position of mirror cassette in the main wall. Right: Picture of 
the bracket assembly for installation and deposition monitors on the main chamber wall. 
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Position cassettes in divertor 

Base divertor 
Mirror test 
cassettes

Outer divertor 
Mirror test 
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Inner divertor 
Mirror test 
cassettes

Base divertor 
Mirror test 
cassettes

Outer divertor 
Mirror test 
cassettes

Inner divertor 
Mirror test 
cassettes

Divertor base: 
Load Bearing Septum Replacement plate 

cassettes 
 

 

 
Figure 14:Left: Schematic representation of the JET divertor with notation of the position of the mirror 
test cassettes. Right: Mirrors in cassettes under the load bearing septum replacement plate (divertor 
base). 
 

ACHIEVEMENTS 
This contribution provides a broad account on the characterization of the mirrors and their 
carriers in collaboration with VTT, Sussex and VR: (a) the correlation between the surface state 
(composition and structure) and optical properties; (b) the deposition inside channels. Results 
obtained by microscopy, energy dispersive X-ray spectroscopy (EDX), secondary ion mass 
spectrometry, accelerator-based ion beam analysis and optical methods may be summarized by 
following points: 
Deuterium and carbon are the main elements detected on all mirror surfaces. In several cases 
(e.g. outer wall) the presence of beryllium is also found.  
Bubble-like structures (chains of 20-70 µm) are detected in thick deposits. The formation of 
bubbles is a probable reason for deposits’ disintegration and peeling-off.  
Thick deposits, especially on steel mirrors, have rough columnar structure (example in figure 
15).  
Non-uniform distribution of deposits on surfaces is detected with EDX (example in figure16). 
The deposition in channels in the divertor cassettes is pronounced at the very entrance; it sharply 
decreases with the distance from the plasma, λ~ 5-7 mm. Very thick deposits on the mirrors and 
inside the channels break and peel-off forming dust 
Degraded reflectivity of all tested mirrors was found: 

a. Erosion by charge exchange neutrals on the outer wall 
b. Deposition in the divertor and on the outer wall (mirrors deep in the channel) 

Substrate of the mirrors (stainless steel or molybdenum) does not have a significant influence on 
the performance.  
 
 



 27

 
Figure 15: Stainless steel mirror located in the divertor base (0 cm inside the channel). Left: Scanning 
Electron Microscopy image of the thick dust layer (position 3 in figure 11) on top of the mirror. Right: 
magnification of the carbon layer showing the elongated fibre grains giving a rough columnar structure.  
 

 

 
Figure 16: Stainless steel mirror located in the divertor base (0 cm inside the channel). Left: Optical 
picture of the mirror inside the cassette before dismounting. Right: EDX spectra of the stainless steel 
mirror on three different positions on the mirror. (1) typical stainless steel fingerprint spectra from 
mirror substrate, (2) thin deposition with additional carbon and oxygen signals, (3) very thick carbon 
deposit with oxygen. 
 
This work of deposits’ morphology, especially detailed structure studies, contributes also to the 
understanding of the overall material migration in JET. The same effects may be expected in 
ITER, especially if carbon PFC are used. Technical solutions should be examined for the 
replacement of the mirrors in ITER. 
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2. Plasma Facing Materials (incl. Tungsten & Tungsten alloys) 
 
2.2. Installation of the plasmatron VISION I 
 
 
 
 

LIST OF TASKS 
 
 
• Completion of installation and commissioning of the  
   plasmatron & preparation of the installation of the  
   plasmatron Vision I in controlled area for the study  
   with D/T plasma on beryllium contaminated and  
   neutron activated materials  
 
 

 
• JW8-NFT-BELG-27 (JW8-FT-3.42) 
• WP09-PWI-09-04/SCK 
 

• First preliminary experiments with plasmatron VisionI   
  on Tungsten materials and set-up of diagnostics tools  
 

• WP09-PWI-05-03/SCK.CEN  
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Completion of the installation and commissioning of the plasmatron & 
preparation of the installation of the plasmatron VISION I in controlled area 
for the study with D/T plasma on beryllium contaminated and neutron 
activated materials 
 
EFDA Task nr:  JW8-NFT-BELG-27 (JW8-FT-3.42), WP09-PWI-09-04/SCK 
Field:  Plasma Wall Interaction 
Principal Investigator: I. Uytdenhouwen / J. Schuurmans 

(iuytdenh@sckcen.be / jschuurm@sckcen.be) 
Scientific Staff:  I. Fets, D. Ashman, D. Bartholomé, R. Mertens, K. Bystrov (Master 

student), H. D'heer (Master student) 
 
 
OBJECTIVES 
Plasma facing materials for ITER and DEMO have to meet many requirements (fabrication 
feasibility, resilience to neutron damage and activation, etc.). However, other aspects concerning 
the behaviour of the wall and divertor materials under exposure to plasma in ITER- and DEMO-
like conditions are likely to be as important as those mentioned above in determining their 
performance and  suitability (namely : T-retention, dust production, resilience to large steady-
fluences and transient loads, surface erosion and material redeposition) should be addressed. 
Furthermore, the special expert working group on mixed materials and transient heat loads 
(European Plasma Wall Interaction Task Force) has stressed shortcomings in the area of post-
mortem analysis of plasma facing materials and mirrors, especially on active and Be-
contaminated samples. The key plasma facing material issues are determined by synergistic 
effects of plasma steady-state flux, transient fluxes and material damage by neutrons. Therefore, 
it is necessary to have facilities and analysis laboratories that are able to investigate these 
synergistic effects.  
For this purpose, the plasmatron facility was transferred from ETHEL, EC-JRC Ispra, to Mol in 
2007. After an elaborate refurbishment, the plasmatron VISIONI will be able to address some of 
the key issues in plasma wall interaction as it can work with tritium, beryllium and in the near 
future on neutron irradiated materials, under high flux densities and low plasma temperatures. 
For the period 2008/2009, the following objectives were put forward. 

1) The generation of the first plasma (inert gas) by December 2008. 
2) The installation and commissioning of basic plasma diagnostics by June 2009. 
3) First scientific experiments with deuterium by the end of 2009. 
4) Preparations for the move of the plasmatron to the tritium lab and installation in 

gloveboxes. 
 
ACHIEVEMENTS 
Generation of an inert plasma – "First Plasma" 
In the course of time, the majority of the original instrumentation and control equipment 
disappeared or became outdated. The objective behind "the generation of the first plasma" is to 
demonstrate the functionality of the new instrumentation and control equipment. A new control 
cabinet with basic control, visualisation and data logging is developed. For the cooling of the 
filament holders and the plasma chamber, a rudimentary water cooling was constructed.  



 31

 
The plasma production in the plasma chamber is accomplished by electron bombardment of the 
fill gas by accelerated electrons produced by ohmically heated tungsten filaments. Therefore the 
proper operation of the filaments was checked. The filament temperature as function of the 
supply current was recorded with a pyrometer. It was found that the recommended operating 
temperature of 2500K was obtained at a filament current of 95A. The maximum operating 
temperature of 2700K was reached at 110A. In a second step, the emission current as function of 
the Anode-Cathode potential is measured under ultra-high vacuum conditions (<10-6 mbar). The 
onset of thermionic emission occurred around 65A. Equivalent to a filament of temperature of 
1975K; a typical value for potassium doped tungsten. 
For safety reasons, preference was given to the use of an inert gas for the plasma generation. In 
addition, to validate the effect of plasma cleaning, Argon was considered the best candidate. The 
plasma chamber was first pumped down to p<10-6 mbar. After which it was filled with Argon at 
a pressure of 5 µbar. The filaments were heated to approximately 2400K (90A) - to be on the 
safe side -, and the Anode-Cathode voltage was gradually increased till a plasma was visibly 
present.  
 
Installation and commissioning of basic plasma diagnostics 
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Figure 17: Left: Installed EQP1000 below the plasma chamber. Right: Mass and energy scan of a He-
plasma. 
 
To be able to measure the composition and ion energy of the plasma a new plasma monitor was 
selected and purchased. After a market study, preference was given to the Hiden EQP1000 
plasma monitor. In conjunction with an additional RF-generator, this instrument has, besides the 
standard mass range of 510 amu, a high resolution range of 50 amu which will allow the 
discrimination between deuterium and helium. After installation of the EQP1000 on the plasma 
chamber (Fig 17 left), a mass and energy scan was performed on a He-plasma (Fig 17 right). 
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Figure 18: Left: Schematic presentation of the planar probe inside the target. Right: picture of the target 
with the small planar probe in the middle. 
 
Due to the fact that the electrons are moving towards the anode and the ions are accelerated in 
the direction of the target, only ions will impact on the target. Because the plasma monitor is 
only capable of sampling the plasma at the bottom of the chamber, additional diagnostics are 
required. The suitability of a planar probe for the measurement of ion flux density and ion energy 
at the target is currently under investigation. The basic concept and the target with planar probe 
is shown in Fig 18. 
In addition, the appropriateness of a Langmuir probe is investigated. By inserting a Langmuir 
probe into the plasma a local measurement of the electron density and temperature, a correlation 
between the results from the plasma monitor and the conditions at the target can be established. 
 
Move of the plasmatron to the tritium lab and installation in glove boxes 

 

Figure 19: Left: CAD drawing glove-boxes. Right: picture refurbishment tritium lab 
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Originally, the plasmatron was mounted in a cascade of 3 glove-boxes. To fit the plasmatron in 
the SCK•CEN tritium lab, this layout cannot be kept and the design of a new corner glove-box is 
required. A CAD drawing of the new configuration is shown in Fig 14 left. The additional glove-
box has the added advantage that more space will become available for diagnostics. In 
preparation of the integration of the plasmatron in the tritium lab, a safety study (tritium, 
ventilation, filtering, ALARA, etc) is in progress. 
In parallel, a part of the tritium lab is under refurbishment (Fig 19 right). If everything goes 
according to plan, the move of the plasmatron to the tritium lab can commence at the end of this 
year. 
 
PARTNERS 
• University of Ghent (Ugent), Belgium 
• XIOS hogeschool, Limburg, Belgium 
• JET-CSU, EFDA, Culham, UK 
• TEC, Trilateral Euroregio Cluster (FZJ, FOM, Belgian Association) 
 

PUBLICATIONS 
See task WP09-PWI-05-03/SCKCEN on next pages 
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First preliminary experiments with plasmatron VISION I on Tungsten 
materials and set-up of diagnostic tools 
 
EFDA Task nr:  WP09-PWI-05-03/SCKCEN/PS 
Field:   European Plasma Wall Interaction 
Principal Investigator: I. Uytdenhouwen (iuytdenh@sckcen.be) 
Scientific Staff:  J. Schuurmans, I. Fets, D. Ashman, D. Bartholomé, R. Mertens, K. 

Bystrov (Master student), H. D'heer (Master student) 
 
 
OBJECTIVES 
Plasma facing materials (W, Be, CFC) for future fusion reactors (ITER/DEMO) have to meet 
many requirements. The fuel used for the fusion reaction consits out of deuterium (D) and 
tritium (T). Since there is a limit on the amount of the radioactive element T due to safety 
reasons and licensing, retention of T in the material is not desirable. A database should be set-up 
to define the T recycling/retention, dust production, resilience to large steady state fluences, 
surface erosion and material redeposition as a contribution to the understanding of the interaction 
with the plasma facing materials. On top of that, the first mirrors will be subjected indirectly to a 
non-neglible heat flux leading to erosion by particle impact and/or deposition of dust. The 
thermal and mechanical constraints can form local deformations of the mirror surfaces which 
could also give rise to changes in the mirror reflectivity. For steady state operation it is important 
to know the long term behaviour of the tritium influence on the materials. The tritium will decay 
to helium; creating bubbles were tritium is likely to be found. On top of that, the tritium may 
cause local irradiation defects that can not be investigated with hydrogen only. The possibility to 
operate with plasma facing materials that contain beryllium and/or tritium gives an advantage 
since the retention of samples from JET and later on from ITER can be studied. 
The objective of this task was to perform a first experimental campaign on tungsten disc 
materials with the installation of some basic plasma diagnostics (see other tasks JW8-NFT-
BELG-27 (JW8-FT-3.42), WP09-PWI-09-04/SCK/PS for more details on the diagnostics). 
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Figure 20: Left: CAD drawing of the cross-section of the plasma chamber. Right: Ion energy versus ion 
flux for several plasma simulators compared with the H-mode conditions at the first wall and the divertor 
in ITER. 
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ACHIEVEMENTS 
The plasmatron VISION I (fig. 20 left) will be one of the important facilities that will be capable 
to investigate some of the missing key issues in plasma wall interaction. A collected comparison 
with the various other plasma simulators around the world is given in figure 20. The additional 
advantage of the system will be the ability to work with tritium, beryllium and low activated 
neutron irradiated materials, under high flux densities and low ion plasma temperatures.  
 
