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Introduction 
 
The worldwide energy consumption is mainly covered by fossil energy sources. Their envi-
ronmental impact, to a certain extent already visible, requires in the long term new ways of 
energy supply. In addition the worldwide energy demand will substantially increase in the 
course of this century in particular in populous countries such as China and India. Nuclear 
fusion offers an option of an environmental benign energy source with favourable safety fea-
tures and almost unlimited fuel resources.  

Nuclear fusion research is aiming to generate the physical and technical basis of a fusion 
power station which, similar to the sun, gains energy from the fusion of light atoms. In order 
to attain ignition of the plasma, the fuel, a mixture of deuterium/tritium (isotopes of hydrogen), 
must be confined by strong magnetic fields and heated up to more than 100 million degrees.  

The construction of the experimental reactor ITER which will start in Cadarache/France in the 
framewok of a worldwide project by 2008 marks the next big step on the way to a fusion 
power station. For the first time a fusion power of 500 Mega Watt will be generated by a long 
burning plasma and applied technologies will undergo extended tests. The construction costs 
including personnel are about 5 billion EURO.  

In the framework of the European Fusion Programme the Association FZK-EURATOM is 
developing key technologies in the areas of superconducting magnets, microwave heating 
systems (Electron-Cyclotron-Resonance-Heating, ECRH), the deuterium-tritium fuel cycle, 
He-cooled breeding blankets, a He-cooled divertor and structural materials as well as refrac-
tory metals for high heat flux applications including a major participation in the international 
IFMIF project. Furthermore investigations on plasma wall interactions and core and divertor 
modelling are carried out and a global plasma model is being developed. 

The results from experimental activities such as the tests of high temperature superconduct-
ing current leads in the test facility TOSKA, the quasi-stationary gyrotron operation and the 
operation of fuel cycle subsystems and components with deuterium-tritium have already 
been utilised for the design work for ITER. In addition large progress has been made in the 
engineering design of test blanket modules for ITER.  

With the construction of ITER new challenges have to be mastered by the EURATOM-
Associations. While up to now concepts for components and systems have been developed 
and their functionality has been tested in laboratory scale or semi-technical scale, now plant 
components have to be constructed for fabrication and their integration into the plant has to 
be supported. In order to effectively deploy personal and financial resources consortia of 
European Association Laboratories are being formed which will bear the responsibility for the 
realisation of components and systems in accordance with the procurement packages of 
ITER. This concerns systems in the range of ten up to one hundred millions EURO which 
require the specific know-how of fusion laboratories. The Association FZK-EURATOM is go-
ing to lead a consortium for the construction of the European test blanket module (TBM) sys-
tems and a consortium for the construction of the upper port plug ECRH microwave 
launcher. The negotiations to form these consortia are near to be finalized. In addition the 
Association FZK-EURATOM is also involved in other consortia such as the fuel cycle and the 
development and procurement of gyrotrons providing microwaves of 170 GHz and 2 MW 
output power for ITER. Furthermore the already existing co-operation with industrial compa-
nies is being intensified.   

The detailed design and construction of ITER components and subsystems needs to be sup-
ported by experiments such as prototype testing, validation of scale up factors and additional 
R&D. For this purpose a helium loop HELOKA is being constructed which not only serves for 
experimental investigations of the TBM, but also as a pilot loop in view of the loops to be in-
stalled in ITER for the cooling of test blanket modules. 



  

The demonstration power station DEMO constitutes the next step beyond ITER which is 
supposed to be planned after some years of ITER operation. In the framework of a European 
DEMO study the Association FZK-EURATOM is developing the so-called multi-module blan-
ket concept which promises reduced plant shutdown times during remotely controlled ex-
change of blankets and thus contributes to an increased plant availability.  

 
 

Remotely controlled exchange of blanket modules according to the MMS concept. 
 
 
 

Furthermore a helium cooled divertor for DEMO is under development. First thermomechani-
cal and thermohydraulic simulations supplemented by experimental investigations have 
demonstrated that the reference multi-jet concept for the He cooled divertor is able to with-
stand the heat load in a fusion power reactor. 

About 220 professionals and technicians are involved in the fusion programme of the Asso-
ciation FZK-EURATOM with additional support of technical departments. 

Progress from January 2006 to December 2006 is reported here. More information is avail-
able from the programme management and from the responsible scientists. The website 
www.fzk.de/fusion offers further access to the fusion activities of FZK.  
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EFDA/03-1080 (TW3-TPP/MATDAM) 
Characterisation of Material Damage for EU W and CFC ITER Divertor Materials 
under Repetitive Plasma Energy Fluxes by Modelling and Experimental  
Validation 
 
1. Introduction 
 
In the future tokamak ITER the divertor armour is going to be covered with tungsten tiles 
manufactured as so-called W-brushes and with the carbon fibre composites (CFC). During 
the ITER operation in the ELMy H−mode at repetitive pulses of plasma impacts with an an-
ticipated heat load of Q ~ 0.5 - 4 MJ/m2 on a time scale of τ ~ 0.3 – 0.6 ms, the armour mate-
rials will be eroded due to surface melting (W), brittle destruction (CFC) and surface vapori-
zation (W and CFC). Such large loads are a major concern for a safe and reliable reactor 
operation, because the erosion restricts the lifetime of the wall components and causes con-
tamination of the confined plasma. 

This report summarises joint numerical and experimental investigations of erosion mecha-
nisms of CFC NB31 and tungsten targets manufactured in the EU (Plansee AG, Austria) at 
ITER relevant conditions. The investigations were performed at FZK, FZ-Jülich and TRINITI1. 
The main experimental activities were carried out at the plasma gun facility QSPA of 
TRINITI, and the FZJ provided precise analyses of the sample damages after hydrogen 
plasma impacts of QSPA at the conditions relevant to the mentioned ITER heat loads. 

The experiments aimed also at the validation of computer codes under development at FZK. 
Regarding the material behaviour under high heat fluxes predicted for ITER, FZK applied the 
surface melt motion code MEMOS for modelling the W damage and the brittle destruction 
threshold code PHEMOBRID. The computer modelling with MEMOS and PHEMOBRID al-
lowed also the interpretation of the processes that cause the damage produced by the 
plasma gun to the EU samples. 

 
2. Experiments at QSPA 
The regimes of the QSPA provided maxi-
mum values of impacting energy density 
equal to 0.5, 1.0, 1.5 MJ/m2, with a plasma 
pulse duration 0.5 ms. The incidence angle 
of the plasma stream was 60º. Three CFC 
and three W targets were exposed to 100 
plasma pulses. The targets were preheated 
up to 500ºC. 

The absorbed energy density Qabs is one of 
key parameters determining material ero-
sion, both for the tungsten targets and the 
CFC targets. The distribution of Qabs was 
accurately measured with a two-
dimensional multi channel calorimeter that 
contains 11 cells. 6 cells were positioned in a longitudinal and 5 cells in cross directions. 
These measurements indicated that Qabs has a maximum at the centre of the irradiation spot 
and its value decreases when going away from the centre (Fig. 1). The maximum of Qabs was 
measured as a function of the voltage applied between the electrodes of the plasma gun. 

                                                           
1 State Research Centre of Russian Federation Troitsk Institute for Innovation and Fusion Research 

 
 

Fig. 1: Qabs on CFC surface in the QSPA. 
 



 -- 4 --

After a total of 100 pulses, the surface profile 
of each target was measured by a laser pro-
filometer in order to find the value of material 
losses during a post-mortem characterisation 
of FZJ. Noticeable mass losses were observed 
only for the CFC sample that was exposed at 
the energy density of 1.4 MJ/m2 (see Fig. 2). 

The erosion of CFC samples was determined 
mainly by erosion of PAN-fibres. The following 
conclusions have been made based on the 
results of electron microscope observations, 
depending on the energy density Q = Qabs: 
Erosion was observed at Q > 0.5 MJ/m2, at first 
near the plasma facing corners of the tiles. At 

Q > 0.9 MJ/m2 after 100 exposures the erosion expands over the total surface. At Q > 1.3 
MJ/m2 a significant erosion of PAN-fibres develops already after 10 exposures. 

For tungsten targets, those analyses allowed 
the conclusion that the erosion of W is deter-
mined mainly by the melt layer movement and 
droplets ejection (see Fig. 3). The following 
observations were made: At 0.4 < Q <  1.0 
MJ/m2 erosion (melting onset) was observed at 
the edges of the tiles that face the plasma. At 
1.0 < Q < 1.3 MJ/m2 melting develops up to the 
total surface. At 1.3 < Q < 1.6 MJ/m2, the melt 
accumulates on the plasma shadow edges and 
after 10 shots melt bridges between the tiles 
start to form. At Q > 1.3 MJ/m2 a droplet ejec-
tion was observed, however, its intensity de-
creases with increasing the number of pulses, 
which is due to the smoothing of edges after 
the plasma impacts. At Q > 1.6 MJ/m2 small 
mass losses occur. An averaged erosion of the 
sample of 0.06 μm/shot was obtained. It is 
concluded that the main mechanism of tung-
sten mass losses is the droplet ejection. 

Crack formation on W surfaces was observed 
at Qabs larger than 0.8 MJ/m2 (Fig. 4). At 0.8 < 
Qabs < 1.6 MJ/m2, two types of cracks have 
appeared forming overlapping grids on the 
surface. The type 1 cracks have a characteris-
tic size of the grid cells of about 0.1-0.2 cm; 
they appeared after 20 pulses. The cell sizes 
of type 2 cracks are one order of value less: 
200-300 µm; those cracks appeared after 50 
pulses. At Qabs > 1.6 MJ/m2 after 100 pulses, 
the cracks formed an additional, very fine grid 
(the type 3 cracks) with characteristic cell sizes 

significantly smaller than that of type 2 cracks. After each pulse the fine grid melts but it ap-
pears again on the resolidified surface. The post-mortem metallographic analysis showed 
that the depths of the type 1 cracks and the depths of the type 2 cracks are about 500 μm 
and 50 μm, respectively. 

 
 
Fig. 2: Mass loss of a CFC sample and its erosion rate as 

a function of pulse number. 
 

 
 
Fig. 3: View of the tungsten tile surface obtained using an 

electron microscope. 
 

 
 
Fig. 4: The images of tungsten tile surface at Qabs =  

0.9 MJ/m2. 
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3. Validation of FZK codes by the plasma guns QSPA and MK-200UG 
 
The code MEMOS was mainly applied in two regimes: a) it was validated on the melting 
threshold in the plasma gun experiments and b) it was used for predictions of melt motion 
erosion in different arrangements of the ITER design. In addition, the code was validated on 
the tungsten vaporization threshold at the plasma gun MK−200UG. The former validations of 
MEMOS have been mentioned in the MATDAM annual report of 2005. The different simula-
tions with MEMOS for ITER are subject of the reports of the EFDA task TW5-TPP-
ITERTRAN. Now the code is extended to the three-dimensional geometry which enabled us 
to take into account the edge effects as well as realistic surface heat load distributions, and 
to elaborate simulations of the melt motion damage to the W-brush targets. Main achieve-
ments relevant to the W-brush geometry are summarized as follows. 

The tungsten melting threshold obtained in the experiments on the plasma guns mentioned 
is in reasonable agreement with the calculations, which justifies the application of the code 
for the investigation of melt motion damage of the tokamak tungsten armour. The modelling 
for W-target heating under the QSPA conditions demonstrated melting onset of the brush 
edges at Q > 0.7 MJ/m2 and brush surface melting at Q>1 MJ/m2. The calculations on evapo-
ration erosion profiles are in agreement with experiments (Fig. 5). 

  
 
Fig. 5: Comparison of the profiles of W-brushes meas-

ured experimentally and obtained in simulations 
after 100 shots for Q = 1.5 MJ/m2. 

 
 

 
Fig. 6: Qabs vs. impact energy density for the CFC, 

calculated with PHEMOBRID and measured at 
QSPA. 

The code PHEMOBRID was validated against the plasma guns MK-200UG and QSPA and 
employed for predictions of brittle destruction caused by the plasma impacts which are ex-
pected in ITER. The EU CFC targets features and experimental conditions are implemented, 
including the preheating of the targets. The dependence of the absorbed energy versus the 
incident energy calculated for the pitch bundles agrees well with the QSPA-T measurements. 
A significant erosion of the brush edges and PAN bundles at Q > 0.7 MJ/m2 and pitch bundle 
erosion at Q > 1.3 MJ/m2 was obtained. The negligible erosion of pitch bundles and a signifi-
cant evaporation erosion of PAN bundles at the lateral and frontal edges are simulated. In 
total, the agreement between the modelling and the experiment seems rather good. The va-
pour shield effects are preliminary taken into consideration, which allowed a good fitting with 
the measurements (Fig. 6), but a more appropriate vapour shield model must be imple-
mented in the code. 

4. Conclusions 
 
The experimental results obtained at the plasma gun facility QSPA with the tokamak candi-
date materials W and CFC allowed a validation of the FZK codes MEMOS and PHEMOBRID 
and thus better computer simulations of material damages for ITER transient loads. A good 
agreement between the simulations and the experiments is obtained. The joint results of the 
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experiments and numerical modelling described in this report stimulated further work neces-
sary for reliable predictions of material behaviour in ITER. 
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EFDA/05-1305 (TW5-TPP/BEDAM) 
Modelling of Material Damage to Be-clad and Be-coated ITER Plasma Facing 
Components under Type I ELMs, Disruptions and Mitigated Disruptions and 
Scoping Studies for First Experimental Validations 
 
1. Introduction 
 
The ITER candidate material beryllium will be located at the main chamber wall in form of 
Be-clad blanket modules. In addition, Be-coated plasma facing components are likely to ap-
pear in both divertor legs, where Be eroded from the main chamber wall may form the depos-
its covering in a large proportion the CFC and W armour in the areas mostly subject to parti-
cle fluxes. A systematic investigation of beryllium surface damage under transient loads of 
ITER is still absent. Here the computer modelling on Be behaviour carried out in 2006 in 
FZK-IHM is reported. 

Like the main types of erosion of tungsten surfaces in ITER, also the beryllium armour dam-
ages are expected to be evaporation, melt motion and melt splashing. For all ITER transient 
events, in particular the ELMs and mitigated disruptions, the formation of metallic droplets 
and the splashing of melt layers can play a major role, thus determining the lifetime of the 
plasma facing metallic armour. 

In the computer modelling on Be armour damage the code MEMOS is applied for the ITER 
ELM-like loads. The melting and evaporation thresholds for the bulk Be only as functions of 
the heat load duration are calculated. The evaporation from the melt layer is simulated. The 
evaporation and melt layer thickness under the expected heat loads ranging between 0.2 
and 2 MJ/m2 for pulse load durations from 0.2 to 0.6 ms are obtained. At the main chamber 
surface also the radiative transient loads that may occur during disruptions mitigated by 
massive noble gas injection are assumed. 

In addition the main mechanisms of droplet formation under ITER relevant ELM heat loads 
are estimated, namely the growth of surface waves due to the Kelvin-Helmholtz instability 
generated by the impacting plasma streams. Preliminary estimations of the rates of mass 
losses from Be molten surfaces are done. The conditions for intense droplet formation in 
typical ITER weak ELMs and Type I ELMs (giant ELMs), as well as future experiments on the 
plasma gun QSPA in Troitsk, Russia, are simulated. 

2. The calculations for melting and evaporation thresholds 
 
The code MEMOS has been successfully validated, both on beryllium and tungsten armours, 
in many experiments performed at the e-beam facility JUDITH in Jülich (on Be and W) and 
the plasma gun facilities QSPA and MK-200UG in Troitsk (on W only). To apply the code for 
the new Be issues it was developed further. The thermophysical properties of bulk Be and Be 
coating on W and CFC armours have been updated and a new model accounting for the ra-
diation screening by the vapor and the reflection from the surface was developed. For the Be 
coating, the slowing down of impacting ions by the vapour shield was taken into account. 
Also the properties of the thermal W and CFC contacts with the Be-coating have been im-
plemented in MEMOS. 

After that systematic numerical simulations of the erosion for the given parameters started. 
At first the melting and evaporation thresholds for the bulk Be and the typical thickness of the 
melt pool as functions of the heat load duration were obtained. It was assumed that the tar-
get is heated either by the plasma stream with an ion energy of 100 eV or the electromag-
netic radiation with the power deposition density Q varying spatially as a Gaussian profile 
with a half-width of 4 cm and peak values up to 2 MJ/m2. Several scenarios for different heat 
load durations τ = 0.2, 0.3, 0.4, 0.5 and 0.6 ms with rectangular pulse shape were calculated. 
The initial target temperature was assumed to be 300K. 
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As an example, in Fig. 1 the calculated contours 
of the Be target bulk temperature for the refer-
ence scenario with a radiation load duration 0.5 
ms are shown. The margin of the melting at the 
surface corresponds to the heat load of 0.5 
MJ/m2, which is the melting threshold. A sub-
stantial evaporation occurs for heat loads ex-
ceeding 1 MJ/m2. 

For all radiation load scenarios, the maximum 
depth of the melt pool is achieved at a time that 
only slightly exceeds the pulse duration τ. The 
simulations demonstrated that for a given heat 
load the maximum melt layer thickness depends 
on the pulse duration and varies in the range 
between 35 μm (τ = 0.2 ms) and 57 μm (τ = 0.6 
ms) (Fig. 2). 

 

  
 

Fig. 2: Melt depth vs. heat load duration. 
 
 

 
Fig. 3: Evaporation depth vs. heat load duration. 

Respectively, the maximum evaporation depth varies between 13 and 16 μm (Fig. 3). 

It was found that the vapour shield essentially decreases the evaporation thickness. How-
ever, it is insignificant for the melt layer thickness. The dependences of the evaporation 
depth as functions of the energy heat load for τ = 0.2 and 0.5 ms are shown in Fig. 4. Cases 
with the radiation heat load and the vapour shielded plasma heat load are compared. In the 
case of plasma impact of Fig. 1 with the same parameters, the vapour shield influences as 
follows. The melt pool is fully resolidified after approximately 2 ms and the maximum thick-
ness of the evaporated material is about 2 μm. 

The melting threshold is defined as the heat load density of a rectangular pulse of radiation 
at the surface that corresponds to the onset of melting. Similarly, the evaporation threshold 
corresponds to the onset of excessive evaporation. The numerical approach of MEMOS as-
sumes the evaporation threshold as the heat load corresponding to the evaporation of 0.1 
µm of Be. The dependences of the melting and evaporation thresholds vs. heat load duration 
for the Be armour are shown in Fig. 5. For the bulk Be target the values of the melting 
threshold are found to be approximately twice less than that of the bulk tungsten (e.g. 0.4 
MJ/m2 (Be) vs. 0.8 MJ/m2 (W) for τ = 0.3 ms). The simulation information obtained on the 
thresholds is useful for the future experiments which have to be performed at the QSPA and 
for further validations of MEMOS. 

 
 
Fig. 1: Volumetric distribution of Be bulk temperature at 

pulse length of 0.5 ms. The resolidification fin-
ishes after 1.1 ms. 
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Fig. 4: The vapour shield influence (Δt≡τ). 

 
Fig. 5: Be target melting and evaporation threshold vs. load 

duration. 
 
 

3. Splashing conditions for Be in future QSPA experiments and ITER ELMs 
 
Formation of droplets and the splashing of the melt layer after ITER transients may be sub-
stantial for the erosion of Be coated armour. The cause for droplet formation is a rapid 
growth and subsequent breakaway of melt at the peaks of unstable Kelvin-Helmholtz- or cap-
illary waves that are generated at the interface between the melt and the incident plasma (in 
case of weak ELMs) or at the melt-vapor interface (in case of essential evaporation). The 
surface roughness and the surface edges are responsible for the Rayleigh-Taylor instabili-
ties. In 2006 only the most important mechanism of droplet formation was analysed, namely 
the one due to the Kelvin-Helmholtz (KH) instability caused by the impacting plasma stream.  

The physical process responsible for the KH instability is as follows: A disturbance of the 
velocity field in the plasma caused by these waves gives rise to pressure variations over the 
surface. The pressure variations in phase with wave slopes transmit energy from the plasma 
to the melt layer. Transmission of the kinetic energy from the plasma to the melt leads to the 
growth of waves. The instability in its non-linear stage leads to droplets formation in the di-
rection perpendicular to the surface. 

An analytical consideration of the process in question has been carried out. The following 
main parameters determine the splashing criterion: the velocity V of the plasma along the 
melt surface, the plasma density N at the surface, and the time τ of intense plasma motion 
above the melt layer. An important condition determining the melt splashing is that the char-
acteristic wave length λ remains less than the melt thickness h. 

In future QSPA experiments aimed at simulating ITER loads onto Be targets, heat loads Q in 
the range 0.2 - 1.5 MJ/m2 at τ = 0.5 ms and conditions V < 105 m/s, N < 1022 m-3 and h <  50 
µm are to be chosen. For the weak ELMs expected in ITER (no vapour shield, Q < 1.2 
MJ/m2) it should be V < 105 m/s, N < 1020 m-3, τ < 0.3 ms and h < 80 µm. Finally, in the case 
of ITER giant ELMs (Q > 1.8 MJ/m2) the vapour shield density may reach the values N = 1024 
– 1025 m-3, and V = 103 m/s. The resolidification time τres ~ τ may exceed 1 ms, and h ~ 102 
µm. 

The dependence of λ and the mass loss rate on N for different V was obtained. Thereof, the 
splashing margins for the different cases are derived. 1) At the QSPA it follows that an in-
tense droplet formation with the droplet sizes ~ 15 µm and the droplet velocity ~ 15 m/s may 
occur at Q~0.5-1.5 MJ/m2, and the mass loss rate is in the range 10 to 20 g/(cm2s), which 
yields a mass loss of 5 to 10 mg/cm2 in 0.5 ms. 2) The weak ELMs do not cause the KH in-
stability therefore the melt splashing will not occur. 3) The giant ELMs allow intense melt 
splashing. For instance, at V = 103 m/s the droplets of ~ 25 µm size may be splashed away 
with the velocity ~ 10 m/s, and the expected mass loss for τ ~ 1 ms may reach 102 mg/cm2. 
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4. Conclusions 
 
The improved code MEMOS is applied for the estimation of the melt pool depth and the 
evaporation erosion of bulk Be for expected ITER ELM heat loads. The dependences of the 
melting and evaporation thresholds on the heat load duration are obtained. Those depend-
ences can be useful for planning the experiments at the QSPA facility and for predicting the 
ITER design. Further validation of the code against experimental data should be performed 
using the QSPA. For a more precise estimation of melt splashing, a better knowledge of 
plasma parameters in the plasma shield is necessary, which can be calculated using the 
code FOREV. 
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TW5-TPP/ITERTRAN 
Modelling of ITER Divertor Target Damage and Plasma Contamination  
following ELMs and Disruptions 
 
1. Introduction 
 
It is expected that the Type I ELMs in ITER will primarily result in vaporization erosion at the 
divertor surfaces. Vaporized carbon plasma can contaminate the SOL and then the confined 
core plasma, which decreases the fusion power or can even lead to a disruption of the con-
finement. In 2006, the FZK-IHM computer modelling was targeted at the tolerable ELM fre-
quency in ITER as a function of the ELM size was carried out using the codes FOREV and a 
newly developed two-dimensional code TOKES. 

An improved ELM scenario is implemented in FOREV, which allows more adequate simula-
tions than previously for the hot deuterium-tritium plasma lost from the confinement region. 
The lost DT plasma hits the surfaces of the divertor and the first wall and the vaporized car-
bon plasma fills the SOL. Finally FOREV calculates the carbon inflow NC into the pedestal, 
and the following carbon penetration into the core was calculated using TOKES. The simula-
tions have been performed for the ELM parameters with WELM = 3.5 – 12.1 MJ total ELM en-
ergy and the ELM duration τELM ~ 0.5 ms. 

Other kinds of ITER wall erosion are surface melting in case of tungsten targets and brittle 
destruction (BD) for carbon fibre composite (CFC) armour. For modelling these processes 
the incompressible fluid dynamics code MEMOS was applied to calculate the damage to W 
surfaces. For the CFC erosion the phenomenological code PHEMOBRID based on well 
known BD threshold energy 10 kJ/g was used. In 2006 the most important mechanisms of 
droplet formation were analysed and implemented in MEMOS, namely the growth of surface 
waves due to the Kelvin-Helmholtz instability generated by the impacting plasma stream. For 
three-dimensional simulations of the CFC macrobrush damage accounting also for the lateral 
brush edges, the PHEMOBRID has been significantly upgraded and validated in experiments 
performed at the plasma gun facility QSPA for heat loads Q from 0.5 to 1.6 MJ/m2, which is 
described in the reports of the task TW3-TPP/MATDAM. 

2. Modelling of plasma transport with the codes FOREV and TOKES 
 
Earlier simulations have been done for NC = 2.25×1020 only, with the conclusion that in this 
case a tolerable ELM repetition period τ is 2 s, which allowed a preliminary estimation of the 
contamination amount in SOL. The vaporization onset itself and the vaporization rate have 
been shown to be sensitive to such details of the ELM structure as time- and spatial depend-
ences of the heat flux caused by ELM, rather than to WELM and τELM only. 

Therefore, in the last FOREV calculations the 
divertor power loads during ELMs were simu-
lated using elaborated plasma transport models 
based on the plasma cross-diffusion coefficient 
behaviour fitted to the existing tokamaks. As 
fitting parameters, the pedestal diffusion coeffi-
cients Dped and the SOL diffusion coefficient DSOL 
have been chosen (Fig. 1). After the impact of D-
T-He plasma diffusing into the SOL from the 
pedestal, the vaporized carbon is ionized in the 
SOL and finally penetrates into the periphery of 
the confinement region. The calculations showed 
that the plasma boundary receives so large post-
ELM contamination that the carbon density nC 
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Fig. 1: DSOL and Dped schematically (dimensionless 

units) and the heat fluxes modelled by FOREV. 
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drastically  exceeds the main species densities nH (the subscript H stands for D and T). Fig. 2 
demonstrates the distribution of the impurity in the SOL. 

The models of TOKES simulating multi-fluid 
plasma transport in the ITER magnetic configu-
ration and the radiation losses in the core during 
the whole time of the discharge have been gen-
eralized for arbitrary ratios nC/nH. The tempera-
ture of the confined plasma was assumed drop-
ping with parabolic dependence on the poloidal 
magnetic flux coordinate, from 12 keV at the 
magnetic axis to 7 keV at the plasma boundary, 
which in carbon-free plasma corresponds to the 
α-fusion power of 80 MW foreseen in the ITER 
design. Plasma contamination by the carbon 
impurity decreases the fusion power (due to a 
decrease of the product nDnT) and increases the 

radiation losses. The tolerable ELM repetition period is assumed to be given by the criterion    
Wrad + ΔWfus < 40 MW, with the radiation loss Wrad and the fusion power drop ΔWfus calcu-
lated by TOKES and being caused by the carbon impurity. 

The target vaporisation starts at WELM = 4.0 MJ. At larger WELM, within a few ms after an ELM 
the carbon plasma temperature in the SOL may drop down to 1-2 eV, which is due to the 
radiation loss. Using NC calculated by FOREV, the core contamination by carbon after multi-
ple ELMs is calculated with the code TOKES. Carbon plasma diffusion inside the core is 
simulated for the whole ITER discharge. The TOKES simulation starts from initially pure DT 
plasma, with the fusion reaction switched on and with a stationary fuelling that provides ho-
mogeneous sources of D (50%) and T(50%). Within a time period of a few seconds a sta-
tionary process establishes, but being interrupted periodically with a period τ by instantane-
ous injections of NC carbon ions at the periphery. The Fig. 3 demonstrates the propagation of 
impurity through the confined DT plasma after the first injection of the amount NC = 
2.45×1020. The horizontal coordinate of the figure originates at the tokamak magnetic axis 
being directed as the radial axis of main cylindrical frame. 

The repetitive ELMs produce more and more contamination in the bulk, but due to an en-
trainment of carbon ions with the DT plasma back into the SOL the carbon caused radiation 
losses and the fusion power gradually saturates. The dependencies of Wrad and ΔWfus on τ 
are shown in Fig. 4. From Fig. 4 follows that the tolerable ELM wall heat fluxes are below 1 
MJ/m2.  

  
 
Fig. 3: Electron and carbon densities. The legend gives the 

time after an ELM. 
 

 
Fig. 4: The radiation and fusion power losses as functions of 

ELM period. 
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Fig. 2: Separatrix carbon density along the SOL at 1.1 

ms after start of ELM (WELM = 12.1 MJ, τELM = 0.5 
ms). 
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3. Melting of edge W-brush surfaces and melt splashing criterion 
 
Previous simulations with the code MEMOS 
demonstrated that a W-brush structure prevents 
violent melt motion. The most important remain-
ing damage mechanism is the surface melting 
accompanied by the melt motion driven by the 
pressure gradient of the impacting plasma 
stream along the target. The melt layer erosion 
of the W-brush armour under the transient heat 
loads was further numerically investigated using 
MEMOS. The melt motion is described in the 
“shallow water” approximation, accounting for 
the surface tension, the viscosity of the molten 
metal, and the radiative losses from the hot sur-
face. A heat transport equation with two bound-
ary conditions at the moving vapour-liquid- and 
liquid-solid interfaces describes the temperature 
inside the target. Typical thickness of melt layers at the edge surfaces is obtained up to 40 
μm (Fig. 5). These 3D numerical simulations demonstrate that the melting of the lateral brush 
edges starts at Q > 0.7 MJ/m2 and the melt thickness can be significant. The validations of 
MEMOS by the experiments at the plasma guns QSPA and MK-200UG (TRINITI, Russia) is 
already described in the reports of the task TW3-TPP-MATDAM. 

The previously estimated criterion of melt splashing at the W-surface was elaborated. In case 
of strong transient events such as Type I ELMs and disruptions the heat loads produce a 
significant evaporation at the W surface. Due to formation of a vapour shield the exposed 
target is essentially protected from the main heat load. But an inhomogeneous distribution of 
vapour pressure along the target surface generates longitudinal vapour velocities up to 104 
m/s. The intense directed motion of vapour along the melt generates surface waves. The 
target material flushes to the edge of the brush, and an erosion crater appears with some 
mountains at the crater edge and a wavy structure on its resolidified surface. In case of weak 
ELMs the direct action of the plasma stream impacting on the target surface under a rather 
low angle of 2-5o produces waves of Kelvin-Helmholtz type at the melt-plasma interface. In 
case of strong transient processes as those expected in ITER with developed plasma shield, 
small initial perturbations of the surface heat loads together with a rapid vapour flow along 
the surface are responsible for the surface perturbations of other types, like the instabilities 
by Rayleigh-Taylor and the capillary wave instabilities. An analytical consideration was car-
ried out and it is concluded that for the ITER ELMs with heat loads below 2.5 MJ/m2 the melt 
splashing due to the droplet formation would not be expected, but in case of ITER giant 
ELMs with developed plasma shield a violent melt splashing may occur with mass loss rates 
up to 102 cm−2s−1g. 

4. Conclusions 
 
Carbon ions penetration after Type I ELMs into the periphery of the confinement region of 
ITER has been analysed using elaborated modelling implemented in the codes FOREV and 
TOKES. Due to the impurity the plasma thermal energy is significantly re-radiated and the 
fusion power decreases. The combination of these codes seems a proper tool for estimation 
of core plasma contamination after ITER ELMs. However, for more accurate predictions the 
opacity data for radiation transport need to be improved. 

The code MEMOS was further developed implementing an arbitrary surface geometry of the 
W-macrobrush, which allowed optimization of the design of W armour. The modelling for W-
brush targets heated under the conditions relevant to giant ITER ELMs demonstrated melting 
onset of the brush edges at Q > 0.7 MJ/m2. The calculated evaporation erosion rate is in a 

 
 
Fig. 5: Temperature distribution calculated with 

MEMOS for a W-brush. The black line denotes 
the melt boundary. 
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good agreement with the results measured at the plasma gun QSPA. From analytical inves-
tigations follows that for ITER ELMs with heat loads below 2.5 MJ/m2 the melt splashing due 
to the droplet formation is not expected. However a melt splashing may occur in cases of 
ITER giant ELMs. 
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Divertor and Core Plasma Modelling for ITER 
 
1. Introduction 
 
The goal of the core and divertor plasma modelling program is the development, improve-
ment, and application to ITER of a set of modelling codes which describe the ITER plasma 
from the core to the divertor plates in a coherent way so as to permit a consistent prediction 
of ITER plasma operating modes, operating windows, performance, and scenarios. Two 
separate codes are used for this purpose: the 2D coupled fluid-Monte Carlo code B2-
EIRENE for two-dimensional modelling of the ITER divertor and scrape-off layer, and the 
ICPS model incorporated into the 1D ASTRA transport code for one-dimensional modelling 
of the ITER core and pedestal. The two codes communicate by means of scaling laws de-
rived for the separatrix parameters from stand-alone runs of the codes. A variant of the 
model, which uses a simpler two-point model for the scrape-off and divertor plasma, is used 
to fit results from the experiments. Quantitative predictive modelling of ITER is done with the 
more complete model. 

ITER performance modelling, crucial to establish the expected performance of ITER and to 
define the operating scenarios to obtain this performance, can be carried out only with such 
an integrated plasma model which describes in a coherent way the entire plasma from the 
centre via the pedestal and the scrape-off layer to the divertor plate. Our model has been 
developed in the framework of a quadripartite collaboration (FZ Karlsruhe, ITER International 
Team, Hydro-Québec, Varennes, Québec, Canada, and INRS-EMT, Varennes, Québec, 
Canada), as described in previous Annual Reports. 

The previous version of the model and the results obtained were described in the previous 
Annual Reports and references therein, as well as in [1]. Several contributions described 
there have now been published [2], [3] or have been accepted for publication [4], [5].  Initial 
results obtained in 2006 were described in [1]. Advances in ITER 2D divertor modelling were 
described in [4], [5], and advances in 1D modelling of the plasma core and application of the 
integrated model were described in [5], [6] for DEMO parameters. Recent work in all these 
areas and in modelling of DEMO is summarised in [7], and was presented at the 2006 IAEA 
Fusion Energy Conference [8], [9]. The DEMO modelling is also described briefly in a sepa-
rate section of this Annual Report [10], [11], and application to startup is described in [12]. 

2. Divertor Plasma Modelling 
 
Modelling performed this year for a number of devices has extended the approach of deter-
mining scaling relations for the divertor and edge plasma parameters from the 2D modelling 
for several different machine sizes, in particular for DEMO. The results are described else-
where in this Annual Report [10], [11], and in [5]; here it is important to point out that, at the 
same SOL power per unit volume of the device, and the same specific pumping speed for 
ITER and DEMO, the separatrix helium density remains constant, the helium neutral influx 
decreases, and the peak power loading of the divertor plates remains constant in the transi-
tion from ITER to DEMO − all positive results. The sparse results available with the full neu-
tral model indicate that the peak power does not change, but the helium density and influx 
are a factor 3 lower than from the linear neutral model − a very positive result for both ITER 
and DEMO. 

Continuing optimisation of the design of the divertor cassettes for ITER involves re-
assessment of the role of the divertor “dome” and the effect of variations of its shape on di-
vertor performance.  

Since pumping is critical for helium removal but the pumping capability of ITER is limited, it 
was important to refine the definition of the pumping-related parameters, which was now 
possible in the framework of the nonlinear neutral model, to determine a more precise rela-
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tion between the plasma and the engineering parameters. It was found [4] that, whenever in 
previous work an “effective” pumping speed for ITER of SDT = 20 m3/s for the linear neutral 
model was quoted, the corresponding “engineering” pumping speed with the non-linear neu-
tral model is ~ 60 m3/s, which is within the ITER design limits (75 m3/s).   

This procedure is applied to a study comparing various dome configurations with a domeless 
configuration. The primary function of the dome is to increase the neutral pressure in the 
PFR to make helium pumping more efficient. Besides this, it could be helpful in reducing the 
neutral reflux to the core through the x-point, in protecting diagnostic equipment in the PFR 
from plasma, and in neutron shielding of the pump duct. However, it adds to the complexity 
of the divertor cassette design and to the machine cost. Since most of the dome’s functions 
are related to interaction with neutrals, whose modelling is improved with the nonlinear neu-
tral model, the effect of the dome on divertor performance was reassessed with the nonlinear  
model.  
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Fig. 1: Peak divertor power load qpk (a) and product of helium separatrix density times normalised pumping speed, nHe_sep⋅S# 

(b) vs. normalized neutral pressure μ in PFR for the two “domeless” plasma grid options, compared with the standard 
ITER case. Power input to the SOL Pin=100 MW. The incipient detachment point on each curve is marked with a big 
circle and corresponds to neutral pressure at the pump duct p = 9 Pa for the standard dome case. 

 
 
The result comparing domed operation with domeless operation (for two different grids, not 
discussed here) is shown in Fig.1 where the dependence of the peak power loading on the 
target qpk and separatrix density of helium ions nHe_sep times normalized pumping speed S# 
on the normalized neutral pressure in the PFR, μ, is compared between the two grid options 
and with the standard ITER geometry. This selection of parameters allows meaningful com-
parison in terms of the operational window of the divertor, and the helium related quantities 
are almost inversely proportional to the pumping speed. Removal of the dome would result in 
expanding the operating window to about a factor 2 lower peak power on the divertor plate, 
but the pumping speed needed to maintain the same helium density at the separatrix would 
have to be increased by a factor of up to 8. Since the technical limits of ITER do not allow 
such an increase in pumping speed, the effect of higher helium concentration in the core on 
the reactor flexibility must be assessed, together with other concerns like divertor diagnostic 
access, neutron shielding, and so on, before a decision on the dome removal could be made.  

In separate studies [4] the dome geometry was varied. It was found that the requirement on 
the transparency of the dome-supporting structures can be relaxed and that therefore the 



 -- 17 --

dome can have stronger supporting structures, and that an increase of the dome length 
would clearly improve the helium removal efficiency but can be outweighed by the accompa-
nying reduction of the operational window in power loading. 

In subsequent work on 2D modelling [7], [8], the computational model of the edge plasma in 
ITER has been further developed, taking into account particle leaks through the gaps be-
tween the divertor cassettes. First results indicate no major negative effect of the gaps on the 
divertor performance, although the parasitic flows caused by these gaps can be comparable 
with the pumping throughput. In the presence of the leaks, the dependence of the peak 
power load on the targets on the neutral gas pressure in the divertor remains unchanged and 
the core fuelling efficiency remains the same. The helium density at the separatrix decreases 
when the gaps are present because, at the same pumping speed at the pump, a fraction of 
the helium flux from the PFR is redirected to the baffle area via the leaks and contributes less 
to the helium density build-up at the separatrix. However, the helium enrichment decreases 
by 30%, i.e. the DT throughput is larger by this amount at the same helium production rate. 
On balance, since the assumed values of the gaps in this study correspond to gaps at least 2 
times wider than the design value of 5 mm,  and the effects are relatively small, sealing the 
inter-cassette gaps in ITER may not be a high priority issue. 

F31

 

F28 F32 F12

 

F34

 
Fig. 2: Variation of divertor geometry used in the re-exploration on the effect of the “V-shapes” near the separatrix strike points. F12 

marks our standard modelling configuration, F28, F31, and F32 are more open, and F34 more tight. Dotted lines indicate par-
tially transparent surfaces at the entrance to the PFR.. 

 
 
The calculations reported in [8] confirm the previous observation that the more comprehen-
sive, non-linear model of the transport of the neutral particles leads to much weaker sensitiv-
ity of the results to the details of the divertor geometry than the previously used linear model. 
In particular, it is not as important to maintain tightly sealed, pronounced V-shapes at the 
corners of the divertor targets close to the separatrix strike points as had been suggested 
earlier because these geometric effects are attenuated by neutral-neutral collisions. The V-
shape has been varied widely in these simulations (Fig. 2).  
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Fig. 3: Peak power (a), D neutral influx into the core (b) and He ion density at the separatrix (c) vs. divertor neutral pressure pDT 

for different shapes of the divertor bottom (see Fig. 2). 
 



 -- 18 --

The result is illustrated in Fig. 3. We see no major difference in the parameters determining 
the core fuelling (ΓDT_n_sep, nDT_sep), or the helium removal (nHe_sep, ΓHe_n_sep). The target power 
load (qpk) can decrease somewhat, but only by less than 40%, and this can be compensated 
by ~ 20% increase of the neutral pressure in the divertor. This increases the flexibility, facili-
tating optimisation of both the divertor design and the plasma configuration in ITER.  

Further work was performed [8] on movement of the separatrix strike-points on the targets 
(20 cm displacement was found to be tolerable) and on comparing the core fuelling efficiency 
between upper and midplane gas puffs (the efficiency increases moderately for the mid-
plane gas puff but wall erosion by energetic charge exchange neutrals is also expected to 
increase).  

3. Core Plasma Modelling 
 
Pending development of a successor model to GLF by the theoreticians, the MMM model 
with stabilisation mechanisms has been retained as the reference model for core transport in 
the simulations (see previous annual reports for a detailed description). Further simulations 
of hot-ion and hybrid modes, validation with experiment, and extension to ITER has therefore 
been postponed. 

An initial stage of the evaluation of the impact of advanced operation on ITER is the evalua-
tion of the operating window of the device with the present divertor/SOL paremeterisation. 
Initial simulations with the present model have started, with emphasis on determining the 
effect on the operating window of varying the parameters determining the pedestal and of a 
decrease of the toroidal field at constant safety factor. 

Advances in core plasma modelling in the present period concern mainly DEMO modelling 
and arew described in [10], [11], [12]. 

4. Perspectives 
 
Work on divertor and core modelling for ITER is continuing, with particular emphasis on: 

• In two-dimensional modelling of the ITER scrape-off and divertor plasma with walls hav-
ing realistic carbon erosion-deposition, extension of the model to include temperature- 
and flux-dependent variation of the carbon erosion at the target, continuation of the study 
of variations of ITER geometry with the nonlinear neutral model, further application of the 
code with both linear and nonlinear neutral models model to a highly radiating prototypi-
cal DEMO plasma, and initial studies including seeded impurities in the edge plasma. 