Good operation check of the system 
The good operation of the system was proven by the agreement between the filament current and 
temperature measured by a pyrometer and compared with the theoretical Stefan-Boltzmann law. 
Out of the IV (current-voltage) from the filaments, the temperature emitted by the filaments was 
determined. The onset of the thermionic electron current density emitted by the filaments was in 
agreement with the Richardson-Dushman equation with the appropriate work function of 
potassium doped tungsten. The temperature on the filaments was independent on the pressure or 
the filling gas. Therefore no large cooling of the filaments by the background gas on the 
temperature and therefore the electron density is expected. 
No electron emission current losses were found to the side of the anode walls as was proven by 
the comparison of the experimental measured current and the theoretically calculated electron 
current density from the extraction voltage. Most of the electron current was directed towards the 
bottom of the anode, while only a small leakage towards the side-walls was found. 
 
First Argon plasma 
First experimental results performed with an Argon plasma without a target installed show that 
after a sudden onset, the plasma remains stable in the Townsend regime (figure 21). Due to the 
fact that no target was installed, a leakage of electrons above the magnetic field lines was 
possible and a full dense uniform bulk plasma could not be established as expected. 
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Figure 21: Left: Onset of the plasma discharge with the plateau of the Townsend regime for a pressure of 
5 µbar (90A filament current) without the target installed. Right: Picture of the Argon plasma inside the 
VISION I chamber. 
 
After installation of the target, similar experiments were carried out. It was found that by 
increasing the target voltage, the total collected current varied in a hysteresis for anode voltages 
below 27 V (argon plasma, pressure 5 µbar, 80 A filament current) when decreasing the target 
voltage (figure 22 left). Because the target potential is a lot larger than the electron temperatures 
in the plasma, the ion density, the Debye length (figure 17 right) and the expected sheath 
thickness could be calculated with the collision-less Child-Law sheath theory. For a target 
voltage of 400V, a typical pressure of 0.3 Pa and an electron temperature of 3 eV, the sheath 



 36

thickness is approximately 1.5 mm. The plasma density is in the order of several 1017 ions/m3 
depending on the ion and electron temperature.  
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Figure 22:Left: Total collected current to the target versus target voltage for increasing anode-cathode 
voltages. Right: Debey length calculated in function of the expected electron temperature with the 
collision-less Child-Law sheath theory. 
 

First Helium plasma 
A Helium plasma was initiated with the target installed and an additional small tungsten 
specimen installed in the middle of the target (figure 23 left). The total current to the target as 
well as the disc current were measured simultaneously. The ion current density profile could be 
determined as well as a first approximation of the absorbed power density. The distribution 
function of the ion current over the target and the disc is shown in figure 18 right. For increasing 
disc voltages, the ion distribution function sharpens with an increase in the maximum total 
current density. Promising results were found with the small specimens that will be needed later 
on to ease the experiments with neutron activated and beryllium/tritium contaminated materials.  
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Figure 23: Left: Schematic drawing of the main Inox target with small tungsten specimen. Right: 
Calculated distribution function with a Gaussian profile derived  from the current ratio of the disc 
relative to the total target (Helium plasma, Anode-cathode voltage of 80V, .target voltage of 50V and 
varying disc voltage between 40 and 60V). 
 

PARTNERS 
• University of Ghent (Ugent), Belgium 
• XIOS hogeschool, Limburg, Belgium 
• JET-CSU, EFDA, Culham, UK 
• TEC, Trilateral Euroregio Cluster (FZJ, FOM, Belgian Association) 
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3. Reduced activation ferritic-martensitic steels (RAFM) 
 
 
 
 

LIST OF TASKS 
 
 
 
• Irradiation campaign to ITER TBM relevant    
   dose to qualify joints and diffusion bonded 
    EUROFER samples/ IRFUMA-6 
 
 

• TW6-TTMS-001-D1  
 

• Radiation effect modelling and experimental  
   validation 
 
 

• WP08-09-MAT-REMEV- activity 2,4 

• Radiation effect modelling and experimental  
   validation: PAS characterization 

• WP08-09-MAT-REMEV- activity 5 

 
 

 

• Comparison of mechanical properties and  
   microstructure of 9% Cr ODS steels…)  
 

• WP08-09-MAT-ODSFS – activity 2 
 



 40

Preparation and irradiation campaign to ITER TBM relevant dose to qualify 
joints and diffusion bonded EUROFER samples / IRFUMA 6 
 
EFDA Task nr:  TW6-TTMS-001-D1  
Field:  Tritium Breeding & Materials  
Principal Investigator: E. Lucon (elucon@sckcen.be) 
Scientific Staff:  M. Wéber, R. Mertens  
 
 
OBJECTIVES 
Characterization of the post-irradiation mechanical properties of three EUROFER/EUROFER 
joints (TIG weld, laser joint, diffusion joint) 
 
ACHIEVEMENTS 
The IRFUMA-6 irradiation campaign started with the third BR2 cycle of 2008 and will terminate 
with the fifth and last cycle of 2009. The irradiation temperature, similar to the previous five 
IRFUMA campaigns, is 300°C. The foreseen irradiation dose is 2 dpa. 
Inside the irradiation rig (CALLISTO loop), for each joint to be irradiated three types of 
mechanical specimens are present: sub-size tensile, KLST impact Charpy, precracked KLST for 
fracture toughness. 
Post-Irradiation Examinations (PIE) are planned in the first half of 2010. 
 
PARTNERS 
• FZK Karlsruhe (provided the TIG joint) 
• CEA Grenoble (provided the diffusion joint) 
• CEA Saclay (provided the laser joint) 

 
PUBLICATIONS 

[51] E. Lucon, "Preparation of the IRFUMA-6 irradiation campaign to qualify EUROFER97 
joints (~2 dpa, 300°C) 
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Development of Fe-Cr interatomic potential, consistent with phase diagram. 
Study of the α-α' phase separation in high-Cr ferritic alloys and its effect on 
the mechanical properties 
 
EFDA Task nr:  WP08-09-MAT-REMEV (Activity 2 : Phase diagram and phase transfor- 

mation kinetics in Fe-Cr system; Activity 4 : Modelling mechanical properties) 
Field: Materials 
Principal Investigator: D. Terentyev (dterenty@sckcen.be) 
Scientific Staff:  D. Terentyev, G. Bonny, N. Castin, L. Malerba  
 
OBJECTIVES 
1. Develop a thermodynamically improved Fe-Cr empirical potential in a two-band model 
formalism and used to parameterise an atomistic kinetic Monte Carlo (kMC) model for the study 
of the microchemical evolution of Fe-Cr alloys under thermal ageing.  
2. Develop an efficient kMC model which would allow accurate and fast calculation of the 
migration energy for a variety of point defects in ferritic alloys.  
3. Based on the results obtained from kMC studies, perform molecular dynamics (MD) 
simulations to study the interaction and related hardening due to the presence of Cr-rich 
precipitates in Fe-Cr matrix, which is expected to exhibit α-α' separation in certain conditions. 
 

ACHIEVEMENTS 
1. Development of Fe-Cr potential. 
 
The commonly proposed structural materials for advanced nuclear reactors are high-Cr ferritic-
martensitic steels (~9-12 at.% Cr), possibly containing oxide particles. This choice is supported 
by their superior thermal, corrosion and radiation resistance as compared to austenitic steels. A 
first approximation to describe such steels in a modelling framework is the Fe-Cr binary model 
alloy. 
 Density functional theory (DFT) calculations show that the mixing enthalpy of the Fe-Cr 
binary changes sign with Cr content. It is negative below a critical concentration ~10 at.% Cr and 
positive above it. A negative mixing enthalpy indicates solubility and a tendency to partial 
ordering, while a positive value indicates the clustering of Cr into a separate Cr-rich phase (α' 
phase).  
 In the literature it has been shown that such a complex thermodynamic behaviour cannot 
be reproduced in terms of atomic interactions within a simple embedded atom method (EAM) 
framework. Therefore, two extensions of the EAM have been proposed, namely, the two-band 
model (2BM) [REF1] and the concentration dependent method (CDM) [REF2], which both 
introduce local concentration in the EAM. For each formalism, a potential describing the Fe-Cr 
alloy is available that reproduces the change of sign in the mixing enthalpy. However, both 
potentials have some important shortcomings. 
 A first shortcoming from which both potentials suffer concerns the pure elements, which 
in both cases are described by the same potentials. In particular, the pure Fe potential does not 
provide stable glide of the ½ 〈111〉 screw-dislocation in the (110) plane, in contrast with 
experiments. The pure Cr potential, on the other hand, does not predict a compact core of the ½ 
〈111〉 (110) screw-dislocation, in contrast with DFT data. To overcome both shortcomings, for 
Fe a different, but otherwise equally preferment, potential was selected from the literature that 
provides stable glide of the ½ 〈111〉 screw-dislocation in the (110) plane. For Cr a new potential 



 42

was fitted that provides compact core of the ½ 〈111〉 (110) screw-dislocation. As illustrated in 
Fig. 24, our newly developed Cr potential reproduces a compact ½ 〈111〉 (110) screw-dislocation 
core, as opposed to the existing Cr potential. 
 

  
Figure 24: – Comparison of the screw component of differential displacement maps for both our 
potential (left) and the existing (right) potential. 
 
 Regarding the alloy, the potential fitted in the 2BM formalism predicts stable 
intermetallic compounds at the Cr-rich side, which are experimentally not observed and 
contradict DFT calculations. As a consequence, the mixing enthalpy is negative in the same 
region, again contradicting DFT calculations. The potential fitted in the CDM formalism, on the 
other hand, largely underestimates the experimentally observed excess vibrational entropy. As a 
result, the phase diagram corresponding to that potential fails to describe full solubility below 
melting temperature, which is disagreement with the experimental phase diagram where full 
solubility is observed above 900 K. In addition, the interaction of Cr atoms with interstitial 
defects in the Fe matrix is poorly described, as are the vacancy migration barriers. To overcome 
the shortcomings of both potentials, we developed a new one within the 2BM. As illustrated in 
Figs. 25a and 25b our new potential gives good agreement with the DFT obtained mixing 
enthalpy curve and vacancy migration barriers, respectively 
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Figure 25: – (left) Comparison of the mixing enthalpies obtained from the potentials with DFT data. 
(right) Comparison of vacancy migration barriers in the Fe-matrix for different local Cr 
configurations between the different potentials and DFT. 
 
The performance of the advanced potentials recently developed for Fe-Cr system, including our 
own, is schematically summarised, for what concerns the most important physical properties to 
be reproduced, in the Table below. 
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Table – Schematic comparison of the most important physical properties reproduced by the different 
potentials. 

Thermodynamics Point-Defects 
Potential Disordered 

Alloy 
Intermetallic 
Compounds 

Vibrational 
Entropy 

Substitu-
tional Interstitial Vacancy 

Disloca-
tions 

This 
work Good Good Reasonable Good Reasonable Good Good 

2BM 
[REF1] Poor Poor Reasonable Good Reasonable Good Poor 

CDM 
[REF2] Good Reasonable Poor Good Poor Poor Poor 

 
[REF1]: P. Olsson, J. Wallenius, C. Domain, K. Nordlund and L. Malerba, Phys. Rev. B 72  
             (2005)   
              214119; Phys. Rev. B 74 (2006) 1(E). 
[REF2]: A. Caro, D.A. Crowson and M. Caro, Phys. Rev. Lett. 95 (2005) 75702. 
 
 
2. Development of kMC code and study of phase separation under thermal ageing 
 
Atomistic kinetic Monte Carlo (AKMC) simulations were carried to study the α-α' phase 
separation in Fe-Cr alloys. Different energy models (including the above mentioned Fe-Cr 
potential) and newly developed algorithm to estimate the local vacancy migration barriers were 
used. The main purpose of the study was to investigate how the new algorithm (developed at 
SCK by N. Castin [51]) performs in comparison with the classical Kang Weinberg (KW) 
decomposition, based on the total energy change of the system. The original algorithm was 
developed and realized based on the Artificial Neural Network (ANN) approach, which can be 
employed as an engine of the AKMC code to predict the local vacancy migration barriers 'on the 
fly'.  
 
The ANN regression scheme is trained using an extended dataset of local vacancy migration 
barriers, calculated with the nudged elastic band method for a variety of LAEs [52]. Once trained 
and provided with a LAE around a vacancy, the ANN can predict the local vacancy migration 
barrier accurately and with the same speed as the KW decomposition. The only required input is 
consequently the training data set that could be obtained by applying interatomic potentials or ab 
initio techniques.  
 
The thermal annealing of Fe-20Cr at 773 K was simulated by three AKMC runs. Two runs 
involved the new and old two model potentials where both the KW decomposition and ANN 
approach were applied, while the third run used the CE in combination with the KW 
decomposition. The precipitates were indentified during the runs following the method proposed 
in [53], specifically developed to identify non-pure coherent precipitates in a concentrated alloy. 
The evolution of the size and density distributions of Cr precipitates during annealing time are 
shown in Fig.26. From these plots it follows that in all three runs the precipitation process goes 
via three overlapping stages: nucleation, growth and coarsening. While the three approaches 
provide a very similar evolution of the precipitate size and density distributions, they give 
essentially different kinetics. For example, the time evolution with the ANN approach is an order 
of magnitude faster than with the KW decomposition. From the view point of accuracy, the ANN 
results are to be considered as superior. 
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The results are compared with experimental thermal annealing data and differences between the 
applied AKMC runs. The comparison of the obtained size and density distribution with 
experimental data [54,55] suggests that the results obtained using the ANN approach (based on 
the 2BMP) are more consistent with the experimental data. Additional cross-checks using the 
NEB method for extreme values of Em encountered during the simulation, has proven the 
reliability of the ANN approach. Given the DFT based vacancy migration energy database for 
different Cr content is established here, as a near future objective we plan to apply the ANN 
approach using this DFT database. 