• In one-dimensional modelling of the plasma core, the work will concentrate on integration 
of scaling advances from the two-dimensional modelling, variation of the impurity model 
for present experiments once validated data on impurity transport becomes available,  
extension of the modelling of ITER and a highly radiating prototypical DEMO to opera-
tional modes with longer pulses and initial development of the model toward hybrid op-
eration.  
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EFDA/06-1406 (TW6-TPHE-ECHULB4) 
and 
TW6-TPHE-ECHULA (Subtasks C and D) 
 
Design and Analysis of the Upper Launcher and Port Plug for the ITER 
ECH&CD System 
 
Objectives 
 
For the control of plasma instabilities, especially of neoclassical tearing modes (NTMs), it is 
foreseen to inject up to 20 MW mm-wave power at 170 GHz into the ITER plasma by an 
Electron Cyclotron Heating and Current Drive (ECH&CD) system. The q=3/2 and q=2 flux 
surfaces will be targeted by angular steering in the poloidal direction. Resulting from the pre-
vious work under EFDA of the “ECHULA group” of EU associations (ENEA/CNR Milano, 
CRPP Lausanne, FZK Karlsruhe, FOM Rijnhuizen, IPP/IPF Garching/Stuttgart), an initial 
reference design for the ECH&CD Upper Launcher was developed on the basis of the re-
mote steering (RS) concept and transferred to the ITER design office in 2004 called the “RS 
3/8 launcher model”. However, the performance of this design was marginal for the steering 
ranges required for operation at different plasma scenarios (i.e. ITER plasma scenario 2, 3 
and 5) because of adverse consequences for the focalisation of the beams, and therefore 
reduction of the local density of driven current. Thus, the main emphasis in the design work 
has been redirected towards the front steering design, as it is at present the only steering 
option that meets the ITER stabilisation requirements. Beyond the basic front steering con-
cept of the upper launcher (“NTM launcher”), the steering angles can be expanded to cover 
the plasma range of ρp = 0.40 to 0.93. This allows to extend its application down to q=1, the 
latter being of particular importance for sawtooth control (“Enhanced performance launcher 
(EPL)”). The mm-wave beam lines are integrated into the upper port plug structure, consist-
ing of the blanket shield module closing the gap in the blanket at the port, the port plug frame 
which houses the internal shield, the closure plate forming primary vacuum boundary, and 
the launcher back-end following the closure plate (cf. Fig. 1). The launcher design has to 
provide satisfactory performance as well as to fulfill the criteria of robustness and reliability 
set for all ITER systems. In particular, the design has to reflect the requirements given by 
operations in vacuum and in a nuclear environment, with the launcher being actively cooled 
where necessary and having the required neutron shielding capability to achieve the speci-
fied constraints on activation at the port plug closure plate. 
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Fig. 1: Location of the main structural components of the ITER EC upper port plug (BSM: Blanket Shield Module). 
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Structural integration of the Front Steering Launcher 
 
The launcher main structure has to meet in the first place the “environmental” requirements 
of ITER, i.e. the geometrical constraints in terms of enveloping dimensions and positioning, 
including the cantilevered fixation of the whole structure to the vacuum vessel port extension. 
The thermal requirements call for baking and cooling (where needed). Mechanically the 
structure must be rigid enough to cope with dead weight, vibration and electromagnetic 
loads, and it must allow remote handling of internals in the hot cell. These requirements led 
in the initial “RS 3/8 launcher model” to the double-wall design with cooling (or baking) fluid in 
the inter-space, and allowing axial access to the internals after removal of the BSM. The 
evolving FS concept, along with striving for communality with diagnostics launchers as well 
as fabrication and cost considerations, led to the currently pursued slim wall design. It is 
characterised by a single wall section of the main frame (55 mm wall thickness) with a re-
movable cover that allows vertical access to part of the internal shield. Baking of that section 
up to about 180 - 200 °C is achieved passively by radiation from the surrounding structures. 
At the front end, the double wall design has been maintained for cooling, baking and shield-
ing purposes, implying that the BSM fixation and axial removal of parts of the internal shield 
are unchanged. 

The conceptual design of thermal and nuclear shielding components was adopted for the 
EPL versions of the Front Steering launcher (cf. Fig. 2). The shielding system can be 
grouped into two major parts: The shield blocks located in the blanket shield module and the 
internal shield in the main structure. 
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Fig. 2: Components of the ECH&CD Upper Port Plug integrating the Extended Performance Launcher version. 

 
 

For the shield blocks, two design variants are considered which are distinguished by their 
size and shape conformity. The “encased shield block” is better suited for large and regularly 
shaped volumes and consists of a welded stainless steel (SS) casing with stacked SS plates 
and water interspaces. In the “solid shield block” which offers a more flexible adoption to 
complex space requests, a two-level arrangement of machined cooling channels provides 
the proper SS/water composition for the neutron shielding in the high flux area (80/20 vol. 
%). 
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The internal shield provides the major radiation protection of the launcher internals up to the 
launcher back-end and of the surrounding structures, like part of the vacuum vessel and the 
superconducting coils. For general configurations, three design options have been brought to 
a conceptual design level: Block, tank and modular design. The most straightforward design, 
which lends itself most directly to standard welded structures, is the tank design. However, 
the partitioning of the internal shield, which is inherent to the mm-wave system of the EPL, 
favours a combination of a modular design formed by a small number of individual plates in 
the front part and a block design formed by a metal block with machined cooling channels 
and with potentially fully integrated waveguides (cf. Fig. 2). 

Radiation shield analyses for the BSM were performed to determine the arrangements of the 
shield blocks which have to provide enough empty space for mm-wave propagation. The 
nuclear heating density was calculated in the BSM structures with detailed distributions in the 
steering mirror assembly. The 2-D map of the heating distribution based upon the material 
compositions of the BSM and the Vacuum Vessel (VV) was determined as input for the 
thermo-mechanical analysis. 

Radiation damages of 
candidate materials envi-
sioned for the steering 
mirror assemblies have 
been estimated by the 
MCNP code. The struc-
tural damage levels in 
terms of displacements 
per atom (dpa) rates are 
given in Table 1 for the 
steering mechanisms and 
flexure pivots. These two 
assembly elements are 
located at opposite sides 
of the steering mirror. The maximum damage of 0.5 dpa is found in the lower pivot where the 
highest estimated value is obtained in the steel SS316L(N)-IG at the lower pivot side. These 
values have been obtained for a BSM configuration which is characteristic for the NTM 
launcher. As the reduced steering angles in the EPL concept result in a smaller cut-out in the 
FWP, both nuclear heating and structural damage rates obtained in the present analysis can 
be considered as conservative. 

Conceptual design and construction of a launcher handling test facility 
 
A comprehensive validation process of the Upper Launcher would need to address various 
specific stages in which the complexity of the components under tests and the scale and 
specialisation of the test beds is progressively increased: 

a) Component tests: 
 Demonstration of the industrial manufacturing followed by integrity and performance stud-

ies for critical components under specific loads 

b) Component handling tests: 
 Alignment and assembly of key components in subsections of major launcher subsystems 

c) Vacuum vessel docking-tests: 
 Testing of full size launcher mock-ups at representative vacuum vessel sections 

Table 1: The neutron induced displacements rate per atom (dpa) modeled for a total 
of 0.5 full power years (0.5 fpy at a fusion power of 500 MW) in materials of 
the steering mechanism and the flexure pivots holding the steerable mirror. 

 
Section SS316 

L(N)-IG, 
[dpa] 

Inconel 
718 
[dpa] 

Ni 
[dpa] 

Ti6Al4V 
[dpa] 

Cu 
[dpa] 

Upper steering
mechanism 

0.164 0.177 0.188 0.162 0.156 

Lower steering
mechanism 

0.126 0.138 0.146 0.128 0.127 

Upper pivot 0.340 - - 0.334 0.314 

Lower pivot 0.520 - - 0.505 0.472 
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d) Launcher transfer tests: 
 Upper port plug removal from vacuum vessel and transfer into transport cask for hot cell 

facilities 

e) Hot cell docking tests: 
 Launcher installation and sealing at hot cell test bed 

At the present stage, the tests that are related to components and component handling are 
most urgent with respect to their implications on the launcher design development and pro-
curement. Therefore, the objectives of the launcher handling test facility (LHT) at FZK are 
pitched to the first two needs. The conceptual development for the latter three items are be-
ing considered in a future sharing of tasks with a port plug test bed and the hot cell facilities 
at the ITER site. 

The most pronounced complexity of the structural components with respect to manufacturing 
and performance challenges is given for the blanket shield module and for its internals. The 
FZK launcher handling test facility is proposed to provide the test bed particularly suited for 
testing these components in conjunction with testing needs for critical components handling 
requirements. The fabrication of a BSM corner prototype based the on hot isostatic pressing 
(HIP) route was contracted; the tendering actions for two alternative routes (brazing and 
plate machining/deep drilling) are underway. The design of the cooling loop providing regular 
and baking operation parameters of the ITER blanket cooling system was finalised and the 
related cooling system is being manufactured for installation in early 2007. A major testing 
phase has been defined for the years 2007 – 2009 with respect to component tests (BSM 
prototypes, inner shield module) and component handling tests (semi-automated and remote 
handled). They will be performed in close cooperation with the ECHULA partners, in particu-
lar with the Dutch partners focusing on positioning tools and processes. 

Window development 
 
For the design, procurement and testing activities, major decisions were prepared and 
agreed for the specific window configurations. For the FS torus window, the required aper-
ture can be reduced from 95 mm to 60 mm, allowing a reduction of the window thickness to 
1.11 mm and of the disk diameter to 70 mm (and thus reducing the costs of the CVD dia-
mond disk to 35%). For the FS window, the design of a window prototype with hybrid cooling 
was developed, in which the conventional edge cooling concept and the particular indirect 
cooling concept can be studied in parallel. 

Dummy window structures were manufactured which were identical to the prototype RS torus 
window, yet with the CVD diamond disk replaced by a cooper disk. Thermo-hydraulic investi-
gations showed that the flat dependence of the cooling efficiency on the water flow rate can 
be expected for flow rates of 5 l/min and above. In extending the pressure of the cooling sys-
tem beyond 0.8 MPa (set on grounds of the FEM analysis), no residual deformations in the 
copper cuffs were observed up to the pressure of 1.6 MPa. This proved the conservative 
nature of the design analysis. 

For semi-automated cutting/re-welding of the window structure to window sockets, commer-
cial tools were studied to determine the procedures which will allow on-torus replacement of 
the window unit. The cutting was successfully demonstrated with a slightly oversized tool and 
a dedicated tool was procured (with a working area of 73 – 141.3 mm) which is ideally suited 
for the RS window design. Successful welding was performed with an adapted tube-to-tube 
sheet weld head. This specialised weld head was procured for continued handling studies of 
both RS and FS torus window prototypes. 



 -- 27 --

Outlook towards future R&D activities 
 
The development of the detailed design of the ECH&CD upper port plug will be advanced 
with the goal of defining technical specifications and detailed drawings for starting the tender-
ing action of the upper launcher system by 2009. On this route, a harmonised time schedule 
for the iterative R&D activities for the optical system and the structural system has been es-
tablished along two levels of details: Level 1 is focusing on key interfaces and milestones 
(design reviews - releases) and level 2 is showing detailed paths to the achievement of the 
specific deliverables. The R&D strategy consists of advancing the design with two major de-
sign reviews.  

The first review is planned to be held in March 2007 and to cover the following aspects: 

• Primary mm-wave optical system (“UL06”) with key structural components designed 
(Main structure, BSM housing, Shield blocks + Internal shield) 

• Electromagnetic and thermophysical loading classification 

• Updated data base on structural damage and neutron loads obtained by neutron analysis 

• Decision on type of cooling configuration for FS torus window 

The second review is planned to be held in March 2008 and to cover the following aspects: 

• "Pre-final" mm-wave optical system (UL07c) with key structural components designed 
(Main structure, BSM housing, Shield blocks + internal shield) 

• Manufacturing of BSM corner + BSM housing demonstrated 

• "Pre-final" data base on structural damage and neutron loads obtained by neutron analy-
sis 

• Thermo-mechanical design with experimentally cross-checked parameters established 

• Guiding results from positioning tests of the BSM corner prototype achieved for remote 
handling process definition 

The torus window prototype for the RS launcher was proven for its suitability for the high 
power (short pulse) operation as well as for performance with respect to vacuum, pressure 
and thermo-hydraulic specifications. The torus window design for the FS launcher will be 
validated accordingly including high power/long pulse experiments (together with JAEA) to 
complete the qualification criteria for a common torus window used for ECH&CD launchers at 
both the upper and the equatorial port plug. 
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EFDA/06-1417 (TW6-TPDS-WINCOD2) 
ITER Practice for Non-Metallic Replaceable Window Assemblies 
 
Objectives 
 
ITER diagnostics and heating systems use components with key parts made of non-metallic 
materials (i.e. flange mounted windows). Especially those components which are part of the 
primary safety boundary have the function of holding back tritium and possible contaminants 
from plasma spattering. The primary confinement component, the Vacuum Vessel (VV), is 
designed and fabricated based on approved industrial pressure vessel codes with special 
requirements developed to take into account the peculiarity of the ITER machine. Non-
metallic materials are generally not allowed in pressure vessel codes, and there is no exist-
ing industrial standard that specifies the criteria for the design, the manufacturing, and the 
testing of these parts and components in way directly applicable to ITER.  

It is therefore necessary to recommend additional codes and standards with prescriptive 
guidelines regarding the design, fabrication, Non Destructive Examination (NDE), testing 
and, if needed, In-Service Inspection (ISI) of components primarily built of non-metallic parts 
and belonging to the primary safety confinement. The objective of this task is to propose a 
set of engineering criteria, to provide the justifications for their selection and to give evidence 
of their soundness. For this purpose, a set of documents is being prepared at FZK: 

• An “Engineering Justification Document” containing a detailed support of the soundness 
of the criteria contained in the technical specifications. 

• A “Supporting R&D and Qualification Document” defining all the R&D required to validate 
the defined criteria. 

To support the preparation of these documents, an investigation of the existing industrial 
specification and/or practice documents and a review of past experience in relevant fields 
has to be carried out. The outcome of this research will be the preparation of the “Existing 
Practice Document” containing a list and a general presentation of other technical specifica-
tions or specific norms on non-metallic components used and developed for other purposes, 
that can be used as a reference for the ITER non-metallic components, and a review of exist-
ing and past practices in fusion and in other relevant environments. 

Project activities: kick-off meeting and following actions, preparation of the First In-
termediate Report 
 
The objectives of the kick-off meeting on 12 October 2006 (Garching, D) were to “Agree on a 
set of requirements that the task needs to satisfy and establish a work strategy and work 
procedures which ensure that the required outcome will be achieved”. During the meeting, 
the following actions have been defined for the FZK group:  

• Identify the list of materials to be included in the set under study and the required fle-
xibility  

• Go through the windows reference document to shortlist possible useful documents 
and double check with the ITER responsible officer for relevance/validity 

• Collect and identify reference documents that describe the design types of the win-
dow assemblies that are within the scope of the technical specification 

• Contact relevant people from the inertial confinement field to inquire about possible 
relevant experience 
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Exploitation of the JET experience on optical windows for diagnostic 
 
JET experience is considered to be a major input for the preparation of the window code in 
ITER. The following points concerning mainly optical windows for diagnostics were summa-
rized. 

1. The choice of the material of the window cuffs with respect to the thermal expansion co-
efficient of the disk: crystal quartz disk bonded to Inconel, SiO2 disk bonded to tantalum, 
sapphire to SS316 etc. 

2. The purchase of some natural crystals must be considered in advance in order to avoid 
shortage of the material later. For instance, natural quartz crystals of a proper size (big 
enough for preparation of the window disks) are rare. Another point is that usually only 
about 20% of the whole crystal is suitable for the disk preparation. 

3. Failures of the diagnostic windows after a water spill showed that in the case of Al-
bonding a disk had only few cracks (Fig.1, type 1) and was water tight and the aluminum 
bond was generally intact. Although the window design was the same, the Au-bonded 
disks showed a different behavior (Fig.1, type 2).  

  

Type 1 Type 2 

Al-bonding Au-bonding 

Fig. 1: Schematic image of two types of the cracks. 
 

This fact allowed concluding that high internal stresses were characteristic for the win-
dows manufactured by Au-bonding technique. The modeling of the window design and 
the choice of the window component materials like ferrules and brazing materials (cou-
pled with temperature of the brazing) should be done in a way that internal stresses in the 
windows (especially in the disks) are avoided or minimized. 

The Type 1 of the window behavior was agreed to be considered as a safety criteria.   

4. The definition of the thicknesses of the window disks must be done for room and for op-
eration temperatures, so that an effect of the thermal expansion is taken into account. It 
will then provide the proper window transparency at resonant frequency (which is coupled 
with the half wavelength) and operation temperature. For room temperature, the window 
thickness is to be defined for an easier control during the manufacturing. 

5. The locations of all windows must be specified in order to finalize boundary conditions. 

6. Quality check: A measurement of the leakage rate should be performed for all windows as 
the adequate test of the window tightness. Note: the windows on JET were aligned so that 
the atmospheric pressure forced the window disc on to the ferrule. However, reverse 
pressure tests were performed for all windows after assembly to confirm the bond 
strength. 

7. Disk flatness/bow: All discs were manufactured to required flatness (a few wavelengths) 
and to specific thicknesses with very tight tolerances. A specialist firm did this work for 
JET. All windows were designed to have a small tilt angle to avoid problems with internal 
reflections. The control of the disk bow however can be considered as a control criterion 
for internal stresses. 
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8. Window control: A polarimetry technique should be included for the quality assurances 
test of the optical windows. 

Outlook 
 
By the end of February 2007 the preparation of the following documents must be fulfilled. 

No. Description 

1 

Existing Industrial Practice Document, including following sub-documents: 
Fusion Experience document 
Codes/Standards Review 
Existing Practice Document 

2 Engineering Justification Document  

3 Supporting R&D and Qualification Document 
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TW4-TPDC-IRRCER 
Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostics 
Systems  
 
Objectives 
 
The overall objective of this task is to provide the required irradiation testing and screening of 
small prototype components, the necessary insulator research, and the database for heating 
and current drive as well as diagnostic systems for ITER. Especially for the ECRH applica-
tions, work was done to assess the effect of tritium on the optical and dielectric (loss) proper-
ties of CVD diamond. In order to reduce cost, it was decided to employ deuterium rather than 
tritium. An important aspect is the impact of radiation on the permeation effect. Thus, dia-
mond specimens are also exposed to deuterium under electron irradiation for radiation en-
hanced diffusion, including also specimens with significant structural damage (typically 10-4 

dpa). 

Effects of hydrogen isotopes on the dielectric loss and thermal conductivity for CVD 
diamond ECRH/ECE applications (Deliverable 13) 
 
Specimens for dielectric, thermal conductivity and optical measurements were prepared from 
a high power CVD diamond window grade to obtain basic indications on the effects of hydro-
gen isotopes on the relevant properties for ECRH/ECE applications. They were laser cut 
from a fractured full size window unit which was manufactured by joining the diamond disk 
“34DB1” (108 mm dia.) to the metallic structure of the window cuff. Dielectric measurements 
of the 30 mm disk (34DB1a) showed that the dielectric loss was typical for bulk absorption in 
regular low loss CVD diamond grades. The 20 mm disks prepared (34DB1_20b, 
34DB1_20c) were suited exclusively for optical and thermal conductivity measurements be-
cause of substantial mm-wave diffraction losses at the edges of the small disks (see Ta-
ble 1). 

Table 1: CVD diamond specimens prepared for the deuterium diffusion/permeation experiments at CIEMAT with dielectric 
loss determined for the 30 mm disks. 

 
Specimen 

code 
Original 

disk 
 

Geometry Measured loss  
(140 GHz) 

Measured loss  
(90 GHz) 

34DB1a  
 

34DB1  30mm dia x 1.81mm 1.2 (±0.2) x 10-5 

 (effective) 
1.2 (±0.1) x 10-5 (GF) 

1.5 (±0.2) x 10-5 (NF) 

34DB1_20b  34DB1  20mm dia x 1.81mm n/a n/a 

34DB1_20c 34DB1  20mm dia x 1.81mm n/a n/a 

 
The specimen 34DB1a was irradiated at the CIEMAT electron irradiation facility with 1.8 MeV 
electrons covering almost the full area of the specimen (28 mm diameter) [1]. The structural 
damage accumulated at the end of the irradiation period was 3⋅10-6 dpa. This is close to the 
level of 10-5 dpa which is reached for the maximum fast neutron fluence of 1020 n/m2 (E>0.1 
MeV) allowed for the torus window of an ECRH launcher. However, the ionising dose rate of 
130 Gy/s which was applied during most of the irradiation time (39h out of 42h) was by far 
exceeding the conditions of a typical torus window (≈10-4 Gy/h), i.e., the contribution of ionis-
ing radiation is being exaggerated in the irradiation. The maximum irradiation temperature 
was 35.5 °C. The irradiation was performed in the permeation test facility of CIEMAT with the 
growth face of the specimen exposed to deuterium at 0.9 bar and the nucleation face placed 
in vacuum (≈10-4mbar). No D-permeation was detected at a sensitivity level of the CIEMAT 
test facility of 3⋅10-10 mbar⋅l/s. 
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The mm-wave measure-
ments of the irradiated 
specimen 34DB1a (cf. 
Tab. 2) yielded the same 
data as obtained before 
the irradiation within the 
experimental uncertain-
ties. In particular, no indi-
cation of surface loss 
terms were found in the 
broadband measurements 
(90 -100 GHz). 

The thermal conductivity was measured by the photoacoustic method. For this technique, it 
is required to apply a thin graphite coating as an absorbing layer for the exciting laser beam 
on one of the diamond faces. As graphite has pronounced mm-wave absorption, thermal 
conductivity measurements could only be performed after the mm-wave loss measurements, 
implying that the specimen 34DB1a could not be measured before irradiation. Representa-
tive for the unirradiated state, the 20 mm disk which was not irradiated (34DB1_20c) was 
taken as a control sample. 

The thermal conductiv-
ity data obtained at 
ambient temperature 
(cf. Tab. 3) showed 
that the unirradiated 
material is entirely 
within the characteris-
tic range of high qual-
ity CVD diamond ma-
terial (i.e. between 
1800 and 2000 
W/(m⋅K)). The level 

observed for the irradiated disk was very close to the low end of this characteristic range, 
even though still consistent with it within the uncertainty range. 

Conclusions and outlook 
 
Specimens from a high power CVD diamond window grade were examined to obtain basic 
indications on the effects of hydrogen isotopes on the dielectric loss for CVD diamond 
ECRH/ECE applications. For the typical ECRH torus window grade, electron irradiations 
were performed at the CIEMAT permeation test facility with 1.8 MeV electrons generating 
levels of structural damage (3⋅10-6 dpa) indicative for the maximum neutron irradiation dam-
age to expected at the torus window of the ECRH launchers. The CIEMAT irradiation ex-
periments, which were performed in a permeation test facility with a sensitivity of  
3⋅10-10 mbar⋅l/s, did not give any evidence of (radiation accelerated) hydrogen isotope per-
meation through the CVD diamond disk. Likewise, hydrogen-isotope effects on post-
irradiation mm-wave loss could be excluded for the given irradiation conditions. 

However, an unresolved aspect remained from the present studies with respect to thermal 
conductivity. There is the possibility that the onset of the degradation of thermal conductivity 
which is generally observed with neutrons at a level of 10-4 dpa was already reached in this 
experiment. For clarifying this aspect beyond the present experimental uncertainties, an ex-
tension of the irradiation tasks by adding comparable amounts of displacement damage in 
consecutive steps will be useful. 

Table 2: The dielectric loss tangent (tanδ) measured in the CVD diamond disk 34DB1a 
before and after electron irradiation with the growth face exposed to deute-
rium (0.9 bar). 

 
Specimen code Measured loss  

(140 GHz) 
Measured loss  
(90-100 GHz) 

34DB1a  
pre-irradiation 

1.2 (±0.2) x 10-5 (effective) 1.2 (±0.1) x 10-5 (GF) 

1.5 (±0.2) x 10-5 (NF) 

34DB1a  
post-irradiation 

1.5 (±0.2) x 10-5 (effective) 1.0 (±0.1) x 10-5 (GF) 

1.1 (±0.2) x 10-5 (NF) 

Table 3: The thermal conductivity measured in the CVD diamond disk 34DB1a after elec-
tron irradiation with the growth face exposed to deuterium (0.9 bar) as compared to 
an unirradiated control specimen taken from the same original (window) disk. 

 
Specimen 
code  

Original 
disk 
 

Geometry  Thermal conductivity 

34DB1a  
(irradiated) 

34DB1  30mm dia x 1.81mm 1710 (±100) W/(m⋅K) 

34DB1_20c 
(unirradiated) 

34DB1  20mm dia x 1.81mm 1870 (±100) W/(m⋅K) 
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TW5-TVV-EBWO 
Demonstration of Overhead E-Beam Welding 
 
Deep penetration electron beam (EB) welding is an advanced welding method for the joining 
problem of the vacuum vessel (VV) required in the ITER (International Thermonuclear Ex-
perimental Reactor) project. This technique can yield fewer passes (compared to TIG weld-
ing) and less distortion. On the other hand, one-path welding of stainless steel plates with a 
thickness of approximately 60 mm in all positions will lead to a drop-out of the melt, at least 
in overhead position. This can only be avoided with the aid of a melt support system. The 
objective of this task is the design and test of an adequate electromagnetic system. 

The proposed system is shown schematically in 
Fig.1. Both the magnetic field B and the electric cur-
rent density j in the molten metal are directed paral-
lel to the surface of the welded plate. The resulting 
Lorentz force FL = j × B is directed perpendicular to 
the surface and can provide a support of the melt. 
The developed contactless inductive scheme utilizes 
eddy currents induced in the workpiece by applying 
an oscillating magnetic field.  

The principal functionality of such a system was al-
ready demonstrated in a previous project1. In that 
project, the system was tested during laser welding 
of aluminium. During those experiments with a 4 kW 
Nd:YAG laser, a magnetic field strength of B0 = 0.26 
T and a frequency f0 = 779 Hz were applied generat-
ing a pressure of pM = 4 kPa. This is exactly the 
pressure necessary during welding of 60 mm steel in 
overhead position. 

The next step is the optimal choice of working pa-
rameters of the proposed system for single pass pulsed (50 or 100 Hz pulses, duty 50%) 
electron beam welding of 60 mm thick stainless plates.  

Choice of optimal parameters of the EM weld-pool support system 
 
These experiments have to be performed with steel plates instead of aluminium probes, be-
cause the required frequencies are material dependent. The reason for this dependency is 
the electric conductivity of stainless steel (0.74 Si/µm) which is much lower than the conduc-
tivity of Al-alloys. To obtain a large enough electric current density in the workpiece a mag-
netic field with a frequency up to about 4 kHz is necessary. 

During the tests performed in 2006, the magnet system modified in 2005 was used. It was 
equipped with two pairs of coils having windings made from Cu band designed for welding of 
steel (see Figure 2, right). 

The left part of Figure 2 shows the modified AC-magnet. In order to reduce the heating of the 
magnet system during operation observed in previous experiments, non-conductive ceramic 
parts are used to fix the magnet poles and to protect the magnet from the spatter of liquid 
steel. 

 

                                                           
1    Avilov, V. V.; Berger, P.; Ambrosy, G.: Simulation of weld-pool support system for power beam welding of VV 
sector welds. January, 29th 2003. Task TW1-TVV/WELDSP (Contract 01584). 

 

Fig. 1: Schematic view of the inductive EM weld-
pool support system. 
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Fig. 2: Left: AC electromagnet for electromagnetic weld-pool support for overhead welding of stainless steel plates. The mag-

netic field within the workpiece can reach up to 0.4 T at frequencies of about 4 kHz; dimensions:  200 x 230 x 90 mm³, 
weight: approx. 20 kg, the magnet cores and poles are made from 0.05 mm thick Fe-Si alloy (microsil) band. The mag-
net poles width is 25 mm and the gap between the poles is 20 mm.  

 Right: New magnet coils are made of 0.35 mm thick Cu-band.  
 
 
The most important parameters of EM weld-pool support are the amplitude and the fre-
quency of the oscillating magnet field. The hydrostatic pressure of a 60 mm high column of 
liquid steel with the density ρf=7.0 g/cm3 is 4.0 kPa. In accordance with the standard skin-
effect theory, the EM-pressure in the workpiece is proportional to the square of the amplitude 
of the oscillating magnetic field. Hence, the operation parameters can be optimized by 5 kW 
CO2 laser-beam welding of 8 mm thick plates of type 304 stainless steel. However, for these 
relatively thin plates the surface tension effects are comparable with the hydrostatic pressure 
in the liquid. To estimate the surface pressure in the melt, the curvatures of both sides of the 
re-solidified weld seams were measured using a light-cut system for surface inspection, see 
Figure 3. Up to 16 scans per test welding yield the width and heights of the re-solidified 
metal, the surface pressure and the total pressure in the melt during the solidification. The 
total pressure measured in this experiment is equal to the EM-pressure of the weld-pool sup-
port system. 

  

Fig. 3: Estimation of surface tension contribution to the pressure in the melt. The width and the highest of the re-solidified metal 
determine the curvature of both surfaces. 

 
 
Figure 4 shows the ratio of the AC magnet supply power in relation to the EM pressure. This 
value is plotted as a function of the operation frequency of the AC magnet. The optimal value 
of the frequency corresponds to the minimum on this plot. The AC magnet with 3.3 kHz 

R = h/2+ b2/(8h), ps = γs / R 
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needs 0.9 Watt per Pascal of the electromagnetically generated pressure in the melt. For 
stainless steel with a density of 7.0 g/cm³ it provides 630 Watt per cm of the melt. This 
means that 3.8 kW are necessary to prevent the gravity drop-out during welding of 60 mm 
thick stainless steel plates in overhead position. 

 
Fig. 4: The ratio of the AC magnet supply power to the EM pressure in the melt as a function of the operation frequency. 

 
 

Pulsed electron beam welding with EM weld-pool support 
 
The laser-beam welding tests dem-
onstrate huge perspectives of the 
proposed technology. Note, that the 
magnetic pressure in the melt is pro-
portional to the square of the ampli-
tude of the applied AC magnetic field. 
This value is limited by the saturation 
field of ferromagnetic materials used 
in the design of the magnet. We use 
non-expensive laminated Fe-Si alloys 
with 1.4 Tesla saturation field. Hence, 
an EM support by single-pass weld-
ing of up to a few decimetres thick 
weld pools is possible.  

To verify these properties, a power 
beam system which can penetrate 
deep enough in a metallic workpiece 
is needed. This can only be fulfilled 
by an electron beam welding system. 
Therefore, a 5 kW DC-AC converter 
for EM melt support by 50 Hz pulsed 
EB welding has been built up, now, Figure 5. Each support phase is starting with rapid in-
crease of the applied magnetic field, Figure 6.  

Stage 1 “welding”, 10 ms:  both IGBT switches are in the position OFF, no current in the 
magnet coils. However; the capacitor C remains charged.  

Stage 2 “support”, 10 ms, the electron beam is OFF. Depending on the polarity of the electric 
current in the magnet coils either the left or the right IGBT switch is ON. The slow decreasing 
of the amplitude of oscillations with the characteristic time 1 ms is necessary to provide an 
effective de-magnetization of the used ferromagnetic magnet cores. 

 
Fig. 5: DC-AC inverter. 
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Fig. 6: One period of weld support in 50 Hz pulsed electron beam welding. 
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EFDA/03-1105 (TW3-TMSC-CRYLAB) 
Cryogenic Laboratory Tests for V-I Characterisation of Subcable Samples 
 
The main objective of this work is to perform measurements of the V-I characteristics of 
Nb3Sn sub-size (>30 strands) cable-in-conduit conductors (CICC) under applied longitudinal 
strain in liquid He (T = 4.2K) and high magnetic fields (up to B = 14 T). 

Emphasis shall be put on the measurement of the thermal pre-strain of the strands. To this 
end the experimental set-up shall be capable of performing accurate measurements of 
specimens having – in particular – different conduit materials, thickness, cables sizes and 
void fractions [1, 2]. The strain applied to the strand shall be – typically – up to ≈ 1.5%. The 
instrumentation sensitivity is planned to allow measurements of critical electric fields as low 
as E = 10 µV/m with a sensitivity better than 1 µV/m. 

After the experimental set-up has been completed, instrumented and accurately calibrated, 
specimen testing shall be started. All specimens will be made available by EFDA. In total, 
during the contract period, about 25 specimens shall be tested. 

To conduct this work the FBI-facility at the Forschungszentrum Karlsruhe will be used. This 
facility is capable to investigate the influence of applied longitudinal strain (F) and magnetic 
field (B) on the critical current (Ic) at liquid helium temperature. The facility contains two sepa-
rate experimental setups to cover tests on single superconducting strands and also on 
CICCs [3, 4].  

Within this work the facility was upgraded and is now under use for performance tests of ad-
vanced single strands and sub-stage CICCs developed for ITER [5]. 

Cable-in-conduit sub-stage samples 
 

In a first stage of this pro-
gramme a systematic charac-
terization of the influence on 
the critical current Ic of the 
main cable parameters, like 
cable pattern, void fraction and 
twist pitch was performed. For 
this purpose several samples 
were manufactured under the 
supervision of CEA, France. 
The details of the used strand 
is given in Table 1 together 
with a cross sectional view of 
the strand shown in Fig. 1. For 
the different examined CICC 
sub-size samples the details 
are listed in Table 2.  

In the first column the sample name is given with a number engraved onto the sample for 
better identification. Because every sample was made with a backup, there are A and B fol-
lowed by the number of superconducting strands in the first triplet, like A1 for one or A2 two 
superconducting strands in the first triplet. In case the void fraction deviates from 32% an 
additional 25 or 45 is added (e.g. A225). For samples with a short twist pitch an S is given at 
the end.  

The second column indicates the strand used for this CICC sample. There are two different 
billets used from Oxford Superconducting Technology (OST Type 1 from billet 7730-1 and 

Table 1: Details of the used OST internal-tin strand. 
 

Diameter of (NbTi)3Sn strand 0.81 mm 
Subelements 19 
Number of filaments / subelement ~ 150 - 160 
Single Ta barrier  
Cu:non-Cu ratio  1 
Current density Jc, non-Cu  ~ 1200 A/mm2 (Type 1) 
 ~ 1100 A/mm2 (Type 2) 
Non-Cu hysteresis losses 900 kJ/m3 (Type 1) 
 700 kJ/m3 (Type 1) 
 
OST Type 1 taken from billet 7730-1 
OST Type 2 taken from billet 7878-1 
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OST Type 2 from billet 7878-1). Because most samples are made from OST Type 2 we will 
mainly focus on these for comparison.  

The next four columns give details of the number of supercon-
ducting and copper strands used in the first triplet, the void frac-
tion and the twist pitch. In Fig. 2 the cross section of the three 
different cable layouts are illustrated, the smallest with 3x3, the 
3x3x5 and the largest layout examined 3x3x5x4. The outer di-
ameter ranges from about 3.3 mm to 15 mm depending on the 
layout. All samples have an overall length of 1.1 m. Additional 
cooling holes on both ends of the sample allow liquid helium to 
circulate through the sample length [5]. 

All samples were heat treated using following temperature 
steps: 210°C / 50 h, 340°C / 25 h, 450°C / 25 h, 575°C / 100 h, 
650°C / 100 h all steps with 10°C/h.  

 

Table 2: Overview of different cable parameters. 
 

sample Used 
strand 

Cable pat-
tern 

Strands in 
1st triplet 

Void frac-
tion 

Twist pitch 
[mm] 

n01 A3 OST 1 3x3 3 sc / 0 Cu 32 % 45 / 85 

n05 A225 OST 1 3x3x5 2 sc / 1 Cu 25 % 45 / 85 / 125 

n06 A245 OST 1 3x3x5 2 sc / 1 Cu 45 % 45 / 85 / 125 
      
n22 A1 OST 2 3x3x5 1 sc / 2 Cu 32 % 45 / 85 / 125 

n08 A1 OST 2 3x3x5x4 1 sc / 2 Cu 32 % 45 / 85 / 125 / 
160 

n14 B2 OST 2 3x3x5 2 sc / 1 Cu 32 % 45 / 85 / 125 

n17 A2 OST 2 3x3x5x4 2 sc / 1 Cu 32 % 45 / 85 / 125 / 
160 

n09 B3 OST 2 3x3 3 sc / 0 Cu 32 % 45 / 85 
n11 A3 OST 2 3x3x5 3 sc / 0 Cu 32 % 45 / 85 / 125 
      
n15 B225 OST 2 3x3x5 2 sc / 1 Cu 25 % 45 / 85 / 125 

n16 B245 OST 2 3x3x5 2 sc / 1Cu 45 % 45 / 85 / 125 

n24 B2S OST 2 3x3x5 2 sc / 1 Cu 32 % 35 / 65 / 110 

n25 A2S OST 2 3x3x5 2 sc / 1 Cu 32 % 35 / 65 / 110 

 
Experiment 
 
The experiments were performed at 4.2K using the FBI-facility, equipped with a split-coil 
magnet reaching a maximum magnetic field of 14 T. To measure the strain sensitivity of the 
critical current Ic the sample can be loaded up to 100 kN by a tensile machine. The determi-
nation of the critical current is limited to 10 kA, the maximum of the available current supply. 
Reaching a critical field of 0.1 µV/cm was taken as Ic criterion. More details can be found in 
[5]. 

  

 
 
Fig. 1: Cross sectional view of the 

used internal-tin OST Type 
1 strand with 0.81 mm di-
ameter. The OST Type 2 is 
comparable to this view. De-
tails of the strand parame-
ters are given in Table 1. 

 (Courtesy of J. Parrell from 
OST, 2005). 
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First the magnetic field dependence 
of Ic was measured from 14 T down 
to 10 T, in some cases to 8 T, in one 
Tesla steps. After this the strain de-
pendence of Ic was measured at a 
constant field of 12 T. 

Because the samples contain differ-
ent numbers of superconducting 

strands it is more convenient to normalize the obtained data by dividing Ic by the number of 
superconducting strands for each sample (e.g. Ic / 30 for a 3x3x5 with 2 s.c. strands in the 1st 
triplet).  Regarding the strain measurement the applied strain is shifted to zero at maximum 
Ic. In the following all data is presented in this form. 

A. Ic(B) dependence 
In Fig. 3 the magnetic field depend-
ence on Ic of the two different strand 
types is plotted, normalized to the 
number of superconducting strands. 
The data of the measured samples 
collapses to two main Ic(B) lines: one 
for OST Type 1 and one for OST Type 
2 which is shifted about 10% to lower 
values. 

Here no significant influence of the 
cable parameters can be seen except 
the strand origin. This effect is under-
standable when looking at the different 
critical current density values for OST 
Type 1 and Type 2 as given in Table I.  

B. Ic(ε) dependence 
In Fig. 4 and Fig. 5 the strain effect on Ic at 12 T is summarized. The curves show a clear 
dependence regarding the cable layout of the sample. For the OST Type 1 samples in Fig. 4 
the highest Ic is reached as already seen in Ic(B). However, increasing the void fraction 
seems to decrease Ic.  

Looking at the OST Type 2 sub-stage 
CICCs the number of samples is suffi-
cient to examine the impact of the dif-
ferent cable layout parameters. The 
highest Ic values reached (n14-B2-
3x3x5) are not influenced by a reduced 
void fraction (n15-B225-3x3x5), a re-
duced number of superconducting 
strands (n22-A1-3x3x5), or a higher 
cabling stage (n08-A1-3x3x5x4). 

Contrary to this, a higher void fraction 
(n16-B245-3x3x5) or a shorter twist 
pitch (n24-B2S-3x3x5, n25-B2S-3x3x5) 
decreases the maximum current of 
about 20 %. Even the increased num-
ber of three superconducting strands in 
the first triplet tends to decrease the 

 
 
Fig. 2: Cross section view of the different sub-stages with the smallest 

cable layout of 3x3 (OD 3.3 mm), the larger 3x3x5 (OD 7.6 mm) 
and the largest cable in conduit sample with 3x3x5x4 layout 
(OD 15 mm). 
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Fig. 3: Summary of the Ic(B) measurements normalized to the num-

ber of superconducting strands of all sub-stage CICCs made 
from OST Type 1 and OST Type 2 strands. The measure-
ments were performed at 4.2K. 
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Fig. 4: Ic(ε) for sub-stage CICCs  manufactured from OST Type 1 

strand measured at 4.2K and 12 T.  
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possible maximum Ic (n09-B3-3x3, n11-A3-3x3x5) for the OST Type 2 sub-stage CICCs. 

Conclusion 
 
Examining the results from the sam-
ples, it is obvious that the VAMAS 
strand properties can not be recovered 
(OST ~310 A Ic at 12 T obtained within 
the single strand test programme [6]). 
The experiments about Ic(ε) show a 
clear influence of the cable layout. 

There is not such a difference before 
stretching in the Ic(B) data. This can be 
understood, because the Lorentz force 
on the conductor level is not significant. 
However, the increase of Lorentz force 
per strand, due to the increasing Ic dur-
ing stretching, reveals a sensitivity and 
degradation of some of the samples. 

As a tendency:  

• OST Type 1 behave better than OST Type 2 
• 32% and 25% void fraction samples are the best of OST Type 2 
• 45% void fraction samples, small twist pitches samples, B3 and A3 (all s.c. strands 

samples) are the worst 
• No clear influence of the cable pattern (size) of the sample is seen. 

The results obtained within the first stage of the test programme gives indications for an op-
timization of an ITER cable layout. In a next stage the sensitivity to strand origin (companies) 
has to be examined. Therefore, samples from five different manufacturers will be prepared.  
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EFDA/04-1216 (TW4-TMSC-CRYOLA) 
ITER Cryogenic Testing Collaboration Task between CEA Grenoble and  
Forschungszentrum Karlsruhe 
 
The main objective of this work is to spread and standardize the available know-how on 
cryogenic mechanical tests across the European laboratories to be prepared for the large 
number of tests necessary during the ITER magnet procurement action. 

The present report deals with the efforts conducted during the reporting period with the 
guidelines of measurement techniques with respect to tensile and fracture toughness proper-
ties of alloys at 4K. The work, summarized in Table 1, was done in close collaboration be-
tween Forschungszentrum Karlsruhe and CEA/Air Liquide, Grenoble. The experiences 
gained during the last two decades of Forschungszentrum Karlsruhe have been transferred 
to CEA/Air Liquide, Grenoble. Special attention has been focused on J-tests carried out with 
small size specimens at 4K. A small round robin test procedure between these two institu-
tions deepened the knowledge techniques. Provided sensing systems of Forschungszentrum 
Karlsruhe enabled CEA/Air Liquide to carry out sensitive tests resulting in fracture toughness 
values accepted by the worldwide community. 

Background 
 
The following illustration shows the necessary tools and their key requirements for a suc-
cessful and reliable measurement. Every link in the chain must work properly to ensure a 
sound measurement quality.  