 
Figure 26 Average precipitate size and density versus experimental annealing time calculated with the 
different AKMC approaches and compared with experimental data. 

10 100 1000
1

2

3

4

5 AKMC Simulations
 2BM-ANN
 2BM-KW
 CE-KW

Experiments
 Ref. [4]
 Ref. [5]

 

 

Av
er

ag
e 

di
am

et
er

 (n
m

)

Annealing Time (h)

10 100 1000
1023

1024

1025

AKMC Simulations
 2BM-ANN
 2BM-KW
 CE-KW

 

 

Experiments
 Ref. [4]
 Ref. [5]

N
um

be
r D

en
si

ty
 (m

-3
)

Annealing Time (h)

 

 

3. Study of the effect of phase separation on mechanical property changes 
 
Cr precipitation in technologically important high-Cr steels, originating from the α-α' phase 
separation, causes essential degradation of mechanical properties leading to the loss of ductility 
and risk of embrittlement. The effect of Cr precipitation on the plasticity of high-Cr ferritic steels 
(EUROFER, T91, F82H, etc.) therefore needs to be addressed. The in-house interatomic 
potential developed by G. Bonny was used to perform atomic-scale simulations to study the 
interaction of dislocations with Cr precipitates in ferritic steels (Fe and Fe-Cr alloys) so as to 
address a problem of hardening and embrittlement due to the α-α' phase separation.  
 
MD simulations were carried out to study the processes involved in the interaction between 
½<111> screw dislocation and coherent nano-metric size Cr precipitates in bcc Fe and Fe-Cr 
matrix, varying temperature and precipitate size. To perform large scale atomistic simulations 
two sets of most advanced interatomic potentials for Fe-Cr system were employed. The outcome 
of the simulations is stress-strain loading curve and atom-core visualization of the interaction 
process, obtained using post processing analysis.  With these knowledge the resistance (i.e. 
obstacle) strength of Cr precipitates to the dislocation motion and particular interaction 
mechanism were determined. 
 
A typical loading diagram showing the stress-strain history and instantaneous position of the 
dislocation in the crystal is presented in Fig.4a. The interaction process can be described as 
follows. The dislocation moves towards the precipitate under constantly increasing shear stress 
suggesting the presence of repulsive interaction, which is consistent with excess of the shear 
modulus (∆µ(Cr-Fe)~30 GPa) and lattice unit (∆a0(Cr-Fe)~2.27 pm) of pure Cr. As soon the 
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dislocation reached matrix-precipitate interface (MPI) it starts to curve prior to enter the 
precipitate. When the resolved stress reaches the critical one the dislocation penetrates the 
precipitate. The friction stress for the dislocation to move inside the Cr precipitate is higher than 
in iron matrix (the computed Peierls stress is about 400MPa higher), hence prior to leave the 
precipitates dislocation again experiences curvature. After applying a large load the dislocation 
leaves the precipitate which is now sheared at its equator. As can be seen from Fig.27a, the 
dislocation kept gliding in the same (110)  plane over the whole simulation time and did not cross-
slip. 
 
The simulations performed at 600K have shown the both used potentials resulted in the same 
interaction mechanism, however, different critical stress. When the simulations were repeated at 
room temperature, a completely different interaction mechanism was found. Consider the second 
loading diagram presented in Fig.27b. The beginning of the interaction process is the same, 
however, at the moment when the dislocation reaches MPI it starts to cross-slip downwards 
across the precipitate surface, as can be seen from the evolution of y coordinate of the dislocation 
core. This way, the dislocation goes completely under the precipitate and gets pinned at its 
bottom. As soon as the critical stress is reached the dislocation cross-slips up and leaves the 
precipitate, which is not sheared this time. The cross-slip events were seen to be related with the 
emission of kink-pairs at the MPI, which is in turn related to the modification of the dislocation 
core structure. 
 
To summarize, the investigation of the interaction between a ½<111> screw dislocation and Cr 
precipitates has shown strong effect of temperature on the corresponding critical unpinning stress 
and pathway that the dislocation undergoes while shearing the precipitate. The present atomistic 
simulations emphasized that the dislocation core and temperature structure plays an important 
role in the interaction process and determines whether the precipitates are to be sheared or 
bypassed by the dislocation. 
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Figure 27: Evolution of the resolved shear stress and position of the dislocation core versus applied 
strain for the dislocation interacting with 2nm precipitate at (a) T=600K and (b) T=300K. The margins 
of the precipitate are shown by dashed blue lines. 
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CONCLUSIONS & OUTLOOK 
The work on the extension of the Fe-Cr potential to the ternary system will be carried out in the 
two following years with the aim to get a library of potentials allowing to consider Fe-Cr-x 
system, where x can be C, He, Mo, W and other elements that are of high relevance for Fe-9Cr 
ferritic martensitic steels subject to neutron irradiation. This work will be performed in the 
collaboration with TEKES and UKAEA.  
Further development of the in house kMC code so as to include self-interstitial defects is 
foreseen in the year 2010. This would already allow to consider interplay in the microchemical 
evolution induced due to irradiation and thus consider effects of non-equilibrium segregation. 
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Radiation effect modelling and experimental validation: PAS characterization 
 
EFDA Task nr:  WP08-09-MAT-REMEV (Activity 5 : Positron Annihilation Spectroscopy 

(PAS) of neutron-irradiated Fe-Cr alloys.) 
Field:  Materials  
Principal Investigator: M. Lambrecht (mlambrec@sckcen.be) 
Scientific Staff:  M. Lambrecht 
 
 
OBJECTIVES 
The general objective of this task is to investigate microstructural changes of high-purity Fe, Fe-
Cr alloys and two Cr-rich steels.  These alloys are of relevance for fusion applications.  The 
irradiation of the samples (with typical PAS size: 10 × 10 × 1 mm3) has been performed in the 
BR-2 reactor at 300 °C for one cycle, within the MIRE-Cr II-program.  The post-irradiation 
examination, that consists on in-depth characterization of the effect of chromium on the induced 
defect formation and accumulation using positron annihilation spectroscopy (PAS) is underway.  
The microstructural and metallurgical changes due to neutron irradiation cause a significant 
degradation of the mechanical properties of metals and alloys.  In this report, the first results 
obtained from PAS analysis of the non-irradiated model alloys are presented. 
It is known that positrons are very sensitive to all types of vacancy-clusters and vacancy-solute 
complexes [78]-[81].  As these defects will play an important role in the formation of the 
features causing hardening, positron annihilation spectroscopy (PAS) is an excellent technique to 
investigate their behaviour under irradiation, in order to obtain a complete understanding of the 
irradiation-induced damage.  Indeed, in this technique, the positron is applied as a probe.  As 
antiparticle of the electron, the positron is trapped by defects with a different electron density 
than the bulk material, such as vacancies, vacancy clusters, interfaces, second phase particles, 
dislocation, etc [82].  Moreover, due to the difference in positron affinity of the different atomic 
species, positrons annihilate with a different probability in the precipitates as compared to the 
bulk material [83],[84].  The power of PAS lies in its possibility to find very small defects 
(> 0.1 nm) even in very low concentrations (> 1 ppm), its "self-seeking" nature and its non-
destructiveness. At SCK•CEN, both positron annihilation lifetime spectroscopy (PALS) and 
coincidence Doppler Broadening (CDB), are installed and adjusted to be capable of measuring 
irradiated specimens, in an adequate way [85]. Previously, the irradiated samples (up to 0.06 
dpa) were measured and the current task includes analysis of the samples. 
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ACHIEVEMENTS 
Table below: lists the chemical composition of the model alloys, which contain up to 12%Cr of chromium 
 

Table: The chemical composition of the model alloys. 
Name C Cr N Si P Ni 
Pure Fe < 0.005 -- < 0.001 < 0.005 < 0.005 < 0.005 
L251 0.008 2.4 0.0117 0.02 0.013 0.044 
L259 0.02 4.6 0.0127 0.04 0.011 0.06 
L252 0.02 8.4 0.0148 0.09 0.012 0.07 
L253 0.027 11.6 0.0237 0.11 0.05 0.09 

 
Name V Mn S Ti Al O 
Pure Fe -- -- < 0.05 -- -- -- 
L251 0.001 0.009 0.0023 0.004 0.003 0.035 
L259 0.001 0.02 0.006 0.0028 0.0033 0.065 
L252 0.002 0.03 0.00066 0.0034 0.0069 0.066 
L253 0.002 0.03 0.006 0.0037 0.003 0.03 

 
 
 
 
 
 

 
 
Fig.28: The positron lifetime results of the Fe-Cr alloys, pure Fe and two commercial Fe-9Cr steels. The 
results are divided into two lifetime components (t1 and t2) and their average is given as well (tm). I2 is 
the intensity of t2. In the figure, the theoretical values of positron lifetime in vacancy clusters are also 
reported, as well as the results for the 0.1 dpa irradiated iron. 
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The found second component is very low, about 160 ps, which indicates that this only 
monovacancies are present in the system. The mean lifetime increases with increasing chromium 
content, as a result of an increasing intensity of the second component. More defects are thus 
observed in the alloy with a higher chromium concentration. For the pure iron, irradiated to a 
comparable dose, defects were found with a similar intensity of the second PALS component, 
but the defects had a much longer lifetime. Indeed, it was even found that the defects grow 
during irradiation. This could not yet have occurred in the Cr-rich materials, as the clusters still 
have only one vacancy. The two steels show similar results to those of the model alloys. Only a 
higher value for the first lifetime component is found. This is most probably due to the presence 
of other alloying elements, which may attract positron and annihilate them with a higher lifetime 
then present in pure iron. These elements will have no vacancies in their environment, otherwise, 
they would have been observed by the second PALS component instead of the first one. 
 
CONCLUSIONS & OUTLOOK 
Currently the samples irradiated up to 1.5 dpa are still active and therefore measurements can not 
be performed. The continuation of measurements is expected to be performed in the programme 
for 2011. 
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Comparison of Mechanical Properties and Microstructure of 9Cr ODS Steels 
using Mechanical Alloying and an innovative Casting Method 
 
EFDA Task nr:  WP08-09-MAT-ODSFS  
Field:  Materials 
Principal Investigator: E. Lucon (elucon@sckcen.be) 
Scientific Staff:  R. Chaouadi, K. Verhiest  
 
 
OBJECTIVES 
Mechanical Alloying (MA) is the conventional fabrication route for producing Oxide Dispersion 
Strengthened (ODS) versions of high chromium steels, to be used for high-temperature 
applications in advanced nuclear reactors, including fusion machines. Alternative ODS 
fabrication routes are being explored in the framework of an on-going collaboration between 
SCK•CEN and OCAS (Zwijnaarde, near Ghent). In particular, an innovative casting method is 
being investigated for the T91 steel within the PhD work of K.Verhiest.  
In order to demonstrate that this method is a promising alternative to MA for the production of 
Nano-Structured ODS Ferritic Steels (14%Cr), the results obtained from the mechanical and 
micro-structural characterization of T91 ODS will be compared with the corresponding 
properties of conventional ("non-ODS") T91. The potential of the casting method will then be 
assessed with respect to a similar comparison between EUROFER non-ODS and ODS 
(fabricated using the MA route), which have been characterised at SCK•CEN in both the 
unirradiated and irradiated condition. 
 
ACHIEVEMENTS 
The production of T91 ODS has progressed at OCAS (Zwijnaarde, Belgium) following different 
production paths and research activities. 
A batch on "non-ODS" T91, produced at OCAS via the casting method, has been characterized 
by tensile and Charpy impact tests. Specifically, tests have been aimed at identifying the optimal 
tempering temperature in the range 730-825°C. Results indicate that 775°C provides the best 
compromise between tensile strength, ductility and impact toughness. 
Further investigations are ongoing, concerning the influence of Cr content on the wettability of 
the Y2O3 particles and the optimization of the introduction of Y2O3 nano-powder into the steel 
melt. 
As far as the actual production of T91 ODS is concerned, two routes are currently investigated: 
a) Roll-bonding of T91 sheets with coating containing 10% oxide in-between; 
b) Casting in conditions of magnetic levitation. 
The roll-bonding method has been successfully evaluated using pure Fe and low-alloyed steels. 
However, the higher Cr content of T91 forces to work in a controlled atmosphere where 
oxidation has to be avoided. Since this is very expensive, the roll-bonding production route is 
presently given second priority. 
The reference method is therefore casting after heating in magnetic levitation, using a special 
crucible where the upper coil is used for heating and the lower coil provides levitation. This 
approach has been successful using a small crucible for producing small batches of 80 g each. 
Upscaling to a larger facility, which will allow obtaining larger batches (plates of 1.5-2 kg), is 
currently under investigation and is expected to be completed in September 2009. 
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Although some technical uncertainties remain, production of the first 1.5-2 kg batches via the 
casting method is foreseen by the end of September 2009. If the quality of the material obtained 
is in line with expectations in terms of nano-particle size and distribution, approximately 200 kg 
of T91 ODS will be produced in the form of small plates and characterized by the end of 2009 
using the following approaches: 
• tensile tests up to service temperature; 
• instrumented Charpy impact tests using sub-size (KLST) specimens; 
• TEM investigations of the microstructure and particle dispersion. 
If unforeseen technical problems arise and material quality is not considered sufficient, 
alternative measures will be undertaken. 
 