 

Today it is a top requirement that all recorded data during the measurements should have a 
digital source. Commercial digital A/D converters with sampling rates > 50 Hz are to date 
standard tools. These A/D converters should have however, a minimum resolution of at least 
16 Bit. The system diagnostics for a quality check can be carried out by shorting the terminal 
boxes using a ~50 Ohm resistance. Figure 1 shows one possible way of the diagnostics after 
shorting of the A/D converter. 

The result given in Fig. 1 
shows the quality of the 
board without any exter-
nal load. Prior to any 
measurement this kind 
of diagnostics gives 
valuable information 
about the used data ac-
quisition system.  

 
Fig: 1: Diagram shows the signal (V) versus sample diagnostic test result for circa 30 s 

static run of an 18 bit A/D converter (differential input) in a laboratory environment 
with a sampling rate of 60 Hz. A/D channel input is shorted with a 50 Ohm resis-
tance. No mathematical smoothing. 

Signal condi-
tioning 
Low noise 

Data acquisition 
> = 16 bit 
> 50 Hz total 
sampling 

Software 
User friendly 
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Table 1: Work Programme 

 
Phase Steps How to be accomplished Comments 
 
1 

Documentation of the  
machine upgrade to allow meas-
urements at 4K including the deliv-
ery of raw data. 

Enable push button change of load 
direction 
Reduce voltage for extensometer to 
≈1 V 
Enable storage of raw data 

 

Delivery of raw data (ASCII) of the 
load cell and the used extensom-
eter at RT 

Set the machine in start position 
without specimen loading and ac-
quire the signals (V) versus time for 
circa 600 s 

 

Delivery of raw data (ASCII) of the 
used extensometer at 4K 

Cool down the extensometer within 
calibration jigs and acquire the sig-
nals (V) versus time for circa 60 s 

 

Definition and validation of the 
calibration procedure to be per-
formed. Delivery of calibration raw 
data (ASCII) at RT 

Perform the calibration and acquire 
the signals versus time 

 

Delivery of raw data (ASCII) of the 
calibration process of the used 
extensometer 
at 4K 

Move the calibration jig and acquire 
the readings for about 1 mm dis-
placement. 
Acquire the extensometer signal 
versus reference 

 

 
 
 
 
 
 
 
 
2 

Delivery of the machine property 
by manual up and down push but-
tons. Acquire the stroke raw data 

Ramp up and down the machine 
stroke manually and acquire stroke 
versus time signal 

 

Delivery of the Young’s modulus 
line at RT 

Delivery of the raw data load versus 
displacement as raw data. Delivery 
of the calibration data of the used 
extensometers for this measurement. 
Delivery of the gauge length and the 
load cell calibration data. 

Following 
procedure 
validated in 
phase 2 

 
 
 
 
 
 
3 Delivery of the Young’s modulus 

line at 4K 
Delivery of the raw data load versus 
displacement as raw data. Delivery 
of the calibration data of the used 
extensometers for this measurement. 
Delivery of the gauge length and the 
load cell calibration data. 

 

 
4 

Delivery of the fracture toughness 
raw material data for a material 
(ferritic, aluminium e.g.) following 
the E 399 standard at RT 

Raw data of the load versus dis-
placement and the evaluated dia-
gram with the 95% offset secant 
procedure 

 

 
5 

Delivery of elastic plastic raw data 
of a high strength/toughness mate-
rial (e.g. 316LN) 
at 4K 

Here especially the determined 
slopes raw data and the load dis-
placement raw data is necessary for 
the cross check 

 

 
6 

Delivery of the fatigue crack growth 
rate 
(in Paris regime) data for a 4K test 

Delivery of the used slopes for the 
crack length increment evaluation (in 
form of ASCII data). Evaluation pro-
cedure using the compliance func-
tion. 

 

 
7 
 
 

Delivery of thermal expansion from 
RT to 4K 
for stainless steel & composite 
material 

Delivery of the raw data from the 
measurements 

Composite 
material from 
magnet insula-
tion 

8 Delivery of thermal conductivity at 
4K for stainless steel & composite 
material 

Delivery of the raw data from the 
measurements 

Composite 
material from 
magnet insula-
tion 
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Figure 2 shows the result of 
a measurement with an ex-
tensometer during the cool 
down process around 100K. 
Here the signal of the ex-
tensometer is checked for 
30 s for a similar type static 
run diagnostics. As ex-
pected the noise is in-
creased almost twofold 
compared to unloaded A/D 
converter case. The value is 
appropriate for the required 
tests and gives knowledge 
about the limits of the used 
experimental set-up. There-
fore, at any time of the run it 
is possible to obtain infor-
mation about the used 
transducers performing dif-
ferent cross-checks. This 
diagnostics should be car-
ried out from time to time, especially at any start of a new measurement task to obtain sys-
tem healthy check information. 

The used extensometers or clip on gauges should have certain criteria and the calibration 
procedure must meet the ASTM E 83 standard [1]. Before any new measurement task the 
extensometer must be re-calibrated at ~ 300K using a digital micrometer or LVDT (Linear 
Variable Differential Transducer). At least once in the lifetime of the extensometer a calibra-
tion must be accomplished at the environment, where the measurements will take place 
later, namely in submerged liquid helium. The determined factor between 300K and 4K is the 
input data for the later tests.  

One source for the increase of the noise at 4K is the power source heat load onto the strain 
gauges of the extensometers. Therefore, the bridge voltage should be kept lower than 2 V (1 
V is ideal) to avoid boiling of the helium at 4K. If otherwise a higher bridge voltage supplies 
satisfactory results regarding the noise, than the bridge voltage set can be accepted. On re-
quirement calibration chart had to be handled to third parties for the reason of error source 
clarification. Figure 3 shows a typical calibration diagram and the statistical evaluation of the 
readings.  

Tensile measurements 
 
The mechanical tensile test procedure is standardized for ambient temperature by several 
standards. Standards such as DIN EN 10 002-1 refer to room temperature measurements 
and are applicable for large cross section (>10 mm2) metallic material specimens, whereas 
the standards ASTM E 8 [2] and ISO 15579:2000 [3] can be used between room temperature 
and 77K (–196°C). The gap between 77K and 4K is closed with the new ISO standard, al-
ready applicable under the code ISO/AWI 19819 [4]. For small cross section metallic super-
conducting wires a new standard was recently approved under the framework of IEC (Inter-
national Electro-technical Committee, code IEC90/63/CDV) [5].  

However, all these standards pay little or no attention to the elastic offset line, which deter-
mines the important mechanical property known as Young’s modulus. This value is a mate-
rial property useful for calculating the stress distribution by FEM (Finite Element Method) 
analysis during the design of a component. In addition, the Young’s modulus is important, 

Extensometer signal/noise history within 30 s sampled with 55 Hz 
on February 24, 2004 during a mechanical testComputed standard 

deviation = 0.4 mV 
Minimum signal = -0.8248 V, Maximum signal = -0.8266 V

Vpp = 1.8 mV = 1.6 µm = 0.01% strain
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Fig. 2: Diagram shows the extensometer signal versus number of sample diagnos-

tic test result for ~ 30 s run of an 18 bit A/D converter (differential input) in a 
laboratory environment with a sampling rate of 60 Hz. The scatter gives the 
noise range of the used extensometer system. Similar type of diagnostics 
should be made also with the load cell output. No mathematical smoothing 
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because an erroneous Young’s modulus measurement affects the nominal scale of the 
stress-strain abscissa, thus influencing the result of the evaluated yield strength.  

 
 
Fig. 3:  Calibration procedure of the extensometer plotted as machine LVDT 

versus extensometer signal. The software determines the calibration 
factor using a first order linear regression procedure. The diagram 
gives also information about the statistics of the calibration proce-
dure. The first 4 rows are the results with one extensometer and the 
following rows are with the second extensometer. 

 
For Young’s modulus determination to date only ASTM E 111 standard [6] exists. Although 
this standard is re-approved in 1988 it does not recommend using the stress-strain curve’s 
initial tangent modulus (slope of the stress-strain curve at the origin) because of the difficul-
ties with the establishing of the zero offset line experimentally. Therefore, until now all 
evaluations with respect to Young’s modulus obtained by different companies and laborato-
ries worldwide are based on different techniques. The determined results are often coupled 
with large errors (>+/- 40%) as given e.g. in the reference [7]. In this reference the room tem-
perature round robin test results of 91 certified laboratories are published concerning large 
size specimens of commercial steel. Especially for large cross section specimens a slight 
bending owing to specimen/machine mismatch can lead in unavoidable bending stresses 
with the result of a large non-linearity of the initial tangent modulus of the stress-strain curve. 
This phenomenon is very common as shown by the stress-strain diagrams in several papers 
[8, 9]. Several techniques based on mathematical polynomial approximations are proposed 
to evaluate a reasonable elastic line [8] to establish the Young’s modulus value. However, a 
better choice would be to achieve a linear slope from the very beginning of the test. The de-
viation from the linearity can be easily avoided by averaging the measured strains of two ex-
tensometers arranged at equal intervals around the cross section. This technique is also 
strongly recommended by ASTM E 111 [6] and we use this technique since around more 
than a decade with great success. In fact, the double extensometer system can average if 
necessary the specimen/machine mismatch.  

Considering the above recommendations, it is possible to obtain ideal strain-stress curves of 
materials. In fact, the results if taken account of the above considerations confirm so far the 
sound achievements in the field of materials testing both at room temperature and at cryo-
genic environment.   
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Standards on tensile measurements 
 
• DIN EN 10 002-1. This standard is applicable for room temperature tests. The standard 

does not refer to the Young’s modulus. 

• ASTM E 8. This standard is applicable for tests at room temperature but is also used of-
ten at low temperatures (-196°C). The standard does not refer to the Young’s modulus.  

• ISO 15579:2000. This standard is applicable for tests, where T > -196°C. The standard 
does not refer to the Young’s modulus.  

• ASTM 1450. This standard is applicable at liquid helium temperature.  

• ISO/AWI 19819. This is a draft of a standard applicable between 4K and 77K and is ap-
proved by ISO. The standard does not refer to the Young’s modulus determination, it only 
recommends the determination of Young’s modulus data as an option. 

• IEC90/63/CDV. This standard refers to NbTi SC tensile tests at 300K. The definition of 
Young’s modulus is given. However, no methodology about the Young’s modulus deter-
mination is given. 

• ASTM E 111 (Re-approved 1988). This refers to a standard test method for Young’s mo-
dulus. In 1.2 the terminology is as follows: “Because of experimental problems associated 
with the establishment of the origin of the stress-strain curve described in 8.1, the use of 
either initial tangent modulus (that is, the slope of the stress-strain curve at the origin) or 
secant modulus is not recommended and their determination is outside the scope of this 
test method”. Furthermore, the standard recommends in 6.4: “It is recommended that an 
averaging extensometer or the average of the strain measured by at least two extensom-
eters arranged at equal intervals around the cross section be used.”  

 
In general the laboratory should be in a position to handle the raw data upon request for rea-
son of cross check and data verification. The digital file (ASCII or text file) of the raw data 
(signals) along with the calibration data of extensometers (V/mm), load cell calibration data 
(N/V), and gauge length of the extensometer are in this sense the important values for third 
parties. For ITER QA programme the availability of calibration data and sample raw data is a 
prerequisite.  

Work programme 
 
Within Table 1 the required work to be completed for successful measurements are listed. All 
necessary Phases 1 to 8 are accomplished by CEA/Air Liquide, Grenoble that demonstrated 
the ability to perform material tests at cryogenic temperature. 
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EFDA/05-1274 (TW5-TMSM-CRYTES) 
Cryogenic Testing of Materials, Welds and ITER Mock-ups for Magnet  
Structures 
 
The magnet windings and structures of the experimental reactor ITER require materials and 
welded joints with high mechanical properties to withstand the large electromechanical loads 
during charge-up of the machine and the operational pulses.  

Within this work the fatigue life behavior of a TF cooling inlet mock-up sample is character-
ized at 4K after having been hydraulically qualified in the OTHELLO test facility at Cada-
rache. The testing included prior to the fatigue tests the stiffness measurements by special 
instrumentation and finally the fatigue life performance of the structure for a life time of 
30,000 cycles at 4K. In addition, the characterization of fatigue life behavior of candidate 
structural materials for ITER is performed under compression/tension loading.  

Scope of work 
 
The scope of the contract can be briefly described as follows: 

• Fatigue life qualification of the cooling inlet areas mock-ups of the TF and CS coils 

• Cryogenic mechanical characterization of structural materials and welds according to the 
task progress  

• Tensile strength, fatigue properties and thermal contraction tests for the selected candi-
date structural materials at cryogenic temperature (4K) 

• Fatigue life tests on TF coil case candidate structural materials, here specifically the low 
cycle properties at R = -1 at 295K and at 7K 

The static material and component tests are conducted according to the existing standards. 
For tensile tests the applicable document ISO/CD 19819 “Metallic materials – Tensile testing 
in Liquid Helium” are the basis of those investigations. 

Fracture toughness tests are conducted using the ASTM standards E 813-89 and the newly 
developed JETT (J-Evaluation on Tensile Test) technique and fatigue life tests according to 
ASTM standards.  Hourglass specimens were prepared for the fatigue life investigations of 
the base material and butt welds of the candidate CS jacket materials. 

Test facilities 
 
The following test facilities are used in the frame of this Contract: 

• Cryogenic tensile/compression material cyclic investigation facility, system MTS (+/-25 
kN) working between 295K and 7K 

• Cryogenic tensile/compression material cyclic investigation facility, system MTS (+/-50 
kN) working at 295K and at 77K (LN2) 

• Cryogenic tensile material cyclic investigation facility, system Schenck (630 kN) working 
at 4.2K (LHe). 

Fatigue life qualification of the cooling inlet areas mock-up of the TF coil 
 
The results of the mock-up test are described in [1] and are only briefly summarized here. On 
a first test day in 2005 a total of 125,000 cycles were conducted within circa 6 hours at 4K. 
The average strain was around 0.11% at 220 MPa stress. The cycling was done with a peak 
stress of 320 MPa and minimum of 120 MPa. On the second day a total of 207,797 cycles 
were conducted within circa 9 hours at 4K with the same parameters for stress and strain as 
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the day before. This means that at the end of the second day the total cycle number was 
332,797 cycles.  

Table 1: Results for cyclic testing of CS weld specimen. 
 

Specimen 
No 

Initial static loading 
 MPa 

Peak /Valley stress 
MPa 

Cycle num-
ber 

Comments 

1 300 300 - 30 61707 Survived 
2 400 300 - 30 62223 Survived 
3 608 500 - 50 26411 Failure 
4 - 400 - 40 61838 Survived 

 

During the final experimental day a total of 476,117 cycles was achieved at 4K, before the 
structure collapsed in the region of the heat affected zone near the weld. Therefore, the TF-
structure did not survive the envisaged 600,000 cycles (30,000 with a factor of 20). In Figure 
1 pictures of the mock-up during cryostat insertion and after failure are shown. 

 

 
Fig. 1: On the left, the assembled TF-mock-up No II inside the 4K rig is inserted into the cryostat; on 

the right the structure after failure. 
 
Cyclic loading of CS coil weld specimens at 7K 
 
Cyclic tests were carried out at 7K with specimens machined from the top part of the jacket 
provided by CEA, Cadarache. The requirement was 300 MPa peak stress at 7K for 60,000 
cycles. In Figure 2 the CS coil sample is shown from which the standard specimens were 
made for cyclic loading. All together four specimens (see Figure 3) were made and tested as 
follows: 

• Specimen 1 and 2 
Prior to testing the test both samples were loaded up to 300 MPa for sample 1 and 400 
MPa for sample 2. This was done to verify the linear elastic strain behaviour with respect 
to the envisaged stress range of 300 MPa – 30 MPa. 
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Sample 1 was cycled for 61,707 cycles without any damage. For sample 2 the total cycle 
number was 62,223 cycles without any detectable damage. 

 
 

Fig. 2: Sample as provided by CEA. The arrow shows the orientation of the machined four specimens. 
 

• Specimen 3 
The specimen was loaded initially up to 608 MPa giving a Young’s modulus of 168 GPa, 
significantly lower than the former two specimen with 210 GPa. This sample was cycled 
between 36 MPa and 500 MPa for 26,411 cycles. At cycle number 26,411 the specimen 
failed. In Figure 3 specimen 3 is shown after failure. Here one can observe the partly 
welded section, which is the reason of the early failure. The weld cross section can be 
estimated according to the present picture to be around 35%. 

 

 

 
Fig. 3: On the left side the four specimens after cyclic loading tests carried out at 7K and the appearance after the test. On the 

right specimen 3 which failed after 26,411 cycles with a peak stress of 500 MPa. 
 
• Specimen 4 

Specimen 4 was cycled at a peak stress of 400 MPa. The specimen could survive the lo-
ading for 61,838 cycles.  

Tensile and fracture results of aged stainless steel (~Type 316LN) at 7K and at 295K 
 
From the provided tube material specimens were made by EDM (electron discharge method) 
for tensile and JETT tests. Figure 4 illustrates how the tensile and JETT specimen were 
taken from the tube.  

The specimens were tested at 7K and 295K. However, due to a problem with the machine 
control sample 3 could not be tested until failure and had to be tested again. Therefore the 
total elongation is the sum up of the 1st and 2nd test which yields to 43% elongation at frac-
ture. 
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Fig. 4: On the left the provided tube for tensile and JETT specimen. On the right the investigated tensile and JETT specimens 

at 295K and at 7K showing their fracture status. 
 
In Figure 5 a close up view of all tensile tests is given, the result are summarized in Table 2. 
The fracture toughness results are shown in Figure 6 and the results in Table 3. Here the 
JETT procedure was used giving typical results for this kind of material. 

 

 
Fig. 5: A close up view of all tensile tests. 
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Fig. 6: JETT tests: Load versus displacement curves determined at 7 K and at 295 K (Black curve: 295 K and  

Blue curve: 7 K). 
 
 

Table 2: Tensile results of specimens from tube 316 LN: 
 

File   &  
heat 

Temperature 
K 

Young’s 
Modulus 

GPa 

Yield 
Strength 

MPa 

Ultimate 
Tensile strength 

MPa 

Uniform 
elongation 

% 

Total 
elongation 

% 
SS-1 295 178 324 717 44 56 
SS-2 7 210 1007 1562 37,5 38,5 
SS-3 7 200 1010 1398 - 17,9 

SS-3F* 7 195 1358 1575 15,3 24,8 
*Second loading of the specimen SS-3 

 

Table 3: Fracture toughness properties of the aged stainless steel material: 
 

File   &  
heat 

Temperature 
K 

Critical J 
N/mm 

Fracture toughness converted  
KIC(JETT) MPa 

SSJ-1 295 577 ~ 327 
SSJ-2 7 260 ~ 228 
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EFDA/05-1276 (TW5-TES-CRYO2) 
Design of the ITER Cryoplant and Cryodistribution System 
 
Design of a Test Loop to Assess the Mitigation of Pulsed Heat Loads and  
Validate the Design of ACB for Magnet Structure 
 
Background and Objectives 
 
Several aspects of the design of the cryoplant and cryodistribution system lie on the critical 
path of the ITER project, due to their impact on layout of key “early installation” buildings and 
the fact that some components of the cryodistribution system must be delivered and installed 
during the construction of these buildings. Moreover, the cryoplant and cryodistribution sys-
tems are unprecedented in term of their size, a variety of operational modes and a wide 
range of heat load requirements with large pulsed heat loads.  

FZK has to provide, in collaboration with CEA Grenoble, the design of a test loop for studies 
to mitigate pulsed heat loads, coming from the TF-coils, on the LHe system of the ITER 
cryoplant (deliverable 2 of the task). 

Cooling loop design 
 
According to the present task, a cooling loop to investigate the mitigation of pulsed heat 
loads from the TF-coil case was designed. The test loop in Fig. 1 consists mainly of a cen-
trifugal pump, two heat exchangers, valves and a test module (short loop and a long loop), 
which simulates the case cooling channels of a TF-coil. 

 
Fig. 1: Simplified cooling scheme of the test loop. 

 
The variable heat load is realized by two heaters at the inlet of the test module. It is made up 
of 12 parallel pipes with a length of 3 m each to simulate a short loop and 12 pipes with a 
length of 5 m each to simulate a long loop of the case cooling. The different lengths of the 
cooling channels together with single heaters offer the possibility to simulate the individual 
heat load at the inner and outer leg of a coil. In addition, the unequal mass flow distribution 
after a heat pulse and the flow redistribution during recooling can be studied. In the proposed 
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test loop, two heat exchangers are integrated. Heat exchanger HX1 is located before and the 
second heat exchanger HX2 is placed after the pump. By bypassing HX1 it can be investiga-
ted, whether the efficiency of a centrifugal pump is influenced by the inlet temperature of the 
helium.  

Two possible test procedures were elaborated, to be able to investigate the mitigation of 
pulsed heat loads. In a first test, the heat load will be mitigated by bypassing the HX2 in or-
der to reduce the heat load to the refrigerator as foreseen in ITER DDD 34. The disadvan-
tage of this method is that the full heat load of the pump is still transferred to the cooling loop 
after a heat pulse. In a second test, it is foreseen to mitigate pulsed heat loads by reducing 
the rotation speed of the centrifugal pump. The advantage of this method is the reduction of 
the pumping power, resulting in a decrease of the heat load to the cooling loop. 

This cooling loop can be integrated in the existing TOSKA facility without major modifica-
tions. Most of the existing equipment can be used. As a consequence the investment costs 
would be low, but the integration in the existing coil test programme for W7-X is difficult. A 
cost estimate for the installation and assembly as well as for the operation of the test loop will 
be given in the final task report. 
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TW5-TMSF-HTSMAG 
Scoping Study of HTS Fusion Magnets 
 
Objectives 
 
After the Forschungszentrum Karlsruhe and CRPP have shown with the 70 kA HTS current 
lead that high temperature superconducting materials can be used for ITER, these materials 
should be introduced in other components, primarily in fusion magnets. First a scoping study 
of HTS fusion magnets shall be performed to check the benefits of using high temperature 
superconducting materials in fusion magnets including the identification of potential prob-
lems.  

In collaboration with other associations the Forschungszentrum Karlsruhe assesses different 
operating scenarios which are: 

1. “High field option”: Operating temperature at 5K and high toroidal magnetic fields in the 
range of 15 to 20 T. In this case a comparison LTS vs. HTS shall be included. 

2. “Intermediate temperature”: Operating temperatures in the range of 20 to 30K and ITER-
like magnetic fields, i.e., 10 to 15 T. 

3. “High temperature”: Operating temperatures in the range of 65K and ITER-like magnetic 
fields, i.e., 10 to 15 T. 

In collaboration with the other associations the work is divided in manageable parts for each 
Association. The work performed at the Forschungszentrum Karlsruhe focuses on the third 
operating scenario, i.e., the high temperature option. 

Main Results of the investigations for a HTS Fusion Conductor 
 
Following the requirements taken from the reactor studies, the suitable HTS material and a 
suitable cable design has to be selected according to: 

4. 1. High engineering current density in the conductor at the specific temperature and 
field. 

5. 2. Sufficient mechanical strength (stress-strain characteristics) or option for reinforce-
ment. 

6. 3. Tolerable hotspot and quench behaviour of the HTS conductor (stabilisation). 

7. 4. Optimized current distribution, i.e. feasibility of good joints and optimized inter strand 
resistance and inductance. 

8. 5. Possibilities to limit the AC losses. 

9. 6. Compatibility of coolant choice, e.g., nitrogen, helium, neon or hydrogen. 

10. 7. Tolerable activation of materials due to neutron flux. 

High engineering current density in the conductor at the specific temperature and field 

The engineering current density has to be high enough to generate the desired field with a 
tolerable number of windings because otherwise the inductance of the magnet would be too 
high and as a consequence the high voltage in case of a fast discharge would be critical. The 
engineering current density is strongly influenced by the amount of electrical stabilizer and 
mechanical reinforcement material. 

As an example: If using the TF coil dimensions of ITER, i.e., a coil current of N*I = 9.1 MA, a 
self inductance of L = 0.349 H and a discharge time constant of 12 s, different conductor cur-
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rents lead to different discharge voltages resp. discharge time constants. Low currents result 
in either enormously high voltages of about 160 kV or in unrealistic large discharge time con-
stants of about 190 s. As a result, 30 kA seems to be the minimum acceptable conductor 
current which is a compromise to limit both the discharge voltage and the discharge time 
constant. 

Sufficient mechanical strength (stress-strain characteristics) or option for reinforce-
ment 

The superconductor performance decreases in case of high strain. This is especially critical 
in the case of a high field operation where the enormous Lorentz forces will cause massive 
problems that can be hardly handled with today available materials.   

Tolerable hotspot and quench behaviour of the HTS conductor (stabilisation) 

In case of a quench where superconductivity is lost locally the coil current will deposit a large 
amount of power due to ohmic heating in this area. Although a fast discharge of the coil is 
triggered in such a case, the conductor has to be stabilized to withstand the energy deposi-
tion until the coil is discharged.   

As an example: If using a 4 mm wide YBCO-CC, a critical current density in the 1 µm thick 
YBCO layer of 2000 A/mm2, and a thickness of the copper stabilizer of 50 µm, the resultant 
hot spot temperature during a discharge (τ = 21 s) will be about 120K. For a critical current 
density of 10,000 A/mm2, the copper thickness of 300 µm would be required to get a hot spot 
temperature of 130K. So the increase of the critical current density by a factor of five results 
in an increase of the engineering current density of only a factor of two. 

Optimized current distribution, i.e. feasibility of good joints and optimized inter strand 
resistance and inductance 

To load the superconducting cable uniformly with current and to minimize losses on super-
conductor-superconductor connections good joint have to be feasible with a resistance of 
only a few nOhms or less. An optimized interstrand resistance helps to allow a current redis-
tribution in case of non conformity.  

Possibilities to limit the AC losses  

Induced currents caused by field changes will cause massive losses when the superconduct-
ing cable is not optimized to deal with AC losses. This is especially critical for the classical 
tokamak design that uses the field ramping of the central solenoid to drive the plasma cur-
rent. Goal should be to limit the coupling and eddy current losses to the level of the hystere-
sis losses.  

Compatibility of coolant choice, e.g., nitrogen, helium, neon or hydrogen 

The choice of HTS material and the conductor layout depends of course on the choice of 
coolant.  

Tolerable activation of materials due to neutron flux 

Due to the high Neutron flux in future fusion machines, HTS and structure material should be 
chosen to minimize neutron activation as far as possible. 

Example for a HTS Conductor Layout 

For low Tc superconductors (LTS) the conductor requirements discussed above have lead to 
sophisticated designed Nb3Sn or NbTi strands and numerous varieties of optimized cable 
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layouts depending on the application. The conductor layouts were optimized for tokamak or 
stellarator designs, e.g. by balancing current distribution, AC losses and cooling capability 
(transient as well as steady state).  

In case of HTS a similar optimization strategy is desirable. The minimization of AC losses 
surely plays a challenging role because of the large inductive loops present in non twisted 
superconductors. The coated conductor tapes cannot be twisted easily and technologies like 
multi-staged multi-filamentary twists are obviously impossible. Other critical properties like 
current distribution and thermal stability are also an issue because of the structure of the 
conductor tape.  
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TW5-TMSC-HTSPER 
HTS Materials for Fusion Magnets 
 
The global R&D activities on HTS materials have nearly completely changed from the first 
generation (1G), the BSCCO(2223) conductors with Ag-sheath, to the second generation 
(2G), the so called coated conductors (ReBCO) which consist of a multilayered thin film 
composite on metallic substrate tape. This has strong consequences for the application with 
respect to further material improvement, reliability, performance and the commercial avail-
ability in future. Coated conductors, in addition, undergo actually a very rapid improvement 
and are on a good way to an economic conductor too. Homogeneous conductors up to 427 
m with high current of 191 A/cm-width (77K in self field) produced in a single deposition pass 
at a production speed of 45 m/h (SuperPower) are shown as the best results actually. To 
decide on the HTS materials, to be the best candidates for HTS fusion coils, it is important to 
have a measured data set of all commercial available materials. For generating fields of 15 
T, 1G HTS tapes need an operation temperature < 30K, whereas 2G coated conductors may 
be cooled only to around 50K. This gives an enormous potential to save cooling energy using 
HTS coils. 

In this task different BSCCO(2223) tapes from American Superconductor (AMSC), European 
Advanced Superconductors (EAS), Sumitomo (Japan) and Innost (China) and 3 YBCO 
coated conductors from commercial sources as SuperPower (USA), American Superconduc-
tor (AMSC/USA) and THEVA (Germany) were investigated. The challenge of this task was to 
assess the data base of physical, electrical and mechanical sample properties. Measure-
ments of the critical currents between 4.2K and 77K with different background fields up to 13 
T, investigations of the electromechanical performance under axially applied tensile strains 
and bending strains and the thermal properties, thermal conductivity and thermal expansion 
were performed. Of special interest were BSCCO tapes with low thermal conductivity sheath 
from AgAu alloys for the application in current leads. Such samples were obtained from 
AMSC and EAS. Improved tapes with better strength or current (high strength or high current 
version) came from Sumitomo. Sumitomo is the only company with R&D on further improved 
BSCCO tapes. Investigations on BSCCO tapes which are not available anymore in future (as 
AMSC tapes) were stopped during the task. Innost from China delivered standard, tin clad 
and insulated tape pieces. 

Table 1: List of samples investigated with measured self feld currents 
 

Company Sample Measurements Ic 
(77K, self field) 

Jc 
(77K, self field) 

EAS V3 BSCCO 2223 / AgMg state-of –the-art (V375B4) 99 A 11.06 kA/cm2 

EAS CL Au-1 BSCCO 2223 / AgMg/AgAu-1 current lead tape (old) 64 A 7.3 kA/cm2 

EAS CL V388D BSCCO 2223 / AgMg/AgAu current lead tape 83.1 A 9.44 kA/cm2 

AMSC BSCCO 2223 / Ag/SS 4.8 x 0.3 mm cross sect. 121 A 8.17 kA/cm2 

AMSC CL BSCCO 2223 / AgAu Current lead tape 128 A 14.6 kA/cm2 

Sumitomo HS BSCCO 2223 / AgMg high strength version (HIP) 110 A 11.39 kA/cm2 

Sumitomo HIc BSCCO 2223 / AgMg High current version ! 130 A 11.66 kA/cm2 

Innost standa. BSCCO 2223 / AgMg Standard 106.2 A 11.4 kA/cm2 

Innost Sn clad BSCCO 2223 / AgMg Standard + Sn coating 88 A 8.32 kA/cm2 

Innost Insul. BSCCO 2223 / AgMg Standard + Insulation   

AMSC YBCO-CC MOD 344 on Rabits NiW 65 A 8.1 kA/cm2 

Superpower MOCVD – CC on Hastelloy 94 A 26 kA/cm2 

THEVA DyBCO-CC ISD/TCE on Hastelloy 255 A 28.3 kA/cm2 
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The properties found, were strongly depending on the specific features of the tapes, which 
depend on the conductor design as reinforced or alloyed sheaths or the production scheme, 
in particular for the coated conductors. Extended investigations were done on two suitable 
coated conductors which actually became real commercial products and will soon surpass 
lengths of > 100 m for sale. In comparison with the BSCCO tapes, the coated conductors 
showed several superior properties, high engineering current densities and high mechanical 
strength. In figure 1 the Ic(T,B) dependence of the SuperPower CC is shown. It is remarkable 
that the anisotropy is nearly disappearing at 55K which is an indication of a very favourable 
flux pinning in this material. High absolute currents of 235 A/cm-width and excellent homo-
geneity over long length > 10 m are outstanding features of this material. Excellent bending 
properties of this material favour application in high current cables. 
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Fig. 1: Critical currents of MOCVD-Superpower Coated Conductor at varied temperatures of T = 55-77K in background 

fields B = 0-10 T for the two tape orientations B parallel and B perp. to the field. 
 

Figure 2 shows the summary of electro-mechanical investigations measured in the FBI test 
facility. The critical currents for the mechanical stress and strain limit were defined as 95% of 
the maximum level. Only the steel laminated AMSC BSCCO conductor shows excellent me-
chanical performance with > 300 MPa stress value. Current lead materials as EAS-V388D 
withstands up to 160 MPa due to the inherent AgMg reinforcement, while the high current 
AMSC AgAu-sheathed material shows very poor mechanical properties. This has big influ-
ence on the design strategy of current leads. 

Figure 3 shows the equivalent diagram for the coated conductors. Due to the specific bound-
ary conditions of the MOCVD production route, the SuperPower CC has an excellent current 
and current density and an outstanding mechanical performance which satisfies all occurring 
stress and strain load in practice of coils and devices and cabling efforts. The relative low 
processing temperatures of the MOCVD process keep the substrate strong and are the rea-
son for the good mechanical performance. A big advantage is the engineering critical current 
density of the coated conductors compared to the BSCCO tapes. The stabilising cap layer 
however, with a thickness of 20 microns (Superpower) is only sufficient for the upper tem-
perature range close to 77K.  
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Fig. 2: Electro-mechanical data of BSCCO tapes: Critical Current (95% of maximum), correlated critical stress and strain value. 
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Fig. 3: Electromechanical data of coated conductors from AMSC and Superpower, critical values on the left side, Ic vs strain meas-
urements on the right side. 

 
Operating coils of 15 T at 50K seems a realistic scenario for the future when improved 
coated conductors become a commercial long length product. The final summary from the 
data of this task is the selection of coated conductors as the only HTS solution for future 
DEMO coils, in particular regarding the prospects for the future with the actually demon-
strated short sample current carrying values of 700-800 A being 3-4 times higher than the 
evaluated performance of this task. It is expected that these values can be realized in long 
lengths. For high current low AC loss conductors, the development of cable systems as a 
ROEBEL assembled coated conductor cable is absolutely necessary as a logic continuation 
of this work. 
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TW5-TTB-001 
Construction of the High Pressure Helium Loop (HELOKA-HP/TBM) for Testing 
of TBMs 
 
Establishment of infrastructures 
 
In June 2005 the Building No. 660 was newly chosen to house the HELOKA high pressure 
test sections. The existing auxiliary systems (water cooling systems and transformer sta-
tions) were analysed and tested in the meanwhile.  

The water cooling system available is capable to deliver 430 m3/h of water at 10 bar and 
about 30°C. The cooling system consists of two loops: a primary circuit which will deliver the 
needed cooling water for the Helium loop and an open secondary loop with a cooling tower 
that has a cooling capability of about 7 MW. The mechanical components of the water cool-
ing loop can be used without major refurbishments, while minor modifications are needed to 
accommodate the necessary manifolds and routing of the pipes in the experimental hall fol-
lowing the HELOKA layout. However, the control system of the water cooling loop and the 
power supply were outdated and need to be upgraded in order to meet the HELOKA re-
quirements.  

Since the TBM experiment planning needs some flexibility a multistage approach was se-
lected for the HELOKA Data Acquisition and Control System (DACS). The 1st Stage, whose 
tender was launched at the end of September, includes: 

• Modernisation of the control and monitoring of the existing water cooling system in-
cluding installation and tests of new frequency converters for the existing pumps in 
the primary and secondary loop, local controls and additional instrumentation. 

• Control and monitoring of the existing power supply system with installation and test 
of local controls and instrumentation. 

• Design, installation and commissioning of hardware and software for the Supervisory 
control, operation, interlock and monitoring of WCS and power supply system. 

The tender is now closed and a Supplier has been selected by the end of 2006, while a com-
pletion of the execution of the contract before the summer 2007 is foreseen. 

The delay of this task is about 6 months, mainly due to the work caused by the newly chosen 
building. 

In addition the HELOKA infrastructure, mainly the construction of the supporting structure of 
the facility was prepared. For this structure, the official construction authorisation was ob-
tained in May 2006. In the design developed, the areas containing high pressure, high tem-
perature equipment/parts are separated from the working areas. Therefore, the operation of 
HELOKA facility can be done without restricting the access in the rest of the experimental 
hall. Furthermore, the possibility to separate the test section hydraulically from the main part 
of the loop was foreseen to allow working on the installation of the test section in a vacuum 
tank on the upper platform of the support structure while the loop is pressurised. In view of 
further developments of the loop (building a secondary test section for Test Divertor Module 
(TDM) this allows for preparation of one experiment while the other experiment is running. 
For this purpose tight valves or temporary end caps have to be installed. 

In addition, the need for easy access to all main/large equipments was considered, mainly 
the cooler and the heater, for maintenance or replacement. 
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In 09/2006 the manufacturing drawings have been finalized and the manufacturing of the 
parts of the structure was launched. The structure will be build step-by-step once the main 
components from HELOKA will arrive on site and will be installed. 

 
Fig. 1 HELOKA layout: current equipment arrangement and helium piping; water pipe and electrical cables space reservation 

is shown. 
 
 
Fabrication of main components 
 
The main components of the loop are circulator (to be delivered by EFDA), heat exchanger, 
heater, cooler, vacuum tank with heating system, data acquisition and control system, He-
lium purification system, Helium pressure control system, control valves. 

The procurement procedures of the following main components was launched within 2006:  
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• Helium-Helium heat exchanger (economizer): the call for tender for has been closed 
(April 2006) and the component has been ordered in May 2006. The technical solu-
tion adopted is a compact heat exchanger manufactured by HEATRIC company in 
Great Britain. This economizer has a high efficiency of over 90% while the space re-
quired for its installation is relatively small: 1.2 m × 0.9 m × 0.4 m (see Fig. 2). The 
manufacturing of the unit was completed and on-shop tests were performed.  

• The tender for helium-water heat exchanger (cooler) has been closed and contract 
negotiation starts by 2007. 

• The DACS stage 1 tender was closed, contract negotiation starts by 2007, 

• The technical specifications for the heater have been finalized. 

 
 

Fig. 2: HEATRIC heat exchanger for HELOKA. 
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EFDA/06-1393 (TW6-TTB-RFMON1) 
Technical Monitoring Assessment of the EU/RF Collaborative Task on the  
Development of Diagnostic Systems for Electromagnetic TBMs 
 
Scope of this task is to support the EU/RF collaborative task on “Development of diagnostic 
systems for HCPB and HCLL EM-TBMs” (TASK 1 - EFDA/05-994 contract with EFREMOV). 
In particular, to prepare and check all input technical data necessary for the performing of the 
task, to perform the technical monitoring and to assess the technical reports. 

In September 2006 the task has been started in the frame of the kick off meeting (at FZK) 
where the technical specifications of the EM- diagnostic systems have been discussed. As 
concluded in the minutes of the kick off meeting the following technical specifications were 
presented in the frame of the first deliverable of this task (TW-TTB-RFMON-D1 a, technical 
specifications, kick off): 

• Properties of all relevant materials 

• Operational scenarios 

• Geometry data of TBM, port plug and vacuum vessel 

• Temperature distributions 

• Environmental conditions for sensors 

• Appendix including minutes of the meeting 

In December 2006 the so called “2nd kick off meeting” took place at the FZK. In the frame of 
this meeting the specifications on mechanical diagnostic have been discussed in detail. The 
technical specifications for mechanical diagnostics are currently under preparation and will 
be provided to Efremov as soon as they are finished. 

The kick off phase of the project will be completed in the near future and the first intermedi-
ate meeting at Efremov institute is scheduled in 03/2007 
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TTBB-001 
Helium Cooled: TBM Design, Integration and Analysis 
 
TW5-TTBB-001 D 2 
Detailed Design of Sub-components and Prototypical Mock-ups for the HCPB 
TBM Qualification 
 
a) Design Report for the GRICAMAN Mock-ups 
 
Introduction 
 
The coolant routing in Test Blanket Module (TBM) is relatively complex, but each stiffening 
plate, cap plate and cooling plate in the breeder units have to be cooled sufficiently. The 
GRICAMAN (GRIdCApsMANifolds) experiments is dedicated to test the mass flow distribu-
tion in the TBM. The coolant enters the manifold 1 through the Helium cooling system supply 
line, from where it is distributed into coolant channels in the first wall (FW channels). The 
outflow of FW coolant channels is then collected in the manifold 2. In the manifold 2 the 
coolant is distributed among the stiffening grid channels, the cap channels and the bypass 
pipes. The mass flow rate of coolant leaving the TBM via the bypass is controlled such that 
the coolant temperature at the outlet of TBM reaches 500°C. The outflow from the stiffening 
grid and the cap channels is collected in the manifold 3. The manifold 3 supplies 18 parallel 
breeding units (BU) with additional cooling plates. From the BU’s the coolant is led into the 
manifold 4 realized in the form of ‘ships’ from where it, finally, leaves TBM. 

Begin of review period 
 
A brief layout of the experiment was done in regard on the design of the plates and adapters 
necessary to connect the different parts. Preliminary CFD calculations were made to deter-
mine the pressure drops in different parts of the manifold, cooling plates and stiffening grid 
plates. An experiment was designed in detail to determine the flow distribution and the pres-
sure drop in a stiffening plate. 

  
 

Fig. 1: 3D CAD design of the GRICAMAN C experiment, right side: connection of tube elements. 
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Results during review period 
 
The design of the experiment was developed in detail. It was adapted to the new smaller size 
of the horizontal version of a module to be tested in ITER. The measuring technique was 
chosen and the design of the experiment was adapted to cope with the requirements im-
posed by the mass flow detectors. The general layout of the measuring system including the 
data acquisition system was done, while the procurement and programming will have to be 
performed in the next period.  

In Fig. 1 and 2 the detailed CAD design 
of the test section is shown. The air 
coming from the permanent distribution 
of the laboratory is filtered and the 
pressure is controlled by a regulation 
valve. The characteristics in each tube 
connection the different manifold sec-
tions can be adjusted by use of a nee-
dle valve in combination with mass flow 
sensors. The pressure distribution in 
the manifold and the mass flow in all 
tubes representing stiffening and cool-
ing plates will be detected. As the inlet 
flow behaviour from the manifold levels 
into the cooling and stiffening plates 
could be significantly influenced by the 
crossflow conditions, the mock-up de-
sign for this area was chosen in accor-
dance with the TBM design. In figure 1 
the pipe connections at this area is 
shown while in figure 2 the outlet mani-
fold along with pipe connections is 
shown. In addition to the valves indi-
cated in the CAD drawing valves and 
thermal mass flow measuring equip-
ment is arranged between the TBM manifold plates and the manifold vessel of the test sec-
tion to adapt to the characteristics of the cooling plates and detect the resulting mass flow in 
each pipe representing a cooling plate. 

Conclusions 
 
Detailed design development of the GRICAMAN experiment was nearly completed including 
adaptation to the chosen measuring techniques. The arrangement of pressure measurement 
points was done, while the according pressure sensors, data acquisition and LabVIEW pro-
gram will be defined and developed in the next step.  
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Fig. 2:  GRICAMAN experiment top view. 
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b) Design Report for the HETRA Mock-up 
 
Introduction 
 
In the frame of the development of the HCPB TBM the validation of numerical simulations 
especially in the environment of the first wall is required. The HETRA mock up will be used 
for measurement of pressure drops and heat transfer coefficients in TBM first wall channels 
to validate numerical (star CD) simulations. From the material point of view there is no re-
quirement on using EUROFER for the HETRA mock up because standard steel will lead to 
adequate results.  

Begin of review period 
 
The numerical simulation of the TBM first wall has already been on an advanced level as 
described in the respective report (status October 2005). Friction losses as well as heat 
transfer coefficients already have been calculated for a typical 3 sweep channel of the first 
wall like shown in figure 3. According to detailed analysis some minor adaptations of the He-
lium inlet conditions are required for the validation of the CFX computations by using only 
one sweep of the channel for the HETRA mock up, see figure 4. 

 
 
Fig. 3: Typical arrangement of one TBM first wall cooling channel. 

 
Fig. 4: Only one channel sweep will be used for 

HETRA. 
 
 

Results during review period 
 
During this period of review the work on the design of the HETRA mock up has been contin-
ued. The facility for the HETRA mock up tests will be the HEBLO Helium circuit of the FZK. 
HEBLO provides a mass flow of ~0.12 kg/s at TBM typical conditions (300°C at TBM inlet  

 
 

Fig. 5: Section of the HETRA mock up indicating structure of TBM first wall channel. 
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and 8 MPa coolant pressure). The mass flow provided by the HEBLO facility is adequate for 
testing of one typically arranged first wall cooling channel including three sweeps. The 
HETRA mock up will simulate one sweep of a TBM first wall cooling channel in 1:1 scale. 
Figure 5 shows a section of the HETRA mock up indicating the structure of the simulated 
TBM first wall channel. The ceramic heater at the opposite side of the first wall will be re-
quired to simulate the heat load on the first wall from the rear part of the TBM including the 
breeding units. The thermal contact between the mock up and the heater will be provided by 
2 layers of graphite including a 2 mm copper layer.  The surface heating (500 kW/m²) will be 
simulated by a total number of 17 ceramic heaters installed in toroidal direction along the 
cooling channel like shown in figure 6. 

 
Fig. 6:  Ceramic heaters for TBM surface heat flux simulation. 

 
The thermal contact between the first wall heaters and the mock up will be designed in a 
similar way like at the rear part of the TBM. The ceramic heaters are attached to the HETRA 
mock up of the first wall channel by several clamps like shown in figure 6 (left). Additionally 
the whole mock up will require adequate thermal insulation like drafted in figure 6 (right). 

 
Fig. 7:  Assembly drawing of the HETRA mock up including heaters and insulation. 

 
 

Conclusions 
 
Detailed investigation will be required for the realisation of the arrangement of measurement 
points of HETRA as they were already proposed. Additionally a concept for installation of the 
thermocouples into the facility has to be designed. 
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TW5-TTBB-001 D 9 
Study with Experimental Verification of the Pebbles Filling in the HCPB TBM 
 
Introduction 
 
The assembly of the sub components of the HCPB solid breeder blanket is mainly based on 
welding. After several welding procedures heat treatments are required. These heat treat-
ment procedures may not be compatible to the presence of the pebble beds inside of the 
TBM box. Therefore concepts have to be investigated which allow the filling of the pebble 
beds after the TBM manufacturing process including heat treatment. In the frame of this task 
the strategies for filling of the ceramic pebble beds as well as for filling of the Beryllium peb-
ble are validated. Therefore two 1:1 mock ups of typical breeding unit designs have been 
developed to test the filling strategy for Beryllium and ceramic pebble beds with glass peb-
bles at relevant grain sizes. 

Begin of review period 
 
At the beginning of the review period two concepts were presented for the filling of the differ-
ent pebble beds (see respective report). 

Beryllium pebble bed: 

• Filling of beds through holes penetrating the caps and one horizontal grid plate to ac-
cess the beds for filling by a pipe 

Ceramic pebble beds: 

• For filling of the ceramic pebble beds the outlet collector of the purge gas system was 
supposed to be used 

First CAD designs of two mock ups have been worked out according to the concepts for fill-
ing of the Beryllium and the ceramic pebble beds. 

Results during review period 
 
During the review period the CAD designs for both mock ups were detailed and 2D drawings 
have been produced. Subsequently the two different mock ups have been manufactured by 
Plexiglas in the workshop of the IRS. Figure 1 shows the mock up for Beryllium pebble bed 
filling. 

In the frame of the design progress of the TBM the design of the purge gas system has been 
changed and therefore the system of filling the ceramic pebble beds which was proposed 
previously can not be used anymore. Now the filling of the ceramic pebble beds is proposed 
to be done by pipes penetrating the whole manifold system and accessing the pebble beds 
directly. Therefore the mock up for the ceramic pebble beds requires adaptation according to 
the new requirements. The concept for filling the Beryllium pebble beds remained un-
changed. 

To simulate the filling material glass pebbles have been prepared and sieved to separate 
them according to their grain sizes to reach typical pebble sizes. Figure 2 shows the glass 
pebbles used to substitute the Beryllium pebble bed (typical grain size of ~1mm). 
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Fig. 1: Mock ups for Beryllium and Ceramic pebble bed filling. 

 

 
 

Fig. 2: Glass pebbles used to substitute the Beryllium pebble bed. 
 

Conclusions 
 
The filling experiments are expected to be completed by the end of 2006 and the results of 
this task will be presented soon in the respective report. Currently no basic problems are 
expected and the concepts which are proposed for filling of the breeding unit pebble beds 
are promising.  
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TW5-TTBB-001 D 11 
Analyses for the HELICA and HEXCALIBER Experiments using the ABAQUS 
Drucker-Prager Model 
 
HELICA and HEXCALIBER are mock-ups for performing electrical heating in ENEA Brasi-
mone to study the thermo-mechanical behaviour of ceramic breeder and beryllium pebble 
beds, in the framework of TBM design. These experiments are also used to perform a 
benchmark exercise between different material models proposed by different parties [1]. The 
thermo-mechanical model of pebble beds, developed in task TW2-TTBB-006b D2 [2, 3], has 
been adopted in this investigation. First, the material model has been calibrated with experi-
mental data from FZK [4], and the results are shown in Fig. 1. For oedometric compression 
(left plot), the temperature varies from 50 to 850 oC; and only four typical creep testing curves 
are given in the right plot. 
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Fig. 1: The comparison between the prediction of the material model and the empirical curves: left,  

oedometric compression; right, creep tests under different temperature and stress levels. 
 
 

The HELICA mock-up has been modelled by 2D generalized plain strain elements in this 
analysis, shown in Fig. 2, taking into account symmetry boundary conditions. The materials 
used in HELICA are indicated in Fig. 2, and the materials’ database is provided by Ref. [5]. 
Concerning the pebble-wall interaction, a thermal contact conductance (TCC) model has 
been used to analyse the pressure-dependent heat transfer between contacting surfaces, in 
order to correctly predict the temperature field during the thermal loading. The effect of beryl-
lium pebble-wall interaction is expected to be more pronounced, although in the analysis of 
the HELICA mock-up, the analysis shows that it is of importance that the ceramic pebble-wall 
interaction is taken into account, too. 

 
 

Fig. 2: Finite element mesh of HELICA mock-up. 
 

The obtained results from the finite element analysis are compared with experimental data 
from ENEA Brasimone during one heating cycle, in Fig. 3. The comparison shows that the 
current material model, together with the TCC model, gives reasonable results in both tem-
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perature and displacement fields. The analysis of two heating cycles has also been carried 
out to study the irreversible strains inside the pebble layer. 
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Fig. 3: Comparisons between FE analysis and experimental data: top-left, top-right and bottom-left are at the 

locations of thermal couples along the symmetric axis, 55, 100 and 150 mm to the first wall respectively; 
bottom-right, the displacement of cooling plate, measured by LVDTs. 
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TW6-TTBB-001 D 2 
Activation and Decay Heat Analyses of the HCPB TBM 
 
The objective of Task TW6-TTBB-001, Deliverable 2, was to provide detailed activation and 
afterheat data required for quality assured safety analyses of the Helium Cooled Pebble Bed 
(HCPB) Test Blanket Module (TBM) in ITER taking into account two different irradiation sce-
narios. 

The afterheat and activity inventories were assessed for the HCPB TBM in ITER making use 
of a code system that allows performing 3D activation calculations by linking the Monte Carlo 
transport code MCNP and the fusion inventory code FISPACT through an appropriate inter-
face. To this end, a suitable MCNP model of a 20 degree ITER torus sector with an inte-
grated TBM of the HCPB PI (Plant Integration) type in the horizontal test blanket port was 
developed and adapted to the requirements for coupled 3D neutron transport and activation 
calculations (Fig. 1). 

Fig. 1: MCNP model (vertical cut ) of ITER 20° torus sector with integrated HCPB test blanket modules. 
 
 

According to the task specifications, coupled 3D neutron transport and activation calculations 
have been performed for two different irradiation scenarios. The first one is representative for 
the TBM irradiation in ITER with a total of 9000 neutron pulses over a three (calendar) years 
period. It was simulated by a continuous irradiation for 3 years minus the last month and a 
discontinuous irradiation with 250 pulses (420 s pulse length, 1200 s power-off in between) 
over the last month. The second irradiation scenario is very conservative assuming an ex-
tended irradiation time over the full anticipated lifetime of ITER according to the so-called M-
DRG-1 irradiation scenario with a total first wall fluence of 0.3 MWa/m2.   
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For both irradiation scenarios the radioactivity inventories and the afterheat were calculated 
as function of the decay time as specified in the technical description of the task deliverable. 
Data were processed for the total activity and afterheat of the TBM, its constituting compo-
nents and materials. For each decay time, a table of the 20 dominant radio-nuclides was 
prepared. In addition, profiles of the afterheat power densities in Beryllium, the breeder ce-
ramics and the Eurofer structure were prepared for decay times until 30 days after shut-
down. Tables were also prepared for the contact gamma dose rates of the different TBM 
components including their breakdown into the 20 dominant radio-nuclides at each decay 
time. The data were provided to CEA, Saclay, and Studvisk Nuclear, Nyköping, for perform-
ing the safety analyses and the waste classification, respectively.  Figs 2 and 3 show exam-
ples of the total afterheat and activity of the HCPB TBM as calculated for the representative 
irradiation scenario.     

100 101 102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014
104

105

106

107

108

109

1010

1011

1012

1013

1014

1015

1016

1017

 steel
 ceramic
 beryllium
 total

Ac
tiv

ity
 [B

q]

Cooling time [sec]

1 min

1 hour

1 day

1 month

1 year

10 years

100 years

1000 years

 

100 101 102 103 104 105 106 107 108 109 1010 1011 1012 1013 1014
10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

100

101

 steel
 ceramic
 beryllium
 total

D
ec

ay
 H

ea
t P

ow
er

 [k
W

]

Cooling time [sec]

1 min

1 hour

1 day

1 month

1 year

10 years

100 years

1000 years

 
Fig. 2: Total activity [Bq] of the HCPB TBM as function of the 

cooling time (representative irradiation scenario). 
Fig. 3: Total decay heat power [kW] of the HCPB TBM as func-

tion of the cooling time (representative irradiation sce-
nario). 
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TW6-TTBB-001 D 3 
HCPB TBM Design and Integration Analysis 
 
The objective of the task is the continuation of the engineering design work on the HCPB 
TBM System. In particular the updating of the TBM design, the production of detailed draw-
ing of the TBM, the mechanical integration of the instrumentation, the definition of mainte-
nance sequences, and design and integration of the Helium Cooling System (HCS).   

Design analysis and TBM drawings update 
 
An updating of the overall TBM design is necessary as consequence of a recent re-definition 
of the frame dimensions (agreed in the TBWG-17 in Cadarache).  

Due to the new frame design the TBM first wall dimensions changed from 1270 mm x 740 
mm (referring to old frame design) to 1208 mm x 710 mm (referring to new frame design) like 
shown in figure 1. 

Fig. 1: TBM and frame design, left: old design, right: reference TBWG-17. 
 
 

This change of dimensions has as major consequence the necessity of a new FW lay-out. 
The FW design (according to Ref.1.0, documented in the HCPB DDD-2005) has been modi-
fied to adapt the cooling channel arrangement to the new first wall dimensions due to the 
changed frame geometry. Additionally the design of the first wall has been approved accord-
ing to results of analysis performed for the previous reference design (Ref.1.0).  

The new design including the adaptations to the new frame and design improvements is 
called Ref.1.1. Some major changes in the design are shown in figure 2 - 4. In addition a new 
feature will be introduced in the design, namely the use of FW channels with square section 
in order to keep open the possibility to make the fabrication of the FW fully compatible with 
the HIP fabrication methods starting from square tube or square grooves in plates. 
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Fig .2: FW designs Ref. 1.0 compared to Ref1.1 (including squared channel cross section 14.3 mm x 14.3 mm and outer di-
mensions of FW and BU). 

 
 

 
Fig. 3: Location of the attachment components (shear keys) requires adaptation to the new outer dimensions (left Ref 1.0; right 

Ref.1.1); shear keys will be smaller in the new design. 
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Fig. 4: Left, Ref 1.0: decrease of TBM outer dimensions requires change of the manifold plate design  space for welding 

between grid and plates is no more sufficient 
 
 Right: An alternative design (Alt 1.0) of the grid plates could be used to decrease the space requisition for the welding 

by combining inlet and outlet of each cooling plate. 
 
 
Several thermo-hydraulics and structural analyses should be repeated to assess the com-
patibility to the design requirements basing on a new TBM CAD model which is currently un-
der development.  

Definition of a design specification package in support to the fabrication R&D and sub 
component testing 
 
A complete CAD model and drawings of the TBM and of the necessary sub-component fab-
rication test samples will be delivered in this task to support the Fabrication R&D. Feedback 
from the fabrication task (design modifications required by the fabrication processes and test-
ing issues) will be integrated in the current design. In addition, dimensional tolerances of 
components and acceptance criteria for joint will be specified. Specifications (temperatures, 
stresses, etc.) related to operating and off-set condition will be delivered, too. 

At the beginning of the review period the design of the TBM based on the concept Ref.1.0, 
documented in the HCPB DDD-2005.  

In the frame of the adaptation of the TBM geometry to the new frame requirements (Ref 1.1) 
an alternative manufacturing concept of the TBM is developed (Alt 1.0). This alternative con-
cept uses several design features to simplify the TBM manufacturing process. The main dif-
ferences between Ref 1.0 and Alt 1.0 are as follows: 

• Stiffening grid 
A new concept for manufacturing of the grid plates without using diffusion welding proc-
ess will be tested. The cooling channels of the plate (figure 5 brown part) will be manu-
factured by Electrical Discharge Machining (EDM, erosion). On the plasma side of the 
plate the channels will be closed by welding before the connection welding to the first wall 
is established. The design including EDM machining and welding will be qualified by an 
adequate mock up which is shown in figure 6. 

• Manifold system 
The manifold system of Alt 1.0 will be designed basing on plates which are separated 
vertically, one for each column of breeding units (figure 7). The plates of the vertical grid 
are designed continuously reaching without intersection from the upper to the lower cap. 
This design means a simplification form manufacturing point of view. 



 -- 90 --

 
Fig. 5: alternative cooling plate design. 

 

 
Fig. 6: Simplified mock up to qualify manufacturing technology. 

 

 
Fig. 7: Alternative manifold design. 

 
 

• Breeding units 
The breeding unit cooling plates used for Alt. 1 design will be made from three plates 
which are equipped with cooling channels manufactured by EDM process. One plate will 
be bended by an angle of 180 °. Each end of the bended plate will be connected to a 
straight plate by welding. Subsequently the cooling plates will be connected to the BU 
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back plate like shown in figure 8. This alternative design of the breeding units will be 
qualified by adequate mock ups.  

Fig. 8: Alternative BU design. 
 
 

A CAD model of the “Alt 1.0” design is currently under preparation. Further analysis, discus-
sion with manufacturing experts and the manufacturing of the mock ups will be required.  

Mechanical integration of possible instrumentation into TBM (in particular for the EM-
TBM) 
 
This activity continues the work already started with task TW5-TTBB-001-D1b.  Instrumenta-
tion and monitoring systems (that are being developed in other tasks) will be integrated in the 
EM-design. In particular the impact on the reference design will be analysed, the necessary 
modifications will be implemented and the compatibility with the remote handling systems in 
ITER will be checked. 

At the beginning of the review period the instrumentation integration system described in 
TW5-TTBB-001-D1b (figure 9) has been proposed. In this design the sensor extension lines 
will be connected to the Data Acquisition System (DAS) by an instrumentation pipe (ade-
quate for ~30 sensors) with an interface between the port plug rear side and the integration 
cask (PIC) in the environment of interface 2.  

After discussion with instrumentation experts it turned out that only one pipe used for sensor 
extension cables will not be sufficient. Probably one instrumentation pipe will be required for 
the low pressure environment inside of the TBM box (e.g. BU temperatures and grid tem-
peratures), another for the high pressure environment inside the manifold system and a third 
pipe will be used to combine the sensor extension lines of the diagnostic equipment on the 
TBM surface. 

Detailed investigation is ongoing to determine the number and the positioning of the 
TBM sensors. Additionally it has to be checked if increasing the number of instrumen-
tation pipes is compatible to the systems and components proposed for remote han-
dling in the environment of interface 2 for TBM exchange. 
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Fig. 9: TBM (including instrumentation pipe) and port plug. 

 
 

Design and integration analyses of the TBM HCS 
 
A conceptual design for the HCS based on a 8 layout (with recuperator in order to keep the 
compressor at low temperature, i.e. <150°C) has been already developed by FZK in the 
frame of task TW5-TTBB-001-D1c. The design has to be further developed in order to fulfil 
ITER requirements, especially space limitations and maintenance, piping lay-out and inter-
face with other ITER systems (e.g. power and cooling water supply). The already imple-
mented RELAP 5 model of the whole TBM system will be updated according to modifications 
in the TBM design and to a more detailed definition of the loop components. 

The status of the HCS 
for the HCPB-TBM in 
ITER at the beginning 
of the review period is 
described in TW5-
TTBB-001-D1c, final 
report. 

In the frame of this 
task the space re-
quirements of the sys-
tem have been inves-
tigated more detailed, 
however it turned out 
that the place dedi-
cated to the EU HCPB 
TBM HCS inside of the 
TCWS vault (~20m² 
foot-print) is not suffi-
cient. Figure 10)-1 
shows a more realistic 
estimation of the 
space requirements (~ 
60m²).  

 
 

Fig. 10: TBM HCS in ITER including first estimation of CPS and PCS. 
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Fig. 11a: Reference concept, hot leg of circuit inside of vault. 

 
Additionally the selection of components used the loop has started (e.g. a compact econo-
mizer manufactured by the “Heatric” company will be used). The current selection of the 
components will be implemented in the RELAP simulation of the circuit.  

Additionally an alternative loop design is investigated which bases on the installation of the 
“hot leg” of the cooling circuit inside of the port cell. Figure 11a and 11b show the “reference” 
and the “alternative” loop concept.  

The investigation of the space requirements for the Helium loop in ITER is ongoing but the 
value given in the estimation above (60 m²) seems realistic. Further investigation will be re-
quired in the selection of components as well as to update the RELAP model accordingly. 
Additionally the investigation of the loop arrangement (reference/alternative) has to be con-
tinued while taking into account the influence on the pressure control system. Detailed work 
will be required in the field of the development of the coolant purification system. 
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Fig. 11b: Alternative concept with recuperator inside of port cell. 
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TTBB-002b 
Helium Cooled: Blanket Manufacturing Technologies 
 
TW2-TTBB-002b D 5 
Manufacturing of HCPB Cooling Plates by Diffusion Welding 
 
Introduction 
 
The blanket box (BB) of a future fusion power plant will be manufactured by plates with cool-
ing channels. Such cooling plates (CP) will be produced by half pieces with milled cooling 
channels. The half pieces will then connected by a diffusion weld process performed by an 
uniaxial diffusion weld setup (U-DW) or in a hot isostatic pressing setup (HIP). 

The task will yield the manufacturing process for CP: Starting with a CP (20 cm x 46 cm) for 
a breeder unit and than up scaling to large dimension of first wall plate with 2 m x 4 m. 

Such a joining process consists of a half piece production with a high speed dry milled weld 
surface, a cleaning procedure and a diffusion weld process. 

The failure of the first industrial transfer with a compact mock up could be clarified as a ther-
mal transient problem. The influence of multiple heat treatments had been investigated. The 
activities during the year 2006 yield also improvements in the cleaning process and new dif-
fusion weld parameters caused by a new batch of EUROFER 97/2. 

Status of first industrial transfer 
 
Fig. 1 shows a first try of an industrial transfer with a self developed boxing device.  

 

 
Fig. 1: Photo of a diffusion weld box with a bellow compen-

sating thermal mismatch or plastic compression of the 
work piece. 

 

Fig. 2: Infrared photo of the boxing device after taking out of 
the U-DW setup. Surface temperature about 1000°C. 

The box had been leak tight after the diffusion weld process. It had been able to protect the 
CMU (compact mock up) against oxidation. Unfortunately only a thermal couple in an outer 
tube had been used. It could not detect the true temperature of the CMU inside.  

Fig. 2 displays an infra red photo of the boxing device. It proofs with a shadow of the inner 
getter plates a non homogeneous temperature distribution inside the box. Fig. 3 displays the 
status compression. The CMU D311 and D312 manufactured at FZK are nearly homogene-
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ous and with the same amount compressed. In contrast to those the compression of the in-
dustrial CMU varies locally. The amount of compression is smallest in that region of CMU in 
which region the highest temperature loss (less temperature correlates with less compres-
sion) has to be expected by the infrared photo Fig. 2. Fig. 3 displays by the numbers results 
of tensile properties (yield strength in terms of the base material delivery state). It is well 
known by other investigation, see next chapter, that the diffusion weld process reduces the 
tensile strength by about 10%. If the heat treatment would have been correct, yield strength 
should be by 0.9 in terms of the base material properties. But unfortunately an increase of 20 
% has been observed. This proofs the temperature measurement together with transient 
temperature distribution as major reason of failure. 

 
 
Fig. 3: It displays the local dependency of work piece compression. The industrial FORMTEC CMU is less compressed at the 

manifold side as the FZK made CMUs. 
 
 
Multiple heat treatments 
 
Reproaches against the 
diffusion weld process force 
a first time investigation on 
multiple heat treatments. 
The manufacturing process 
of a BB needs a five time 
PWHT (post weld head 
treatment). The PWHT had 
been esteemed as fully re-
versible. The investigation of 
this task is proofing that a 
multiple PWHT changes 
tensile properties and frac-
ture toughness properties. 
Fig. 4 shows this by the ex-
ample of the yield strength. 
A grain coarsening could be 
observed by micrographs. 

This effect should be con-
sidered in future investiga-
tions: It is necessary to 
know the final yield strength 
of EUROFER after the complete manufacturing process of a BB. 

 
Fig. 4: Tensile property yield strength for different heat treatment states. The yield 

strength at room temperature is decreased by the heat treatment of the dif-
fusion weld process. The yield strength increases to a higher value than that 
of the delivery state after a five time PWHT. This proofs the normalisation 
process as non reversible. 
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Cleaning process 
 
A discussion of the cleaning process starts in this year. 
The used acetone based cleaning procedure can be 
applied to small CP dependent on the ultrasonic bath.  

A non promising water based process is under discus-
sion needing anti corrosion agents. The IMF-II investi-
gates during this a well promising candidate like clean-
ing with frozen CO2 pellets, see Fig. 5. Meanwhile this 
cleaning procedure yields nearly the same good results 
(Fig. 6) as the by IMF-II developed acetone based 
cleaning procedure. The CO2 pellet cleaning procedure 
can be well applied to a CP with large dimensions like a 
first wall plate! 

 

 

 

 

 

 
 

Fig. 6: This diagram compares the results of different cleaning procedures of EUROFER 97/2. 
 
 

 
Improvement of the diffusion weld process 
 
The first application of the diffusion weld process with old parameters shows non sufficient 
result. New process parameters had been evaluated.   

 
 
Fig. 5: Cleaning procedure with CO2 pellets 

applied to a CMU. CO2 pellets are ac-
celerated to about twice of sonic 
speed. They ice pollutions and shave 
the pollutions by mechanical impact. 
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Fig. 7: This diagram compares different diffusion weld process and different batches of EUROFER. 
 
 

Conclusion 
 
The reasons of failure of the first industrial diffusion weld procedure transfer could be clari-
fied. An improved boxing device is under construction and will be soon transferred to a diffu-
sion weld experiment. Multiple heat treatments (PWHT) generate a coarsening grain. The 
PWHT had been proofed as a non reversible procedure for the EUROFER steel. A new 
cleaning procedure had been developed and will be applied for the next mock up attempt. 
The diffusion weld parameters for the new EUROFER 97/2 could be determined.  
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TTBB-003 
Helium Cooled: Out of Pile Testing 
 
TW5-TTBB-003 D 1 
Manufacturing and Testing of Mock-ups for Investigation of Coolant Flow in the 
Manifold System of HCPB TBM (GRICAMAN Experiments) 
 
Introduction 
 
The objective of this task is to contribute to the out-of-pile testing of HCPB TBM. The envis-
aged activity focuses on out-of-pile testing of a look-alike mock-up of the TBM manifold sys-
tem, in particular to the optimization of coolant flow.  

The flow distribution in TBM coolant system is quite complex. The coolant, helium at 8MPa 
and 3000C enters the manifold 1 with mass flow rate of 1.2kg/, from where it is distributed 
into coolant channels of the first wall (FW channels). The outflow from FW channels is col-
lected in the manifold 2 where the following flow distribution should take place: 0.56 kg/s 
flows through by-pass pipes out of the system, 0.38kg/s is uniformly distributed through 27 
stiffening grids and 0.125kg/s goes into each cap. The mass flow rate through each cap 
channel is specified. The outflow from grid and cap channels is collected in manifold 3 and 
from there uniformly distributed among 18 breeding units. The outflow of BU’s is led into the 
manifold 4 designed in the form of ‘ships’ from where it, finally, leaves TBM. In order to find 
out whether such a flow distribution can take place, GRICAMAN (GRIdCApsMANifolds) ex-
periments are proposed. The main goals of the experiments are: 

1. to investigate whether the mass flow distribution in the manifold 2 among the caps and 
stiffening grid channels corresponds to the designed one,  

2. to investigate whether individual stiffening grid and cap channels are supplied with de-
signed portion of coolant flow and 

3. to investigate whether the mass flow distribution among breeding units is uniform. 

Using conditions of flow similarity the experiments will be performed with air at 0.3MPa and 
ambient temperature. The experiments are supported with numerical simulations by the 
computer code STAR-CD. 

Design of GRICAMAN facility 
 
Layout of Gricaman facility is given in Figure 1, while Figure 2 presents the flow diagram with 
corresponding measuring scheme. The flow rate of 912.6Nm3/h is taken from FZK supply line 
of pressurized air and led into a buffer tank. After this the air is filtered so that all the particles 
larger than 0.01μm are removed. In order to keep inlet pressure constant pressure regulator 
is arranged after the filter. Using an inlet distributor - a cylindrical vessel with diameter 0.35m 
and length 1.5m the total air flow rate is distributed among 6 FW channels. Each FW channel 
involves a pipe section of DN 2”, a pipe section of DN 1” and a section with real FW cross-
section in the length of ~30 hydraulic diameters, what gives the total channel length of ~5m. 
At the 2” section a ball valve for isolation of the channel and a needle valve for flow regula-
tion are arranged. Needle valves of DN 2” are applied in order to avoid large pressure drops 
due to high flow rates through FW channels (152.5Nm3/h). At the section of 1” air flow rate is 
measured with flow meters on calorimetric basis. In front of each flow meter a pressure 
measuring position is foreseen. 

The upper halves of manifold 2 (Mf2) and manifold 3 (Mf3) are for an easier connection ro-
tated by 1800. At the back side of Mf2 by-pass openings are set. Air flow of 425.86Nm3/h is 
via these openings collected in a header and then through a 2” pipe taken out of the system. 
The flow rate is controlled via a calorimetric flow meter and needle valve of 2” inserted at 
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outlet by-pass pipe. Pressure is measured in front of the flow meter. A ball valve of 2” is ar-
ranged to keep outlet by-pass pipe closed at the beginning of an experiment. At the front side 
of Mf2 14 grids are connected. In order to simulate the connection correctly, real cross-
section of two inlet grid sub-channels is kept in length of 0.1m. The air flows from the sub-
channels join in a circular pipe of DN ¾”. Connection of these pipes to Mf3 is performed in a 
similar way as to Mf2: air flow from ¾” pipe is distributed through two parallel sub-channels 
with cross-section corresponding to grid outlet sub-channels and in the length of 0.045m. At 
the lower side of Mf2 and Mf3 equivalent cap channels are connected. These channels are 
designed keeping real geometry of cap channels at sections connected to manifolds (in the 
length of ~30 hydraulic diameters) and replacing the middle part by circular tubes of DN ¾”. 
The length and shape of grid and cap equivalent pipes is chosen in order to provide ~2/3 of 
the total pressure drop in real grid/cap channels. The remaining 1/3 should be performed by 
local throttling with a valve-like device that is going to be developed (due to low pressure 
drops in grid/cap channels no real valve can be applied). Air flow rate is measured in each 
equivalent grid and cap pipe by flow meters with floating body equipped with electrical trans-
ducer for electrical data acquisition. For an easy metering of corresponding pressure drop 
when mass flow rate is known each equivalent grid/cap channel will be calibrated. For isola-
tion of each channel ball valves are foreseen. 

 
 

Fig. 1: Layout of Gricaman experimental facility. 
 
 

From Mf3 air flows into 9 breeding units (BU). The real cross section of BU pipes is kept at 
their inlets in the length of ~30 hydraulic diameters. After this a section of DN ½” is added, 
which includes calorimetric flow meters. The corresponding hydraulic resistance is in each 
BU pipe set up with a needle valve DN 11/4”. For the isolation of a BU pipe ball valves are 
arranged.  

Outflow from BU pipes is collected in a cylindrical vessel with diameter of 0.35m and length 
of 1.5m. The air flow out of this collector is regulated with a needle valve of DN 2” and meas-
ured with a calorimetric flow meter. 



 -- 101 --

 
Fig. 2: Flow diagram and measuring scheme of Gricaman facility. 
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The absolute pressure will be measured in the inlet tank, inlet distributor, outlet collector, by-
pass outlet pipe and final outlet pipe. At other positions presented in Figure 2 differential 
pressure measurements will be performed. Especially important are (i) pressure measure-
ments in Mf2, where numerically found strong pressure gradients in domains of FW inlets 
should be verified and (ii) pressure measurements in Mf3, where flat pressure distribution in 
front of BU inlets should be confirmed. In relation to this, pressure measurements are fore-
seen that should provide pressure gradient reconstruction along 3 lines in Mf2 (Line I-III in 
Figure 2) and 3 lines in Mf3 (Line IV-VI in Figure 2). Differential pressure measurements in 
FW channels and BU pipes have control character. 

The status of the work on Gricaman assembly is: (i) final design is established, (ii) compo-
nents like filter, pressure regulator, pressure vessels as well as measuring devices are or-
dered and will be available at the beginning of 2007, (iii) Mf2 and Mf3 with corresponding 
connections are going to be manufactured at the beginning of 2007, (iv) measurements will 
start in spring 2007 and (v) numerical model will be improved and verified by the same time. 

Investigation of fluid flow in cooling channels of stiffening grids and caps 
 
For a proper dimensioning of equivalent grid / cap pipes in Gricaman facility a detailed inves-
tigation of real grid / cap channels has been necessary. This is especially important in the 
case of stiffening grid plates because of complex channel geometry. In both horizontal and 
vertical stiffening grid, namely, three characteristic groups of channels can be observed: two 
parallel inlet channels, three parallel double-U shaped channels (hereafter called 3channel-
bundle) and two parallel outlet channels. Inlet channels are connected with 3channel- bundle 
via an inlet distributor, while the fluid leaving the 3channel bundle is lead to the outlet chan-
nels through an outlet distributor. Due to these internal flow distributors the investigations of 
grid channels had as goals (i) to determine their hydraulic resistance and (ii) to find out 
whether mass flow distribution through 3-channel-bundle corresponds to the designed one. 
The investigations are done numerically and experimentally. 

In numerical model stiffening grid 
channels are connected to an 
inlet and an outlet collector in 
order to realistically represent the 
conditions at the grid entrance 
from Mf2 i.e. exit to Mf3. The 
pressurised air is supplied to inlet 
collector through a circular pipe 
with inside diameter of 0.01m and 
length of 0.2m and lead from the 
outlet collector through a pipe 
with the same dimensions. In 
experimental facility the pressur-
ized air from FZK supply line, is 
first filtered, so that all the parti-
cles larger than 5μm are elimi-
nated. Transfer of possible vibra-
tions to grid facility is prevented 
inserting a piece of flexible tube 
between the filter and the inlet 
pipe. The air flow rate is meas-
ured after the exit pipe by a flow meter with floating body. The grid plates are fabricated from 
Plexiglas and collectors are from steal.  

The hydraulic resistance of grid channels is determined by measurements of pressure differ-
ence between the inlet (position P2) and outlet (position P13) collector for a given mass flow 

 
Fig. 3: Computed versus measured pressure losses in horizontal grid chan-

nels for different mass flow rates (relative to nominal air mass flow 
rate, mn=8.257ּ10-3kg/s). Discrepancy between computational and 
experimental results is also presented. 
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rate. The results are presented in Figure 3 for the case of horizontal grid channels. A very 
good agreement between computed and measured pressure drops can be observed.  

An experimental determination of mass flow rate distribution in the 3-channel-bundle was a 
quite difficult question. The classical method with measurement of the velocity in the centre 
of the channel could not be applied because (i) the cross section of the channels is not circu-
lar but a rectangle with rounded corners and (ii) the velocity profiles are deformed due to 
numerous channel bends. In relation to this we applied two methods to verify the numerical 
results. 

In the first method numerically determined flow distribution through 3-channel-bundle is veri-
fied comparing measured and computed velocity profiles. Velocity profiles are experimentally 
determined through measurements of dynamical pressure with miniature Pitot tubes. Pitot 
tubes with outer diameter of 1mm, length of 25mm and with step across the channel cross 
section of 0.25mm are applied. The measurements are done in the cross section of 3-
channel-bundle 0.154m far away from the outlet of grid channels. Three velocity profiles are 
measured in each channel: one along the centreline, one 1.5mm left from the centreline and 
one 1.5mm right from the centreline. The results are illustrated in Figure 4 through velocity 
profiles in centreline for horizontal grid channels. While a very good agreement can be ob-
served for inside and outside channel, measured velocities in the middle channel are ~7.5% 
lower than the computed ones. It is suspected that this disagreement is due to very compli-
cated flow pattern at the inlet of the middle channel that is very difficult to handle computa-
tionally. Anyway, the agreement between computational and measured results is considered 
as acceptable. In relation to this corresponding computed mass flow rates indicate a non-
uniform flow distribution in 3-channel-bundle of horizontal grid. In terms of mass flow rate for 
a perfectly uniform flow distribution, mS=mn/3 the flow rates through individual channels of 3-
channel-bundle are computationally found to be: inside channel, mI=1.059mS, middle chan-
nel, mM=0.965mS and outside channel mA=0.976mS.  

   
 
Fig. 4: Computed versus measured velocity profiles in centreline of individual channels of 3-channel bundle of horizontal grid. 
 
 
In the second method mass flow distribution through 3-channel-bundle is found out indirectly 
- by means of experimentally determined hydraulic characteristic of each individual channel 
in the bundle. The hydraulic characteristic of a channel is obtained by blocking two channels 
and measuring pressure drop in the considered channel for different mass flow rates. When 
the hydraulic characteristics of all three channels have been known, mass flow rate in 
through individual channels in normal operation (all three channels free) can be determined 
on the basis of pressure drops measured from inlet to outlet of individual channels. The ob-
tained relationship between the mass flow rates in the channels of 3-channel-bundle indi-
cates the same trend as the computed one: the inside channel is the best supplied one and 
the middle channel obtains the less air flow rate. When the magnitude of computed mass 
flow rates is compared to the measured ones acceptable discrepancies have been found: -
4.8% for inside, +3.9% for middle and +1.36% for outside channel.  
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A similar test of cap channels is going to be performed, but not before the Gricaman assem-
bly has been tested. The Gricaman tests will namely reveal the magnitudes of flow resis-
tance of individual cap channels necessary to establish corresponding designed mass flow 
rates. On this basis and with numerical support cap channels will be redesigned and than 
tested experimentally. 

Conclusions 
 
The report deals with Gricaman experimental facility for investigation of flow distribution in 
the coolant system of HCPB TBM. The considered flow domain is the upper toroidal-poloidal 
half of TBM bounded at the outlets of FW channels, at the outlets of by-pass pipes and at the 
inlets of BU’s. The facility is designed keeping real geometry of manifold 2 and manifold 3 
and replacing complicated grid and cap cooling channels with simple pipes having the same 
flow resistance as the real channels. The flow resistance as well as internal intern flow distri-
bution within stiffening grids has been investigated in pre-experiments and corresponding 
numerical models have been verified. The cap channels will be redesigned and experimen-
tally investigated after Gricaman test are performed. The Gricaman assembly is expected to 
be completed in spring 2007 when the experimental tests and verification of numerical model 
can be started. 
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TTBB-006 
Helium Cooled: Breeder and Neutron Multiplier Materials 
 
TW6-TTBB-006 D 1 
Development of Beryllium and Beryllium Alloy Pebble Beds with Improved  
Tritium Release Characteristics 
 
Introduction 
 
The reliable and efficient operation of helium cooled ceramic breeder blankets requires the 
timely availability of beryllium as appropriate neutron multiplier. In order to overcome some of 
the disadvantages of existing Be pebbles like tritium release and He embrittlement at blanket 
operating temperatures, an attempt has been started to investigate relevant properties by 
producing own and beryllium-based alloys (Be12Ti) on laboratory scale. 

According to already available test results, Be12Ti shows, in comparison with metallic beryl-
lium, faster tritium release, much smaller swelling, smaller reactivity with stainless steel, 
steam and water, therefore, it is becoming interesting also in view of its use in the EU-HCPB 
blanket. 

Due to a high toxicity of beryllium, R&D works on Be and Be alloys has to be performed in a 
specialized laboratory which has glove-boxes with controlled inert-gas atmosphere (Goraieb 
Versuchstechnik Company at FZK). 

Production of Be12Ti on laboratory scale and its characterization 
 
The main aim of this work was to fabricate samples (consisting mainly of Be12Ti) having dif-
ferent geometric shapes (pellets, electrodes) by means of different methods widely used in 
powder metallurgy: 

• milling of Be-Ti powder mixture in a ball-mill; 

• cold uniaxial pressing; 

• hot isostatic pressing (HIP); 

• heat treatment at different temperatures and in protective atmospheres (vacuum or 
argon).  

Melting of Be-alloyed specimens in argon atmosphere is considered to be an optional 
method of production. In a few seconds, an electric discharge between an electrode and 
sample on a copper substrate melts specimen. 

Actually, the whole technological chain includes a combination of abovesaid methods of ma-
terial treatment. All technological equipment is placed in the area of Firma Goraieb Versuch-
stechnik  and includes: 

• a ball milling device, NETZSCH MINIZETA 03b made by company NETZSCH-
Feinmahltchnik GmbH, for powder production or mechanical alloying which has work-
ing speed of rotor 1500 –3000 min-1, the volume of grinding camera; 

• an arc furnace for ingot production of Be-alloys under controlled atmospheres; 

• a 20-ton hydraulic press, PW 20 made by company Paul-Otto Weber GmbH, to pro-
duce tablets e.g. from Be and Be-Ti powders at temperatures of several hundred de-
grees; 

• fully automatic vacuum oven for annealing tests (vacuum to 10-6 mbar at any tem-
perature range up to 1400 0C). 
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Due to a severe oxidation of beryllium and its 
alloys at elevated temperatures, all experiments 
at high temperatures have been performed in 
protective oxygen-free atmosphere (argon) or in 
vacuum. This laboratory is also equipped with 
necessary tools and devices for grinding, polish-
ing and etching of specimens. Plasma Emission 
Spectrometer allowed us to determine impurity 
content of different Be-Ti samples (Table 1). 

One should emphasize that the main achieve-
ment of Year 2006 was a successful production 
of Be-Ti rods (Fig. 1) which allows to use them 
after appropriate machining for more scaleable 
production of Be12Ti pebbles. 

In the frame of this Task, a Precision Cutting 
Machine which was needed for cutting of sam-
ples has been purchased (Fig. 2). At the mo-
ment, some preliminary tests are done to adjust 
the cutting machine to the specific neds of the Beryllium R&D. A special glove-box has been 
designed and made for this cutting facility to avoid an air contamination with dangerous Be 
dust. For transportation and storage purposes, Be-containing samples are hold in ambient 
environment like spirit or tetradecane C14H30 . As raw material, we used  

• Be pebbles with 2 mm diameter produced by NGK; 

• Be powder having 200-300 μm particle size produced by BrushWellman. 

Different sorts of titanium 
powder have been tested to 
investigate the influence of 
powder size on formation of 
intermetallides of type BeTi. 

Another part of this work 
has been performed in IMF I 
and was aimed to character-
ize produced specimens 
using Scanning Electron 
Microscope (SEM), X-Ray 

Diffractometry and Transmission Electron Microscope (TEM).  

Using of X-Ray Diffraction was necessary to detect Be12Ti phase and to evaluate its quantity 
(Fig. 3). 

Conclusions and future prospective 
 
It was shown that rods containing mainly Be12Ti can be fabricated by method of Hot  Isostatic 
Pressing. Also 15 specimens have been cut out of Be-Ti rod and delivered to Hot Cells (IMF 
II) for gas release experiments at blanket relevant temperatures. 

 

Table 1: Chemical composition of Be-Ti specimens 
fabricated by methods of an arc-melting in ar-
gon atmosphere and powder metal processing. 

 

Element Arc-melting, 
wt.% 

Powder  
processing, 

wt.% 
Ti Bal. Bal. 