PARTNERS 
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4. Physics Integration: diagnostics 
 
 
 

LIST OF TASKS 
 
 
 
• Irradiation effects on the bondings in window assemblies:  
   optical and mechanical performance 
 
 

• TW6-TPDC-IRRCER-D2.1 
 

• In-situ radiation tests for prototype bolometers 
 
 

• TW5-TPDC-IRRCER-D11 
 

• Thermal and neutron irradiation effects on the electrical  
   and mechanical properties of improved electrical contacts) 
 
 

• TW6-TPDC-IRRCER-D11.1 
 

• Prototype resistive bolometer irradiation in gamma and  
   neutron fields 
 
 

• TW6-TPDC-IRRCER-D9.1 
 

• Neutron irradiation and temperature effects on induced   
   voltages in MI and ceramic-coated cables as a function of  
   temperature  
 
 

• TW6-TPDC-IRRCER-D7.1  
• TW6-TPDC-IRRCER-D4.2 

• EU/RF collaborative tasks on ITER diagnostics: optical  
   fibres 
 

• TW5-TPDS-DIARFB-D9.1 
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 Irridiation effects on the bondings in window assemblies: optical and 
mechanical performance 
 
EFDA Task nr:  TW6-TPDC-IRRCER-D2.1 
Field:  Physics Integration  
Principal Investigator: A. Gusarov (agusarov@sckcen.be) 
Scientific Staff:  S. Huysmans 
 
 
OBJECTIVES 
More than 100 diagnostic windows will be installed on the ITER primary and secondary vacuum 
boundaries. These windows are required for optical, microwave, and X-ray diagnostic systems. 
In addition to the transmission of diagnostic signals the windows will have to maintain the 
vacuum boundary (primary and secondary) in adverse environment, which also includes 
irradiation.  
Window assemblies are located on the vacuum vessel port plugs and the port interspace seal 
plates, inaccessible during machine operation and during movement of main in-vessel 
components during a shutdown. The assemblies must be operational continuously for the 
operating life of ITER.  
The goal of present task is to verify the capability of the prototype window assemblies to 
maintain the required mechanical integrity and optical performance characteristics under relevant 
for the ITER temperature (up to 150-200°C) and gamma-neutron radiation (total flux up to 
2x1020 n/m2) conditions. 
 
ACHIEVEMENTS 
The set-ups for in hot-cell vacuum leak and mechanical push-out tests were prepared.  The tests 
were completed on two prototype window assemblies (PWAs). The irradiation did not influence 
the He-leak rate. The mechanical testing demonstrated that the plastic plungers delivered with 
the PWAs are not suitable for the destructive test. The destruction test requires a significant load 
to be applied to the glass-metal joint. This load is transferred via the plastic plunger, which is 
deforming and get blocked inside the assembly, thus influencing the breaking force value. A 
modified procedure for the mechanical testing is being developed.  
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PARTNERS 
• CIEMAT, Madrid, Spain 

 
 
 
 

 
 

Figure 29: Ferrule of a prototype window assembly after the destructive test 
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In-situ radiation tests for prototype bolometers 
 
EFDA Task nr:  TW5-TPDC-IRRCER-D11 
Field:  Physics Integration  
Principal Investigator: A. Gusarov (agusarov@sckcen.be) 
Scientific Staff:  M. Wéber, S.Huysmans 
 
 
OBJECTIVES 
ITER will use bolometric systems to provide information on the spatial distribution of the 
radiated power from the main plasma and in the divertor region. Bolometer arrays will be 
installed in the equatorial and upper ports, in selected locations on the vacuum vessel, and on a 
specially instrumented divertor. Previous tests have shown that a prototype bolometer with a Pt-
meander on a ceramic substrate can sustain the high temperature reactor irradiation under 
vacuum.  
This EFDA task has the aim to assess the radiation hardness of a complete high-temperature 
bolometer head developed at the IPP-Garching. Those bolometers are based on Pt strips on a 
silicon nitride substrate.  
 
ACHIEVEMENTS 
A prototype bolometer head was delivered to the SCK-CEN for testing in April 2009. This 
bolometer was mounted on a dedicated support and placed in a vacuum capsule instrumented 
with a gamma-thermometer and a neutron detector, and electrically connected with the external 
measurement equipment. The irradiation was performed in the BR2 during July – August 2009. 
The bolometer temperature and the resistances were measured on-line. The desired  temperature 
~400°C under radiation was achieved by placing the rig at a specific level in the reactor core 
where the equilibrium between the heat generation via gamma-radiation absorption and heat 
removal occurred at ~400°C. The resistance measurements were stable during the irradiation, but 
a failure occurred shortly after the rig removal from the reactor. A post-radiation is planned at 
the end of 2009 to identify the reason of the failure.   
 
PARTNERS 
• CEA, Cadarache, France 
• IPP, Garching, Germany 
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Figure 30: Prototype bolometer head mounted on the dedicated support 
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Figure 31: Correlation between the thermal neutron flux and the bolometer temperature during 
irradiation in BR2 
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Thermal and neutron irradiation effects on the electrical and mechanical 
properties of improved electrical contacts 
 
EFDA Task nr:  TW6-TPDC-IRRCER-D11.1 
Field:  Physics Integration  
Principal Investigator: A. Gusarov (agusarov@sckcen.be) 
Scientific Staff:  S. Huysmans 
 
OBJECTIVES 
Previous tests have shown that providing a stable electrical contact under ITER relevant 
conditions, i.e. a high temperature, vacuum, and radiation is a difficult task. In a recent test when 
alternative resistive-bolometer substrates with platinum tracks were irradiated in the nuclear 
reactor the maintenance of electrical contact between the Pt-meander and connecting Pt wires 
was found to be the major problem. A similar problem is known for the magnetic coils and Hall 
sensors, where a thin internal wire has to be connected to a rigid external conductor. The present 
study is intended to develop a technology of making electrical contacts with improved 
mechanical reliability, electrical stability, and radiation hardness for ITER components, in 
particular resistive type bolometers with Pt meanders on ceramic substrates.  
 
ACHIEVEMENTS 
A new approach for making the electrical contacts based on the use of miniature binding posts is 
being developed. The binding posts are prepared as Pt rings filled with soda-silica-lime low 
melting temperature glass and also have a laser welded platinum wire to make connection with 
external equipment. The rings can be positioned at predefined locations on polished ceramic 
substrates. When heated in a furnace the glass melts and on cooling should provide a strong 
adhesion of the Pt rings to the substrate. previous experiments confirmed the feasibility of this 
approach.  The current efforts are toward the miniaturisation of the binding posts and the 
assessment of their stability in a ITER-relevant high-temperature nuclear radiation environment.  
 

 

Figure 32: Two Pt binding posts on a ceramic substrate 
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Several polished substrates made of AlN and Al2O3 were obtained from CIEMAT. Pt-rings filled 
with melted glass were prepared at SCK-CEN. A number of tests was performed to obtain a 
good adhesion between the substrates and the rings by optimizing the melting of the glass inside 
the rings in a high-temperature oven. A good adhesion was obtained only for Al2O3 substrates 
but tot on AlN ones. The reasons for that are yet unclear. Reactor irradiation of the substrates is 
planed for the end 2009 to assess the radiation hardness of this technology.  
 
PARTNERS 
CIEMAT, Madrid, Spain 
 
PUBLICATIONS: 
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Prototype resistive bolometer irradiation in gamma and neutron fields 
 
EFDA Task nr:  TW6-TPDC-IRRCER-D9.1 
Field:  Physics Integration  
Principal Investigator: A. Gusarov (agusarov@sckcen.be) 
Scientific Staff:   
 
OBJECTIVES 
ITER will use the bolometric systems to obtain information on the spatial distribution of the 
radiated power from both the main plasma and in the divertor region. Bolometer arrays will be 
installed in the equatorial and upper ports, in selected locations on the vacuum vessel, and on the 
divertor. Recent tests has shown that a prototype bolometer with a Pt-meander on a ceramic 
substrate can sustain the high temperature reactor irradiation under vacuum.  
The objective of the present task is to verify the capability of the prototype bolometer with an 
improved and a more realistic design of the meander (much narrower strips) on AlO or AlN 
substrates to maintain the required performance characteristics under relevant for ITER 
temperature 350 - 450 °C and gamma-neutron reactor radiation with a fast neutron fluence up to 
1023n/m2 is considered.  
 
ACHIEVEMENTS 
In collaboration with CIEMAT several prototype bolometers were fabricated using the new 
approach for providing electrical contacts between external wiring and Pt-meander being 
developed at SCK-CEN.  
Two bolometer was mounted on a dedicated support and placed in a vacuum capsule electrically 
connected with the external measurement equipment. The irradiation is planned for the end of 
2009.  
 
PARTNERS 
CIEMAT, Madrid, Spain 
 

 
Figure 33: Two mounted CIEMAT prototype bolometers 
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Neutron irradiation and temperature effects on induced voltages in MI and 
ceramic-coated cables as a function of temperature 
 
EFDA Task nr:  TW6-TPDC-IRRCER-D4.2 
 TW6-TPDC-IRRCER-D7.1  
Field: Physics Integration: Diagnostics 
Principal Investigator: L. Vermeeren (lvermeer@sckcen.be) 
Scientific Staff:  M. Wéber, G. Engelen, H. Ooms 
 
 
OBJECTIVES 
Magnetic diagnostics in ITER will use coils made of mineral-insulated (MI) and/or ceramic-
coated cables that will be exposed to significant radiation fields and to inhomogeneous thermal 
conditions.  The core-to-core voltages induced by radiation or by thermal gradients might spoil 
the low-voltage long-pulse integration measurements.  In a previous test irradiation (task TW4-
TDPC-IRRCER-D6) the different behaviour of copper and stainless steel core MI cables was 
highlighted.  Task TW6-TPDC-IRRCER-D4.2 (completed early 2009) involved the testing of a 
set of 9 different cables/wires in order to select the best cable for each application in ITER.  The 
objective of task TW6-TPDC-IRRCER-D7.1 is to investigate the TIEMF/RIEMF 
(Thermally/Radiation Induced Electro-Motive Force) effect on prototype in-vessel tangential 
pick-up coils, to be developed by RFX-Padua.  As this development is still going on, this task 
remains pending. 
 
ACHIEVEMENTS 
A dedicated irradiation rig was designed for simultaneous testing of several types of cables.  A 
set of 9 test cables was defined: 
- one Cu-core and one SS-core Ø 0.34/1 mm MI cable (serving as a reference); 
- one Cu-core and one SS-core Ø 0.5/1.5 mm MI cable (testing of size dependence); 
- one Cu-core and one SS-core Ø 0.5(x2)/3.2 mm twin-core MI cable (check asymmetry 

reduction effect); 
- one CERAMAWIRE Cu/Ni clad and one CALFINEWIRE SS ceramic coated wire (both 

provided by Consorzio RFX, Padua, Italy) and a Ø 0.7 mm glass-coated copper wire from 
EXPOCABLE (provided by ITER Diagnostic Division, Cadarache, France). 

The thermal profiles along the cables were generated either by nuclear or by electric heating, so 
information on effects due to temperature gradients and due to radiation could be obtained 
independently.  The rig was immersed in the L120 thimble channel of the BR2 reactor filled with 
demineralised water.  All MI cables and the EXPOCABLE kept on functioning properly during 
the complete irradiation test (three weeks); the other two wires immediately showed a low 
insulation resistance and produced less coherent results.  The currents between inner conductor 
and sheath were measured in various conditions (temperature profile, neutron/gamma flux, 
azimuthal position,…).  As illustrated in figure 29, the vast majority of the MI cable currents 
could be reproduced perfectly by a model including contributions due to betas from decay of 
66Cu, to betas from decay of Mn in stainless steel and prompt contributions (orientation 
dependent).  As observed before, the copper core MI cables generally show higher core-to-sheath 
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currents than the stainless steel core cables due to the activation of 65Cu into 66Cu.  The 
EXPOCABLE current data initially followed a similar behaviour, but later on, the signal showed 
an unexplained drift. 
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Figure 34: Currents generated in 1 mm diameter copper core (left) and stainless steel core (right) MI 
cables during rig displacements: experimental data (blue) and model curves (red). 
 
 
The induced voltages generated over the ends of the U-shaped cable core wires were also 
permanently monitored; the data are shown in Fig. 35.  As in previous experiments, the single 
copper core cables (including the EXPOCABLE wire) showed a gradual increase of the core-to-
core voltage with fluence, all with a similar fluence dependence.  The dual copper core cable 
signal hardly varied: the two legs of the core wire experienced the same temperature gradient 
profile and an opposite neutron fluence profile, cancelling very effectively the fluence 
dependence of the TIEMF effect.  The core-to-core voltage evolution in the stainless steel core 
cables is also similar to the behaviour observed before: a rapid increase of the voltage at low 
fluences, saturating already at a moderate fluence and even reducing at higher fluences.  Again 
the dual-core cable hardly shows any fluence dependence.  
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Figure 35: Overall core-to-core voltage data (averaged over 15 minutes' intervals).  
 
 
 
The data could be nicely described (examples in figure 36) as a function of the (thermal) neutron 
fluence using a two-parameter fit for the Cu wire/cables and using a three-parameter fit for the 
stainless steel core MI cables, leading to the following interpretation.  The observed core-to-core 
voltage data for the single copper core MI cables and for the EXPOCABLE are consistent with a 
Seebeck coefficient that is proportional to the local (thermal) neutron fluence, with a 
proportionality factor of about 2·10-21 (µV/°C)/(n/cm²) which can be attributed to thermal 
neutron induced transmutation of Cu into Ni.  There is hardly any difference in behaviour 
between the MI cables with different diameters or between the MI cables and the copper 
EXPOCABLE.  In the dual core cable, the thermoelectrical effects from the two legs of the core 
wire cancel almost completely.  For the stainless steel core cables the data indicate a fast increase 
of the Seebeck coefficient at low fluences, but the thermoelectric sensitivity was observed to 
saturate quickly (at a local thermal neutron fluence of about 1019 n/cm²).  The evolution of the 
voltages can be described quite well by assuming a Seebeck coefficient which grows in 
exponentially with the neutron fluence and with a final value scaling with the local temperature 
during irradiation.  These results confirm the interpretation of earlier data.  Again the MI cable 
diameter effect is small and the dual core cable voltages are very small. 
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Figure 36: Evolution of the core-to-core voltage of a copper (left) and a stainless-steel core (right) MI 
cable as a function of the thermal neutron fluence at the bottom part of the cables: experimental data and 
detailed model data. 
 
Finally the voltage data taken under irradiation were confirmed by purely thermal tests (without 
radiation) at various stages of the irradiation and after the irradiation.  This proves that the 
irradiation effects are due to a permanent change in material properties (composition or 
structure). 
 
PARTNERS 
• CIEMAT, Madrid, Spain 
• Consorzio RFX, Padua, Italy 
• ITER Diagnostic Division, Cadarache, France 
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EU/RF collaborative tasks on ITER diagnostics: optical fibres 
 
EFDA Task nr:  TW5-TPDS-DIARFB-D9.1  
Field:  Physics Integration  
Principal Investigator: Benoît Brichard bbrichar@sckcen.be 
Scientific Staff:  Jean Pouders , Stan Hendrieckx and Stan van Ierschot  
 
OBJECTIVES 
Suitable radiation-hard optical fibres are required for several optical ITER diagnostics. Hydrogen 
loading of quartz optical fibres has been shown to be effective in making significantly radiation-
hard fibres with a diameter of 220 µm[89]. Hydrogen loading of thicker fibres (>600 µm) is 
however technically more complicated and requires the development of an adequate high 
temperature and pressure autoclave to be able to provide the required hydrogen concentration in 
the (thick) fibre core within a reasonable time scale (typically a few months). For several years, 
there has been a EU/RF/JA collaboration on optical fibres for ITER and Russian fibres have been 
characterised under irradiation. The goal of this task is to provide a contact point in EU for 
preparing future radiation tests of the thick hydrogen-loaded fibres to be delivered by the RF.  
 
ACHIEVEMENTS 
One important question regarding the use of hydrogenated fibres is to estimate how long the 
fibres can be protected by the hydrogen treatment. To answer this question we carried out several 
gamma irradiation tests at 2 years interval on a hydrogenated fibre sample referred as the STU 
glass. This latter was already studied under radiation in the past and is known to be radiation-
resistant[90]. The fibre was drawn by the Fiber-Optic Research Center (FORC - Moscow) into 
an aluminium-coated fibre of 200 µm core diameter with a core/cladding ratio of 1.2. The 
aluminium layer had a thickness of 46 µm. After drawing, the fibre were soaked in presence of 
hydrogen (> 100 bars; 200 °C ) for several weeks to allow the hydrogen gas diffusing into the 
silica. The rationale behind the use of an aluminium-jacket is to maintain a high level of 
hydrogen concentration inside the glass network for a long period of time. The fibres were stored 
at ambient temperature for several weeks before carrying out the first irradiation experiments in 
the 60Co sources of SCK•CEN at a constant temperature of 50°C and a dose-rate of about 6 Gy/s 
up to about 1.5 MGy. Prior to irradiation the hydrogen content was measured to be of 1019 
H2/cm3 through hydrogen-induced IR absorption spectroscopy. To compare the action of 
hydrogen into this STU fibre sample we irradiated in exactly the same experimental conditions a 
second STU fibre sample but not treated with hydrogen. The radiation-induced absorption (RIA) 
of the fibres were measured according to our standard using an tungsten-halogen white light 
source and an optical spectrum analyser[90].  
 
The RIA of these 2 fibres is shown at Figure 37 (a) and (b) for the spectral domain and along the 
irradiation time at fixed wavelengths (630 and 1380 nm) respectively.  As expected the RIA 
developping in the visible part of the spectrum  is much less intense in the hydrogen-treated fibre 
(thick curve) compared to the hydrogen-free sample (thin curve). In the hydrogenated fibre the 
reduction of the RIA results from the passivation of free radicals caused by radiation and leading 
to the formation of hydroxyl groups (OH) absorbing at 1380 nm (see reference [87] for details 
about the mechanism). This behaviour can be also observed in Fig 37 (b) as a function of the 
irradiation time. 
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A second gamma irradiation campaign was conducted two years later in similar temperature 
conditions on the hydrogenated STU fibre at a slightly reduced dose-rate of 4.2 Gy/s. The 
campaign was organized in three successive irradiations up to about 2.5 MGy. The RIA of the 
hydrogenated STU fibre irradiated in the second campaign is again displayed in Fig. 37 (a) 
(dashed curve) for the spectral domain and at Fig 37 (b) under the label STU + H2 (2) for the 
evolution with respect to the irradiation time. With this second irradiation test we can note that 
the RIA response of the hydrogenated STU at 630 nm is still below the non-hydrogenated STU 
fibre sample but higher compared to the first campaign. A loss of efficiency regarding the 
protecting role of hydrogen takes place due to the out diffusion of hydrogen. Nevertheless the 
radiation response is still acceptable despite a shelf storage at ambient temperature for 2 years. 
From a practical point of view it demonstrates that hydrogen can be kept inside an aluminium-
coated  fibre for a relatively long time period. Everything kept  equal we may anticipate that the 
result should even be better with thick fibres(600 µm) as the diffusion time will increase with the 
square of the fibre diameter. 
 

The procurement of the thick hydrogenated fibres is still an on-going task at TRINITI (Troisk). 
Once the fibre is delivered the same type of study should be carried out to assess the radiation 
resistance in ITER relevant conditions. 

 
Figure 37: RIA response in STU fibre sample either hydrogenated or not. Labels (1) and (2) refer to the 

first and second irradiation campaign. (a) RIA spectral behaviour (b) RIA evolution against the dose 
(irradiation time). The second irradiation campaign was carried out in successive irradiations.  
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5. Remote handling 
 
 
 

LIST OF TASKS 
 
 
 
• Development of a radiation-tolerant preamplifier for   
   Remote Handling equipment sensors) 
 

• TW6-TVR-RADTOL2-D1-3 
 

• Qualification of selected electrical CMM components  
   for use in ITER radiation conditions) 
 

• TW6-TVR-RADTOL2-D4e-7e  
 

• Qualification of selected hydraulic CMM components  
   for use in ITER radiation conditions 
 

• TW6-TVR-RADTOL2-D4h-7h 
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Remote Handling tasks 
 
EFDA Task nrs:  TW6-TVR-RADTOL2-D1-3, Development of a radiation-tolerant 

preamplifier for Remote Handling equipment sensors 
 

 TW6-TVR-RADTOL2-D4e-7e, Qualification of selected electrical 
CMM components for use in ITER radiation conditions 

 

 TW6-TVR-RADTOL2-D4h-7h, Qualification of selected hydraulic 
CMM components for use in ITER radiation conditions 

Field:  Vessel/In-Vessel (TV)  
Principal Investigator: Marco Van Uffelen (mvuffele@sckcen.be) 
Scientific Staff:  Wim De l'arbre, Frank Mertens, Constant Van Ierschot, Frans Vos, 

Johny Mols, Jean Pouders; Kristof Vermeiren 
 
 
OBJECTIVES 
The remotely operated maintenance of the divertor elements in ITER will rely on dedicated 
equipment, which will need to withstand postulated dose levels of several MGy. As part of the 
European procurement process, its reliable operation under such severe conditions therefore 
needs to be verified. Among the various components of the remote handling equipment being 
installed in the recently inaugurated divertor test platform (DTP2) in Tampere, Finland, some 
were identified as potentially radiation sensitive, while most sensor signals also need to be 
boosted for their transmission to the control room. 
This EFDA task therefore concurrently aims at the development of a robust and versatile signal 
amplifier for the sensor readout (Deliverables 1-3), together with the radiation assessment of a 
DC servomotor, and 3 hydraulic components (Deliverables 4-7). 
 
ACHIEVEMENTS 
Development of a radiation-tolerant preamplifier for Remote Handling equipment sensors 
This task foresees the design and construction of a preamplifier module based on bipolar SiGe 
technology, which is already known to be radiation tolerant from previous R&D efforts. The 
design of this module is versatile enough to enable it to be interfaced with a variety of sensors, to 
be used in the Cassette Multifunctional Mover (CMM) system to be installed in the DTP2 in 
Tampere, Finland: strain-gauge based load cells and pressure sensors, microphones, acoustic 
couplers and thermocouples, etc. Within this task we focus on a pressure sensor as a 
representative example (strain gauge based sensor with a maximum output of 30 mV at 
maximum pressure). The key role of the amplifier is to transform the small signals coming from 
the pressure sensor into a higher voltage level suitable for A/D conversion and electrical 
transmission. 
Starting late 2006, previous efforts allowed us yet to analyse the sensor in- and output 
characteristics, to develop a first circuit design with an analogue model, and to assess a prototype 
printed circuit board (PCB) module, mounted with discrete SiGe bipolar npn transistors. 
Alternatively, in the period 2007-2008, 3 other design options were considered for the pre-
amplifier design: 



 71

 
• Integrated circuit with a potentially radiation tolerant 0.35 µm SiGe technology 
• Integrated circuit with a standard 0.7 µm Si-CMOS technology 
• Commercial grade amplifiers : finally, 2 different commercial off-the-shelf (COTS) 

amplifiers were selected for comparison with our customized solutions. The first was 
manufactured by Analog Devices (AD 524), the other by Intersil (HS-5104ARH). 

Two irradiation experiments were completed. In a first one, both COTS amplifiers were exposed 
to γ-radiation up to a total dose of 80 kGy. In a second experiment, the SiGe integrated amplifier 
was tested up to a total dose of 1.8 MGy. After a short interruption, a second irradation step 
allowed us to achieve a cumulated dose of 2.8 MGy. 
Despite their announced qualification levels for space applications, unsurprisingly both tested 
COTS pre-amplifiers did not entirely meet the required MGy dose levels, particularly not the 
AD524. Whereas the AD 524 failed after a total dose of only 80 kGy, presenting a prohibitive 
offset voltage at the output, the alternative solution of Intersil was still operational, with only a 
modest increase of the output offset voltage. However, the SiGe pre-amplifiers presented a much 
better behaviour. Our on-line measurements revealed only small changes in their transfert 
function, even at a cumulated dose of 3 MGy. However, their cost-performance benefits still 
needs to be compared to the behaviour of the more cost-effective Si CMOS preamplifiers. 
In order to meet the required output voltage levels, this preamplifier still needs to be 
supplemented with a post-amplifier, which is not expected to be problematic, since one merely 
has to ensure a sufficiently large signal-to-noise ratio for an adequate A/D conversion, possibly 
making use of a solution comprising these preamplifiers. Also, the radiation assessment of a 
fully packaged prototype matching the initial requirements needs to be performed, in partnership 
with an industrial partner, so as to evaluate its overall reliability when operating under relevant 
ITER conditions. 
 