Be 29.5 30.7 

Fe 0.12 0.19 

Al 0.28 0.24 

Si 0.11 0.12 

Mg 0.068 0.019 

Cr <2*10-4 6.7*10-4 

Co 7.5*10-6 1.0*10-5 

U 5.9*10-6 4.2*10-6 

 
 
Fig. 1: Be-Ti rod consisting of Be12Ti phase fabricated by method of Hot Isostatic 

Pressing. 
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Fig. 2: Precision cutting machine. Fig. 3: X-Ray Data of Be-Ti rod produced by method of HIP. 
 

Main aims of the next year are: 

• gas release experiments in Hot Cells  

• preparation of Be-Ti probes and their investigation by means of Transmission Elec-
tron Microscopy; 

• further production of Be-containing samples with improved properties (esp. density); 

• choice of material revealing better tritium release parameters and its characterisation 
(microstructure, phase and impurity content, density, etc.); 

• design of facilities for production of beryllium and beryllium-based alloys in larger sca-
les. 
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TTBB-006b 
Helium Cooled: Thermo-mechanical Modelling of Pebble Bed Assembly 
 
TW2-TTBB-006b D 2 
Development of Pebble Beds Models 
 
TW2-TTBB-006b D 3 
Validation of Pebble Beds Models 
 
In task TW2-TTBB-006b D2, a thermo-mechanical model for pebble beds is developed 
based on experiments at FZK. The current material model of pebble beds consists of a 
nonlinear elasticity law, Drucker-Prager-Cap theory, a modified creep law and strain-
dependent thermal conductivity. In this investigation, a method of identification of material 
parameters has been proposed and implemented in ABAQUS USDFLD routines [1]. The 
comparison between experiments (oedometric compression and creep testing) and predic-
tions of current material model has been made. A final report on this task has been submitted 
to EFDA in February, 2006 [2]. 

For validation purposes, task TW2-TTBB-006b D3 has been carried out. Two applications 
have been made in this investigation. The first one is the precompaction of the pebble bed 
assembly (PBA, NRG Petten [3]). The PBA is subjected to mechanical cycling and thermal 
cycling, and in the later case, only uniforme heating has been considered. The purpose of 
this analysis is to show the capability of the material model. 

The second validation example is the 
thermo-mechanical analysis of a breeder 
blanket sandwich structure, composed of 
layers of beryllium pebbles, EUROFER 
plates and Li4SiO4 pebbles. A non-uniform 
volumetric heating, according to the profile 
calculated by a 3300 MW fusion power 
(results from P. Pereslavtsev and U. 
Fischer, 2004, IRS, FZK), has been applied 
in the pebble layers, and the magnitude 
depending on the distance to the first wall 
is shown in Fig. 1. 

The calculation shows the stresses along 
the upper and lower symmetry axes de-
crease due to the increasing creep strains, as the sandwich structure is exposed to volumet-
ric heating. Despite the complex distribution of strains, the stresses inside the pebble layers 
are comparably uniform. This phenomenon is consistent with the fact that the beryllium and 
ceramic breeder pebble layers are discrete materials, similar to sand and soil. 

The final report on this task has been finalized in November, 2006. 
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Fig. 1: The volumetric heating profile of the sandwich structure. 
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Fig. 2: The variables changing with time (min): nodes in Li4SiO4 in the left row and beryllium in right row; the first 

column, hydrostatic pressure (MPa); the second column, von Mises stress (MPa); the third column, volu-
metric creep strain (%). 
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TTBA-006b 
Water-Cooled: Magneto-Hydrodynamics 
 
TW2-TTBA-006b D 1 
Test and Modeling of Forced Convection MHD 
 
The objective of the subtask is the investigation of liquid metal magnetohydrodynamic (MHD) 
flows in expansions or contractions which are major components of the currently considered 
HCLL concept. Experiments on MHD flows in a sudden expansion of conducting rectangular 
ducts have been performed in the MEKKA laboratory of the Forschungszentrum Karlsruhe to 
get insight into flow redistribution and additional pressure drop, caused by the presence of a 
strong magnetic field. Measurements of pressure variation along the axis, electric surface 
potential and local velocity have been performed using the eutectic alloy NaK as model fluid. 
The detailed results are used as test cases for the validation of computational tools required 
for a reliable prediction of MHD flows in complex blanket geometries.  

Experimental and theoretical results 
 
Electric potentials at the surface of the duct give essential information about the flow pattern 
inside. It can be shown that the velocity components in a plane perpendicular to the applied 
magnetic field are related to the potential φ as 

,,
x

w
z

u
∂
∂

−≈
∂
∂

≈
φφ

 

i.e. the potential φ  may serve as approximate hydrodynamic streamfunction of the flow. The 
distribution of surface potential is measured by more than 300 potential probes mounted on 
fiberglass plates around the test section. They are connected to a multiplexer that switches 
the large number of signals to a digital nano-voltmeter. Results have been recorded for vari-
ous different strengths of the magnetic field, characterized by the non-dimensional Hartmann 
number Ha and different values of velocity expressed through the interaction parameter N 
that denotes the ratio of electromagnetic forces to inertia forces. A complete documentation 
of all results has been given by Bühler & Horanyi (2006). Here as an example, only one re-
sult for a high Hartmann number (strong magnetic field) is shown in Fig. 1 and compared 
with theoretical predictions of an asymptotic theory in Fig. 2.  
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Fig. 1: Colored contours of surface potential measured at 

Ha=5000. 
 

Fig. 2: Colored contours of surface potential calculated for 
Ha=5000. 

In the small duct the velocity is higher. This leads to stronger transverse potential gradients 
in this part of the duct. Downstream the velocity and potential gradient are reduced. Near the 
expansion the isolines surface potential give a quite good indication how the fluid moves to-
wards the sides. 

Near the expansion, at x=0, a thin internal layer develops along magnetic field lines that col-
lects all fluid from the upstream duct and transfers most of it also towards the sides. This 
layer becomes very thin depending on the Hartmann number. Axial and transverse profiles of 
velocity have been measured in this layer by a local probe that has been traversed through 
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the duct and results for Ha=2000 are shown as an example in Figs. 3-4. One can observe the 
high axial velocities u in thin layers along the side walls but also the high transverse veloci-
ties w along the layer, responsible for the mass transfer between the internal layer and the 
sides. More details on experimental results have been published by Bühler & Horanyi (2006) 
and details about numerical simulation have been shown by Bühler (2006) and Mistrangelo & 
Bühler (2006).  
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Fig. 3: Axial velocity profiles at x=0. 
 
 

 
Fig. 4: Transverse velocity profiles at x=0. 

Conclusions 
 
Experiments on MHD flows in electrically conducting sudden expansions of rectangular ducts 
have been performed for high Hartmann numbers. The pressure distribution along the Hart-
mann wall and the distribution of wall potential has been measured up to values above 
Ha=5000. Results for pressure measurements give a clear indication that the total pressure 
drop contains an inertial contribution that may be quite significant for moderate N but which 
vanishes asymptotically as N→∞. However, even at the highest value investigated here, i.e. 
N=39151, a weak inertial contribution is still observable. For N→∞ the measurements confirm 
quite well the inertialess asymptotic predictions for pressure distribution. 

Based on considerations of wall potential it is possible to identify the decreased velocity in 
the centre of the cores and the increased velocity closer to the side walls, when approaching 
the expansion. The profiles of side wall potential give further information about the distribu-
tion of the local side layer flow rates and indicate a strong side layer jet immediately behind 
the expansion. A comparison of measured and calculated surface potentials performed here 
at the symmetry plane of the side wall shows also good agreement. 
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TTBC-006 
Helium-Cooled Lithium Lead: Magneto-Hydrodynamics and Liquid Metal  
Materials 
 
TW5-TTBC-006 D 1 
MHD Experiments on a 3D Relevant Mock-up of the HCLL TBM 
 
The objective of the subtask is to investigate experimentally the magnetohydrodynamic 
(MHD) flow in a TBM-relevant test section for a Helium Cooled Lead Lithium (HCLL) blanket, 
in which a number of breeder units arranged in columns are fed with liquid metal through 
poloidal manifolds. The breeder units have common, electrically conducting walls, through 
which an electrical coupling of neighboring flow regions is possible. As a result, the flow in 
each sub-channel is influenced by the flow in all the other flow regions.  A full theoretical de-
scription of such electrical coupling is difficult so that major conclusions about 3D MHD flows 
in a TBM should be drawn from an experiment.   

In 2006 a test section for experimental investigations of fusion relevant MHD flows in HCLL 
breeder units and their poloidal manifolds has been completed and installed into the liquid 
metal loop in the MEKKA laboratory at the Forschungszentrum Karlsruhe. The test section 
connected with the liquid metal loop is shown in Fig. 1 in front of the magnet. The available 
pressure measuring system had to be extended in order to handle the large number of pres-
sure taps. This required severe changes in the whole control system of the facility since an 
extension of the existing one was not possible. For that reason it was decided to abandon 
the old system and to install a modern SPS that allows arbitrary extension and access to the 
control and data acquisition from a PC.  Now the new control system is in operation, the test 
section is ready so that first tests with liquid metal flows can be performed soon.  

 
 

Fig. 1: MHD mock up connected to the liquid metal loop, here positioned in front of the magnet. 
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Numerical modeling for the MHD mock-up 
 
The flow in an entire cross section of the MHD 
module has been modeled for the exact geometry 
derived from the CEA TBM design. In the analysis 4 
breeder units have been considered. They are 
separated from each other by the so-called stiffen-
ing plates (SP). Each breeder unit contains 6 sub-
channels created by the presence of the cooling 
plates. All walls are electrically conducting and have 
to be properly resolved by the computational grid as 
well as all viscous boundary layers along the walls.  

Results for velocity in the 4 breeder units and in 24 
sub-channels are shown in Fig. 2 as colored con-
tours and as velocity profiles in the mid-plane along 
the poloidal direction. It is found that the presence 
of stiffening plates  introduces strongest deforma-
tions on the velocity profile in the outer sub-
channels of each breeder unit. The influence by the 
cooling plates on the velocity profile is also visible 
but much less pronounced. The deformations in the 
velocity profile are caused by the disturbance of 
electric current density due to the presence of the 
electrically conducting stiffening plates and cooling 
plates. Results for various parameters and more 
general orientation of the magnetic field will be pub-
lished in an upcoming technical report. 
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Fig. 2: Contours of radial velocity and velocity 

profiles (right) for a model with four breeder 
units.   
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EFDA/05-1244 (TW4-TTMS-RedAct) 
Investigation of Options to Reduce Critical Elements in Low Activation  
Ferritic/Martensitic Steels 
 
In the last few years considerable improvement has been made in the definition and fabrica-
tion of ‘reduced activation’ ferritic-martensitic steels (RAFM). Two batches of a 9CrWVTa-
steel called EUROFER 97 and EUROFER 97-2, respectively, and including 10 heats were 
produced by Boehler in 1999 and by SaarSchmiede in 2003. The production has demon-
strated that RAFM steels can successfully be produced at industrial scale. The steels, nomi-
nally according to the same specification, actually differ in the detailed contents of minor al-
loying elements and of impurities. All met the goal of an overall low content of those detri-
mental elements with respect to the long-term activation behaviour. Thereby, a remarkable 
step is achieved towards the final goal of the production of ‘low activation’ steels for the use 
in a DEMO (demonstration reactor). Studies for further reduction of impurities need to be 
launched as a generic property of RAFM steels. 

The objectives of this task are 

• To identify a number of critical elements that should be further reduced to a certain 
level for the EUROFER 97 technical specification. 

• To assess in cooperation with steel producers the technical feasibility. 

• To define the specifications of a new heat (or a series of heats) to be produced. 

• To determine in cooperation with the steel producers the uncertainty range in the con-
centrations of the various elements (alloying elements and impurities) in the heat. 

• To determine the different and likely increasing costs of the heats with reduced impu-
rity levels. 

• To produce this material by industry at the smallest amount that is acceptable. 

• To analyse by different laboratories (i.e. the steel producers and qualified EU/EFDA 
associations) and different methods, the chemical composition of the material pro-
duced up to now and from the new melts. 

In order to qualify laboratories well in advance, a Round Robin should be organized where a 
‘blind test’ of a laboratory heat is going to be analysed for a list of critical elements to be 
specified in advance. 

Status of work 
 
A comparison of the chemical composition as specified in the technical specification for EU-
ROFER 97 and EUROFER 97-2 and the results achieved in the industrial production of the 
different products has been performed and the reasons for occurring deviations from the 
specifications have been analysed. A web-based version of the FISPACT 2005 code has 
been implemented and numerous calculations with varied compositions of EUROFER have 
been performed to check the influence of different radiologically undesired elements [1] (Nb, 
Mo, Al, Ni, Cu, Co) on the activation behaviour of the steel. 

Fig. 1 shows a comparison of the activation behaviour of different EUROFER batches with 
the specified composition and the real composition of the different products as reported in 
[2]. The calculations of the surface γ-dose rate were performed considering irradiation in a 
First Wall DEMO spectrum (12.5 MWa/m2). “EUROFER 97 theor.” uses a composition with 
very low amounts of radiologically undesired elements as suggested in [1].  
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Fig. 1: Calculated γ-surface dose rate of different EUROFER 97-1 and EUROFER 97-2 variants and 

EUROFER 97 theor. after irradiation in a First Wall DEMO spectrum (12.5 MWa/m2). Included 
are also calculations for the max. observed content of elements beyond the specification limits 
for the two specifications (see [2]). 

 
 

According to the calculations only EUROFER 97-1 ref, passing the Low Level Waste activa-
tion level after about 100 years, can be regarded as reduced activation material. EUROFER 
97-2 ref, needs about 30,000 years to fall below this limit. The main originator for that behav-
iour is niobium, the content of which is 5 times higher for EUROFER 97-2 ref than for EU-
ROFER 97-1 ref, as can bee seen also in Fig. 2.  
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Fig. 2: Calculated γ-surface dose rate of EUROFER 97-2 ref after variation of Nb-content after 

irradiation in a First Wall DEMO spectrum (12.5 MWa/m2) - as in Figure 1. Included are 
also calculations for Nb=zero. 
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Here the Nb content of EUROFER 97-2 was systematically varied leaving the rest of the 
chemical composition unchanged. The same calculations were performed with the other un-
desired elements in the same manner. It turned out, that minimising the Nb content is the 
most effective way to reduce the activation level for longer times. 

On the basis of the above mentioned calculations trial heats can be specified. Input for an 
Art. 7 contract for the cooperation with steel manufacturers has been given. A call for tender 
has been launched and a manufacturer, experienced in the production of RAFM steels, was 
selected as industrial partner for the production of trial heats and performance of the above 
mentioned study. 
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TTMS-001 
Irradiation Performance 
 
TW2-TTMS-001b D 5 
Tensile, Charpy and Fatigue Specimen Testing after Neutron Irradiation up to 
15 dpa in the Range of 250°C-450°C 
 
Objectives 
 
Withstanding high neutron and heat flux is a crucial prerequisite for material qualification for 
future fusion reactors. Reduced activation ferritic/martensitic (RAFM) steels are promising 
structure materials for the first wall and blanket applications. Although RAFM 10%CrWVTa 
steels (OPTIFER, F82H) exhibits clearly better irradiation performance compared to the 
modified commercial 10-11%-Cr-NiMoVNb alloys (MANET), the hardening induced by neu-
tron irradiation accompanied by the embrittlement and by reduction of toughness still remain 
a main concern, thus indicating a further need of material improvement.  

The operating temperatures of conventional RAFM steels are limited to about 550°C. The 
structure materials with higher operating temperatures, however, are required in order to in-
crease the efficiency of the future power plants. Oxide dispersion strengthened (ODS) RAFM 
steels are attractive candidates for structure materials with elevated operating temperatures 
up to approximately 650°C. 

Transmutation helium generated in the future fusion reactor structure materials exposed to 
14MeV neutrons is believed to strongly influence material embrittlement behaviour. As fission 
reactors do not provide with fusion adequate He/dpa ratios, the role of He is often studied in 
different simulation experiments (e.g. doping with boron). 

In the SPICE irradiation program the emphasis is put on the investigation of irradiation in-
duced embrittlement and hardening in the newly developed reduced activation steel EURO-
FER 97 for different heat treatment conditions (EUROFER 97 ANL: 980°C/0.5 h + 760°C/ 
1.5h and EUROFER 97 WB: 1040°C/0.5 h + 760°C/1.5 h) and for HIP powder steels. The 
embrittlement behaviour of EUROFER 97 is compared with the results on international refer-
ence steels included in the SPICE project. A role of He in a process of non hardening embrit-
tlement is investigated in EUROFER 97 based steels, that are doped with different contents 
of natural boron and the separated 10B-isotope (0.008-0.112 wt.%).  

Work Performed in Previous Reporting Periods 
 
Irradiation was performed in the Petten High Flux Reactor within the HFR Phase-IIb (SPICE) 
project to a nominal dose of 15 dpa at 250, 300, 350, 400, and 450°C. Three specimen 
types: Charpy V specimens of KLST type, tensile specimens and fatigue specimens have 
been loaded into three sodium filled specimen holders coded as 329-01 (SPICE-C), 330-01 
(SPICE-T) and 331-01 (SPICE-F), respectively. A total of 130 Charpy, 91 tensile and 160 
fatigue specimens were involved. Irradiation at five different target temperatures (i.e. 250, 
300, 350, 400, and 450°C) has started on 2001, August 8th, and ended after 771 full power 
days (31 reactor cycles) on 2004, May 24th. An average dose level of 16.3 dpa in steel has 
been reached according to HFR-TEDDI calculations (NRG). The specimens have been 
transported for the second decontamination into the hot cells of the fusion material laboratory 
of the institute in December 2004. The instrumented impact tests on irradiated KLST speci-
mens (L-T orientation) have been carried out with a newly built impact facility installed in the 
hot cells. 
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Irradiation Performance of RAFM Steels 
 
The hardening vs. embrittlement behaviour was quantified in terms of the hardening shift 
coefficient C defined as C=ΔDBTT/Δσ, where both ΔDBTT and Δσ are obtained by instru-
mented impact tests. Figure 1 displays this parameter for two test temperatures: a) RT (CRT) 
and b) 100-120°C (C100). At Tirr≤ 350°C, the coefficient C100 varies between 
0.17≤ C100≤ 0.53 °C/MPa, which is in good agreement with the analysis of 7-9% Cr RAFM 
steels in the literature (C=0.38±0.18°C/MPa) and indicates that embrittlement is dominated 
by a hardening mechanism. At these low 
temperatures hardening is mainly of dis-
placement damage nature. The coefficient 
C100 tends to increase at Tirr= 400°C and 
suggests a non-hardening embrittlement 
(NHE) mechanism that primarily occurs 
under thermal aging conditions. Depend-
ing on the nature of the dominating NHE 
mechanism, the coefficient C may become 
large, very small or even negative at 
Tirr≥ 400°C in case of material softening. 
Such behavior was indeed observed for 
EUROFER97 ANL, EUROFER97 WB and 
GA3X in Fig. 1. 

Hipped ODS EUROFER with 0.5 wt.% 
Y2O3 showed not satisfying impact proper-
ties already in the unirradiated condition 
characterized by low USE =2.54 J and 
large DBTT = 135°C, see Fig. 2. Further-
more, the increase of USE for irradiation 
temperatures below Tirr ≤350°C indicates not optimized fabrication process. At low irradiation 
temperature (Tirr =250°C) neutron irradiation induced shift in DBTT is comparable to that of 
the base EUROFER steel. At higher irradiation temperatures, however, hipped ODS EURO-
FER shows larger embrittlement compared to base metal.  

Comparative studies of the EUROFER97 
based heats doped with 82 wppm natural 
boron (0.2 10B+0.8 11B) and with 83 wppm 
separated 10B isotope proved 10B doped 
steel to be more susceptible to irradiation 
embrittlement, see Fig. 3. Boron mediated 
enhancement of irradiation induced DBTT 
shift is relatively high at irradiation tem-
peratures below Tirr ≤350°C and remarka-
bly reduces at Tirr =450°C. Experimental 
heat doped with 1120 wppm separated 10B 
isotope showed degraded impact proper-
ties already in the unirradiated condition. 
Irradiation induced DBTT shift of this heat 
could not be quantified due to large embrit-
tlement found in the investigated tempera-
ture range. 
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Fig. 1: Hardening shift coefficient C vs. irradiation temperature; 
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C=0.38±0.18°C/MPa from literature. 

 

-100 -50 0 50 100 150 200 250 300 350 400 450 500 550

0

1

2

3
ODS EUROFER 
Charge HXN958/3
980°C, 0.5h + 760°C, 1.5h

 

 

Im
pa

ct
 E

ne
rg

y 
(J

)

Test Temperature (°C)

 unirradiated
 16.3dpa/250°C
 16.3dpa/350°C
 16.3dpa/450°C

 
Fig. 2: Charpy impact energy vs. test temperature for unirradi-

ated and 16.3 dpa (average) irradiated ODS EUROFER. 
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Fig. 3: Charpy impact energy vs. test temperature for unirradiated and irradiated EUROFER97, ADS2 and ADS3 steels. The 

arrows indicate the irradiation induced DBTT shifts. Produced He amounts due to 10B burn-up are indicated in the pa-
rentheses. 

 
 
Conclusion 
 
Analysis of hardening vs. embrittlement behaviour of RAFM steels indicated hardening 
dominated embrittlement at Tirr ≤ 350°C with 0.17≤ C100 ≤ 0.53 °C/MPa. Charpy impact test-
ing of EUROFER ODS HIP with 0.5 wt.% Y2O3 showed not satisfying results. Improvement of 
the impact properties will be main prerequisite for material qualification for future fusion reac-
tors.  

EUROFER based steels doped with different contents of natural boron and the 10B-isotope 
(0.008-0.112 wt.%) were investigated in Charpy impact tests with respect to their irradiation 
performance. Boron doped steels showed up progressive embrittlement and degraded 
toughness with generated He amount.  

The investigations of mechanical properties are continued with tensile tests. First data show 
in EUROFER ODS HIP a much better behaviour during tensile load. The reduction of ductility 
is much less than observed in the steel alloys. The analysis of the tensile data begins and 
will reported in the next year. The ADS alloys are in this irradiation program to determine the 
boron distribution in the matrix, the difference between natural boron and the isotope 10B, as 
the influence on fracture behaviour. The most information will be obtained by post-irradiation 
examination. 
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TW2-TTMS-001b D 9 
Fast Reactor Irradiation up to 30 dpa, at 340°C of Tensile, Charpy and LCF 
RAF/M Specimens, Completion of the PIE 
 
Objectives 
 
In an energy generating fusion reactor structural materials will be exposed to very high levels 
of irradiation damage of about 100 dpa. Due to the fact, that fast reactor irradiation facilities 
in Europe are not available anymore, a co-operation with the Russian institution SSC RF 
RIAR has been implemented. The irradiation project is named “ARBOR-1“ (Latin for tree). 
Impact, tensile and low cycle fatigue specimens of Reduced Activation Ferritic/Martensitic 
steels, e.g. EUROFER 97, F82H mod., OPTIFER IVc, EUROFER 97 with different boron 
contents and ODS-EUROFER 97 have been irradiated in a fast neutron flux (> 0.1 MeV) of 
1.8x1015 n/cm²s at a temperature less than 340°C up to ~ 30 dpa. Mechanical PIE is under 
way at SSC RF RIAR 

Status end of 2005 
 
The modernized LCF-testing facility and the instrumented Charpy testing facility for KLST 
specimens under remote handling conditions are installed, calibrated and operating in the hot 
cells of SSC RF RIAR. All impact tests have been performed and the tensile testing was 
started. 

PIE of ARBOR-1 
 
The mechanical PIE of ARBOR-1 specimens is performed at material science laboratory of 
SSC RF RIAR. Due to the fact that tensile test results are complete now and low cycle fa-
tigue tests started in December 2005, we concentrate here on tensile and LCF data. The 
tensile and LCF tests are performed with a modernized tensile and LCF testing facility of IN-
STRON-DOLI 1362 type, equipped with a 100 KN load cell, a high temperature furnace and 
a strain measurement system, installed in the K-12 hot cell of the SSC RF RIAR. 

The ARBOR-1 tensile tests have been performed on mini-tensile-LCF specimens. But for 
comparison three different kinds of types were utilized in the different reference irradiations. 
NRG [1] irradiated cylindrical specimens of 20 mm gauge length and 4 mm diameter and 
performed the tests with a strain rate of 5x10-4 s-1. In the SPICE irradiation [3] cylindrical 
specimens of 18 mm gauge length and 3 mm diameter are tensile tested under vacuum with 
a strain rate of 10-4 s-1. In the 15 dpa BOR 60 irradiation [4] cylindrical specimens of 15 mm 
gauge length and 3 mm diameter are tensile tested with a strain rate of 3x10-3 s-1.  

In the ARBOR-1 irradiation cylindrical specimens of 7 mm gauge length and 2 mm diameter 
are tensile tested with a strain rate of 3x10-3 s-1. From the load-displacement curves strength 
and strain data are calculated: 0.2% offset Yield Stress (Rp0.2), Ultimate Tensile Strength 
(Rm), Uniform Strain (Ag) and Total Strain (A). Since the most considerable changes due to 
irradiation are found in the (Rp0.2)- and (Ag)-values only these quantities are reported here. 
Even if one takes into account that the tensile testing conditions are slightly different, from 
Figs. 1 and 2 an increase of the Yield Stress and a decrease in Uniform Strain with increas-
ing irradiation damage can be detected. 
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Fig. 1: Yield Stress (Rp0.2) behaviour of irradiated EUROFER 97 on dependence of test temperature compared to unirradiated 

data (the temperature in the legend indicates the irradiation temperature). 
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Fig. 2: Uniform Strain (Ag) behaviour of irradiated EUROFER 97 on dependence of test temperature compared to unirradiated 

data (the temperature in the legend indicates the irradiation temperature). 
 
 
So the 2.5 dpa damage has the lowest increase of around 300 MPa in Yield Stress and the 
30.2 dpa damage the highest increase of around 460 MPa in Yield Stress, that is nearly a 
duplication of the unirradiated quantity. The effect of the irradiation damage on the Uniform 
Strain is also considerable - mostly Ag - values below 0.5 % are reached - but does not de-
pend as much on the damage dose as the stress values. 
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Fig. 3: Comparison of the stress-strain behavior of 15 dpa irradiated EUROFER 97 to unirradiated and postirradiation annealed 

data. 
 
 
An exemplary postirradiation annealing experiment after the 15 dpa BOR 60 irradiation for 3 
hours at 450°C or 550°C lead to the possibility to heal irradiation damage. But only at 550°C 
the Yield Stresses and Uniform Strains reached again nearly virgin values (see Fig. 3 and 
red arrows in Figures 1 and 2). 
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TW4-TTMS-001 D 1 
TW5-TTMS-001 D 2 
Fabrication and Irradiation of FE-54 Enriched Samples to Study the Influence of 
He/dpa Ratio on Materials Degradation up to Medium Dose Level 
 
Overview 
 
The structure components of future fusion reactors will suffer from specific irradiation dam-
age, i.e. the ratio of helium production (in appm) to displacement rate (in dpa) varies around 
10 appm He/dpa. Due to the lack of appropriate high energy neutron sources there seems to 
be only one promising way to generate such irradiation damages in a RAFM steel with com-
mon in-pile fission reactor irradiation experiments: If the content of natural iron would be re-
placed by the stable isotope Fe-54, helium production would be stimulated by the according 
(n, alpha) reactions. A significant advantage over the alternative boron-10 helium production 
technique would be a uniform helium distribution through the whole matrix.  

Therefore, the goal of the task is to produce a heat similar to EUROFER using Fe-54 instead 
of natural iron. Then miniaturized Charpy and tensile specimens with cores of Fe-54 substi-
tuted EUROFER steel have to be fabricated. Finally some of the specimens will be used to 
perform instrumented Charpy and tensile tests, the remaining specimens will be provided for 
an according irradiation program which has to be planned and managed. The whole produc-
tion, processing and testing procedures have to be accompanied by chemical and micro-
structural examinations. 

Initial Status 
 
A number of different pre-tests finally led to a more simplified production of the desired EU-
ROFER plate as was planned initially. Casting the heat into a suitable mould spared further 
forging or rolling. In a first step all alloy components were molten to pellets in an arc melting 
furnace. Natural iron was included as powder comparable to the final Fe-54 isotope. The 
other components were available in form of foliages, small pieces, or powder. Applying this 
first melting step separates oxide layers and other impurities from the initial alloying compo-
nents. After that the pellets were molten in a conduction furnace within a ceramic crucible in 
argon environment. The resulting heat was then cast into a copper mould. Thickness and 
width were adapted to the desired plate dimensions. Chemical analysis of the first two ex-
perimental melts showed that the chromium content was too high while the content of C and 
N was too low in the experimental heats. Some other elements were slightly out of the speci-
fication limits but their lever would be still tolerable. 

Progress 
 
The chemical composition has been optimized by producing two further melts. With that, the 
whole production process was tested and verified. In the meantime 391 g of Fe-54 isotope 
arrived from Russia. The quality of the isotope powder was determined. With an amount of 
99.5 wt.% 54Fe (0.5 wt.% 56Fe, 0.005 wt.% 57Fe, 0.002 wt.% 58Fe) and with impurities of only 
0.37 wt.% O and 0.017 wt.% C the powder is fully within the specifications. 

A first melt with about 200 g of the Fe-54 isotope was prepared. But unfortunately, just before 
casting the heat into the mold the ceramics crucible broke into pieces (Fig. 1 A). Then the 
valuable heat flowed over graphite isolation and solidified mainly around the cooling coils of 
the furnace. Most of the material could be restored (see Fig. 1 B) but the chemical composi-
tion changed significantly due to the contact with graphite, i.e. the carbon content ended at 
about 4 wt.%. After that accident a lot of different decarbonization treatments have been 
tested and analyzed. At the moment it seems that a significant reduction is possible by re-
peated melting in either normal atmosphere or under hydrogen-argon mix. In addition, we 
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have tried to find more reliable crucibles and the volume of the melt has been reduced as 
well. 

 
Fig. 1: (A) Broken aluminium-oxide crucible; 
 

 
 (B) Remaining parts of the Fe-54 heat. 

With new parameters and with a BN crucible, another Fe-54 EUROFER heat was produced 
using about 100 g of the isotope. Figure 2 demonstrates the success of the fabrication proc-
ess. The next steps are a complete chemical analysis and the start of specimen fabrication. 
For this, welding tests have been performed. The most suitable fabrication method is EB 
welding, as is illustrated in Fig. 3. 

 
 
Fig. 2: (A) Crucible and copper mould after casting 

the heat;  

 
(B) The resulting Fe-54 heat. 

 

 

 
 
 
 
 
 
 
 
 
 
Fig. 3: Test piece of the planned Fe-54 heat speci-

men fabrication method. To spare the valu-
able Fe-54 isotope alloy, a centre stripe of the 
isotope alloy is elongated by two stripes of 
normal EUROFER. The joints are fabricated 
by EB welding. 

A B

A B
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The irradiation is foreseen to take place in the HFIR reactor of ORNL and, if possible, in the 
Petten HFR. A detailed irradiation program will be elaborated after the specimen fabrication 
is completed. 

Conclusions and Outlook 
 
It has been finally demonstrated that it is possible to fabricate proper Fe-54 EUROFER 
plates in the proper dimensions by pre-melting, re-melting, and casting. After successful de-
carbonization of the failed heat, the specimen fabrication may be completed and planning for 
irradiation campaigns may be started. 
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TW5-TTMS-001 D 4 
TAP (Tomography Atomic Probe) Analysis of EUROFER Material Irradiated in 
the ARBOR Irradiation Campaign 
 
Introduction 
 
The aim of this task is to investigate the microstructure of EUROFER steel before and after 
irradiation on atomic level. The ECOTAP (Energy Compensated Optical Tomography Atomic 
Probe) method seems to be appropriate for this task. This report contains the data for non 
irradiated EUROFER1 ADS2, ADS3, ADS4, EUROPODShip (EUROF 1+ 0.5%Y2O3) steels. 

Specimen preparation for TAP 
 
EUROFER based materials produced at FZK were used to prepare needles (0.3x0.3x25 
mm). Parameters of electro-chemical erosion cutting method used for preparation were 
properly selected to avoid any strains in the material. Water cooling and other characteristics 
of the method prevented the specimens from being heated over 100oC. No volume changes 
were observed in the prepared needles in contrast to other methods (e.g., mechanical cut-
ting). 

The specimens were thinned using the method of anodic etching in electrolyte consisting of 
2-butoxyethanol and perchloric acid. The diameters of the specimens varied from 5 nm to 
250 nm. To achieve optimal parameters for atom probe investigations (diameter 15 nm – 25 
nm, length 100-150 nm), pulsed pickling was used. The shape of the specimens was con-
trolled by TEM.  

The final preparations of the needles for atom probe investigation were carried out directly in 
ECOTAP in the field ion microscope mode. This mode allows adjusting a specimen position, 
checking the tip shape and improving it by polishing.  

Experiment procedures 
 
Atom probe investigations were performed at cryogenic temperatures, 65K-75K. The needles 
evaporated under 1 kV-12 kV (constant component) and 200-24000 V (pulse component). 
The average pulse number per evaporated atom was 100. From 1 to 12 hours was required 
to obtain the data from one specimen. 

Data processing 
 
The acceptable data level (the number of events registered) to specify the major impurity 
peaks in mass spectrums must exceed 15000. The specimens are extremely fragile, so the 
necessary data were possible to obtain, on average, only from one of 15 specimens, while 
the others broke during examination. The data from at least 5 specimens were necessary to 
obtain reasonable statistics. Data processing includes mass spectrums interpretation, ele-
ments concentration calculations, 3D image reconstructions which are necessary to look for 
segregation patterns of each solute type. 
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Results 
 
Materials of the analyzed samples are presented in Table 1. 

Table 1: Non-irradiated materials analyzed by ECOTAP. 

ADS2 EUROF 1+82 wppm. nat B (1040°C +760°C) 
ADS3  EUROF 1+83 wppm B 10 (1040°C +760°C) 
ADS4  EUROF 1+1160 wppm B 10 (1040°C 

+760°C)  
EUROPODShip EUROF 1+ 0.5%Y2O3 (1040°C +760°C) 

 

 

Samples without ODS particles 
 
In case of ADS2, ADS3, ADS4 samples no impurity segregation was observed. Lower impu-
rity concentrations in comparison with those obtained by chemical analysis could be due to 
solutes segregations at the grain boundaries or dislocations outside the investigated volume. 
The obtained spatial distributions are similar for all three kinds of the specimens. It is worth 
noticing that a significant increase of Cr, B and other elements concentration at dislocations 
and, as a result, matrix depletion were also confirmed in several publications. However, the 
probability for the detection of B-rich precipitates in the ATP specimens was too low, as 
these precipitates are on average much larger than the transversal dimensions of the ATP 
needles.  

Samples with ODS particles 
 
EUROPODShip (EUROF 1+ 0.5%Y2O3) specimens were prepared and investigated by the 
same methods. It was noticed that if dark areas, which are supposed to be oxide particles, 
were observed on TEM images, early collapse of the specimens took place during the atom 
probing process due to heterogeneity of particle-matrix interface.  

The mass spectrum interpretation reveals evaporation of molecular ions like YO and VO. 
This finding confirms strong binding between these pairs of elements. 

Present tomography atom probe investigations of EUROPODShip specimens showed two 
types of structure. The first one has more or less uniform solutes distribution in the volume. 
However, clusters of characteristic size 3×3×3 nm were also observed (p.13). In these clus-
ters increased concentrations of such elements as Y, Cr, C, Mn, Ni, V, O, S, Cu, Si and 
some molecules were found. 

The second type is characterized by layers of increased impurity concentration. These layers 
have characteristic thickness 2 nm and are situated nearly at right angle to the needle long 
axis, which goes along the long axis of the cylinder of which the specimens were made. The 
spacing between the layers varies from 2 to 30 nm in the same specimen. The concentra-
tions of Y, V, O, N, C, Cu, S and Ta in the layers were found to be several times higher than 
the average concentrations in the volume under investigation. 
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Fig. 1: TAP image of a EUROPODShip sample (first structure type). 
 
 

 
Fig. 2: TAP image of a EUROPODShip sample (second structure type). 

 
 

 

In our opinion the presence of these layers can not be ascribed to errors of the method be-
cause of the following: 
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• under identical experimental conditions specimens with and without layers were found; 

• the averaged concentrations observed in the layers (with the highest and lowest values 
taken into account) are higher than in the matrix; 

• accumulation of particles on the surface is possible when the evaporation speed is 
constant and the impurities are distributed homogeneously in the matrix. However, lay-
ers with increased impurity concentration either would not appear at all (as saturation 
on the surface and then further evaporation would happen) or they would be arranged 
periodically, which contradicts our results: within one specimen the layers spacing can 
be 2 to 30 nm. 

The clusters could be either partly dissolved introduced yttrium particles or segregations of 
solute elements stimulated by yttrium presence. 

Conclusions and preview 
 
Tomography atomic probe experiments were performed on non irradiated samples of EU-
ROFER steel with and without ODS particles. Samples without ODS have shown no segre-
gation patterns, while two types of segregations were found in presence of ODS. The first 
type of segregation is a spherical region about 3 nm in diameter with local impurity concen-
tration increase. This type might correspond to the early stages of ODS particle formation. 
The second type of segregation pattern is a layer with a thickness of about 1 nm. Physical 
origin of this type of segregation is not quite clear presently. 

Investigation of irradiated samples will be performed after transportation of the samples from 
RIAR, Dimitrovgrad to ITEP, Moscow. 
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TW5-TTMS-001 D 10 
Mechanical Post Irradiation Examinations of FZK-Specimens Irradiated in the 
ARBOR-2 Experiment in the BOR 60 Reactor 
 
Objectives 
 
In an energy generating fusion reactor structural materials will be exposed to very high levels 
of irradiation damage of about 100 dpa. Due to the fact, that fast reactor irradiation facilities 
in Europe are not available anymore, a cooperation with the Russian institution: SSC RF 
RIAR, has been implemented. “ARBOR-2“ is the succeeding experiment after ARBOR-1 
from FZK and ALTAIR from CEA, to reach irradiation damages up to 70 till 80 dpa.  

Status end of 2005 
 
The ARBOR-2 irradiation in BOR 60 of SSC RF RIAR, Dimitrovgrad, with pre-irradiated 
RAF/M specimens of FZK from the ARBOR-1 irradiation (30 dpa), of CEA from the ALTAIR 
irradiation (40 dpa) and new RAF/M specimens of FZK and CEA, running up to a damage of 
40 to 80 dpa, had been started on 11.2.2003 and finished end of May 2005. The rig was 
dismantled. The specimens were unloaded in RIAR’s hot cells, identified and separately 
stored in FZK and CEA containers for decay and cooling down. 

The irradiation project ARBOR-2 
 
Negotiations for the contract of mechanical PIE of the FZK part of specimens from the AR-
BOR-2 irradiation are under way and the proposal will be prepared for signature. The aim is 
to perform the FZK part of ARBOR-2 postirradiation experiments starting January 2007 again 
at the hot laboratory of SSC RF RIAR under a prolonged ISTC partner contract. 

Staff: 
 
B. Dafferner 
M. Klotz 
M. Lerch 
C. Petersen 
M. Walter 



 -- 140 --

TW5-TTMS-001 D 11 
Assessment of Irradiations Performed on EUROFER 97 
 
Objectives 
 
The structure materials of future fusion reactors have to withstand high neutron and heat 
fluxes. Although the reduced activation ferritic martensitic (RAFM) 10%CrWVTa steels (EU-
ROFER, OPTIFER, F82H) exhibits clearly better irradiation performance compared to the 
modified commercial 10-11%-Cr-NiMoVNb alloys, the hardening induced by neutron irradia-
tion accompanied by the embrittlement and by reduction of toughness still remain a main 
concern. The assessment of impact properties of irradiated RAFM steels (EUROFER, OP-
TIFER, F82H) will support material database generation and specification of new EUROFER-
2.  

Data Collection and Assessment 
 
The collection and assessment of irradiated Charpy impact data has been continued. Fig. 1 
shows neutron irradiation induced shift in DBTT vs. irradiation dose for EUROFER 97, 
F82H/F82H-mod and OPTIFER-Ia steels for irradiation temperatures (Tirr) between 300 and 
330°C. The impact testing was performed with KLST type Charpy-V specimens 
(3x4x27 mm3). Large data scattering observed at low and intermediate doses prevents an 
unambiguous quantitative description of the embrittlement trend. The lines in Fig. 1 are 
guides for eye only. For RAFM steels no embrittlement saturation can be observed up to 
32 dpa. Slightly better irradiation resistance for EUROFER 97 (ARBOR-I, 31.8 dpa) com-
pared to F82H-mod (ARBOR-I, 32.3 dpa) can be partly attributed to a slightly lower irradia-
tion dose in the former case.  

Impact properties of EURO-
FER 97 were compared with 
those of reference RAFM 
steels (F82H-mod, OP-
TIFER-Ia, GA3X) included in 
the HFR-Phase-IIb (SPICE) 
irradiation programme (16.3 
dpa at 250-450°C). At 
Tirr=300°C, the DBTT of all 
RAFM steels lie between 
100-110°C. OPTIFER-Ia 
shows irradiation induced 
embrittlement and harden-
ing comparable to EURO-
FER 97 and the best impact 
toughness at Tirr=300°C. At 
Tirr ≥ 350°C all RAFM steel 
exhibit good embrittlement 
behaviour with DBTTs be-
low -20°C and hence well 
below the steel operational 
temperatures foreseen in 
the future fusion reactors.  

Conclusion 
 
Collection and assessment of the available Charpy impact data on RAFM steels (EUROFER, 
OPTIFER, F82H) was performed. Irradiation resistance of the RAFM steels show not satis-
factory results for irradiation temperatures below Tirr ≤ 330°C. No embrittlement saturation 
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Fig. 1: Irradiation induced shift in DBTT vs. irradiation dose assessed for EURO-

FER 97, F82H and OPTIFER-Ia KLST (3x4x27 mm3) specimens. Irradiation 
campaigns: MANITU, HFR-Ib, SPICE, WTZ, ARBOR-I (FZK), SUMO02-04, 
CHARIOT02-04, SINEXT05 (NRG). The solid lines are guides for eye only. 
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can be observed up to 32 dpa. The ARBOR II (~330°C/70dpa) irradiation experiments will 
shed more light on the high dose embrittlement behaviour. Irradiation resistance of RAFM 
steels for irradiation temperatures above Tirr ≥ 350°C are satisfactory up to a (highest avail-
able) damage dose of 16.3 dpa. 
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TW5-TTMS-001 D 14 
Assessment of Irradiated Fracture Mechanic Samples on EUROFER, F82H  
(and OPTIFER) to Study the Size Effect 
 
Objectives 
 
Various fracture mechanics (FM) experiments have been performed on EUROFER 97 and 
other reduced activation ferritic-martensitic (RAFM) steels (F82H, OPTIFER). Different 
specimen types and testing methods were used for specimens irradiated at different condi-
tions. The assessment aims at the comparison of DBTT and DBTT shift calculated from dif-
ferent specimen geometries to study the size and geometry effects. Comparison of DBTT 
from FM against Charpy is also discussed.  