The gamma radiation assessment of a DC servomotor 
Two DC brushed motors are foreseen to operate in parallel mechanically for the radial drive 
system, though wired completely independently. Each will be equipped with a DC holding brake 
and a tachogenerator. The pre-selected type is the Motor Power Company ESA 9S0-2, based on 
earlier experience with brushed motors in JET. The motor presents a continuous stall torque of 
6 Nm and a rated speed of 2000 rpm. 
A test rig was built, which allows us to monitor the main characteristics, such as the coil and 
insulation resistance, the current-speed curves, …, as depicted in Figure 38(a). Prior to 
irradiation, the thermal dependence of the motor characteristics was first established, between 
30 °C and 60 °C, in order to distinguish thermal from radiation effects, and for comparison with 
the manufacturer data. 
Given the dimensions of the motor and its position against the 60Co sources, the exposure dose 
rate varied between 6 kGy/h and 12 kGy/h, resulting in a cumulated dose of more then 5 MGy 
after 33 days. 
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(a) (b) 

Figure 38: (a) Set-up used to monitor the main DC-servomotor parameters (type MPC ESA9S27) in-situ, 
during a gamma irradiation up to 5 MGy, (b) the motor mounted on the irradiation rig. 
 

The motor remained functional after this high total dose, as can be observed in Figure 39 a), 
which presents the clock-wise spinning down of the motor as the brake is activated. These 
measurements reveal an increased friction, which is tentatively attributed to some radiation 
induced degradation of the bearings. However, the organic isolation materials of all cables used 
within the motor also became too brittle and broke of during manipulation, which prevented us 
to proceed with post-irradiation measurements once the motor was removed after irradiation. A 
more in-depth analysis by the manufacturer after irradiation still allowed them to measure the 
no-load speed characteristic of the motor, as shown in Figure 39(b). One can observe here a 
radiation-induced demagnetization of about 10 %. Moreover, a visual inspection of the brushes 
also revealed some minor degradation. 

  
(a) (b) 

Figure 39: Gamma radiation assessment of a DC servomotor : (a) Clock-wise spin down measurements 
acquired in-situ during irradiation, and (b) no-load curves, obtained by the manufacturer before and 
after 5 MGy. 
 
Provided the motor is mounted with radiation tolerant organic isolation materials, particularly for 
the connecting cables, it should be able to withstand these postulated MGy dose levels incurred 
during its total installed lifetime, whereas only some minor degradation is expected. It should be 
noted however that these tests do not present worst-case conditions, since the motor was not 
loaded during irradiation, which could cause dynamic torsions of the motor and hence accelerate 
the embrittlement of the insulation materials. 
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Design and construction of a test rig for the radiation assessment of 3 hydraulic components 
During the final design of the DTP-2 facility, the following 3 hydraulic components were 
selected and therefore need to be assessed under radiation for their qualification: 

• pressure gauge:  Omega (type PX906-5KGV) 
• solenoid valve:  Circle Seal (type SV461X32P6P33D) 
• 3/2 servovalve:   Moog (type 30-417) 

All components were chosen so as they can operate with water, and any embarked electronics 
are avoided, since they do not withstand MGy dose levels. A dedicated radiation tolerant version 
of the pressure gauge amplifier is therefore being developed as a separate deliverable of this task, 
using commercially available semiconductor technologies. Moreover, the insulation materials of 
all the connecting electrical wires need to be looked at carefully, as for the electrical servomotor. 
A new test rig for both in-situ and off-line measurements at an operating pressure of 200 bars has 
been designed for the 3 hydraulic components. After commissioning and complemented with an 
automated (LabView) DAQ system, this revised closed-loop design should enable an automated 
and periodic testing. The test program includes off-line measurements performed before and 
after irradiation. For the solenoid valve, our measurements focus on the coil resistance and 
insulation, both the internal and external leakages, as well as the threshold voltage and time 
response. Regarding the servovalve, apart from the coil resistance and insulation as well as the 
internal and external leakages, we will measure the main flow characteristics, i.e. pressure and 
flow gain versus the input signal, hysteresis, and null shift.  

  
(a) (b) 

Figure 40: Front- (a) and back-view (b) of set-up built for the in-situ characterization of 3 hydraulic 
components under gamma radiation up to 5MGy. 
 
PARTNERS 
• SCK·CEN, Mol, Belgium 
• KH Kempen, Geel, Belgium 
• Motor Power Company S.r.l., Castelnove Sotto (RE), Italy 
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6. Waste Management 
 
 
 

LIST OF TASKS 
 
 
 
• Advanced study for the surface detritiation  of non  
   plasma facing metals) 
 
 

• JW8-BELG-26 (JW8-FT-2.30) 
 

• Experimental Demonstration of a Chemical Process  
   for the Purification before Detritiation of Tritiated  
   Water from JET  
 
 

• JW9-NFT-BELG-29 (JW-FT-2.33)  
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Advanced study for the surface detritiation of non-plasma facing metals 
 
EFDA Task nr:  JW8-FT-2.30  
Field:  JET Technology: Tritium process and waste management  
Principal Investigator: J. Braet (johan.braet@sckcen.be) 
Scientific Staff:  L. Ortiz, J. Seghers  
 
OBJECTIVES 
In continuation of task JW6-FT2.28 "Study of feasibility at larger scale of waste processes 
studied on lab scale.", further tests for the surface detritiation of non-plasma facing metals are 
proposed at varying operational conditions (temperature and flow-rate of the detritiation 
medium) and with different detritiating atmospheres. These tests will be performed on JET 
waste. Using methods to determine the surface contamination and the total contamination a 
relation between both can be established before and after treatment. 
 
ACHIEVEMENTS 
During the last years several waste treatment processes have been developed especially by 
SCK•CEN and CEA for the detritiation of steel, molecular sieve beds, organic liquids and soft 
housekeeping waste. For each specific waste and among the retained treatments, a global process 
which could allow the treatment of a fixed flux of waste at an industrial scale is being defined. A 
selection of the most effective techniques has been made by CEA and SCK•CEN [98]. One of 
the conclusions of FT-2.28 was that additional tests need to be done on the detritiation of metals 
(using waste items from JET). This is needed to find the most appropriate detritiation gas and 
establish optimal working conditions. There is a clear advantage in doing these tests with 
genuine JET waste. An analogue, but somewhat larger and flexible installation with a gas 
delivery system (Helium, Nitrogen, Air, Hytec (98/2 Ar/H2 mixture) with an optional regulated 
supply of steam) has been built for the tests. A scheme of the installation is shown on Fig. 41. 
 

 
Figure 41: Scheme of the detritiation installation 
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The cold testing operations are now completed. First the control and reading units were checked. 
After the installation was made as leaktight as possible, we optimized the gas flow-rate at an 
oven temperature of 300 °C and at a given water injection rate of 200 g/h. A gas flow-rate of 20 
Nl/min gave the best yield (more than 99 %). Steady-state tests were carried out with the optimal 
gas flow-rate. The necessary time for the detritiation installation to reach a thermal steady-state 
is 80 minutes (which is basically the time needed for the catalytic bed to reach its working 
temperature of 600 °C). The total internal volume of the installation is equal to 430 litres. With 
the same water injection rate of 200 g/h, and with the whole installation at the right temperature, 
we need 25 minutes to reach a steady-state (condensation rate = injection rate). We stopped the 
water injection after 75 minutes (250 g water injected), and 230,1 g water has been retrieved in 
the condensate. If we add the theoretical water loss in the gas phase at a condensation 
temperature of 1°C, we obtain a 95% yield. We screened off a secondary silicone gasket in order 
to improve the tightness of the oven, and we eventually carried out a simulation test with tritiated 
gas of known activity, after that the tritium monitor had been validated. In this test, the water 
balance reached a yield of 98,9 % (falls in the range of measurementrs errors) and all the 
retrieved tritiated water corresponded perfectly with the inlet source, so the installation is ready 
to be used. Figure 42 shows the cumulated retrieved activity in the condensate in function of 
time. Figure 43 shows a picture of the installed tritium monitor. A full description of the 
validation experiments of the metal detritiation installation is to be found in [99]. 

 
Figure 42: Cumulated activity in the condensate 
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The project is idle for the moment, since UKAEA failed to deliver us the necessary tritiated 
metallic samples. We are currently investigating the possibility to use samples coming from the 
VNS installation at SCK•CEN. Though, given the higher expected activity of the samples that 
could be treated, an adaptation of our installation might be necessary. 
 

 
 

Figure 43: Picture of the tritium monitor 
 
PARTNERS 

• JET, Culham, UK 
 
PUBLICATIONS 

[99] J. Braet, K. Dylst, J. Seghers, "Study of feasibility at larger scale of waste processes 
studied at lab scale", Final report on task JW6-FT-2.28, SCK•CEN report R-4427, 
2007. 

[100] L. Vatteroth, "Opbouw, opstart en validatie van een detritiatie-installatie voor non 
plasma-facing metalen", Bachelor thesis, 2009. 
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Experimental demonstration of a chemical process for the purification before 
detritiation of tritiated water from JET 
 
EFDA Task nr:  JW9-FT-2.33  
Field:  Tritium Process and Waste Management  
Principal Investigator: Kris Dylst, Kris.Dylst@sckcen.be 
Scientific Staff:  Kris Dylst, Johan Braet, John Seghers  
 
 
OBJECTIVES 
In the recent past tritiated water produced during JET operation has been sent to Ontario Power 
Generation Inc. (OPGI) in Canada for detritiation. However the Canadian authorities have 
strengthened the admission restrictions for such water to a level that the water needs to be 
purified.  
During the last campaign tritiated water has been collected and temporarily stored on the JET 
site. At the start of this project (January 2009) there were about 240 drums, each containing 
approximately 180 L of tritiated water with an average tritium concentration of 1.5 GBq/L 
waiting for detritiation. Preliminary analysis performed on about 30 drums showed that the water 
is unsuitable for processing at OPGI (see table below) and needs to be purified before shipment. 
 

Table: Criteria for OPGI and analyses of x batches 

 
ITEM [unit] Limits Content in JET water 

   Measured 
 minimum 

Measured 
maximum 

Key Acceptance criteria     

TOC mg/kg ≤2 3.1 20.4 

Conductivity mS/m ≤5 0.1 10.6 

Boron mg/kg ≤1 0.54* 0.54* 

Other acceptance criteria     

Tritium GBq/kg ≤333 0.46 10.6 

Turbidity NTU 2 1 2.4 

Gadolinium mg/kg 1 0.42* 0.42* 

Total Beta/gamma mg/kg 1   

Chloride  1 0.15 9.5 

pH  5.5 to 9.1 3.46 6.97 

* detection limit of the used analyses technique 
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In order to comply with the admission criteria for treatment of tritiated water at Belgoprocess, 
the Waste Processing Research Unit (WPR) at SCK•CEN has studied in the past various 
techniques for purification [101] [102]of tritiated water and employed them successfully, namely 
for the purification of heavily salt- polluted water. 
The goal of this work is to demonstrate on a representative scale that the tritiated water from JET 
can be purified in order to meet admission criteria requested by OPGI. 
 
ACHIEVEMENTS 
An experimental rig has been installed at SCK•CEN to purify tritiated water from JET at a 
nominal flow rate of 6 L per hour. This is at 1/10th scale of the dimension of an ultimate 
installation that could, within a reasonable amount of time (months), treat all tritiated water at 
JET that needs purification before shipping to OPGI.  The installation used ion exchange 
columns aided by an initial activated carbon filter and subsequent microfiltration, organic 
compound removal filter and final filter to obtain the necessary level of purification. 
 

 
 

Figure 44:Installation for purification of 
tritiated water 

 
Two large demonstration tests have been executed. During each experiment 200 L tritiated water 
from JET was purified. For these experiments 2 vessels namely drum 476 and 497 were shipped 
to SCK•CEN.  
The water from drum 497 has a conductivity of 10 mS/m, a chloride concentration of 5.9 ppm 
and contains 0.57 GBq/L. Based on the available data from JET this water contains moderately 
more impurities than average. A successful purification of this sample could therefore be 
validated as a qualification test of the proposed purification system. 
The water from 476 has a conductivity of 21 mS/m, a chloride concentration of 9.5 ppm and 
contains 0.61 GBq tritium/L. From the analysed drums, this drum currently is believed to contain 
the most impurities. The experiment in which this water will be treated is seen as a torture test 
for the designed purification system. 
Per large experiment a number of off-line chemical analyses are foreseen as well as an in-line 
measurement of conductivity, pH and temperature of the purified water flow. Analyses of 
samples taken in line of the process are showing that these samples are complying with the limits 
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specified in the table above; and this for both vessels 497 and 476. Extended analyses on samples 
taken from the vessels that contain all purified water are still underway. 
Full Report should be available early 2010. 
 
PARTNERS 

• EFDA JET, UK 
 
PUBLICATIONS 

[101] Bruggeman A., Seghers J., Vanderbiesen S. - Characterisation of JET waste streams 
(organic liquids, soft housekeeping waste, contaminated metals) and application of 
detritiation techniques. – Mol, Belgium: SCK•CEN, 2003. – (Restricted Report of the 
Belgian Nuclear Research Centre, R-3717, JW3-FT-2.15) 

[102] Dylst K., Braet J., Vanderbiesen S., Bruggeman A.- Testing of the separation efficiency 
of SCK•CEN catalyst/ packing mixture for DT/DTO in D2O/D2. Purification of the 
water sent to the water detritiation system.- 3 ed.- Mol, Belgium: SCK•CEN, 2006.- 
125 p.- (Restricted Report of the Belgian Nuclear Research Centre; R-4329; JW5-FT-
2.22) 
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7. Socio-economics 
 
 
 

LIST OF TASKS 
 
 
 
• Integrated Framework  
 

• WP08-09-SER-INTF, activity 3 
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Socio-economic Studies – Integrated Framework 
Activity 3: Integrated sustainability assessment (ISA) 
 
EFDA Task nr:  WP08-09-SER-INTF (Integrated Framework) 
Field:  EFDA-SERF (Socio-Economic Studies on Fusion) 
Principal Investigator: Gaston Meskens (previously: Erik Laes) 
Scientific Staff:  Jantine Schröder, Gaston Meskens 
 
 
OBJECTIVES 
In 2007 the EFDA Steering Committee initiated the procedure of establishing an Ad-Hoc-Group 
(AHG) to assess the Socio-Economic Research on Fusion (SERF) programme against the 
objectives originally stated by the Fusion Programme Evaluation Board in 1996. The AHG 
finished its assessment of the achievements of 10 years of SERF studies in early 2008 and 
presented to the EFDA SC on 10 March 2008 recommendations for revised objectives of the 
programme, taking into account the evolution of the worldwide context since 1997 (e.g. ITER is 
now decided, climate change is widely recognised, energy prices are rising). The proposed SERF 
work programme for 2008 and 2009 is prepared in line with the recommendations of the AHG, 
which have been endorsed by the EFDA SC. The AHG identified three main topical pillars 
which shall build the framework for deriving objectives of and activities within the new research 
agenda.  
 
The third topical pillar is addressed within this task agreement: 
Developing for fusion energy as a complex system, a holistic view for an integrated scientific 
framework. 

a. Develop an interdisciplinary approach, including quantitative as well as qualitative 
perspectives, to promote a deep understanding of the complex socio-technical system 
under study. 

b. Create a common set of data and tools for the use of the Associates. 
 
The research to be performed within the task agreement is organized into 3 activities: (1) 
Integrated Framework, (2) Multi-criteria decision method and (3) Integrated sustainability 
assessment. This report deals with the third activity. 
 
Integrated sustainability assessment  (ISA) is generally considered to be the 'state-of-the-art' for 
providing a holistic view on complex technological systems. The purpose of this research project 
is to analyse the applicability of ISA to the assessment of a long-term hypothetical option such as 
fusion. Existing ISA proposals will be scanned for the following criteria: how they deal with 
uncertainties, which types of knowledge are included, which assessment methodologies are 
adapted, and how they deal with possibly conflicting value-based insights. From this 
investigation, a roadmap for designing an ISA framework adapted to the needs of the fusion 
community will be derived. 
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ACHIEVEMENTS 
In 2009, the aim was to continue the comprehensive analysis of sustainability impact assessment 
tools and methods that was started in 2008. In order to define adequately which features of both 
characterisation best to adopt in the context of research on the fusion option (the choice is not 
between an ideal but 'unworkable' discursive approach vs. an ideal but equally 'unworkable' 
calculus approach), a thorough analysis of the existing assessment tools and the institutional 
landscape is a prerequisite. Even then, knowing the 'real world' conditions does not dictate the 
approach to be followed. A trade-off will be necessary between 'ease of implementation and/or 
acceptability' and 'utility' (regarding the objectives of sustainable development) of an integrated 
assessment approach – a trade-off we can only fully document after performing the consecutive 
research phase of this project. This trade-off will furthermore be documented by the 'lessons 
learnt' in the SEPIA project (in which SCK researchers are involved), which aims to developed 
an ISA approach to energy transitions in the Belgian context. 
This analysis was partly undertaken in the course of 2009. However, due to the unexpected leave 
of the original principal investigator Erik Laes, and the decision of the management to put 
Gaston Meskens and Jantine Schröder in charge of the follow-up of this task (additional to their 
own research work), a significant delay in the planning of the work is unavoidable. It is foreseen 
to complete the task with a delay of two months (March 2010). 
 
PARTNERS 
 
PUBLICATIONS 
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8. OVERVIEW OF THE TASK STATUS 
 
 
At the end of October 2009, 32 tasks are active.  Their status is given in the table below. 
 
A few  tasks are delayed compared to their original planning, essentially due to delivery 
problems of test samples or components, or to technical problems to set up the experiments. 
One task (TW6-TVM-NAJT) has got serious delay; first due to very late expected delivery of the 
samples, and then, following this delay, due to the available time slot in the BR2 reactor and to 
the possible needed refurbishment of the irradiation device.  No possibility of irradiation is 
foreseen before 2011.  
 
 
Task status TW5 TW6 WP08 WP09 WP10 

(proposals) 
Total 

Completed, final 
report issued 

 1 3   4 

Completed, final 
report pending 

1+1*  3   5 

On-going tasks 1 11 3 8  23 
New task (not yet 
allocated) 

    (11) (11) 

Total 3 12 9 8 (11) 32 
(43) 

*note: art. 5.1.b. 
 
 
 
The total amount of tasks represents a strong reduction compared to the years before 2007 
(around 65) and no new tasks were yet launched in the domains of SCK•CEN competences by 
F4E.  Fortunately, there was also a support by the Belgian Federal Government to enhance the 
development of devices prototypes for ITER and the decision to participate to the Broader 
Approach for fusion, which allowed to keep the level of activities at a similar level (although a 
bit reduced) as in the preceding years. 
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Table : Collaboration with other Associations 

 
Field and task 

C
E

A
 

C
IE

M
A

T
 

R
FX

 

FZ
J 

FZ
K

 

IP
P 

IT
E

R
 

JE
T

-
U

K
A

E
A

 

JE
T

-C
SU

 

PS
I 

T
E

K
E

S-
V

T
T

 

U
K

A
E

A
 

V
R

 

T
E

C
 

Plasma Facing Materials               
JW6-TA-EP2-ILT-01-D5    x    x       
WP08-09-MAT-WWALLOY    x x          
PWI-08-TA-07/SCK/BS+PS/01 
WP09-PWI-09-04a/SCK/BS 

   x           

JW9-NFT-BELG-30 (JW9-FT-3.48)        x       
JW9-NFT-BELG-31 (JW9-FT-3.49)         x   x  x  
JW8-NFT-BELG-27 (JW8-FT-3.42) 
WP09-PWI-09-04/SCK/PS 

        x     x 

WP09-PWI-05-03/SCK.CEN         x     x 
RAFM               
TW6-TTMS-001-D1  x    x          
WP08-09-MAT-REMEV- activity 2,4          x  x   
WP08-09-MAT-REMEV- activity 5                
WP08-09-MAT-ODSFS – activity 2               
Physics Integration               
TW6-TPDC-IRRCER-D2.1  x             
TW5-TPDC-IRRCER-D11 x     x         
TW6-TPDC-IRRCER-D11.1  x             
TW6-TPDC-IRRCER-D9.1  x             
TW6-TPDC-IRRCER-D7.1  
TW6-TPDC-IRRCER-D4.2  

 x x    x        

TW5-TPDS-DIARFB-D9.1               
Remote Handling               
TW6-TVR-RADTOL2-D1-3 
TW6-TVR-RADTOL2-D4e-7e  
TW6-TVR-RADTOL2-D4h-7h 

              

Waste Management               
JW8-BELG-26 (JW8-FT-2.30)         x       
JW9-NFT-BELG-29 (JW-FT-2.33)        x       
Socio-economics               
WP08-09-SER-INTF               
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Table : Collaborations with Universities 
 

Field and task UGhent University 
of 
Liverpool 

University 
of Sussex 
Brighton 

KH 
Kempen 
Belgium 

XIOS 
Limburg 
Belgium 

Tohoku 
University 
Japan 

Charles 
University 
Prague 

Plasma Facing Materials        
JW6-TA-EP2-ILT-01-D5 x       
WP08-09-MAT-WWALLOY x       
PWI-08-TA-07/SCK/BS+PS/01 
WP09-PWI-09-04a/SCK/BS 

x       

JW9-NFT-BELG-30 (JW9-FT-3.48)         
JW9-NFT-BELG-31 (JW9-FT-3.49)  x  x     
JW8-NFT-BELG-27 (JW8-FT-3.42) 
WP09-PWI-09-04/SCK/PS 

x    x   

WP09-PWI-05-03/SCK.CEN x    x   
RAFM        
TW6-TTMS-001-D1         
WP08-09-MAT-REMEV- activity 2,4  x      
WP08-09-MAT-REMEV- activity 5       x x 
WP08-09-MAT-ODSFS – activity 2 x       
Physics Integration        
TW6-TPDC-IRRCER-D2.1        
TW5-TPDC-IRRCER-D11        
TW6-TPDC-IRRCER-D11.1        
TW6-TPDC-IRRCER-D9.1        
TW6-TPDC-IRRCER-D7.1  
TW6-TPDC-IRRCER-D4.2  

       

TW5-TPDS-DIARFB-D9.1        
Remote Handling        
TW6-TVR-RADTOL2-D1-3 
TW6-TVR-RADTOL2-D4e-7e  
TW6-TVR-RADTOL2-D4h-7h 

   x    

Waste Management        
JW8-BELG-26 (JW8-FT-2.30)         
JW9-NFT-BELG-29 (JW-FT-2.33)        
Socio-economics        
WP08-09-SER-INTF        
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Table : Collaborations with Industry and Foreing Laboratories 
 

Field and task ORNL 
USA 

LLNL 
USA 

CNEA 
Argentinia 

PLANSEE 
Austria  

EdF 
France 

OCAS 
Belgium 

FORC  
Russia 

TRINITI 
Russia 

MPC 
Italy 

Plasma Facing Materials          
JW6-TA-EP2-ILT-01-D5          
WP08-09-MAT-WWALLOY    x      
PWI-08-TA-07/SCK/BS+PS/01 
WP09-PWI-09-04a/SCK/BS 

   x      

JW9-NFT-BELG-30 (JW9-FT-3.48)          
JW9-NFT-BELG-31 (JW9-FT-3.49)          
JW8-NFT-BELG-27 (JW8-FT-3.42) 
WP09-PWI-09-04/SCK/PS 

         

WP09-PWI-05-03/SCK.CEN          
RAFM          
TW6-TTMS-001-D1           
WP08-09-MAT-REMEV- activity 2,4 x x x  x     
WP08-09-MAT-REMEV- activity 5           
WP08-09-MAT-ODSFS – activity 2      x    
Physics Integration          
TW6-TPDC-IRRCER-D2.1          
TW5-TPDC-IRRCER-D11          
TW6-TPDC-IRRCER-D11.1          
TW6-TPDC-IRRCER-D9.1          
TW6-TPDC-IRRCER-D7.1  
TW6-TPDC-IRRCER-D4.2  

         

TW5-TPDS-DIARFB-D9.1       x x  
Remote Handling          
TW6-TVR-RADTOL2-D1-3 
TW6-TVR-RADTOL2-D4e-7e  
TW6-TVR-RADTOL2-D4h-7h 

         
x 

Waste Management          
JW8-BELG-26 (JW8-FT-2.30)           
JW9-NFT-BELG-29 (JW-FT-2.33)          
Socio-economics          
WP08-09-SER-INTF          
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9. Activities outside of the Contract of Association and EFDA tasks 
 
      9.1. Broader Approach 
                9.1.1. Introduction: the BA in Belgium 
                9.1.2. HFTM irradiation in fission reactor 
                9.1.3. Micro-fission chambers development 
 
      9.2. Activities for F4E and ITER 
 
      9.3. FP7 activity: FEMAS project 
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9.1.1. Introduction: the Belgian participation to the broader Approach 
 
The Broader Approach for fusion (BA) is an agreement signed between the European Union and 
Japan, in the frame of the decision of ITER implementation in Europe. It comprises mostly three 
main programme lines: 

• the IFMIF/EVEDA (International Fusion Material Irradiation Facility / Engineering 
Validation and Engineering Design Activities) project; 

• the JT60 Super Advanced project (Japan Tokamak); 
• the IFERC (International Fusion Experimental Research Center) project; 

Within Europe, the participation to the activities of the BA is based on voluntary contribution 
from several Members States, of which Belgium declared officially its will to participate in 2007 
and confirmed its contribution in 2009. 
 
The Belgian decision to participate to the Broader Approach was made in several steps as 
follows: 

• March 2007, decision from the Federal Council of Minister to negotiate the participation 
of Belgium into the Broader Approach projects; 

• Royal Decree of 9 December 2008 defining the funding of the Broader Approach for the 
year 2008; 

• February 2009, decision of the Walloon Region for co-funding the Belgian participation 
to the Broader Approach to fusion; 

• April 2009, decision of the Federal Council of Ministers to participate in the Broader 
Approach;  

• June 2009, letter from Minister Magnette to the European Commissioner signifying that 
Belgium will officially contribute in kind to the Broader Approach. 

 
Moreover, the Belgian Government, like all the other Member States, designated one of its 
institution, the SCK•CEN, to coordinate the works of the Belgian contribution. 
 