Data Collection and Assessment 
 
The collection and assessment of unirradiated and irradiated FM and Charpy impact data 
obtained on EUROFER97 and other RAFM steels within different irradiation programmes 
(SUMO-02÷SUMO-07, SIWAS-09, SINAS-80/6, SINAS-80/7, IRFUMA-I ÷ IRFUMA-III, HFIR 
RB-11J, HFIR RB-12J) has been continued. 

ASTM E1921-05 procedure 
has been applied to the ref-
erence thickness (B0=25.4 
mm) adjusted fracture tough-
ness data for evaluation of 
fracture toughness transition 
temperature T0. Alternatively, 
when ASTM E1921-05 pro-
cedure was not applicable, a 
least square fitting to thick-
ness adjusted fracture tough-
ness data with the Master 
Curve (MC) was used for 
evaluation of the reference 
temperature. Fig. 1 shows 
the fracture toughness transi-
tion temperature vs. irradia-
tion dose for EUROFER97 at 
irradiation temperature of 
Tirr =300°C. A progressive 
material embrittlement with 
irradiation dose is observed 
with no saturation up to 
8.8 dpa. The dose depend-
ence of the transition temperature is well described with T0=A+B(1-exp(-dose/τ)) type func-
tion. The best fit was obtained with A=-107.4°C, B=297.8°C, τ=4.23 dpa. The transition tem-
perature appears to be independent of specimen type (PCCV, CT) or specimen thickness (5 
mm, 10 mm). Good agreement observed on 5 and 10 mm thick CT specimens (NRG) in the 
unirradiated condition and at 2.5 dpa in Fig. 1 indicates that specimen thicknesses between 5 
and 10 mm lead to reliable fracture toughness results. 

Fig. 2 shows the irradiation induced shift in fracture toughness transition temperature (ΔT0) 
vs. irradiation dose for EUROFER 97 and F82H steels for irradiation temperatures between 
60 and 300°C. The observed large difference in ΔT0 at 5 dpa between NRG and ORNL ex-
periments prevents a quantitative analysis of the embrittlement trend for F82H. At low irradia-
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Fig. 1: Fracture toughness transition temperature T0 on EUROFER 97. Specimen 

type and thickness is indicated in the legend. Compact Tension (CT) 
specimens were machined from 8, 14 and 25 mm plates. Pre-Cracked 
Charpy V (PCCV) specimens were machined from ∅=100 mm bars. The 
line is a least square fit to presented data with T0=A+B(1-exp(-dose/τ)) with 
A=-107.4°C, B=297.8°C, τ=4.23 dpa. 
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tion doses and at Tirr=300°C EUROFER 97 shows better resistance against irradiation com-
pared to F82H-mod.  

Fig. 3 shows irradiation in-
duced shift in fracture 
toughness transition tem-
perature and in KLST duc-
tile-to-brittle transition tem-
perature vs. irradiation dose 
for EUROFER97 for Tirr 
=300-330°C. Independently 
of specimen type used, FM 
experiments show consis-
tently and significantly larger 
irradiation induced shifts in 
transition temperatures 
compared to the corre-
sponding shifts quantified by 
impact testing on KLST 
specimens.  

 
 
 
 

Conclusion 
 
Collection and assessment 
of the available fracture 
toughness and Charpy im-
pact data on RAFM steels 
(EUROFER, F82H) has 
been performed. The effects 
of specimen geometry, 
specimen size, test condi-
tion, evaluation method, etc. 
have been investigated. MC 
methodology has been ap-
plied to normalized fracture 
toughness data for determi-
nation of FTTT. FTTT ap-
peared to be independent of 
specimen type (CT, PCCV) 
and size (B=5-10 mm). Pro-
gressive material embrittle-
ment observed for EURO-
FER 97 and F82H indicate 
no saturation for the achieved damage doses. The irradiation induced shifts in transition 
temperatures obtained in FM experiments on EUROFER 97 are consistently and significantly 
larger than the corresponding shifts quantified by impact testing on KLST specimens. 
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Fig. 2: Irradiation induced shift in fracture toughness transition temperature vs. 

irradiation dose for EUROFER97 and F82H steels. The lines are eye guide 
only. 
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Fig. 3: Irradiation induced shift in fracture toughness transition temperature and in 

KLST ductile-to-brittle transition temperature vs. irradiation dose for EURO-
FER97. The lines are eye guide only. 
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TTMS-002 
Metallurgical and Mechanical Characterisation 
 
TW2-TTMS-002a D 19 
Creep-Fatigue Testing at 550°C on EUROFER, Continuation to Longer Times 
Preferably under Controlled Atmosphere 
 
Objectives 
 
A structural component like a Test Blanket Module is subjected during service to alternating 
thermal and mechanical stresses as a consequence of the pulsed reactor operation. Since 
the operating temperatures of a future nuclear fusion reactor increase due to economic con-
siderations, the knowledge of the reasons of the creep fatigue endurance of Reduced Activa-
tion Ferrite/Martensite (RAF/M) steels like F82H mod. and EUROFER 97 becomes more 
important. 

Status end of 2005 
 
Data of about 500 Thermo Mechanical Fatigue (TMF) experiments, with and without hold 
times, performed in the last 15 years, have been transferred to modern data storage media 
as CD and/or DVD. For these data sets reduction programs have been developed to imple-
ment proofed results of TMF tests on Ferritic/Martensitic steels, into the Mat-DB, the data 
bank system of JRC, Petten. 

TMF-experiments 
 
After a peer selection process of evaluated TMF-experiments the following data sets had 
been implemented in the Mat-DB, the data bank system of JRC, Petten: 

• EUROFER 97, as received, 6 tests without hold times, 18 tests with 100 s hold times, 
16 tests with 1000 s hold times. 

• EUROFER 97, heat treated (austenitization 1040°C), 7 tests without hold times, 14 
tests with 1000s hold times. 

• F82Hmod., as received, 15 tests without hold times, 16 tests with 100 s hold times, 8 
tests with 1000 s hold times. 

These data sets are available free of charge for the Nuclear Fusion community after registra-
tion under https://odin.jrc.nl in the ODIN system of JRC.  

TMF test results of AISI 316L and other Ferritic/Martensitic steels, including RAF/M modifica-
tions will run through the data reduction process and the implementation in the MAT-DB of 
JRC, Petten is planned for 2007. 
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TTMS-003 
Compatibility with Hydrogen and Liquids 
 
TW4-TTMS-003 D 1 
TW6-TTMS-003 D 3 
Development of Modelling Tools to Describe the Corrosion Behaviour of Un-
coated EUROFER in Flowing Pb-17Li and their Validation by Performing of  
Corrosion Tests at T up to 550°C 
 
Objectives 
 
The main reasons to execute this activity were that extrapolations of the RAFM-steel corro-
sion behaviour determined in the past to the new working conditions may be problematic due 
to large uncertainties at the new working conditions and, additionally, only poor knowledge 
on transport of dissolved components in the Pb-17Li flow is present. In contrast to earlier 
investigations, these changes in requirements need the going over from (only) mechanism-
based corrosion tests to model supported tests. Furthermore, the whole loop (system) has to 
be considered in the evaluation of the corrosion tests together with other occurring phenom-
ena and mechanisms as transport effects and precipitations. 

Corrosion testing 
 
The alloy EUROFER 97, a 9 Cr W V Ta alloy, which was developed on base of the experi-
ence with RAFM alloys of e.g. Optifer type, is at the moment the favoured FM-steel for appli-
cation in a future fusion system. During the last years the thermal and mechanical behaviour 
of EUROFER 97 was examined [1] and first corrosion testing in the Pb-17Li loop PICOLO [2, 
3] at moderate temperature (480°C) was performed. Under the TW4 task corrosion tests 
were performed for the first time at 550°C in PICOLO loop with a flow rate of about 0.22 m/s. 
The planned exposure time of 5000 h was reached under the TW4 task and since end of this 
year the TW6 is running with an extension of the testing time to 10,000 h. First samples were 
removed for the TW6 task. All samples are characterized by metallographic tools and corro-
sion attack is measured. Additionally to the metallurgical investigations SEM and EDX analy-
ses were performed to analyze more in detail the reaction zone EROFER-liquid PbLi.  

Fig. 1 shows the microstructure of the EUROFER 
exposed for 1025 h to the flowing Pb-17Li at 
550°C. The selected picture shows an un-attacked 
area (left part of the micrograph) and a well wetted 
and corroded section to the right. The visible step 
height in corrosion attack is about 80 µm. This 
value delivers a corrosion rate of about 700 µm/a 
in comparison to a rate of about 90 µm/a for the 
480°C tests. The step height for 1025 h is about 
twice the value observed after 500 h and this ob-
served height corresponds rather well to the 
measured reduction in diameter of about 156 µm. 
No steps or un-uniform corrosion attack could be 
found for samples exposed longer than about 
1000 h. They showed all smooth corroded sur-
faces and  the adherent PbLi scale was in good 
contact with the matrix as depicted in Fig. 2 for a 
sample exposed for 3021 h to Pb-17Li. For this sample the corrosion attack was measured to 
be about 156 µm which is resulting in a corrosion rate of about 460 µm/a. 

 

 
 
Fig. 1: Sample exposed for 1025 h to PbLi at 550°C 

with un-attacked and corroded area with ad-
herent PbLi scale (right part of the picture). 

 

local attack ca. 80 µm 

100 µm



 -- 146 --

Fig. 3 shows the measured corrosion values 
for the samples exposed up to 5000 h under 
the TW4 task at a flow rate of 0.22 m/s in the 
test section at the beginning with a channel 
width of 4.0 mm in the test section surround-
ing the cylindrical samples. Depending on 
the type of extrapolation a forecast of corro-
sion rates per year can vary between 700 
and 400 µm/a. The value of 400 µm/a may 
surely be too small due to channel widening 
(material take off) during the tests and thus 
smaller flow velocity in the channel. The 700 
µm/a value is based on a rather small expo-
sure time and contains thus a high uncer-
tainty. For entering in the test series (TW6) 
up to 10,000 h and also for the validation of 
our modelling tools the 500 µm/a value is 

assumed to be the most realistic one. Metallurgical and SEM/EDX analyses confirmed that 
also at the elevated test temperature of 550°C dissolution is the corrosion mechanism. All 
microcuts showed a clear boundary between melt and matrix with an uniform attack. The 
detected corrosion rates confirm also at this new test temperature linear kinetics.  
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Fig. 3: Corrosion attack of EUROFER vs. exposure time at 550°C and extrapolation of 

the corrosion rate to one year values. 
 
 

Modelling 
 
The Pb-17Li alloy is considered as coolant and breeding medium in future fusion reactors 
which is in contact with the structural components. Under liquid metal flow in a non-isother-
mal loop system (e.g. also PICOLO loop) beside corrosion in the hot part additional effects 
as e.g. transport of corrosion products and precipitation of them in cooler parts will take 
place. In Pb-17Li oxide phases can not be formed on the steel components due to the low O2 
activity of the coolant medium and existing oxide scales will be dissolved. The corrosive at-
tack of the structural alloys, a dissolution process, will be determined mainly by the tempe-
rature dependency of the solubility of the steel components in Pb-17Li and by the flow char-
acteristics of the melt. The smaller solubility at lower temperatures leads to precipitations in 
the cold legs of the system. PICOLO tests performed in the past were looking only at the 
corrosion attack and the mechanisms but neglected the influence of transport and precipita-
tion phenomena.  

 
Fig. 2: Sample exposed for 3021 h to PbLi at 550°C with 

smooth boundary between matrix and PbLi. 
 

Resin 

Matrix 

PbLi 
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Based on these facts the development of modelling tools was performed with the aim to as-
sist the running corrosion testing and to increase reliability in extrapolating results to other 
test conditions or to predict transport / precipitation phenomena. The developed modelling 
tools, their theoretical background was described in the previous report, were integrated 
meanwhile into a computer code called MATLIM. For validation of this code calculations 
were performed on corrosion rates and precipitations using the physical and chemical prop-
erties of the EUROFER, the PbLi melt and applying the typical features of the test loop PI-
COLO – therefore a parameterization of PICOLO loop (e.g. temperatures, flow velocities, 
diameters etc.) was performed in dependence of loop position. Both test conditions 480°C 
(earlier tests) and the actual 550°C tests were used for the tool validation. The flow velocity 
was assumed to be constant vs. time with 0.22 m/s. 

In the TW4 task first analyses were performed to examine the appearance of precipitations in 
the PICOLO loop. They confirmed that precipitations are formed in the cooler loop section as 
predicted by the developed modelling tool. However, a valuation of the effects (e.g. amount 
of precipitations) and tools is too speculative at the moment due to the limited data points 
(only magnetic trap section of the loop was tested). The TW6 task will continue this topic in 
more detail. 

Fig. 4 shows the dissolution / precipitation rate for the 550°C test scenario in dependence of 
loop position and corresponding temperature. It can be seen, that the highest dissolution rate 
(about 500 µm/a) is present in the test section – the loop part with high temperature and high 
flow velocity. All positive values of the (blue coloured) dissolution curve indicate that precipi-
tation takes place. This is the fact for all positions with a loop temperature below about 
400°C.  

-600

-400

-200

0

HE H TS HE AC MT D
is

so
lu

tio
n/

pr
ec

ip
ita

tio
n

ra
te

,
µm

/y
ea

r
600
650
700
750
800
850
900 MATLIM6 / PICOLO high temperature case

Te
m

pe
ra

tu
re

,
K

0.0 0.2 0.4 0.6 0.8 1.0
Normalized loop lengthNormalized loop length

Temperature (K)
Diss./precipitation rate (µm/y)

ufl=22 cm/s

 
 
Fig. 4: Predicted corrosion and precipitation behaviour in PICOLO loop at test temperature 550 °C and flow rate 0.22 m/s. 
 
 
Similar calculations were also performed for the test scenario 480°C. They resulted in corro-
sion rates of about 80 µm/a using the same physico-chemical properties. The good agree-
ment with the measured data is a rather encouraging result that indicates that the chosen 
path and the developed modelling tools reproduce correctly the ongoing processes. How-
ever, it should be mentioned that the validation was only done for one flow rate (0.22 m/s) 
and that other regimes (lower velocities) have to be analyzed in the same way to guarantee a 
global validity of the modelling tools and of the selected properties. 
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Conclusions 
 
The technological work of upgrading PICOLO-loop for corrosion testing of EUROFER at 
550°C was conducted as planned up to 5000 h exposure time under TW4 and first samples 
were removed from Pb-17Li under TW6. The examination of removed samples indicate, that 
incubation times as observed in earlier campaigns (480°C testing) are heavily reduced and 
that corrosion rates are dramatically increased to about 500 µm/a compared to only 90 µm/a 
at 480°C. 

The reliability of extrapolating corrosion rates to TBM relevant durations is low based on the 
short testing time of only 5000 h and will be increased by new test series going up to 10,000 
h and, additionally, by the support of modelling considering the similar behaviour of other 
RAFM steels e.g. Manet. The performed tests and the results in modelling show clearly that 
corrosion is a serious problem at high temperatures and will need special measures e.g. cor-
rosion protection by surface coating to reduce the corrosion attack to acceptable limits which 
guarantee a safe and economic application in TBM’s.  

Looking on the transport and precipitation effects occurring in a real arrangement first hints 
are now available due to the results obtained from the modelling work and analyzing first 
samples cut out of the loop for testing. However, this field requires more additional data for 
valuation of future measures and estimating the impact on loop operation. Two steps are at 
least necessary on the short term scale. The first will be the validation of the modelling tools 
by corrosion rates measured at lower flow rates e.g. at 550°C and, secondly, metallurgical 
data are urgently required which are describing precipitations at different loop positions for 
validation of the included dissolution / precipitation tools in modelling. 

By combination of experimental and modelling work under the TW4 task a significant pro-
gress was realized especially in the change over from only mechanism-based tests to con-
sidering the whole loop behaviour under corrosion, transport and precipitation view. This was 
a necessary step towards interpretation of combined effects in the test loop and for future 
transfer to analyze a TBM behaviour. 
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TTMS-004 
Qualification Fabrication Processes 
 
TW4-TTMS-004 D 1 
TW6-TTMS-004 D 1 – D 3 
Improve Design Limits of Welded Components through Improved Post Weld 
Heat Treatments, Qualification and Improvement of Welded and Diffusion 
Bonded Joints  
 
Overview 
 
In contrast to austenitic steels untreated welded joints of ferritic-martensitic steels like EU-
ROFER suffer from hardening and embrittlement due to uncontrolled martensite formation in 
the weld and from softening in the vicinity of the heat affected zones (HAZ). With respect to 
specific Test Blanket Module design and assembly requirements for DEMO there is a signifi-
cant discrepancy between the necessary post welding heat treatment and its applicability. 
Therefore, Tungsten-Inert-Gas (TIG) with EUROFER filler wire, Electron Beam (EB), and 
Laser welding have been applied to EUROFER plates of different thickness in the condition 
as received and the influence of different post-weld heat treatments has been thoroughly 
investigated. 

Now the new general objective is to support the fabrication development in the blanket areas 
and to improve the reliability of the materials and joints according to the test blanket module 
(TBM) design. The joint quality produced by a low pressure HIP diffusion bonding process 
has to be investigated with regard to prior surface state conditions. The assessment of fused 
welding joints' quality will be continued with special emphasis on 40 mm thick welds and their 
post-weld heat treatments (PWHT). The eventual necessity of a complete heat treatment, 
that is re-austenitizing plus tempering, to restore microstructure of welds is addressed by 
investigating fatigue properties.  

Initial Status 
 
Prior to specimen fabrication the microstructure of the different welds have been analyzed. 
All TIG welds show coarse grain formation which is typical for solidification micro structures 
that form during the welding cycles. Both beam welds didn’t show this severe grain coarsen-
ing. Also typical for TIG welds were the softened regions in the HAZ. While the width of the 
beam welds was significantly smaller, softening in the HAZ could only be observed in thicker 
plates. From these microstructural examinations it was already clear that TIG welds would 
need a full two-step heat treatment (austenitization plus tempering) in order to recover a uni-
form distributed fine grain. This was also confirmed by poor Charpy test results. But Charpy 
tests on beam welded specimens have shown surprisingly good results, even without post-
weld heat treatment. Compared to the EUROFER base material, the Ductile-to-Brittle-
Transition-Temperature (DBTT) of Laser and EB welds was almost the same. Further advan-
tages and drawbacks of these different welding technologies were discussed in detail based 
on Charpy, creep, and tensile tests performed on welds with and without applied post-
welding heat treatments. The examinations were completed by according microstructural 
analysis. 

Progress 
 
Beside embrittlement due to grain coarsening during the weld process, also degradation of 
creep strength is a known weak point of ferritic-martensitic alloys. The loss in strength results 
from fine grain formation in the vicinity of the HAZs. The reason for this is illustrated in Fig. 1.  
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Fig. 1: (A) Common martensitic lath structure within a prior 

austenite grain (typical grain size 10-20 µm). (B and 
C) Microstructure near and in the HAZ. The grains 
with sizes between 1 and 3 µm are too small for a 
typical laths formation. Therefore, the material is 
much softer. 

 
For TBM fabrication it is necessary to develop and characterize critical joints. Joining the 40 
mm thick upper and lower caps to the first wall (FW) is a typical example. Since EB welds 
have led to best results in our previous studies, we started with the development of an ap-
propriate EB weld fabrication process on 40 mm thick EUROFER bars (see Fig. 2). As can 
be seen quite clearly (Fig. 2 C), with properly adjusted parameters the EB beam produces a 
rather straight and equally narrow fusion zone. There is just a small HAZ and first microstruc-
ture examinations have revealed a low defect density of bubbles and micro-cracks. Figure 3 
illustrates the according hardness map where the critical soft zones are represented by blue 
areas. The first mechanical test results are shown in Fig. 4. There is nearly no difference 
between tests of specimens from the root or from the top of the weld. That is, the properties 
of the weld are distributed homogeneously. In addition, Fig.4 shows also that this 40 mm EB 
weld needs a proper PWHT. 

BA 

C 
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Fig. 2: (A and B) Pictures of 40 mm deep EB weld sample. 

In this case, a massive bar has been used as beam 
stopper. (C) Microstructure of a cross-section of the 
EB weld. 

B

C 
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Fig. 3: Hardness map of the 40 mm EB weld cross-section of Fig. 2. 
 

For a comprising characterization 
and evaluation of diffusion welding 
technologies for the fabrication of 
first wall components a large num-
ber of weld samples and some 
small mock-ups have been fabri-
cated. The goal is to examine the 
influence of surface fabrication, 
contamination, cleaning, and weld 
processing. This study as well as a 
low cycle fatigue (LCF) characteri-
zation program for welds is still on-
going. 

Conclusions 
 
Compared to the base material EB 
and TIG welds loose creep strength 
of about 40 MPa at 600°C. Since 
the maximum operation tempera-

ture for EUROFER is 550°C, the reduction in creep strength might still be tolerable. However, 
the softening problem in the HAZ has to be examined by LCF tests. It has also been shown 
that tensile test of EUROFER weld specimens are not very instructive. Furthermore, only EB 
welding seems to be a promising technique for joining the FW and caps of TBMs. Therefore, 
the discussed 40 mm fabrication method will be further optimized. 
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Fig. 4: DBTT of the 40 mm EB weld with and without PWHT of 980°C + 

750°C. 
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TW5-TTMS-004 D 1 
Diffusion Welding Techniques 
 
Introduction 
 
The industrial scaled blanket box (BB) manufacturing process needs a well defined joining 
process of the cooling plates (CP). A CP will be manufactured by joining with a diffusion weld 
process half pieces with milled grooves. The influence of process and material deviations on 
the weld quality is an open question. This task is related to a two step diffusion weld process. 
The first step uses a high pressure (typical 15 to 30 MPa) and a low temperature of 1010°C, 
the second step works at pressures between 5 MPa and 20 MPa at 1050°C.  

This activity will consider the following deviations:  

• Rolled tins of EUROFER are used as basic material for CPs. The manufacturing proc-
ess of the rolled tin generates a local varying forming of the material. The task investi-
gates this influence.  

• The diffusion weld parameters like time, pressure and temperature will have deviations 
in a future industrial scaled process. What are the admissible process parameter devia-
tions? 

The task started with a material characterisation. Then diffusion weld specimens with differ-
ent temperature deviations had been produced and investigated by tensile and Charpy im-
pact tests. 

Material Characterisation 
 
Tensile tests on base 
material specimens 
taken from the edge 
and the middle of the 
EUROFER 97/2 plate 
have been performed. 
The results of both 
sample groups agree 
completely. Charpy 
impact specimens indi-
cate a difference in the 
DBTT (ductile to brittle 
transition temperature). 
Compression creep 
experiments exhibited a 
different compression 
creep behaviour for 
specimens taken from 
the edge region and the 
middle region. This dif-
ference is temperature 
dependent, note the logarithmic scale of Fig. 1. The knowledge of local varying compression 
creep behaviour will be fundamental for a FW production. It had been a most important result 
of this investigation that there is a homogenization procedure later called a pre-stage. The 
compression creep behaviour of the new EUROFER 97/2 differs completely from that of the 
old batch. The compression creep speed is nearly constant for constant pressure and tem-
perature. It does not depend on the compression for the new EUROFER 97/2. 

 
Fig. 1: Results of compression creep experiments. 
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Diffusion weld experiments 
 
The current status of knowledge entails two kind of experiments: Firstly, the influence of a 
possible pre-stage on the diffusion weld process has to be investigated with samples taken 
from the edge and middle region. Secondly, the process parameters have to be varied and 
their influence on the weld quality has to be investigated. 

Results of the pre-stage influence 
 
The use of a pre-stage 
additionally to the dif-
fusion weld process 
does not generate an 
additional grain coars-
ening. A significant 
influence on tensile 
properties, fracture 
toughness (USE) and 
DBTT does not have 
been observed in case 
of the base material. 
But the results from 
Charpy impact ex-
periments of diffusion 
weld specimens indi-
cate a better weld 
quality in case of diffu-
sion weld samples 
taken from the middle 
region compared to 
those specimens taken 
from the edge region, 
see Fig. 2. An additional pre-stage lowers this difference in the weld quality.  

Results of the process parameter variation 
 
Pre-stage and the two step diffusion weld process necessitate a heat treatment at 1050°C. 
First serial applies in all steps a by 20°C increased process temperature. The results of 
Charpy impact specimens taken from base material and welds are indicating an up to 30°C 
increased DBTT. A grain coarsening could be observed. A significant change of tensile pa-
rameters does not have been observed. 

The decrease of first step parameter pressure and temperature does not generate any influ-
ence on tensile parameters. But the results of Charpy impact specimens display a reduced 
weld quality. A comparison of diffusion weld samples taken from the edge or middle region is 
showing a drastically increased difference of the weld quality. The diffusion weld process 
runs easier for a sample taken from the middle region than for a sample taken from the edge 
region. This is shown in Fig. 3.  

There had been some knowledge about process deviations in pressure of the second stage 
by a former task. Therefore the experimental programme varies only the time of the second 
stage. But the results do not show a different behaviour. A reduced second step process time 
reduces the weld quality by a reduced USE and increased DBTT. A drastically increased 
second step time increase the USE to nearly perfect values. But it increases the DBTT in 
critical manner. This effect should be investigated again after an applied multiple PWHT. 

 
 
Fig. 2: Results of a diffusion weld serial with specimens taken from the “center” or middle 

region and the edge region. The same serial had been performed with and without a 
pre-stage. 
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Fig. 3: Results of Charpy impact experiments in diffusion weld specimens produced with flaws during first step. The diffusion 

weld samples are taken from different regions of the rolled tin. 
 
 
Conclusion 
 
This task will be closed this year. The task yields a table of allowable diffusion weld process 
parameters. This will be a first data base to a quality assurance. The task yields the proof for 
the advantage of a pre-stage procedure. The influence of a locally varying diffusion weld 
quality and possible counter measures have been investigated. 
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TTMS-005 
Rules for Design, Fabrication and Inspection 
 
TW2-TTMS-005b D 1 
TBM Design Rules 
 
The objective of this task is the development of design rules for ITER test blanket modules 
(TBM) built from RAFM steels. The TBM has to be dimensioned against different kinds of 
failure: ductile, creep and fatigue failure taking into account the influence of irradiation. The 
design rules will be built up on existing codes for nuclear applications considering the life 
time prediction approaches that have been developed within TW2-TTMS-005a D4 for RAFM 
steels and their specific mechanical behaviour. The assessment of the design rules formu-
lated is also a part of this task. Therefore the performance and evaluation of suitable verifica-
tion experiments, among others isothermal multi-axial fatigue tests at room temperature as 
well as at elevated temperature, close to the operating temperature, with the reduced activa-
tion alloy EUROFER 97 are foreseen.  

Within the reporting period the isothermal multiaxial fatigue tests with combined pull-
push / alternating torsion loading were completed. As a result of the applied load the direc-
tions of the principal stresses and strains are not fixed for non-proportional loading conditions 
(phase shift between pull-push and torsion °°≠ 180or0 ) and rotate during a cycle (rotating 
principal stresses and strains RPSS). Therefore these tests differ from those reported in the 
last period, which were performed with fixed principal axis for stresses and strains (FPSS) 
but at room temperature only. 

 
 

Fig. 1: Biaxial Test Facility. 
 

The combined pull-push / alternating torsion experiments were performed on tube specimens 
using a biaxial test facility. For the elevated temperature experiments we mounted a resis-
tance furnace (Figure 1) on the pillar of the biaxial testing machine. To ensure that the 
clamping jaws are not heated, the bolts which are welded with the specimens were ex-
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tended, so that is was able to mount cooling sleeves around. Furthermore we used a com-
bined tension/torsion extensometer to measure the axial strain axε  and the shear strain γ  
simultaneously. All experiments were fully strain controlled with alternating axial and shear 
strains which are varied according to sinusoidal courses with a frequency of 0.5 Hz and a 
shear strain amplitude equal to the axial strain amplitude multiplied by 3  for all tests. Be-
side the temperature the phase shift between the course of axial stain and the course of 
shear strain as well as the strain amplitudes selected belong to the test conditions which may 
vary from test to test. 

 
Fig. 2: Correlation between non-proportional fatigue life and the equivalent plastic strain range. 

 
In a first evaluation we plotted in a Manson-Coffin diagram the equivalent inelastic strain 
range of the cycle at half number of cycles to failure versus number of cycles to failure fN  
(see Figures 4-6).The results obtained show no clear monotonic dependence of the equiva-
lent plastic strain range on the number of cycles to failure. In fact a very large scatter band 
for all phase shifts exists, particularly at low fN .  

Observing the dependence of the equivalent stress range of the cycle at 2/fN  on fN  the 
expected characteristics exist (Figure 3). For higher lifetimes the equivalent stress range de-
creases for both, room temperature and elevated temperature. At elevated temperature the 
slope is lower than at room temperature. In this case the influence of the load on lifetime 
seems to be apparently lower than at room temperature.  
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Fig. 3: Correlation between non-proportional life and the equivalent stress range. 

 
Comparing the equivalent total strain ranges of the multiaxial tests with those of the uniaxial 
tests and those of the design curve derived from the uniaxial tests for the same numbers of 
cycles to failure (Figure 4) it is obvious that the multiaxial results are more critical. In fact, 
some multiaxial results are below the design curve. Here for clarity reasons all multiaxial re-
sults (for all phase shifts and temperatures) are subsumed. 

 
Fig. 4: Total equivalent strains ranges compared to the design curve. 
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Comparing the equivalent stress ranges to uniaxial stress ranges an affinity is observed 
(Figure 5). At the same load level the number of cycles to failure is nearly the same.  

 
Fig. 5: Equivalent stress ranges compared to uniaxial stress ranges. 

 
So our investigations show the following results: 

1. The equivalent total strain ranges are clearly lower than the uniaxial ones at the same 
number of cycles to failure; 

2. The equivalent stress ranges are nearly the same as the uniaxial ones at the same 
number of cycles to failure. 

These differences in strain and the consonance in stress leads to the conclusion that the 
multiaxial cyclic loading leads to additional hardening and in total reduced softening com-
pared to uniaxial cyclic loading. To verify this assumption we plotted the stress-strain curves 
at room temperature for multiaxial and uniaxial cyclic loadings and compared the values with 
the monotone loading curve obtained from tensile test (Fig. 6). The uniaxial cyclic results are 
clearly below the uniaxial monotone curve. This is in accordance to the well known cyclic 
softening of EUROFER. In the multiaxial case the behaviour is different where an additional 
effect must be existent. This effect is probably the additional hardening, which appears under 
non-proportional cycling loading and leads to higher stresses, compared to the uniaxial case. 
So for multiaxial cyclic loading both effects, cyclic softening and additional hardening are 
apparently mutual annulled. 

Hence, a pure strain based design curve seems not to be meaningful. The design curve 
should also consider the stress which has been however taken into account in the lifetime 
prediction models developed so far under TTMS-005. 

A final report including the results of all verification tests performed within this task and their 
evaluation as well is now in preparation and will be shortly published. 



 -- 160 --

Hardening of EUROFER 
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Fig. 6: Hardening of EUROFER at uniaxial (monotonic and cyclic) and multiaxial cyclic loading in comparison. 
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TW2-TTMS-005b D 2 
Evaluation of the Material Design Limits for TBM’s Application 
 
TW5-TTMS-005 D 8 
Definition of an Experimental Programme for Validation of HT Creep-fatigue 
Rules at Fusion Relevant Conditions 
 
Objectives 
 
In the first line, the aim of the activity represented here is an application of two advanced 
material models for simulation of the test blanket module (TBM) undergoing cyclic thermal 
and mechanical loadings. The first model is thereby the ABAQUS standard combined non-
linear isotropic-kinematic hardening model whereas the second is a viscoplastic material 
model considering material damage and being newly implemented by J. Aktaa as an 
ABAQUS user material (UMAT). 

Material parameters for both models are adjusted using results of isothermal tensile and cy-
clic experiments performed at FZK on EUROFER 97. As is generally known, EUROFER 97 
is an important blanket material for the future fusion reactor and belongs to reduced activa-
tion ferritic-martensitic steels (RAFM), which soften under cyclic loading in contrast to aus-
tenitic steels exhibiting cyclic hardening. 

Moreover, the work is focused on the application of some existing design rules considered 
for austenitic steels and further evaluation of the rules by comparison of their predictions with 
results of cyclic simulations using the advanced material models mentioned above. Thereby, 
some important allowable stress limits are calculated under consideration of the cyclic softe-
ning of RAFM. 

Finally, we aim at a detailed proposition of the mock-up experiment allowing us to verify the 
advanced material models used within the activity and to assess a capability of the actual 
TBM design. The propositions include precise definitions of the component geometry as well 
as optimized thermal and mechanical boundary conditions and loads. 

Activity status at the beginning of 2006 
 
Up to the end 2004: 

• Adjustment of material parameters required for the ABAQUS-own non-linear kine-
matic/isotropic hardening material model (see ABAQUS/Standard User’s Manual, Vol. 
II, Ch. 11.2.2) on the basis of the data stemming from a life time study of EUROFER 
97 at 450°C, 550° and 650°C performed by J. Aktaa & R. Schmitt [1]; 

• Creation of a 2D finite element (FE) model of a ¼ of the test blanket module (TBM) 
according to current TBM design. 

Up to the end 2005: 

• Enhancement of material parameters determined in 2004; 

• Computation of the temperature distribution in the ¼ of TBM due to various thermal 
loadings;  

• Determination of the elastic limit i.e. of the minimum coolant pressure causing an ine-
lastic response after the 1st cycle as a function of the plasma heating and the tem-
perature of cooling channels Tcc using both material models; 
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• Simulation of the cyclic behaviour of TBM using the UMAT for the first 600 cycles un-
der consideration of the following loads: Tcc = 600° C (873 K); the plasma heating of 
750 kW/m2 and the coolant pressure P = 50 MPa = 500 bar; 

• Calculation of the allowable membrane stress intensity labelled as 
*
mS  under consid-

eration of the cyclic softening of ferritic-martensitic steels; 

• Application and verification of some low-temperature design criteria. 

Results achieved in 2006 
 
In this section, we represent results of our activity in 2006. 

Calculation of allowable stress intensities 

We have enhanced and extended the 
definition of *

mS  introduced in 2005, 
see fig. 1, for the following reason: It 
is unfortunately not straightforward to 
compare directly cycles in tensile 
experiments carried out at constant 
temperature on small specimens with 
operating cycles of a component in-
cluding mechanical pressure in cool-
ing channels and possibly high tem-
perature gradients. We have thus 
calculated only one *

mS  value for 
each temperature and labelled it as 

C
mS , whereby the subscript C denotes 

that the value should be applied if C-
type loadings appear in contrast to 

mS  values valid for M-type loadings. This value corresponds to a cycle number Nf/2 high-
lighted in fig. 1 and is representative for the given temperature. *

mS  becomes therewith a tran-
sient value and is not applied below. 
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Fig: 2: On the left: the change of C
mS  with temperature up to 650°C (923 K); available data for these temperatures mS  are 

also given for comparison; the polynomial ( )TSm  exhibits a very good agreement with the experimental mS  curve. On 

the right: the difference between C
mS  and mS  

 
As follows from the left-hand side diagrams in fig. 2, C

mS  and mS  values exhibit a very similar 
behaviour as functions of temperature. A gap between the curves increases with increasing 
temperature as shown again in fig. 2, on the right. Thereby, the gap increases almost linearly 
at HT beginning with 450°C (723K). The reduction of the allowable stress intensity due to the 
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Fig. 1: Change of *

mS  under cyclic loading at RT, 450°C (723K), 

550°C (823K) and 650°C (923K); available data for these tem-
peratures mS  are also given for comparison. 
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cyclic softening should definitely be accounted in design estimations if C-type loadings are 
considered. 

In the same manner, we have also introduced and calculated the allowable primary plus sec-
ondary membrane stress intensity C

eS  as well as the allowable total stress intensity C
dS , see 

FZKA 7241 (2006). 

Evaluation of design rules 

We have applied design rules based on the elastic-plastic analysis and being also valid for 
HT additionally to design rules chosen for evaluation in 2005. Thus, the following design 
rules have been evaluated: 

• Rules for prevention of immediate plastic collapse and plastic instability (M-type dam-
age): 

 mm SP ≤ ; meffbm SKPP ≤+  

• The rule for prevention of immediate plastic flow localization (M-type damage): 

 emm SQP ≤+ (elastic) ; ( ) 21 mu
pl
m Tεε ≤  (elastic-plastic) 

• The rule for prevention of immediate local fracture due to exhaustion of ductility (M-type 
damage): 

 dbm SQPP ≤++  

• The rule for prevention of progressive deformation or ratcheting (C-type damage): 

 [ ] mbm SQPPP 3maxmax ≤Δ+Δ++  (elastic) 

 ( ){ }mu
T

pl
m T

m
ελε min5.0 11 ≤  (elastic-plastic). 

• Creep effects 

 ( ) 1≤mt PU  ; ( ) 1≤+ tbmt KPPU  (elastic) 

with the creep usage fraction for primary stress tU , see ITER SDC subsection IC 2764 [2], 
and the creep bending shape factor [ ] 21+≡ efft KK . Thereby, all overlined expressions 
above mean the von Mises norm. For other notations used here, we refer to FZKA 7241 and 
to ITER SDC-IC. Results of the evaluation of the low-temperature rules within the elastic 
route are collected in table 1. 

Thus, the chosen design rules predict (a) plastic collapse and plastic instability, (b) probable 
plastic flow localization, (c) local fracture due to the exhaustion of ductility as well as (d) pro-
bable accumulation of plastic deformation. The prognoses confront however with simulation 
results using the viscoplastic material model including damage. The simulations show rather 
a non-ratcheting behaviour at least for the first 600 cycles. To obtain a more definite result, 
cyclic simulations should be continued up to the component failure. An extrapolation method 
proposed by [3] allows for instance such simulation. On the other hand, all design criteria 
should be checked according to the scheme given in ITER SDC-IC, subsection IC 3030. 



 -- 164 --

 
Table 1: Maximum absolute values of the categorized stress components and their combinations among all values for the 

chosen paths together with the corresponding values of the available mS  and calculated C
mS  stress intensity limits; the 

units are MPa. 
 

mP  K
mS 898  KC

mS 898  K
mS 873  KC

mS 873  

117.0 87.0 14.5 98.0 29.1 

bm PP + K
mSK 898 KC

mSK 898 K
mSK 873  KC

mSK 873

179.7 130.5 21.8 147.0 43.6

mm QP +  K
eS 898  KC

eS 898  K
eS 873  KC

eS 873  

129.9 86.6 61.8 97.7 68.4 

QPP bm ++ K
dS 898 KC

dS 898 K
dS 873  KC

dS 873

260.9 173.1 123.6 195.3 136.8

maxQPP bm Δ++  K
mS 8983  KC

mS 8983  K
mS 8733  KC

mS 8733  

179.7 + 215.8 = 395.5 261.0 43.6 294.0 87.2 
 
Definition of the mock-up experiment 

According to our proposition, a box-shaped model of TBM has three separated cooling chan-
nels as depicted in fig. 3. Thereby, we have used the first wall geometry proposed by TBM 
designers. The coolant pressure P is firstly assumed to be constant and equal to 100 bar = 
10 MPa. The coolant temperature should vary from channel to channel in accordance with 
the design of the TBM. In the study, we firstly consider the following four load cases:  

• T1 = 300°C (573K) & T2 = 350°C (623K) 

• T1 = 350°C (623K) & T2 = 300°C (573K) 

• T1 = T2 = 300°C (573K)  

• T1 = T2 = 350°C (623K)  

The cycles are chosen similar to 
the working cycles of the TBM: 
(1) heating and application of the 
pressure, 30 s; (2) holding at the 
high temperature (HT) tHT

hold, (3) 
cooling to RT, 100 s and, finally, 
(4) holding at RT for 600 s. 
Thereby, tHT

hold is evidently rele-
vant for the amount of inelastic 
deformation and has for this 
reason been chosen as the 1st 
design parameter. The outer 
wall thickness (OWT) has been 
chosen as the 2nd design pa-
rameter and changes in the range of 1 mm to 5 mm. 

Thus, within the frame of the work presented we have simulated first 50 cycles using the 
coupled deformation-damage material model mentioned above for OWT = 1.0 mm, 2.0 mm; 
3.5 mm, 5.0 mm and tHT

hold = 600 s, 1800 s, 3600 s, 7200 s on the basis of a 2D FE model. 
The temperature distribution as well as the linear-elastic behaviour has been simulated how-
ever on the basis of a 3D FE model. 
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Fig. 3: The geometry of the proposed mock-up model together with the me-

chanical and thermal loads (on the right). 
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Further simulations considering a variation of the coolant pressure and the temperature dif-
ference between the cooling channels allow us to formulate the following conditions for the 
mock-up experiment: 

• Case 2 for the surface temperature of the cooling channels i.e. T1 = 450°C (723K) & 
T2 = 300°C (573K); (Evidently, higher T1 = 550°C (823K) results sufficiently in a reduc-
tion of the number of cycles up to the failure of the model. The temperature should be 
however realizable experimentally.) 

• The outer wall thickness OWT= 5.0 mm; 

• The hold time at the high temperature tHT
hold = 1800 s; 

• The coolant pressure P at least 10 MPa i.e. 100 bar. 

If T1 = 450°C (723K) is not realizable and only T1 = 350°C (623K) can be reached experimen-
tally, P should be increased up to at least 15-20 MPa i.e. 150-200 bar. 

For the modelling, we have used geometrical parameters corresponding to actual propositi-
ons of TBM designers. Among all these parameters, we have varied only the outer wall 
thickness OWT. The heating of the front side is considered to be constant and equal to 300 
kW/m2. We recall also another model simplification concerning the constant temperature over 
the total surface of a cooling channel. Thereby, surface temperatures in different cooling 
channels are not equivalent as shown in fig. 3. We also found out that tHT

hold influences dam-
age amount only slightly in contrast to OWT and P and, on the other hand, ΔT influences 
damage more sufficient than P. 