The Belgian contribution to the Broader Approach is divided into the different project of the 
programme itself. Belgium is participating in the three main projects of the Broader Approach, 
as follows: 

• IFMIF/EVEDA: Belgium is contributing to the Test facility, to the accelerator facility 
and to the target facility: 

o Test facility: irradiation in fission reactor (of the High Flux Test Module); 
conceptual design of the Low Flux Test Module; design of the Start up Module. 

o Accelerator facility: procurement of the Radio Frequency final power amplifiers 
for the RFQ and the DTL of the accelerator. 

o Target facility: participation to the assessment of the liquid Lithium flow 
modelling, and evaluation of the MHD effects on the free surface flow. 

• JT-60 SA: Belgium is contributing to the cold test of the Toroidal Field coils, by 
supplying the cryostat and accessories for carrying out these tests. 

• IFERC/DEMO: Belgium will contribute to the DEMO R&D and within the DEMO 
design project. 

 
Apart from the management and coordination of the whole Belgian contribution, the SCK•CEN 
is also contributing directly by executing all the foreseen activities for the IFMIF/EVEDA  test 
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facility mentioned above as well as the contribution to DEMO R&D by the evaluation of the use 
of small samples (from IFMIF) to qualify materials to be used in large commercial power plants. 
 
In 2009, beside the preparation and negotiation of the various projects in which Belgium and 
SCK•CEN in particular is involved, work has mostly been carried out at SCK•CEN for the 
preparation of the irradiation of the HFTM within the BR2 reactor. Moreover, a first irradiation 
of two micro-fission chambers for IFMIF have also taken place at the beginning of the year, as 
passenger in an irradiation rig already foreseen for other fission chambers testing. These two 
activities are reported shortly below. 
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9.1.2. Broader Approach – HFTM Irradiation in fission reactor 
 

Task name:  BA – IFMIF/EVEDA – HFTM Irradiation in Fission Reactor –    
PA TF 02 

Principal Investigator:  P. Jacquet. Patrice.Jacquet@sckcen.be  
Scientific Staff:  A. Beeckmans, S. Mellemans, G. Engelen, B. Ponsard, V. 

Willekens,    J. Valenberghs  

 

 

OBJECTIVES 
The irradiation main objective is to qualify the IFMIF High Flux Test Module (HFTM) 
electrical heaters operation in a nuclear environment. The principal parameters to be measured 
during the program are: 

- The heaters electrical insulation resistance. 
- The heaters electrical resistance/power. 
- The heaters life time. 

The HFTM capsule general mechanical behavior (deformation, swelling, etc) under nuclear 
thermal gradients will also be an important experiment result. 
Finally, the hot cells operations aiming at the specimen's recovery will be an interesting input for 
the future IFMIF operation schedule. 
In order to maximize the scientific value of this program, additional "piggyback" experiments 
linked to the Fusion international research programs will be performed simultaneously in the 
irradiation rig: 
 - Fast neutron Fission chamber irradiation. 
 - SiC/SiC sandwich plate irradiation. 
 - Eurofer and ODS Eurofer material irradiation in the HFTM capsule at constant 
temperature. 
 - Fibre optic irradiation. 
 
ACHIEVEMENTS 
The irradiation rig conceptual design has been performed in 2009. 

This design results from a two steps approach: 

 - The first step is based on the targets irradiation temperature calculations with specific 
analysis of various parameters influence and of various scenarios fulfillment. 

 - The second step is based on the irradiation rig mechanical layout with specific analysis 
of various critical aspects (safety, tightness, accessibility, etc) 

As the irradiation rig will include five different experiments, it will be widely instrumented and 
there will be 60 mineral instrumented wires to be connected in the irradiation rig head 
(thermocouples, fission chambers, electrical heaters, etc. …). The 3D detail design of such a rig 
head was also performed in 2009. 

Long term delivery equipments like electrical connectors and mineral insulated wires or 
thermocouples have been already ordered. 
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Figure 45: Irradiation rig - Cross section at mid plane 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 46: Example of thermal calculation results 

 

 

 

 

 

 

 

 

 

 

 

Rig tube Diameter : 60/54.2 mm 

Plug Diameter : 80/66 mm 

Filler diameter : 54 mm 
Filler central hole : 13.2 x 46.6 mm 

HFTM capsule 1st wall only 
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Figure 47:  Irradiation rig head design with 60 electrical connectors 

 

 

 

 

 

 

 

 

 

 

 

 

 

PARTNERS 
FZK - Karlsruhe, Germany 
CIEMAT - Madrid, Spain 
 

 
PUBLICATIONS 

[103] P. Jacquet, Broader Approach // IFMIF – EVEDA // HFTM capsules irradiation in BR2 
– Ver. 4: 2D irradiation temperature map calculations based on thermal conduction heat 
transfers for the irradiation rig conceptual design analyze, NC.3930/BFBROADAP-
013010/01/PJ, June 2009 
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9.1.3. Micro Fission Chamber testing in BR2 
 
Task name: BA – IFMIF/EVEDA – Validation of the Fission-Micro Chamber – 

PA TF 04  
Field:  Diagnostics for HFTM and Startup Module 
Principal Investigator:  L. Vermeeren (lvermeer@sckcen.be) 
Scientific Staff:  P. Jacquet 
 
1.1.1.1 OBJECTIVES 
The follow up of the fast neutron flux in (or around) the high flux test module (HFTM) is an 
important factor to be monitored during the IFMIF operation.  An analysis of the requirements, 
performed together with colleagues from CIEMAT and based on experience gained within the 
SCK•CEN-CEA Laboratoire Commun d'Instrumentation, led to the selection of a commercial 
(PHOTONIS) miniature (Ø3 mm) fission chamber with 300µg 238U, operated in current mode.  
Such a fission chamber, and an ionization chamber with identical geometry were tested in 
several thimble channels in BR2.  The aim was the verification of the robustness of the sensors 
and the determination of the gamma sensitivity and the fast neutron sensitivity to validate the 
models used for calculating the expected signals at various locations in IFMIF. 
 
1.1.1.2 ACHIEVEMENTS 
The test scheme of these sensors was split up in three phases: (1) preliminary irradiation tests in 
X-ray and gamma ray facilities at CIEMAT; (2) a first irradiation of a fission chamber and an 
ionization chamber  as “passengers” in an irradiation of various types of fission chambers in 
several BR2 thimble channels for fission instrumentation R&D (the FICTIONS-8 experiment); 
(3) a second irradiation in a more representative environment (gas around 200°C) together with 
the irradiation test of prototype HFTM capsules in BR2.  The first phase tests were performed by 
CIEMAT in January 2009, yielding consistent results.  For the second phase, irradiations in the 
BR2 reactor were scheduled in April-May 2009 (three weeks) and July-August 2009 (four 
weeks).  As the BR2 neutron spectrum is dominated by the thermal part, the two chambers had to 
be surrounded by a Gd-screen (high thermal neutron absorption material) removing the thermal 
flux component (but creating additional gammas).  
 
Besides the two chambers for the present test, the FICTIONS-8 rig (see figure 1) contained 14 
other ionization and fission chambers with various 242Pu and 235U fissile deposit masses and 
various gas pressures.  Self-powered neutron detectors and gamma thermometers served as 
reference detectors for the thermal neutron flux and the gamma heating rate.  Activation 
dosimeters (Fe, Ni, Nb) yielded information on the integrated fast neutron fluence.  The rig could 
be displaced manually in discrete steps so as to put every detector (test and reference) 
subsequently at about the same position to allow for a reliable calibration. 
 
FICTIONS-8 was subsequently loaded in three BR2 thimble channels with different neutron 
spectra.  These channels are open to the reactor pool, so the detectors were irradiated in a 
demineralized water environment (T ≈ 100 °C, p ≈ 2 bar).  Novelec amplifiers were used to 
supply a variable polarization voltage (0-400V) and to measure the detector current (in the µA 
range).  All data were stored once per minute.  The analysis of the data is ongoing, but some 
preliminary results have already been obtained. 



 98

 
 

 
 
 
Figure 1: Photo of the lower part of the FICTIONS-8 rig with indication of the positions of the fission 
chamber (FC) and the ionization chamber (IC) under study for IFMIF. 
 
Data taken during the stepwise reactor start-up (in both irradiation campaigns) proved the 
linearity of the response of both detectors (see figure 2).  At various neutron flux levels and 
integrated fluence levels, the current-to-voltage characteristics of the sensors were recorded, 
showing a normal behaviour: after a fast increase of the current with voltage, the current levels 
off and reaches the desired voltage-independent value beyond a voltage of the order of 50-100V, 
depending on the flux (higher voltage needed for high fluxes).  The relative noise on the detector 
currents was found to be of the order of 0.2% for an absolute current of 35 µA.  Both detectors 
kept on functioning properly till the end of the 7 weeks' irradiation.  Figure 3 shows the smooth 
evolution of the chamber currents, normalized by the signal of an SPND reference detector to 
correct for changes in position and environment.  Only a slight change in normalized signal can 
be seen, but this can be explained by a shift in axial profile due to lifting of the reactor control 
rods (data also included in the figure).  In the BR2 irradiation conditions, the signal of the fission 
chamber is dominated by the gamma contribution. A preliminary analysis of the gamma 
sensitivity of both detectors yields values comparable with theoretical results and with the results 
from the tests in the X-ray and gamma ray facilities at CIEMAT.  The determination of the (fast) 
neutron sensitivity (based on the difference in current between the fission and the ionization 
chamber) requires a more elaborate analysis; preliminary results yield data that are of the same 
order as the theoretical values. 
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Figure 2: Observed currents of the fission chamber (FC1) and the ionization chamber (FC2) during the 
startup of the two reactor cycles.  Linear curves are added to guide the eye. 
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Figure 3:  Long term evolution of the chamber signals (only the data with a polarization voltage of 120V 
or 180V), normalized by a thermal neutron reference detector signal; the evolution can be attributed to 
axial profile shifts, mainly for reactor control rod positions above 550 mm. 

 
PARTNERS 
• CIEMAT, Madrid, Spain 

 
PUBLICATIONS 
None yet 
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9.2. Activities for F4E and ITER 
 
Although several contacts have been taken and technical discussions have taken place with both 
institutions concerning the domains in which the SCK•CEN is specialized or able to deliver 
services or R&D, no specific task or activity has been launched in 2009. 
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9.3. Fusion Energy Materials Science – Coordination action (FEMaS-CA) 
 
Task name: FEMAS-FP7 
Field: Materials 
Principal Investigator: Wouter Van Renterghem (wvrenter@sckcen.be) 
Scientific Staff:  Dmitry Terentyev 
 
 
OBJECTIVES 
27 European institutions have joined together in the FEMaS-CA to advance fusion materials 
science in Europe and in close cooperation with EFDA.  The overarching objective of this 
coordination action is to create a European research environment in which fusion materials 
science for the realization of fusion power can be carried out with optimum effect.  To enforce 
this objective, the goals are: 
1.  It will strengthen the application of advanced materials characterization methods which is an 

essential ingredient for the successful development of fusion reactor materials in Europe.  
2.  It will form a strong European network involving institutions and large scale facilities outside 

of the present fusion programme.   
3.  Within this network bi- and multilateral collaborative activities shall be carried out.   
4.  Together with EFDA activities, it will contribute to the formation of lasting and efficient 

European structure for fusion materials science and development. 
 
ACHIEVEMENTS 
The activities of SCK•CEN in the project was limited to the active participation to the kick-off 
meeting and the 1st FEMaS workshop in Lisbon.  On each of the two activities a presentation 
was given.  For the kick-off meeting, the main instrumentation available at SCK•CEN and 
related to all aspects of the TEM-research were presented.  In the workshop, all participants 
showed the present-day knowledge related to fusion materials (Tungsten, ODS steel and 
functional coatings) and experimental expertise.  On behalf of SCK•CEN, a presentation was 
given to show the application of TEM in the full characterisation of radiation induced defects.  
As an example the full characterisation of radiation induced dislocation loops in pure single 
crystal iron was presented.  It was shown how the burgers vector, habit plane and type 
(interstitial of vacancy loop) can be determined. 
 
Related to the personnel exchange, contacts were made that resulted in the proposal for a visit to 
R. Schäublin by D. Terentiev for the simulation of TEM contrast images. 
 
PARTNERS 

MPG-IPP (Germany) 
AEKI (Hungary) 
BESSY (Germany) 
CEA Saclay (France) 
CIEMAT (Spain) 
DEMOKRITOS (Greece) 
DTU (Denmark) 
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EPFL (Switzerland) 
ESRF (France) 
FZJ (Germany) 
FZK (Germany) 
INFLPR (Romania) 
ITN (Portugal) 
KTH (Sweden) 
NRG (Netherlands) 
OEAW (Austria) 
POLITO (Italy) 
SUPSI (Switzerland) 
TUM (Germany) 
UALI (Spain) 
UBASQUE (Spain) 
UC3M (Spain) 
ULBORO (Great Britain) 
UOXFORD (Great Britain) 
VTT (Finland) 
WUT (Poland) 

 
PUBLICATIONS 

[104] W. Van Renterghem, M. Matijasevic, A. Al Mazouzi, Characterisation of irradiated 
single crystal Fe and Fe15Cr, Presentation at 1st FEMaS workshop, Lisbon, Portugal, 
12-14 January 2009. 

 
 