Summary and Outlook 
 
In the present work, material parameters required for the non-linear kinematic-isotropic hard-
ening ABAQUS standard material model have been determined. These parameters have 
been used together with a coupled deformation-damage viscoplastic material model to de-
termine the coolant pressure causing plastic deformation as a function of the temperature in 
the cooling channels and the plasma heating. Furthermore, the cyclic behaviour of the TBM 
has been simulated using both material models. It turned out that the ABAQUS standard ma-
terial model used is not appropriate enough to describe behaviour of components undergoing 
different loadings at HT for a longer time. However, this time-independent material model can 
be involved for simulations under monotonic loadings to verify the low-temperature rules for 
the M-type damage requiring a pure plastic strain part without the creep part. 

On the other hand, some important design rules have been applied to the model and their 
predictions have been compared with results of the cyclic simulations. It turned thereby out 
that the criterions are not fulfilled, even if the conventional limit values of stress intensities 
are used. The newly calculated values of allowable stress intensities C

mS , C
eS  and C

dS  accoun-
ting for the cyclic softening of the EUROFER 97 steel lead to a larger gap between the target 
and actual results. 

An investigation of the temperature dependence of the allowable stress intensities shows 
that cyclic loadings lead to a reduction of conventional values of e.g. mS  by approximately 40 
- 80 MPa. For this reason, we recommend to use the available values to design a component 
underlying to monotonic loadings and the proposed values C

mS  if cyclic loadings occur. 

The results of the cyclic simulations exhibit neither plastic collapse nor ratcheting after the 
first 600 cycles. This discrepancy could mean that the criterions could be possibly too con-
servative for EUROFER 97 and should be revised. The suggestion, however, requires a fur-
ther in-depth study including a verification of all (elastic and elastic-plastic) design rules pre-



 -- 166 --

venting both the M-type and C-type damage as well as the possible changes in the actual 
TBM geometry. 

Further design propositions concerning the mock-up experiment can occur due to a variation 
of other geometrical parameters, plasma heating, a simulation of more cycles using both the 
RESTART option and the extrapolation method mentioned above. Moreover, the tempera-
ture on the surface of the cooling channels is not constant and should be determined on the 
basis of a thermo-hydraulic simulation. 
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TW2-TTMS-005b D 4 
Creep-fatigue Lifetime Prediction Rules for Irradiated EUROFER 
 
The objectives of this task are the modification of the lifetime prediction model developed in 
TW2-TTMS-005a D4 for RAFM steels under creep fatigue conditions taking into account the 
irradiation influence and the verification of the modified model by applying it to EUROFER 97 
in the post-irradiated state. 

During the reporting time period the post irradiation investigations of EUROFER 97 were in 
progress however no sufficient data were available for application of the modified life time 
prediction model on EUROFER 97. Instead, the coupled deformation damage model, which 
was implemented in the finite element code ABAQUS, has been used to simulate thermo-
mechanical fatigue tests performed on EUROFER 97 in the reference (unirradiated) state.  

The finite element simulations of the thermo-mechanical tests showed that at the middle of 
the specimen a mechanical strain range higher than the value measured as an average for 
the gauge length in the real test can be calculated. However, this maximum mechanical 
strain range is still lower than that corresponding to the experimentally observed fatigue life 
predicted on the base of isothermal fatigue data (Figure 1). 
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Fig. 1: Maximum mechanical strain range at the half number of cycles to failure calculated using finite element simulations 

versus number of cycles to failure for thermo-mechanical fatigue tests in comparison to those measured for the entire 
gauge length (symbols with dotted outline) and to those of isothermal fatigue tests and the design curve derived there 
from. 

 
Accordingly one may conclude that thermo-mechanical cycling of EUROFER 97 yields more 
fatigue damage than isothermal cycling with the same mechanical strain range. But before 
doing so, it should be ruled out that the progressive strain localization calculated at the mid-
dle of the thermo-mechanical fatigue specimen, caused by both temperature gradients in the 
specimen and cyclic softening behaviour of the material, would yield deformation instabilities 
and locally even higher fatigue loads. These deformation instabilities and the resulting higher 
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local fatigue loads can not be correctly modelled by the geometric linear finite element simu-
lations performed. However, they can be investigated performing either geometrically nonlin-
ear simulations, which require development of additional tools, or thermo-mechanical fatigue 
tests with specimens of different geometries and buckling behaviour, respectively. 
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TW2-TTMS-005b D 7 
Small-scale Fracture Mechanics Specimens 
 
TW5-TTMS-005 D 3 
SSTT: Model the Ductile Region - Development of Models for Transferability of 
Small Size Specimens to Standard Size and FW Applications 
 
TW6-TTMS-005 D 12 
SSTT: Continuation of the Modeling the Ductile Region - Development of  
Models for Transferability of Small Size Specimens to Standard Size and FW  
Applications 
 
Objectives 
 
The main objective of the activity is to find a save approach for transferring of the FM para-
meters, in the first line the crack resistance curves J(Δa) obtained at small scale specimens 
to standard-sized specimens and whole components. 

Activity status at the beginning of 2006 
 
First test simulations using the micromechanics-based material model implemented by Dr. F. 
Reusch (University of Dortmund) as a user material (UMAT) in the commercial FE code 
ABAQUS have been performed in the end of 2005. As described in the previous reports, the 
modified GTN material model is chosen for the implementation. 

Furthermore, the concept for scaling of crack resistance curves proposed in [1] has been 
studied and chosen as a possible main tool in the current activity. The aim of the further ac-
tivity is to validate this concept with respect to firstly the GTN material model and secondly to 
ferritic-martensitic steels. 

Achieved results 
 
In this section, we give a short description of results achieved in 2006. 

Simulation of the crack propagation in the SE(B) FM probe 

The UMAT has been applied to the simulation of the 
crack propagation in the 3PB specimen depicted in fig. 1. 
Thereby, simulations have been performed for five differ-
ent lengths a0 of the initial crack: 1.0 mm, 1.5 mm, 2.0 
mm, 2.5 mm and 3.0 mm. Due to convenient partition 
shown in fig. 2, a0 could be controlled exactly by chang-
ing of the nodal sets containing the net section of the 
specimen. 

The full integrated 4-nodes plain strain elements CPE4 
have been used for the simulation. Three meshes with 
different (0.075 mm, 0.100 mm and 0.150 mm) lengths of 
elements along the ligament have been generated to 
investigate a mesh dependence of J-integral. The discre-
tized FE model is shown in fig. 3 for the element length of 
0.100 mm. 

 
Fig. 1: The half of the 3PB sample (KLST) 

with the fin and bearing. 
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Study of the dependence of J-Integral on the definition of the crack-tip region 

According to recommendations of [2], a nodal set defining a crack tip region should contain 
not only the single crack tip node but rather all nodes in the neighborhood of the crack tip, 
however under the following restrictions: 

3. They contain the crack tip node; 

4. They form a closed domain; 

5. They may not lie on the boundary of the structure. 

To verify this proposition, we have defined the crack tip region using three different nodal 
sets as shown in fig. 2. Thereby, the nodal set cracktip1 contains only the single crack tip 
node; the cracktip2 contains other nodes (the hatched area in fig. 2 for a0 = 1.5 mm) apart 
from cracktip1 and, finally, cracktip3 contains all nodes in the pink- and green-colored areas 
depicted in fig. 2. Note that the set cracktip3 is common for all values of a0. 

 
Fig. 2: Partition of the 2D FE model and 3 definitions of the crack-tip region. 

 
Simulations show a good agreement of J-values obtained using cracktip1 and cracktip2 at 
least up to a0 = 2.0 mm, see fig. 4. For a0 > 2.0 mm as well as for the set cracktip3, the struc-
ture boundary should influence the result. For this reason, only results obtained using crack-
tip1 are discussed below. 
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Fig. 3: FE discretization along the ligament with the element 

length of 0.100 mm. 

 
Fig. 4: Comparison of J-Integral-vs.-LL-displacement curves 

computed by different definition of the crack tip re-
gion. 

 
Study of the mesh dependence of the J-Integral 

Due to the locality of the material model used for the simulation, the computed J-Integral is 
dependent on the element size along the ligament. Such mesh dependence is shown in fig. 5 
on the left for the case a0 = 1.5 mm. All the meshes lead to the same result up to the load 
line displacement ULL of approximately 0.43 mm corresponding to comparable crack propa-
gation Δa, which is relevant for an experimental representation of crack resistance curves. 
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On the right-hand side diagram in fig. 5 is shown the change of J-values in dependence of 
the element size calculated for ULL of 0.43 mm and 0.83 mm. Unfortunately, the results ex-
hibit only a slight convergence in the case of ULL = 0.83 mm. It means that only J-values cor-
responding to ULL < 0.5 mm should be accounted to avoid the mesh dependence. Below, we 
discuss the results obtained using eltsize = 0.100 mm. 
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Fig. 5: On the left: comparison of J-Integral-vs.-LL-displacement curves computed with different element sizes along the liga-

ment; on the right: convergence of J values for two values of the LL displacement: 0.43 mm and 0.83 mm (cf. to the left-
hand side diagram). 

 
Study of the dependence of J-Integral on the initial crack length 

The left-hand side diagram in fig. 6 represents J-values as functions of ULL computed for five 
different initial crack lengths. The diagram on the right-hand side shows the cross section of 
the left-hand side diagram for two chosen values of ULL. Both diagrams exhibit a decrease of 
the J-value as a0 increases. 
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Fig. 6: Comparison of J-Integral-vs.-LL-displacement curves computed for different initial crack lengths. 

 
Representation of advance in the crack propagation 

We aim at the calculation of crack resistance curves i.e. in the representation of J-integral as 
a function of the advance in the crack growth Δa. Whereas J-integral is calculated automati-
cally, convenient criteria for the visualization of the crack propagation should be found out. 

According to assumptions of the material model used, material failure occurs i.e. a crack pro-
pagates if VVF reaches 0.18 (The final VVF is a material parameter and should be adjusted 
with accordance to experimental data.). Elements concerned are thereby not eliminated and 
lose only in stiffness. We propose the following three criteria allowing representation of the 
crack propagation: 

1. VVF (corresponds to the internal model variable SDV7) becomes greater than 0.18; 

2. von Mises equivalent stress becomes less than a predefined value (here 10 MPa); 
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3. Horizontal component of the reaction force at the ligament becomes less than a prede-
fined value (here 10 N). 

 
 
 
 
Fig. 7: FE Three proposed criteria for representation of the 

advance in the crack propagation: the VVF (top left), 
von Mises stress (top right) and reaction forces (bot-
tom left); the results are obtained for a0 = 1.5 mm and 
the mesh length along the ligament of 0.100 mm. 

 

 

Contour plots in fig. 7 illustrate an applica-
tion of the criteria. An additional illustra-
tion to the last criteria is shown in fig. 8. 
The deformed mesh can also be recog-
nized in this figure (cf. to fig. 3). 

 

Calculation of the J(Δa) curves for all 
computed initial crack lengths 

Using one of the criteria described above, 
a J(Δa) curve can easily be calculated 
according to the following flow chart: 

• Save Jn(t) (n ∈ [1, N] is the current 
contour number; N is the number of contours in the ABAQUS command line 
*CONTOUR INTEGRAL), COORY(t), SDV7(t) for all ligament nodes; 

• Define J(t) as maximum over all contours: J(t) = max{ Jn(t)} among all n ≤ N; 

• Check one of the crack propagation criteria (CPC) for each node along the ligament 
and find the critical time tcr for each node if the criterion chosen is fulfilled; 

• Define the current Δa as the difference between the current y coordinate of the initial 
crack tip (ICT) and the current y coordinate of the node K, where the CPC is fulfilled: 
                             Δa(tcr

K) = COORDY(ICT(tcr
K)) – COORDY(K(tcr

K)) 

• ( Δa(tcr
K), J(tcr

K) ) is thus one point of the J(Δa) curve. 

Fig. 8: Deformed mesh after the last simulation step with the 
resultant horizontal component of the reaction force; the 
results are obtained for a0 = 1.5 mm and the mesh length 
along the ligament of 0.100 mm. 

 

Initial crack tip

Initial crack tip 
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Blunting Δa0 can be also considered as follows. Assume that the CPC at the initial crack tip is 
fulfilled at tcr

ICT. The blunting can then be defined as the difference between the y coordinate 
of the rigid fin i.e. ULL at tcr

ICT and the y coordinate of the ICT also at tcr
ICT:  

                    Δa0 ≡ Δa(tcr
ICT) = COORDY(fin(tcr

ICT)) – COORDY(ICT(tcr
ICT)) 

Δa0 should be then added to each Δa(tcr
K) 

defined above. J(Δa) curves for a0 = 1.5 
mm calculated using the proposed crite-
ria are shown in fig. 9. The 2nd and 3rd 
criteria yield thereby quite similar results, 
whereas the 1st criterion is more conser-
vative. Below, only the 1st criterion is dis-
cussed. 

All J(Δa) curves calculated using the 1st 
criterion are represented on the left-hand 
side diagram in fig. 10. The curves 
should be used for validation of the 
method proposed by W. Brocks men-
tioned. The right-hand side diagram in 
fig. 10 illustrates consideration of blunting described above. Note that blunting increases with 
increasing a0. 
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Fig. 10: On the left: comparison of J(Δa) curves computed using the VVF criterion for different a0; on the right: increase of the 

blunting with increasing a0. 
 
 
Outlook 
 
Based on FE simulations: 

• Calculation of the stress dissipation rate in dependence on the crack propagation i.e. 
R(Δa) curves using simulation results represented above; 

• Scaling of the R(Δa) curves and transfer of J(Δa) curves shown in fig. 10, on the left, 
using the approach mentioned; 

• Simulation of the crack propagation in a C(T) specimen and validation of the scaling 
approach by transferring J(Δa) curves between C(T) and SE(B) probes. 

Based on experimental data: 

• Validation of the scaling approach by transferring J(�a) curves between C(T) and 
SE(B) probes based on the experimental data listed in FZKA 7252 by E. Gaganidze 
for SE(B) specimens and obtained from NRG Petten (J.-W. Rensman) for C(T) pro-
bes. 
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Fig. 9: Comparison of J(Δa) curves computed using different 

criteria of the crack propagation for a0 = 1.5 mm. 
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Based on both simulation and experiment: 

• Study of sensitivity of the local GTN material model with respect to variation of mate-
rial parameters; 

• Adjustment of material parameters for EUROFER by simulation of convenient ex-
periments; 

• Validation of the scaling approach of W. Brocks or derivation of an own scaling ap-
proach by simulation of the crack propagation in a component (for instance in the 
TBM mock-up model described in FZKA 7241) and transferring the corresponding 
J(�a) curve into the J(�a) curve of the KLST FM specimen. 
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TW4-TTMS-005 D 2 
Mechanical and Structural Characterization of EUROFER 97-2 
 
During the development work of RAFM steels further structural and mechanical characteriza-
tion on the EUROFER 97-2 batch was performed [1, 2]. This 8 ton batch was delivered in 
round forgings and plates. The technical and chemical specification of the batch was based 
on the experience gained with the first EUROFER 97 batch and various RAFM 9CrWTaV-
alloys. The use of carefully selected raw materials was essential to achieve high cleanness 
and low contents of undesired elements or impurities as Nb, Mo, Ni, Cu, Al, Co, and others, 
which produce long-living radio-active isotopes under neutron irradiation. One important goal 
of the procurement was to achieve a good reproducibility of the satisfying properties of the 
former EUROFER 97 alloy. This additional EUROFER 97-2 material was needed for techno-
logical tests and further fabrication trials, particularly to build the Test Blanket Modules (TBM) 
mock-ups. 

The material was melted in a 16-
ton vacuum induction furnace, re-
melted in a vacuum arc device and 
forged to billets, necessary for the 
production of round bars, plates, 
and tubes. The last heat treatment 
was normalizing 960°C 1.5 h/oil 
and tempering 750°C 4 h/air. At the 
beginning of 2004, material struc-
tural investigations began with the 
first round forgings with a diameter of 100 mm, later in the middle of 2005 the investigations 
began at the plates, tab.1.  

Metallographic cuts were prepared in differ-
ent orientations and near the material sur-
face of the as-received state. All materials 
were δ-ferrite free. A very fine grain could be 
observed up to 200 μm from the surface, due 
to the last mechanical surface treatment. In 
the centres of the bars and plates, there 
were some areas of coarse grains, but there 
was no anomaly in hardness to other basic 
material, fig. 1. The hardness in the exam-
ined heats was between 216 and 229 HV 30. 
No difference was found in average grain 
shape, grain size (ASTM 10-11), and hard-
ness due to the orientation of the samples 
and forming direction. One`s attention was 
turned to the inclusions. There were few ori-
entation dependence in the shapes of the 
inclusions. By EDX-analysis, the desoxida-

tion detergents could be analyzed mainly as Ce and some Al. The important low contents of 
sulphur and phosphorus could be confirmed by chemical analysis. The specified elements 
could be essentially analyzed and confirmed, but there was one exception, the nitrogen con-
tent in plate heat 993378 was with 0.011 wt.% lower as demanded 0.015 – 0.045 wt.%. 

Hardening behaviour was determined in all heats, fig. 2. Specimens were heated between 
850 and 1150°C for 30 min and quenched, hardness and grain sizes were measured. Plate 
materials exhibited some more hardness than the round forged materials. This behaviour 
accords with the tendency to smaller grain sizes of the plate material, which can be observed 
in the upper scatter band of the ASTM grain size graph, fig 2. At 850°C, in all heats could be 

Table 1: Delivery forms of the EUROFER 97-2 batch. 
 

Heat Delivery form Dimension 
993378 round forging ∅100 mm 
993394 round forging ∅100 mm 
993394 plate 8 mm 
993393 plate 14 mm 
993391 plate 25 mm 
993402 plate 25 mm 

 
Fig. 1: Micrograph of heat 993402, plate material. 
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arisen δ-ferrite due to the low hardening temperature. At higher temperatures there was not 
any δ-ferrite. 

 
Further series of specimens 
were hardened at 980°C 30 
min or 1040°C 30 min and 
tempered between 300 and 
900°C 2 hours to determine 
the tempering behaviour, fig. 3. 
Up to 500°C 2 hours, there 
was no hardening observable, 
but at 550°C 2 hours occurred 
in the most heats the typical 
secondary hardening of this 
type of alloys. The hardness 
decreased again due to the 
increasing of tempering tem-
perature by diffusion proc-
esses and precipitation devel-
opment. The increase of hard-
ness at 800°C 2 hours can be 
explained by the beginning of 
α-γ-conversion. There was 
observed one exception, again 
heat 993378, there was no 
secondary hardening at 550°C 
2 hours due to the low nitrogen 
content. Chemical extractions 
were performed in the as re-
ceived condition and after the 
basic heat treatments. The 
carbide content of the alloys 
was 2.9 – 3.1 wt.%.  

 

Fig. 3: Tempering behaviour of EUROFER 97-2. 
 

 
Fig. 2: Hardening behaviour of EUROFER 97-2. 
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Mechanical Properties 
 
Tensile tests 

All tensile specimens (38 x M5) were fabricated parallel to the main direction of deformation 
of the as received material. An universal testing machine was used to determine tensile 
strength Rm, yield strength Rp0.2, uniform elongation Ag, total elongation A, and reduction of 
area Z at RT, 300, 400, 500, 600 und 700°C. The preset of tensile strength Rm>600 MPa at 
RT could be achieved of all heats, but against yield strength of Rp0.2>500 MPa at RT was 
achieved just by plate materials, fig. 4. The good strength behaviour of the plate materials 
could be decided at higher temperatures, too, even better than the first EUROFER 97. Total 
elongation was specified A>15% at RT; these data were better in all heats, fig. 5. Fractures 
of the broken specimens were examined, too, - all tensile fractures were ductile. 
 

Fig. 4: Yield strength, Rp0.2. 
 

Impact tests 

Two different specimen sizes were fabricated for the impact tests. Large ISO-V specimen (55 
x 10 x 10, and 55 x 10 x 5 of 8 mm plate) as standardized testing method, and the KLST size 
(27 x 3 x 4) for irradiation relevant intercomparison tests, fig. 6. The ISO-V specimens were 
taken longitudinal, L-C of the round forgings and L-T of the plate materials. Tests were per-
formed in a conventional impact testing apparatus with a 50 J pendulum impact hammer. 
DBTT and upper shelf energies are listed in Table 2. The best DBTT and USE data was ana-
lyzed in heat 993402, but generally all impact data are is the common scatter of technical 
material. 
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Fig. 5: Total elongation, A. 

 
 

  
Fig. 6: Specimen orientation of ISO-V and KLST impact specimens. 

 
 

Table 2: DBTT and USE of ISO-V specimens. 
 

Heat Orientation DBTT in °C USE in J 
993378, ∅ 100 mm L-C -55 286 
993394, ∅ 100 mm L-C -45 285 

993391, Platte 25 mm L-T -50 290 
993393, Platte 14 mm L-T -40 270 
993394p, Platte 8 mm L-T ISO-V half specimen

-70 
108 

993402, Platte 25 mm L-T -80 290 
 
KLST impact test specimens were fabricated in different orientations. The specimens of the 
round forgings have the L-C, C-L, and C-R orientation and of the plate materials L-T and T-S, 
fig. 6. Important is the alignment of the notch to detect any orientation dependence to defor-
mation directions, but, the determined data of all DBTT and USE did not confirm any orienta-
tion dependence of the round or plate material, tab. 3. In general, there was not such clear 
difference in the quality of impact behaviour between round forging or plate material as e. g. 
seen by tensile tests. To average, most impact data are in the same distribution band as 
seen in the ISO-V tests, but with a small tendency to better DBTT in the plate material. The 
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lowest DBTT is determined in the round forging heat 993394, and, as observed at the ISO-V 
specimens, the best DBTT has heat 993402. 

 
Table 3: DBTT and USE of KLST specimens. 

 
Heat Orientation DBTT in °C 

USE in J 
993378, ∅ 100 mm L-C -95 9.8 
993378, ∅ 100 mm C-L -100 9.7 
993378, ∅ 100 mm C-R -90 9.6 
993394, ∅ 100 mm L-C -70 9.7 
993394, ∅ 100 mm C-L -55 9.2 
993394, ∅ 100 mm C-R -60 9.5 

993391, plate 25 mm L-T -85 9.7 
993391, plate 25 mm T-S -95 9.5 
993393, plate 14 mm L-T -90 9.6 
993393, plate 14 mm T-S -100 9.2 
993394p, plate 8 mm L-T -105 9.3 
993394p, plate 8 mm T-S -115 9.4 
993402, plate 25 mm L-T -120 9.5 
993402, plate 25 mm T-S -110 9.6 

 
Creep tests 

A long term program was started by creep tests at 450, 500, 550, 600, and 650°C and cov-
ered estimated test-times up to 8000 h. All creep specimens (56 x M8, and 94 x M12) were 
prepared parallel to the main deformation direction. The data of 1% strain limit (fig. 7) and 
time to rupture (fig. 8) show a clear better creep behaviour of the plate material. 

 

Fig. 7: Creep properties at 1% strain limit. 
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Fig. 8: Creep properties of time to creep-rupture. 
 
 

Conclusion and Outlook 
 
EUROFER 97-2 batch reveals good accordance to the former EUROFER-alloys. Only the 
round forging materials had marginal properties. Against this, the plate materials have better 
results than the first EUROFER 97 alloy. They have higher strength and ductility, and better 
long time behaviour as compared in the graphs.  

These new RAFM-steels are a further step of optimization of material properties targeted on 
the development of components for fusion reactors [2, 4]. The results obtained form the basis 
for design and construction of components and will serve for comparing results for future 
irradiation tests. 
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TW5-TTMS-005 D 4 
Experiments in Support of Modelling Activities on Size Effects 
 
Objectives 
 
The development of a convenient model for fracture mechanics (FM) experiments on struc-
ture materials is a huge challenge. Finding of scaling factors, which would allow prediction of 
a crack resistance curve of a standard specimen on the basis of the results obtained on 
miniaturized specimens, is of vital importance for qualification of structure materials of future 
fusion reactors. To support modelling work on size effects in the ductile and ductile-to-brittle 
transition region of structure materials several fracture mechanics experiments are needed.  

Fracture Mechanics Experiments on Sub-size Specimens 
 
The Fracture Mechanics (FM) experiments have been performed on EUROFER 97 steel 
specimens. Mini-bar specimens of KLST type (3x4x27 mm3) have been chosen for quasi-
static fracture toughness tests. In order to improve the constraint state near the crack tip se-
lected specimens were side-grooved to a net thickness of 2.33 mm. Room temperature 
quasi-static three-point-bend (3PB) testing was performed with a servo-hydraulic testing ma-
chine Hydropuls®-VHS®-50 (Schenk/Instron). Displacement controlled bending of the 
specimens were performed with displacement rates of 2-5 mm/min. 
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Fig. 1: J-Δa curve for EUROFER 97. The solid line is a least square fit according to J=C(Δa)p for data points fulfilling 

0.15 ≤ Δa ≤ 1.5 mm criteria; the best fit was obtained with C=726 and p=0.53. Estimated J0.2 = 310 N/mm; the 
dashed dotted line is a linear fit to data points fulfilling 0.15 ≤ Δa ≤ 1.5 mm criteria; estimated JIC = 249 N/mm. 
(Δa – crack growth, J – J-integral, J0.2 – J-integral at 0.2mm crack growth, JIC – critical J-integral at modus I, 
J-R – crack resistance curve, KIC – fracture toughness at modus I ) 

 
All EUROFER 97 (980°C/0.5 h + 760°C/1.5 h) specimens exhibited ductile failure at RT. 
Complex three dimensional fracture surfaces with significant inhomogeneous plastic defor-
mation was observed for the specimens with initial crack lengths of 0.22≤ a0/W≤ 0.24. The 
examination of the surface profile revealed a complex zig-zag crack-propagation that pre-
vented a quantitative assessment of the stable-crack extension. Neither variation of the 
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starter notch type (i.e. ″U″ or ″V″ type) nor side-grooving of the specimens led to elimination 
of the zig-zag crack-propagation. Pre-cracking of the specimens up to initial lengths of a0/W ~ 
0.34-0.36 and subsequent side grooving, however, considerably improved the crack growth 
picture, thus allowing a quantitative assessment of the in plane crack extension (Δa*). A 
multi-specimen method has been applied for determination of the critical J-integral. Figure 1 
shows the crack resistance curve along with a least square fit with J=C(Δa)p. The best fit was 
obtained with C=726 and p=0.53. Critical J0.2 value of 310 N/mm was obtained by analyzing 
J-Δa curve. The determination of a critical value of J integral at the onset of stable crack 
growth yielded JIC=249 N/mm. KIC=240 MPa·m0.5 determined this way agree well with the 
literature data on larger specimens.  

The validity of the failure assessment procedure R6 has been verified for a number of EU-
ROFER 97 specimens. For this purpose selected pre-cracked EUROFER 97 specimens with 
and without side-grooves have been deformed to load levels leading to a macroscopic ap-
pearance of crack initiation. KIC values calculated under assumption of option 1 curve of R6 
procedure are sensibly independent of specimen geometry (i.e. “U” and “V” starter notches), 
constraint state (with and without side grooves) and initial crack length (0.20 ≤ a0/W ≤ 0.36) 
and agree well with fracture toughness results obtained on EUROFER 97 Mini-bar speci-
mens. 

Conclusion 
 
Critical J-integral and fracture toughness has been determined for EUROFER 97 showing 
ductile failure at RT. The validity of the failure assessment procedure R6 has been verified 
for a number of EUROFER 97 specimens. 
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TW5-TTMS-005 D 5 
High Temperature Fracture Mechanical (creep-fatigue) Rules: Formulation and  
Implementation 
 
The objectives are the development of the high temperature part of a design code for fusion 
reactor components built from EUROFER which includes reliable fracture mechanical rules 
for the assessment of detected defects under creep and creep-fatigue conditions. 

Within the reporting time period the high temperature fracture mechanical rules of the R5 and 
PD6539 (British Standards) have been implemented in a computer code which allows a fast 
evaluation of detected defects in EUROFER components subsequent to a finite element 
analysis the parameters of the creep crack growth relation for EUROFER are known. These 
parameters will be determined in fracture mechanical tests to be performed on EUROFER 
under deliverable 6, which are now in progress. 

To verify the validity of appropriate relations estimating crack loading parameter C* finite 
element simulations using standard constitutive equation for creep have been performed, 
with which the crack loading parameter is calculated using the appropriate algorithm pro-
vided by the finite element code and then compared with that estimated by the R5 rules. The 
fracture mechanical finite element simulations have been extended considering the vis-
coplastic deformation model developed under TW2-TTMS-005a D4 and implemented in the 
finite element code ABAQUS within TW2-TTMS-005a D4 which describes the viscoplastic 
behaviour of EUROFER better than the standard constitutive equations for creep provided by 
ABAQUS. These simulations are now in progress.  
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TW5-TTMS-005 D 6 
Define and Perform Accompanying Experiments to D 5 (e.g. creep crack  
growth at 550°C) 
 
Background and Objectives 
 
For TBM’s licensing, in order to establish design rules for the materials, joints and specific 
sub-components, a broad set of R&D activities have been launched within the WP 2002. 
These activities will continue with emphasis on implementation in DSCD (Demo structural 
design code) and verification and validation experiments. Additional rules for HT (high tem-
perature) fatigue-creep interaction need to be formulated, in particular for fracture mechan-
ics. 

The low ductility of EUROFER (in particular after irradiation ) gives very conservative limits 
for design against fast fracture and local flow localization. Some experiments are required in 
support of special design code activities that could lower very conservative assumptions in 
existing frameworks. 

Development of small scale test techniques in fracture mechanics will continue including 
transferability of the small size specimens tests to the behaviour of the TBM’s sub-
components. 

Subtask: The objective is to perform creep crack growth experiments from EUROFER to de-
termine the da/dt (crack velocity) - C* (C*-integral)- behaviour at the temperatures 500°C and 
550°C. The results are needed to fit material parameters in HT fracture mechanical rules. 
Therefore long time tests must be done. 

Status January 2006 
 
The design and fabrication of specimens and the assembling of the experimental set-up was 
nearly finished. Preliminary tests with the set-up for the DC potential method were running in 
order to determine the correct correlation between voltage and crack length. 

Status 
 
The individual parts (holder etc.) for the modification of the long period creep testing ma-
chines have been designed and fabricated. CT specimens have been designed (their size 
depends on the space in the furnace) and fabricated. Since the average grain size of the 
latest delivered charge of EUROFER is oversized, the material has been cut into pieces a 
little larger then the CT specimens to do a new heat treatment. After that a 2-step fabrication 
of the specimens started. In the first step the specimens have been fabricated (a little larger 
width) with side-notches to get a nearly straight crack front during creation of the incipient 
fatigue crack. Afterwards the side-notches will be removed for the main experiments (so that 
the geometry of the specimen is in agreement with the ASTM-norm). In preliminary tests, one 
can clearly see that this method leads to a nearly straight crack front during the incipient 
crack creation, also after removing the notches and continuing the fatigue crack propagation. 

At the moment preliminary tests with the set-up for the DC potential method are still running 
in order to determine the correct correlation between voltage and crack length. At higher 
temperatures (> 500°C), because of oxidations processes, it was a problem to figure out the 
right correlation with the standard material for the cables etc. (copper). Thus, the material for 
the conductors was changed (pure nickel), also as the connection of the cables with the 
specimens (laser welding). Since this, the set-up is working well and the first results show, 
that one can determine the correct correlation now also at higher temperatures [Fig. 1]. 



 -- 186 --

W

a W-a

W

a W-a

 
 
Fig. 1: Results from crack growth experiments at 500°C to determine the crack growth- po-

tential change-correlation. 
 
 

Parallel to these experiments, preliminary tests to determine the suitable load cases for the 
long term experiments are under way.  

Conclusion and Outlook 
 
The design and fabrication of specimens and the assembling of the experimental set-up has 
been finished. Preliminary tests with the set-up for the DC potential method are running in 
order to determine the correct correlation between voltage and crack length in the relevant 
temperature area. Tests to determine the suitable load cases for the long term experiments 
are under way. After finishing the pre-tests, the main experiments will start. 
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TW5-TTMS-005 D 7 
General Implementation of HT Rules (including creep fatigue interaction rules) 
 
The objectives are the development of the high temperature part of a design code for fusion 
reactor components built from EUROFER 97 which includes reliable simplified rules for the 
assessment of creep, fatigue and creep-fatigue interaction. 

Within the reporting time period creep-fatigue evaluation rules based on the rules of the 
ASME-BPV (Code Case N-47, T-1400) and RCC-MR (RB 3262.12) code used for design 
against creep, fatigue and creep-fatigue interaction have been formulated. To use these 
rules for the evaluation of components built from EUROFER 97 the necessary design fatigue 
and stress-to-rupture curves were determined for this material. In addition, a creep-fatigue 
damage envelope which provides the allowable total damage values for EUROFER 97 has 
been proposed. 

The design fatigue curves were constructed according to the criteria of the ASME (Section 
III, Division 1 – Appendices, III-2200) and the RCC-MR (A3.GEN.23) codes. They were ob-
tained from fatigue lifetime (number of cycles to rupture) data of uniaxial strain-controlled 
fatigue (low cycle fatigue, LCF) tests performed with a strain rate in the order of 10-3 s-1. A 
best fit to experimental data is obtained by applying the method of least squares to the loga-
rithms of the strain range values. The design fatigue curves are then deduced from the best 
fit curve by applying a factor of 2 on strain range or a factor of 20 on cycles, whichever is the 
more conservative at each point. These factors are intended to cover effects such as those 
of the environment, the scale (between the material and the test specimen), surface finish 
and data scatter [1]. They in no case constitute a safety coefficient. The so determined de-
sign fatigue curves for EUROFER 97 are described by the following formula: 

( ) ( ){ }33 20,5.0min 2121
a

d
a
d NaaNaa ∗++=Δε  (1) 

 

The resulting values of the tem-
perature dependent parameters 

1a , 2a  and 3a for EUROFER 97 
are listed in Table 1 and the de-
sign fatigue curves of EURO-
FER 97 obtained accordingly are 
plotted in Figure 1.  

The stress-to-rupture curves are already determined in [2] on the base of creep lifetime data. 
Therefore the following relation between the minimum stress value rS  and the Larson-Miller-
Parameter P  is deduced ( rS  in MPa) 

2888324.0452.881936 PPSr +−=  (2) 

where 

( )( ) ( ) 1000/273log30 +∗+= θdTP  

with dT  and θ  denoting the allowable time in h (hours) and the temperature in °C, respec-
tively. Figure 2 shows the stress-to-rupture curves of EUROFER 97 determined using equa-
tion 2 for different temperatures. 

 
 
 

Table 1: Parameters of equation 1 determined for EUROFER 97 
 

Temperature in 
°C 1a  2a  3a  

20 3.38×10-3 0.75 -0.56 
450 3.84×10-3 1.06 -0.68 
550 2.65×10-3 0.70 -0.60 
650 2.88×10-3 1.92 -0.73 
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Fig. 1: Design fatigue strain range for EUROFER 97 
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Fig. 2: Stress-to-rupture curves for EUROFER 97 
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The creep-fatigue damage envelope suitable to EUROFER 97 has to be determined on the 
base of lifetime data of tests with different creep and fatigue damage fractions, like low cycle 
fatigue tests with different dwell times. Since the data available from this type of tests are not 
sufficient further tests, particularly with long dwell times will be performed in current activities 
in the EFDA Technology Workprogramme (TW5-TTMS-005 D9). However, as long as a 
creep-fatigue damage envelope for EUROFER 97 can not be determined, one might assume 
the most conservative envelope specified in the ASME Code for 2-1/4 Cr – 1 Mo and 
Ni-Fe-Cr Alloy 800H (see Figure 3) to be valid for EUROFER 97. 

A final report including a draft of the formulated creep, fatigue and creep-fatigue evaluation 
rules for EUROFER 97 is now in preparation and will be shortly published. 
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Fig. 3: Creep-fatigue damage envelopes. 
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TW5-TTMS-005 D 9 
Experimental Programme for Verification of HT Creep-fatigue Rules from 
Uniaxial Experiments (e.g. LCF tests with long dwell time) and/or Multi-step 
LCF Tests 
 
Background and Objectives 
 
For TBM’s licensing, in order to establish design rules for the materials, joints and specific 
sub-components, a broad set of R&D activities have been launched within the WP 2002. 
These activities will continue with emphasis on implementation of DSCD (Demo structural 
design code) and verification and validation experiments. Additional rules for HT (high tem-
perature) fatigue-creep interaction need to be formulated, in particular for fracture mechan-
ics. 

The low ductility of EUROFER (in particular after irradiation) gives very conservative limits for 
design against fast fracture and local flow localization. Some experiments are required in 
support of special design code activities that could lower very conservative assumptions in 
existing frameworks. 

Development of small scale test techniques in fracture mechanics will continue including 
transferability of the small size specimens tests to the behaviour of the TBM’s sub-
components. 

Subtask: The objectives are to evaluate the mechanical properties of EUROFER in the re-
gion of creep-fatigue. Therefore suitable uniaxial Low Cycle Fatigue experiments in the tem-
perature range 550°C +/- 50°C must be done (multi-step experiments, experiments with 
higher dwell times). The results are needed for the verification of high temperature creep-
fatigue lifetime rules.  

Status 
 
3-step experiments and dwell time experiments have been finished. As shown in the follow-
ing Palmgren-Miner diagram [Fig. 1], a non linear damage accumulation was found in the 
multi-step tests. 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Results of the multi-step experiments, plotted in a 

Palmgren-Miner diagram: 
  
 Δεt is the total strain amplitude, 
 Nxf is the number of cycles to failure from a single-

step experiment, 
 nx* is the number of cycles in one step at 2-step 

experiments, or the sum of number of cycles from 
steps with the same total strain amplitude at 3-
step experiments. 
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Generally, it is observed that when starting with a low total strain amplitude, normalised total 
lifetimes are longer than when beginning with a high total strain amplitude. The following elu-
cidations will explain this behaviour. 

In single-step experiments, the material shows strong softening at the beginning and after-
wards, a continuously linear softening up to the initiation of a macro-crack. Irrespective of the 
load case, nearly the same stress level will always be reached in the linear area. This causes 
an increasing softening potential with an increasing total strain amplitude and decreasing 
lifetimes due to higher stresses and plastic deformations during one cycle.  

When comparing 
single step experi-
ments with 2-step 
experiments as 
shown in Figure 2, it 
is obvious that a 
change from the 
high total strain am-
plitude (1.0%) to the 
low total strain am-
plitude (0.6%) leads 
to a smaller slope in 
the linear area com-
pared to the single-
step experiment 
with Δεt = 0.6%. This 
behaviour depends 
on the fact that the 
total softening po-
tential in the second 
step is clearly 
smaller than the potential in the respective single-step experiment because of the pre-load 
history in the first step. A change from the low total strain amplitude to the high total strain 
amplitude also leads to a smaller slope in the linear area compared to the respective single-
step experiment, but it is clearly higher than the slope in the single-step experiment with the 
low total strain amplitude. The reason is the same as in the first case. On the other hand, the 
softening potential increases depending on the higher loading conditions in the second step. 
This means that the higher the softening potential is in the second step, the higher is the 
number of cycles to macro damage. From this, it can be concluded that the change from 
higher load conditions to lower conditions generally leads to lower normalised total lifetimes 
than in the opposite case.  

The influence of the number of cycles in the first step under the respective load conditions on 
lifetime is illustrated by the following diagrams of different 3-step experiments. To compare 
the respective tests, the number of cycles in the second step was fixed to 25% of the number 
of cycles to damage (Nd is the number of cycles when macro damage starts) obtained from 
the respective single-step experiment. In general the lifetime increases with a decreasing 
number of cycles in the first step of experiments with high total strain amplitude in the first 
and third steps [Fig. 3]. This can be explained by higher softening potentials in the second 
step due to lower number of cycles in the first step (as reflected by the change of the slope in 
the linear area of the individual experiments). In contrast to this, experiments with a low total 
strain amplitude in steps one and three show decreasing lifetimes with decreasing number of 
cycles in the first step (Exception: experiment with n1 = 0.5N0.6% d and n2 = 0.25N1.0% d. Here, 
the lifetime is shorter than in the experiment with n1 = 0.4N0.6% d, but this can be explained by 
the scatter of the material parameters) [Fig. 4]. The result is due to a higher decrease of the 
softening potential in the second step, the earlier the step change takes place (this becomes 

 
Fig. 2: Comparison of the stress amplitudes as a function of different load conditions in single-

step and 2-step experiments. 
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obvious when comparing the progress of stress amplitude in the second step of the experi-
ment at n1 = 0.2N0.6% with the other two tests).  

 
Fig. 3: Comparison of the progress of the stress amplitudes in dependence of the number 

of cycles in the first step of 3-step experiments with a Δεt = 1.0% in the first and 
third step. 

 
 

 
Fig. 4: Comparison of the progress of the stress amplitudes in dependence of the number 

of cycles in the first step of 3-step experiments with a Δεt = 0.6% in the first and 
third step. 

 
 

The diagrams above also reveal that, irrespective of the pre-load history, the same stress 
level will be reached in the third step of experiments with the same step change (identical n2). 
This is due to an equal decrease of the total softening potential at that number of cycles, 
when the curves meet each other in the last step. That behaviour also results when compar-
ing the hysteresis at these points. They are located directly on top of each other. 

In case of the low total strain amplitude in the first and third steps, the stress level clearly is 
lower than it would be without an amplitude change in the second step. This is the conse-
quence of a higher softening in the second step under higher load conditions. In general, the 
lower the number of cycles in the first step and the higher the number of cycles in the second 
step are, the lower is the stress level in the third step. 
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In case of the high 
total strain ampli-
tude in the first and 
third steps, the 
stress level is a bit 
higher than it would 
be without an ampli-
tude change in the 
second step. This is 
the consequence of 
a lower softening in 
the second step 
under lower load 
conditions. Here, no 
significant change 
can be observed as 
a function of the 
step width. 

In contrast to the 
behaviour of other 
ferritic or austenitic 
steels (shortest life-
times at dwell times 
under tension), LCF 
experiments on 
EUROFER with 
longer dwell times 
(1 hour) in principle 
show, that dwell 
times under com-
pression lead to the 
shortest lifetimes 
[Fig. 5 and 6]. This 
was also observed 
in previous experi-
ments with shorter 
dwell times. To de-
tect the reason 
therefore, more ex-
periments are nec-
essary. One possi-
ble explanation may 
be, that orientation processes of the special microstructure during the loading are responsi-
ble for it. Thus, also accompanying metallographic analyses should be done. 

The positions of the 3-step results (including the ‘worse’ 2-step results) and the dwell time 
results relative to the design curve (ASME Code Case N47-29) are illustrated in the last dia-
gram [Fig. 7]. It can be seen, that there is more than enough distance to be on the safe side 
for calculations of constructions. On the basis of these results it is accordingly possible, to 
modify the design code towards less conservative assumptions.  

 
Fig. 5: Results of experiments with a dwell time of 1 hour and a total strain amplitude of 1.0% 

at 450°C 
 
. 

 
Fig. 6: Results of experiments with a dwell time of 1 hour and a total strain amplitude of 1.0% 

at 550°C. 
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Fig. 7: Comparison of 3-step - and dwell time results with design curve (ASME Code Case N47-29). 
 
 

Conclusion and Outlook 
 
The main finding from the multi-step experiments is that softening may be understood to be 
the ability of the material to counteract the evolution of micro damage. The consequences on 
the material behaviour after a step change are understood and with the rules found, the life-
time under the chosen load conditions can be estimated qualitatively. This allows to modify 
established models or to develop new ones for the mathematical description of the material 
behaviour in the future. 

Experiments with dwell time in general show, that dwell times under compression lead to 
shorter lifetimes than dwell times under tension and dwell times under tension and compres-
sion. This is in contrast to the behaviour of other ferritic and austenitic steels. To detect and 
understand the reason therefore, more experiments are necessary. They will be done inter 
alia in task TW6-TTMS-005 D4. 
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TW6-TTMS-005 D 4 
Experimental Verification and Validation of Newly Implemented HT Creep-fatigue 
Rules 
 
Background and objectives 
 
For the licensing of ITER-TBM a broad set of R&D activities have been launched within the 
FP VI in order to establish design rules for the materials, joints and specific sub-components. 
These activities will be continued with emphasis on implementation in SCD (Structural design 
code) and verification and validation experiments. Additional rules for HT (high temperature) 
fatigue-creep interaction need to be formulated, in particular for fracture mechanics and sub-
sequently validated within experiments with increasing complexity in loading history and 
(mock-up) geometry. 

The low ductility of EUROFER (in particular after irradiation ) gives very conservative limits 
for design against fast fracture and local flow localization. Investigations are required to de-
fine improved fatigue rules that could lower very conservative assumptions in existing 
frameworks. Development and qualification of NDT (non destructive detection techniques) 
should get more attention and need to be launched. In particular, NDT will provide the infor-
mation needed on the minimum detectable crack-size as function of location in  the TBM, 
which is essential for any reliable crack analysis. 

Development of small scale test techniques (SSTT) in fracture mechanics will be continued 
including transferability of the small size specimens tests to the behaviour of the TBM’s sub-
components. 

Subtask: 
The objectives are to evaluate the mechanical properties of EUROFER and EUROFER diffu-
sion welded joints in the region of creep-fatigue. performing suitable 

• Uniaxial isothermal LCF-experiments with dwell time at 500/550°C on EUROFER 

• Uniaxial isothermal LCF-experiments with different total strain amplitudes at 
500/550°C on EUROFER diffusion welded joints 

• Thermo-mechanical fatigue experiments in the temperature range 100-550°C with 
dwell times on EUROFER.  

Status 
 
The LCF-experiments with dwell times (1, 3 and 10 min; dwell time under tension, under 
compression and under tension and compression at 500/550°C) have begun. The fabrication 
of specimens for the thermo-mechanical fatigue experiments and the LCF-experiments on 
EUROFER diffusion welded joints has started.    

Outlook 
 
Continuation of the dwell time tests and after finishing the specimen fabrication (for the 
thermo-mechanical tests and the LCF-tests on diffusion welded joints), these tests also will 
start.  
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TTMS-006 
High Performance Steels 
 
TW5-TTMS-006 D 5 
Nano Composited Ferritic Steels for HT Application: Identification of Promising 
Candidate Alloy Compositions and Respective Fabrication Routes According 
to the Outcome of the 2004 Study. Production of Different Laboratory Batches 
(14%Cr) 
 
The operation temperature of RAFM ODS steels like ODS-Eurofer for application as struc-
tural material in advanced blanket concepts like the Dual-Coolant Concept is limited to about 
650°C. More advanced blanket concepts like the Advanced HCPB (Model C) or the use as 
backbone material in gas cooled divertors, require allowable operational temperatures of 700 
to 750°C or even more. Reduced activation ferritic (RAF) ODS-steels could fulfil these re-
quirements but are not commercially available at the moment and must be developed. Fe-
(12-14)Cr-(2-3)W-(0.2-0.5)Ti-(0.2-0.5)Y2O3 being developed in USA and Japan for fission 
and fusion application seems to be promising and is presently also considered to form the 
basis for EU efforts. 

Within this task, two master alloys containing 13-14% Cr and 1.0-1.2% W and varying Ti con-
tents were ordered and inert gas atomised. These steel powders formed the basis for the 
production of different ODS steels with varying Y2O3 and Ti contents by mechanical alloying 
in a high-energy attritor mill. Hot-Isostatic-Pressing was applied to consolidate the MA pow-
der. Powders and hipped samples of the different alloys were screened by appropriate meth-
ods like metallography, SEM, XRD, HRTEM, and chemical analyses. Tensile and Charpy 
tests on miniaturised specimens are used for the mechanical characterisation of these alloys. 
The main goal of this task is the screening of composition, production parameters and heat 
treatments on microstructure and mechanical properties of RAF 13-14Cr1.1W(Ti, Y2O3) ODS 
steels. In a further developmental step the influence of thermo-mechanical treatment and 
recrystallization will be determined.  

First results of the alloy development are presented as follows: The powders (FeCr13 ferritic 
masteralloy, Y2O3 and Ti) were ball milled in the ZOZ high energy attritor Simoloyer CM01-2l. 
During the milling process all powders are exposed to impact-, shear-, friction- and compres-
sion forces. This leads to continuous deforming, breaking and rewelding of the particles. Fi-
nally a wide range of different mechanically alloyed particle sizes is created. The production 
process depends on certain milling parameters like milling time tm, speed of milling rotor nm, 
powder-milling ball ratio P:B, process temperature Tm, alloy composition, milling atmosphere 
and abrasion sources (e.g. oxygen incorporation…). Starting with a basic milling run those 
parameters were systematically altered in follower runs to detect possible changes in powder 
characteristics. Figure 1 a)-d) shows the original FeCr13, Y2O3 powders, as well as the re-
sulting particles of the mentioned basic- and a variable run, which had a shorter milling time. 
The attritor speed variation in five minute time intervals was carried out to prevent powder 
adhesion on the inner grinding container. 

The spherical FeCr13 powder (a) has been transformed to almost irregular shaped “flakes”, 
(c)/(d) after the milling procedure. This is characteristic for all conducted runs. When applying 
the shorter milling time in Nr. 23, most of the final particles become coarser than in Nr.18, 
even one not alloyed spherical particle remained. The yttria powder (b) is very fine (about 1 
µm in size) and agglomerates easily to larger groups. In addition to those qualitative studies 
several quantitative analyses using the EDX system at the REM have been accomplished: 
The decisive elements Fe, Cr, Y and Ti had amounts [in wt-%] of 82, 14, 1 and 0.4 for the 
basic run Nr.18 and 83, 13, 1 and 0.3 for the variable run Nr.23. So these measurements are 
quite similar. Furthermore, remarkable tungsten values of 3-4 wt-% could be detected in both 
runs, indicating abrasion, coming from the attritor rotor.  
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Fig. 1 a): FeCr13 original powder Fig 1 b): Y2O3 original powder 

 
Fig. 1 c): Basic run Nr.18 

 
 

Fig. 1 d): Variable run Nr. 23 

Another analysis performed is the particle size distribution, gained through sieve analysis, 
depicted in Figure 2. Generally these curves demonstrate, that altering any of the mentioned 
milling parameters has great influence on the final particle shape. The blue and red curves 
represent long milling runs, while the orange line stands for a significantly shorter run. The 
curves with the long runs create maxima in the 45-75 µm area, the orange line is relatively 
flat. It is evident, that particles do not become smaller above a certain milling time, which 
means that from this point an equilibrium of particle breaking and rewelding is established. 
The green line shows an altered powder to ball ratio. 

Fewer balls have been used in this run, all other parameters remained unchanged. It leads to 
much coarser powder , that is why this line remains flat too.  

After the MA process all powders were filled in specially designed cans, degassed for 4 h at 
400°C and sealed by certain closing procedure. Then Hot Isostatic Pressing could be applied 
to consolidate the powders. They were hipped for two hours at a temperature of 1150°C and 
a pressure of 1000 bar. Figure 3 contains metallographic results of the first HIP cycles: A 
relatively high porosity (23%) occurred, meaning that the compression was not sufficient. 
Inadequate can sealing and density during HIP proved to be the most probable reasons for 
this phenomenon. This underlines again the importance of all pre-HIP preparation proce-
dures. 
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Fig. 2: Comparison of particle size distributions from different milling runs. 
 

 
Fig. 3: Result of first HIP cycle with insufficient powder consolidation and porosity (23%). 

 
 

Through several constructive measures in the HIP can design and filling methods these 
problems could be solved and a dense material with a comparably low porosity (0.2%) was 
acquired. This is shown in Figure 4. 

 
Fig. 4: Result of HIP cycle after constructive changings – better consolidation, lower porosity (0.2%). 
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The Vickers hardness HV30 was also determined: For the porous specimens it is around 150 
– 200 HV, the better consolidated parts have values around 360 HV. The grain size for this 
ferritic ODS material is around 10-12 ASTM, indicating a very fine grain structure which is 
quite common for ODS steels.  

Beyond all these analyses the alloys were characterized using HRTEM. Figure 5 a)-e) con-
tains some pictures. 

 

 
Fig. 5 a): Region with “more” ODS particles. 

 
Fig. 5 b): Region with no ODS particles. 

 
Fig. 5 c): TEM mapping Fe. 

 
Fig. 5 d): TEM mapping Y. Fig. 5 e): TEM mapping Ti. 

Pictures a) and b) show two different regions of the produced ferritic ODS steels. The black 
dots indicate the ODS particles. By now the distribution of ODS is not homogenous. The rea-
sons for that and steps for a better homogeneity have to be clarified in future studies. Pic-
tures c) till d) contain an element mapping procedure for the decisive elements Fe, Y and Ti. 
Here white colour means high concentration and black colour low concentration of the 
screened element. It demonstrates the important fact, that yttria and titan get together and 
form a complex compound: The white dots in d) and e) are nearly equally distributed. Further 
analyses have to be carried out for a deeper understanding of these characteristics.  

Finally some tensile tests were done. Figure 6 shows the curve: 

50 nm 200 nm 



 -- 200 --

0 1 2 3 4 5
0

200

400

600

800

1000

1200

1400

S
tre

ng
th

 [M
P

A]

Elongation [%]

 
 
Figure 6: First tensile tests of the ferritic ODS alloy. 
 

These tests showed a high strength but the elongation remains too small, especially if this 
material is compared to ODS Eurofer. Further heat treatments have to be applied to observe 
effects on both parameters to optimize these values. 

Altogether these works create a promising basis for further developments of these ferritic 
ODS alloys. In addition to the tensile tests impact test will follow soon. All observations will 
continue to reach the optimum production parameters and material attributes.  
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EU ODS-EUROFER 

TW5-TTMS-006 D 6 
Characterisation of Reference EU ODS-EUROFER Batch (Tensile, Creep and 
Charpy) 
 
In the past different associations, i.e. FZK, CEA and CRPP, have produced several develop-
mental ODS-alloys on the basis of the RAFM steel EUROFER. Results of mechanical tests 
revealed good tensile, creep and LCF properties of the hipped ODS but poor DBTT (~100°C) 
compared to EUROFER. Applying special thermo-mechanical treatments, i.e. mechanical 
deformation plus subsequent heat treatment, lead to a substantial shift of DBTT to tempera-
tures well below 0°C without negative effect on the tensile properties. Moreover the total 
elongation was increased at higher temperatures compared to only hipped ODS. This fabri-
cation route, developed by FZK in cooperation with PLANSEE, was chosen for the fabrica-
tion of a 50 kg EU-ODS-EUROFER reference batch in 4 different product forms, i.e. 2 rolled 
plates (t = 6 and 17 mm) and 2 extruded rods (Ø12.5 and 20 mm). 

After first heat treat-
ment trials (TW5-
TTMS-006 D10) a ref-
erence heat treatment 
(normalising + temper-
ing) of 1100°C 30 min 
air-/waterquenching + 
750°C 2 h air-cooling 
was chosen. Since the 
impact properties are 
most sensitive, impact 
tests on KLST speci-
men, applying these 
two different heat 
treatments, were per-
formed. Fig. 1 shows 
the results of these 
tests in comparison to 
the precursor alloys 
and standard EURO-
FER. It turned out, that 
the new EU-reference 
batch (green dia-
monds) did not reach 
the good values of the thermo-mechanically treated plate material produced earlier (pink 
hatched area). As the tempering diagram (TW5-TTMS-006 D10) shows, the tempering tem-
perature can be raised to 850°C. Two additional heat treatments were performed applying a 
one or two-step austenitisation treatment followed by a tempering treatment at 850°C. The 
idea behind the two-step austenitisation was to dissolve as much carbides as possible during 
the high temperature austenitisation at 1100°C and to refine the grain size in the second aus-
tenitisation treatment at 980°C. These two heat treatments (blue diamonds) lead to higher 
upper shelf energy values (USE) compared to the initial heat treatment, but the ductile to 
brittle transition temperature (DBTT) was not improved.  

The results of tensile tests on the EU ODS-EUROFER 6 mm plate material after standard 
heat treatment (1100°C 30 min aircooling + 750°C 2 h aircooling) and with a higher tempe-
ring temperature (850°C) are shown in Fig. 2 and 3. The blue dotted lines give the scatter 
band of the tensile results on the FZK ODS plate material. The ultimate tensile strength of 
EU ODS-EUROFER with the standard heat treatment is superior to that of FZK ODS plate 
material in the temperarature range from RT to 600°C. Applying a higher tempering tempera-
ture leads to a decrease of strength below 500°C testing temperature. The uniform elonga-

 

Fig. 1: Test temperature dependence of total absorbed energy of EU ODS-EUROFER in 
comparison with former ODS-EUROFER and EUROFER 97 (KLST specimens). 
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tion Ag is slightly increased below 600°C while an increase of the total elongation A was ob-
served below 400°C. The two-step austenitisation treatment followed by a 850°C tempering, 
not shown here, leads to a higher strength but lower ductility below 600°C compared to the 
one step heat treatment. 
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Fig. 2: Ultimate tensile strength Rm of EU ODS-EUROFER in dependence of the test temperature compared to standard 

EUROFER 97. 
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Fig. 3: Uniform and total elongation of EU ODS-EUROFER in dependence of the test temperature compared to standard 

EUROFER 97. 
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TW5-TTMS-006 D 10 
Characterisation of Reference EU-ODS-EUROFER Batch: Optimisation of Heat 
Treatment, Ageing Behaviour and Microstructural Characterisation 
 
The efficiency of future fusion reactors will strongly depend on the operating temperature 
allowed by selected structural materials. With this respect, ODS steels are attractive candi-
dates since they would allow to increase the operating temperature by approximately 100°C. 
The reduced activation martensitic steel EUROFER-97 (8.9 Cr, 1.1 W, 0.2 Ta, 0.42 Mn 
0.11 C wt%), which is currently considered as a European reference for structural applica-
tion, has been selected as a base material. Based on the experience with a precursor a 50 
kg EU-ODS-EUROFER batch has been specified and produced (TW3-TTMS-006 D1a). 
Within this task an optimum heat treatment should be determined. The influence of different 
heat treatments on microstructure was also investigated. 
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Fig. 1: Vickers hardness HV30 in dependence of the annealing temperature. 

 
 

First heat treatment trials on the EU-ODS-EUROFER material were performed to define a 
reference heat treatment. The samples were normalized at 1100°C for 30 min following a 
tempering treatment at temperatures between 300 and 850°C for 2 hours. The cooling to 
room temperature after austenitisation was performed either by air- or water- quenching. 
Fig. 1 gives the development of hardness HV30 in dependence of the annealing tempera-
ture. The tempering treatment was performed in a tubular 3-zone furnace. The cooling was 
performed by withdrawal of the furnace from the vacuum quartz recipient. Due to the small 
specimen size, the cooling rate is equivalent to air-cooling. The tempering behaviour of the 
EU-batch (HXX 1115-6, blue and red diamonds) is compared to the precursor alloy (green 
squares) and standard non-ODS EUROFER steel (full and open dark cyan circles). The 
Vickers hardness of all ODS alloys in the interesting temperature range between 550 and 
850 °C is very similar. According to the good mechanical behaviour of the precursor ODS-
EUROFER steel, 1100°C 30 min air-cooling + 750°C 2 h air-cooling was chosen as reference 
heat treatment. Due to a higher C-content (0.13 wt.-%) of the EU-batch compared to the 
precursor alloys, the material was air-hardening. This reference heat treatment was recom-
mended for the characterisation work to be performed by different EU associations. In the 
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course of the mechanical characterisation (TW5-TTMS-006 D6) it turned out, that the impact 
behaviour was inferior to that of the precursor alloy. As Fig. 1 indicates, the tempering tem-
perature could be raised up to 850°C. Additional heat treatment experiments were performed 
and it was possible to reach the good impact behaviour of the FZK ODS-EUROFER plate 
material. 

Selected heat-treated samples (blue circles in Fig. 1) were examined by TEM using an ana-
lytical FEI Tecnai 20 FEG microscope equipped with HAADF detector for scanning TEM. The 
investigations should show the influence of austenitisation and tempering treatments at vari-
able temperatures on the microstructure of the alloy. Fig. 2 shows two bright field micro-
graphs of samples austenitised at 980°C for 30 minutes. The sample on the left side (Fig. 2a) 
has besides austenitisation no further thermal treatment, whereas the sample on the right 
(2b) was additionally tempered at 800°C for 2h. A characteristic feature of both microstruc-
tures is the appearance of a martensitic lath structure.  

 
a) b) 

 
Fig. 2: The bright field images of samples, which were austenitised at 980°C for 30 min. Part (a) shows the image obtained 

from the sample without further tempering treatment and part (b) with additional tempering treatment at 800°C for 2h. 
 
Besides the martensitic laths small ferrite-like sub-grains of 0.5-1.0 µm in size can be found. 
The high defect density inside the sub-grains makes the identification of primary austenite 
grain boundaries and consequently the grain structure itself very difficult. The comparison of 
sub-grain and laths structures shows no significant differences between both samples within 
the scope of error. The sub-grain structure of the samples austenitised at different tempera-
tures up to 1100°C was found to be similar to the structure after austenitisation at 980°C as 
shown in Fig. 2a.  

The spatially resolved analytical TEM investigations were used for the imaging of carbide 
precipitates und herewith for studying their formation depended on the thermal treatment. 
The carbide precipitates were found to be absent in the samples without tempering treat-
ment. This result has been expected based on the hardness measurements. The carbide 
precipitates were detected in the samples after tempering treatments at 750°C and 800°C. In 
Fig.3 the results of elemental analysis in the sample after 800°C treatment for two hours are 
presented. The carbide precipitates, which are almost invisible in the HAADF image, show a 
bright contrast in the Cr EDX map and dark contrast in the Fe map. The carbides are statisti-
cally distributed in the sample, however in some cases the carbides decorate some grain (or 
sub-grain) boundaries (Fig. 3b,c). As it can be clearly seen by comparing the HAADF image 
with the elemental maps not all grain boundaries serve as preferable nucleation sites for car-
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bides. The questions, why some boundaries have a good decoration and some boundaries 
not, cannot be answered reliably. 

 
 
Fig. 3: Analytical investigations of the sample after austenitisation at 1100°C for 30 min followed by a tempering for 2 h at 

800°C. 
 
In Fig. 4 two histograms that reflect the size distribution of the carbide precipitates in the 
samples after tempering for 2 hours at 800°C and 750°C are shown. In both cases the distri-
bution shows a maximum at 100-130 nm and a decreasing tail till the size of about 250-
300nm. The size of carbide precipitates is in the average 30% larger after tempering at 
800°C then after 750°C.  

The micro structural investigations will be continued. 
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Fig. 4: The size distribution histograms obtained from the samples austenetised  at 1100°C and 

normalised at 750°C (a) and 800°C (b). 
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TTMS-007 
Modelisation of Irradiation Effects 
 
TW5-TTMS-007 D 5 
TW5-TTMS-007 D 10 
Defect Microstructure Evolution 
 
To improve modelling of irradiation effects in FeCr steels there are still answers needed to a 
lot of open questions, e.g. the interaction of Cr with dislocation loops, the chemical composi-
tion at the border of loops and the morphology of the loops formed after ion irradiation. An-
swers to these questions can be given (at least partly) by microstructural investigations of 
single crystal specimens after according ion irradiation experiment performed at HMI. The 
results will be been used for validation of existing modelling techniques and as direct input to 
the potential development activities. 

Two FeCr and two 
Fe single crystal 
specimens were pre-
pared for the study. 
The specimens were 
cut in form of disks 
with 3 mm diameter 
and 0.2 mm thick-
ness. They were 
implanted with Au+ 
ions of 350 MeV en-
ergy. The implan-
tation area has 2 mm 
diameter in the mid-
dle of the discs. Two 
specimens (that 
mean one FeCr and 
one Fe discs) were 
implanted with a flu-
ence of 5*1014 cm-2 
another two with 3*1015cm-2. The calculations show that the distribution implanted Au ions 
shows a maximum at the 12 µm under the specimens surface (Fig. 1). The maximal damage 
of 2.1 dpa and 12.6 dpa (for different implantation fluences) is expected to be in the range 
from 10 µm to 12.5 µm (Fig. 1). In this range of maximal damage is also expected the most 
possible formation of dislocation loops. 

The specimens preparation for TEM investiga-
tions was performed using FIB. The whole pro-
cedure is shortly explained in Fig. 2. The im-
planted discs were cut along the marked lines 
and then the bars were polished from the both 
sides till the thickness of 40 µm. After that the 
bars where affixed on the half cooper ring with 
the conducting adhesive. Finally the speci-
mens were thinned in the FIB using Ga ion 
beam of 3 nm diameter. The thinning proce-
dure is usually performed in several steps and 
takes about 12-24 h. The successfully pre-
pared lamellas for TEM investigations show 
the homogenous thickness of 100-150 nm 

 
Fig. 1: Depth distribution of implanted Au atoms and damage of the target. 

 
Fig. 2: Preparation steps of TEM specimens by means of 

FIB. 
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through the depth of about 13 µm. That quality ensures suitability of lamella for TEM investi-
gations. The first TEM investigations show that dislocation loops in the irradiated specimens 
have a size of 10-25nm. The imaging of such small loops appears very sensitive to the 
specimen thickness. The best TEM results where obtained with the lamella where by me-
chanical deformation causes the formation of small holes in the 10-13 µm depth. The thick-
ness of the specimen achieves 20-40 nm on the edge of the hole, that allows the contrast-
reach imaging of the loops. 

In Fig. 3 is presented the image of dislo-
cation loops in the FeCr single crystal 
with 12.6 dpa irradiation dose. The dislo-
cation loops have been imaged with en-
hanced contrast using [110] vector. They 
have a size of 15-25 nm and the density 
of (5+-3)*1016 cm-3. 

The TEM investigations show that the 
prepared lamellas have slight deforma-
tion. The deformation becomes perceiv-
able by the performing of tilting experi-
ments. The reason for such behaviour 
could be the impact of magnetic field 
inside the microscope as well as the me-
chanical tensions in the specimen. The 
deformations make the performing of 
tilting experiments and following, the pre-
cise determination of Burgers vector as 
well as dislocation types difficult. The 
determination of these parameters re-
quires additional experiments. 

The further preparation of specimens and their TEM investigation should be performed within 
the scope of this sub-task. It should be tried to prepare TEM lamellas with minimal mechani-
cal deformations. 

Within the scope of TW5-TTMS-007 D10 sub-task neutron irradiation of FeCr and Fe single 
crystals was performed. The first specimens were investigated by TEM at SCK.CEN after 
irradiation of 0.25 dpa. The investigation reveals that the density of created defects is insuffi-
cient for the reliable TEM analysis of irradiation effects. The next irradiation dose we will be 
targeted over 1 dpa. The comparison of formation of irradiation induced defects in FeCr and 
Fe single crystal samples will be performed.  
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Fig. 3: TEM micrograph of FeCr single crystal with imaged dislo-

cation loops. 
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TW5-TTMS-007 D 7 
TW6-TTMS-007 D 10 
Production and Characterization of Single Fe-Cr Crystals and Elaboration of a 
Critical Review of the Physical Metallurgy of EUROFER Alloying Elements and 
Impurities, Heat-treatment/Phases/Microstructure, Phase Stability, and  
Segregation 
 
Overview 
 
Until today there is still a lack of physical and mechanical data for Fe-Cr single crystals (SC) 
with a low Cr content. But it would be most desirable for the development of Fe-Cr potentials 
to know the real elastic constants and thermal expansion coefficients. These data could be 
directly used to adjust the according fits. Therefore, Fe-Cr single crystals have been pro-
duced containing 15 % chromium. Provided the crystal production succeeds, elastic con-
stants and thermal expansion data could be produced on different orientations each.  

Initial Status 
 

First the production of 
Fe-Cr SCs with low 
chromium content has 
been tested. But the 
production failed for Cr 
contents lower than 
15%. The difficulty with 
drawing single crystals 
from the melt is to 
avoid the g-nose dur-
ing cooling (see Fig. 
1). Therefore, the cur-
rent task had to be 
restricted to examina-
tions of pure iron SCs 
and Fe-15%Cr SCs. 
From these SCs TEM 
specimens with [100], 
[110], and [111] ori-
ented surfaces were 
fabricated. In addition, 
multi purpose speci-
mens (6 mm x 4 mm x 

4 mm) with [100], [110], [111], and [211] surfaces were produced. In all cases the quality of 
the specimens has been controlled by x-ray and chemical analysis. Both, purity and degree 
of orientation are well within the acceptable tolerances.  

TEM specimens have been provided to HMI for irradiation at 300°C to damage levels of 2.5 
dpa and 15 dpa, and to SCK.CEN Mol for neutron irradiation in the BR2 reactor at 300°C. 
The accumulated damage will be more than 1 dpa. Other than the ion irradiated specimens 
they will be activated and therefore, preparation and TEM examination has to take place in 
hot cell facilities. 

Progress 
 
After fabrication and quality assurance of the SCs, nano-indentation tests have been 
planned, prepared, and performed (see Fig. 2 and 3). For the measurement and evaluation 

 

 
Fig. 1: Fe-Cr binary phase diagram. The difficulty with drawing single crystals from the melt 

is to avoid the γ-nose during cooling. With Cr contents of 12% (red arrow) it was not 
possible to get a SC. Only at higher contents (green arrow for 15% Cr) the SC pro-
duction succeeded. 
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the test-equipment of IMF-II has been used. For the calculation of Young’s Modulus there are 
two methods. One is based on the calculation from the average of the nearly constant part of 
the load curve. The other method is based on data of the unloading curve. For a higher accu-
racy, the results have been averaged over ten indentation tests. As can be seen from Fig. 4, 
both methods lead about to the same results (within a certain deviation). Compared to pure 
iron, Fe-15%Cr shows a higher modulus for each orientation. The (100) surfaces have the 
lowest and the (110) surfaces the highest modulus. The difference between (111) and (211) 
orientation is too small for this method and could therefore not be determined.  

Fig. 2: There are two types of multi-purpose specimens which have been used to perform the nano-indentation tests on four 
different oriented surfaces. The red arrows indicate the indentation direction. 

 

 
Fig. 3: Typical load curves of nano-indentation tests on different ori-

ented surfaces of single crystals. 
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Fig. 4: Test results for Young’s Modulus from two different evaluation methods. 
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It was planned to use the multi-purpose specimens for a determination of the thermal expan-
sion coefficient. Unfortunately, the measurements failed due to the unforeseeable play of the 
extensometer of the testing device. For an accurate measurement the specimens are too 
short.  

Conclusions 
 
It was not possible to prepare larger Fe-Cr single crystal parts with less than 15 % Cr. But at 
least Fe-15%Cr SCs could be fabricated with a rather good quality which could be used (to-
gether with pure Fe SCs) for irradiations and TEM examinations. The multi purpose SC 
specimens have been prepared and used for nano-indentation. With the presented results it 
is now possible to calculate the elastic constants and use these values for a fine adjustment 
of the interaction potentials which are needed for atomistic simulation methods such as mo-
lecular dynamics. 

Since the specimens are too small for an accurate determination of thermal expansion coef-
ficients, the task is finished. But the specimens will be further used for destructive tests. 
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TTMA-002 
Divertor and Plasma Facing Materials 
 
TW3-TTMA 002 D 3 
Mechanical Testing of Improved W Alloys: Tensile and Fracture Toughness 
Testing 
 
Objectives 
 
A structural component like the divertor is subjected during service to very high heat loads 
and also to alternating thermal and mechanical stresses as a consequence of the pulsed 
reactor operation. Even for helium cooled ITER divertor concepts the operating temperatures 
override the recrystallization of pure tungsten or tungsten alloys. Due to the cyclic operation 
under service conditions, the knowledge of the reasons of fatigue endurance of these mate-
rials becomes more important. 

Status end of 2005 
 
The new high temperature high vacuum furnace, with the pull rods for tensile- and LCF-
testing, has set into operation in October 2005. After having performed tensile tests on both 
reference materials, which was pure tungsten and W-La2O3, in the high temperature range 
between 700°C and 1200°C at a strain rate of 3x10-3 s-1 pure tungsten has shown at 1200°C 
a considerable dynamic recrystallization whereas W-La2O3, did not recrystallize in the tem-
perature range examined. 

Low Cycle Fatigue testing 
 
After the installation of the modified high temperature pull rods, consisting of a Finite Element 
designed stronger half shell of the gripping system made of W-La2O3, the control parameter 
for the strain controlled LCF tests had been adjusted.  

  
 
Fig. 1: Temperature calibration arrangement of the tungsten 

LCF specimen. 
 
 

 
Fig. 2: Overview of the high temperature testing facility with 

pull rods for LCF-testing. 

Also the temperature calibration was optimized by laser welding the Pt-RhPt-thermocouple 
onto a calibration specimen (Fig. 1). This preceding calibration step is necessary because we 
cannot damage the specimen surface by a welding spot during LCF testing. 

The rigid clamping of the specimen for push-pull LCF experiments still has to be improved, 
but since these clamping effects on cyclic damage are very low, we performed first experi-
ments on tungsten LCF specimens, successfully. 
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Since the scatter of numbers of cycles to failure Nf in LCF tests is rather high one has to per-
form at least three to five tests with the same parameter set. Under the cyclic strain con-
trolled loading, we applied to the rigid clamped specimen, tungsten shows at 800°C at a total 
strain range of εtot = 0.5% a typical appearance of the hysteresis loops.  

 
Fig. 3: Hysteresis loops of tungsten LCF-testing. 

 
 

The number of cycles to failure Nf are ranging according to four experiments performed from 
3,220 to 11,480 cycles and fit well to literature data from R.E. Schmunk and G.E. Korth. 
From Fig. 4 can be depicted a similar cyclic softening behaviour as it is also known from the 
Ferritic Martensitic Steels.  

 
Fig. 4: Cyclic softening behaviour of tungsten. 
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The W-La2O3 specimens show at the same conditions a similar behaviour. Only the stress 
level is higher during cyclic softening compared to pure tungsten. 
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TW3-TTMA-002 D 7 
TW6-TTMA-002 D 6 
Fundamental Studies on Mechanical Properties of W-alloys 
 
Overview 
 
Tungsten and selected W-alloys are considered to be the primary candidates for armour and 
structural materials of ITER and of even more ambitious DEMO divertor designs. For the 
later, present design outlines are based on a structural material with temperatures up to 
about 1300°C. The most critical issues are ductile-to-brittle transition and recrystallization. 
The first defines the lower, the second the upper operation temperature limit. Another prob-
lem consists in the fact that the microstructure of these refractory alloys depend strongly on 
the manufacturing history. But mechanical properties are defined by the microstructure, and 
therefore, refractory alloys can behave quite different, even if their chemical composition is 
the same. 

The goal of this task is a systematic screening of mechanical properties of commercial re-
fractory alloys to determine the influence of microstructure characteristics like grain size and 
shape, anisotropy, texture, and alloy composition. 

Initial Situation 
 
In the previous years a special creep testing facility has been developed and implemented 
successfully. From Plansee pure tungsten and W-La2O3 rods (D8 mm x 1000 mm) were pur-
chased. From these, standard size creep specimens (M8 x 56 mm) have been fabricated and 
the materials were completely tested at 1100°C and 1300°C for up to 5000 hours. 

According to the divertor design, the structural material should have maximum DBTT values 
of about 300°C in the unirradiated condition. To characterize the DBTT behaviour sub-size 
Charpy specimens (3 mm x 4 mm x 27 mm) have been fabricated from the W and WL10 
rods with L-R orientation (notch root perpendicular to the rod axis). For the Charpy tests 
temperatures of up to 1050°C were necessary which could only be reached by the use of gas 
burners. The measured DBTT values at 1/2 upper shelf energy (USE) was about 800°C for 
W and 950°C for WL10. This is far more than specified by the design criterion. However, for 
a better reproducibility another testing procedure should be developed for future characteri-
zation studies. 

Progress 
 
Figure 1 shows the latest Larson-Miller plot of all completed creep test results. From this plot 
extrapolations are possible in a more accurate way. However, obviously the test results from 
literature (grey triangles) lead to a significant overestimation of the lifetime which is mainly 
due to their short testing period (max. 300 hours). Present divertor designs are based on a 
structure material with creep strength of more than 55 MPa for a time-to-rupture of 20,000 
hours at 1200°C. According to our tests, only WL10 fulfils this design criterion.  
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Fig. 1: Larson-Miller diagram of the creep test results. It can be seen quite clearly that the 

short time creep test results from literature (grey triangles) lead to a significant overes-
timation of the lifetime. In present divertor designs, the structure material should show 
creep strength of more than 55 MPa for a time to rupture of 20,000 hours at 1200°C. 
Only WL10 fulfils this design criterion. 

 
For a more reliable and reproducible method to perform Charpy tests at high temperatures a 
new test equipment was developed and installed (Figure 2). The new Charpy testing device 
was then used to examine the embrittlement behaviour of a Ta-10%W alloy. As can be seen 
in Figure 3, this material is completely ductile and shows much more strength at the same 
time, compared to pure Ta. But whether this material class is applicable for divertor applica-
tions has still to be verified. 

 
Fig. 2: Instrumented Charpy tests on refractory 

alloys are performed in-situ within a vac-
uum furnace. With this newly developed 
configuration DBTT can be determined re-
producible and with high accuracy. 

Fig. 3: Brittle-to-ductile transition of tungsten and WL10. Determination of 
DBTT at 0.5 USE leads to 800±50°C for tungsten while a conservative 
estimate for WL10 leads to DBTT of 950±50°C (both materials were 
tested with gas burners). For comparison, the transition of the EURO-
FER steel is also illustrated which clearly demonstrates the extraordi-
nary brittleness of the tungsten materials. The new high-temperature 
Charpy testing device was used for the examination of Ta-10%W al-
loys. 
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Conclusions and Outlook 
 
Oxide dispersion strengthening tungsten with La2O3 increases the possible operation tem-
perature by approximately 70-90 °C with the material at hand for a given life-time and load. 
For a given temperature WL10 compared to pure tungsten may be stressed more by at least 
15 MPa to reach the same life-time. That is, WL10 meets the current divertor creep design 
criterion for time-to-rupture at 1200 °C. 

But Charpy tests have shown that the used W and WL10 rods are too brittle to meet the di-
vertor DBTT design criterion. The screening and characterization studies will therefore be 
continued with other commercially available tungsten alloys. 
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TW4-TTMA-002 D 2 
TW5-TTMA-002 D 2 
Developing of Improved W-alloys for Application in a Power Plant with He 
Cooled Divertor 
 
Objectives 
 
Within these tasks intense R & D work will be carried out on testing commercially available W 
alloys to create a data base with reliable properties acting as a reference point for the devel-
opment of W alloys with improved properties for future application of these alloys in a helium-
cooled divertor. The performed testing work of state-of-the-art products showed that they will 
not fulfill the requirements which are deducted from the actual divertor design indicating an 
application in the temperature range of 600°C to 1500°C. The most critical features will be 
the ductile to brittle transition and the recrystallization behavior which are also affected by 
fast neutrons. 

The technological work under the tasks TW4-TTMA 002 and TW5-TTMA 002 is directed to 
the development of new tungsten alloys with improved properties. Based on our experience 
on the behaviour of refractory alloys and their processing we selected for performing this 
work program the method of mechanical alloying to synthesize improved ODS-W precursors 
with nano-scale features. During the subsequent adopted compaction steps (e.g. HIP) the 
powders will be consolidated to compacts with interlinked grains and controlled morphology. 
The properties of the improved W-alloys will be compared to standard, commercially avail-
able WL10 grade. 

Actual status 
 
Determination of tungsten alloy properties (tensile properties, microstructure) was continued 
by applying raw materials (rods) in the usual (state of the art) way. The tested alloys, pure W 
and WL10 (W-1%La2O3), exhibit large longitudinally elongated grains partially with a rather 
big diameter of approx. 20 µm for W grains. This is a result of the processing route. The ODS 
particles are not homogeneously dispersed in the WL10 quality. The performed tests [1] indi-
cate that DBTT of both materials, pure W and WL10, lays at higher levels than claimed by 
the lower boundary of 600°C, as a result from design analyses. The detected microstructure 
implies that the grain structure and the ODS distribution is not optimized adequately for a 
structural material and affects the properties. Thus finer grains and a more homogeneous 
ODS distribution should improve mechanical and physical properties.  

For synthesising improved W powders with a homogeneous distribution of ODS particles an 
attritor ball milling system was build up and successfully tested with EUROFER steel powder. 
However, during the processing of first W alloys  the milling container was heavily damaged, 
due to the special and unique behaviour of W powders e.g. feed through failure or overhea-
ting, which never ocurred, when producing the ODS steels. After  redesigning and repairing a 
modified version was introduced in the middle of 2006. Some difficulties, which were caused 
by W powders and observed during the first tests, could be reduced or eliminated. The new 
test series were performed with smaller vessel filling and a reduced powder to ball ratio of 1 
to 10 compared to earlier tests. The milling container and the balls were fabricated from Cr-
steel. Fig.1 shows the SEM pictures of a W-1%La2O3 mixture and after 10 h ball milling. The 
particle shape changed during processing to the morphology known from milling of other re-
fractory alloys. The performed EDX analyses showed that the La2O3 addition is still present in 
the milled powder at a level of about 1% and may point to a homogeneous dispersion which 
has to be proven by future TEM analyses.  
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Fig. 1: SEM pictures of W-La2O3 powder before (left) and after (right) mechanical alloying for 10 h. Magnification of both pic-

tures 500 x. 
 

At the moment an interval 
milling is used to keep the 
heating of the device in ac-
ceptable limits. The inspec-
tion of the milling system after 
the first tests showed that 
abrasive problems inside the 
container are visible and re-
markable. This observation is 
confirmed by the EDX analy-
ses which showed a contami-
nation of the processed W-
powders by the steel compo-
nents Cr and Fe. Fig. 2 
shows the analyses for the 
elements W, La, Cr and Fe. 
Similar analyses were also 
performed at the surface of 
the milling balls which may 
indicate that no protective 
coating was formed during W 
processing on the balls as expected. More detailed analyses on powder characterization and 
on consolidation experiments inclusive thermal treatments are under way as planned earlier. 
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Fig. 2: EDX analyses of W-La2O3 ball milled for 10 h. 
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TW5-TTMA-002 D 6 
Mechanical Testing of Irradiated W Tungsten Samples 
 
High temperature alloys (such as tungsten) are assumed to be primary materials candidates 
for structural application in the divertor. However, these materials suffer from irradiation-
inducted embrittlement at “low” temperatures. The DBTT strongly depends on the irradiation 
dose and probably depends on the material processing. Tungsten furthermore is also con-
sidered as a plasma facing material, i.e. as a first wall coating for DEMO-related blankets 
and as armour material for gas-cooled divertors. Appropriate techniques for mechanical 
characterisation are to be investigated. 

Specimens of WL10 (Tungsten 
and 1% of La2O3) are included 
in an irradiation experiment in 
the OSIRIS reactor. KLST-type 
bend bar specimens and mini 
tensile specimens (flat bar, T19-
type) are to be irradiated at 
temperatures of 600 and 
1000°C up to 5 dpa - equivalent 
in steel. The specimens are 3 x 
4 x 27 mm³ Charpy-specimens 
[KLST] and 5 x 1 x 19 mm³ flat 
bar mini tensile specimens 
[T19] with a centre area of 1.5 x 
1.0 mm², cf. Fig. 1. 

Tensile and KLST-specimens are foreseen for PIE in Karlsruhe after end of irradiation. 56 
KLST- and a to be defined number of tensile specimens will be transported to the Fusion 
Materials Laboratory. They will be tested at different elevated temperatures to define the duc-
tile-to-brittle-transition and the irradiation effect on it. Fractographic analysis of the tested 
specimens will be done by light microscopy and by SEM, including three-dimensional stereo-
graphic analysis. 

As soon as specimens are available, unirradiated reference tests will be performed during 
the irradiation. The PIE will be finished 12 months after availability of specimens. 

The Charpy specimens will be tested with an instrumented pendulum to define the transition 
region, the transition temperature, the upper- and lower shelf energy for every irradiation pa-
rameter. For every specimen, force-versus-deflection-curve is recorded, impact energy and 
dynamic yield stress are derived. The pendulum’s energy and impact speed can be varied if 
necessary. 

Tensile tests will be performed accompanying the impact tests as well as at irradiation tem-
perature to give a full dataset of tensile results. A universal testing machine with vacuum-
furnace (up to 1200°C) is used for force- and strain-controlled tensile tests. For the T19-type 
tensile specimens, a special mounting device adapted for the thin foil specimens 
(5 x 1 x 19 mm³) has been developed (Fig. 2). It serves for clamping of the specimen and for 
centring of the package in the testing machine’s standard fixations. 

The device serves as well for the transport of the fragile specimens by fixing an additional 
bracket. The design of the mounting device, based on Finite-Element-calculations, ensures 
that the maximum stresses take place in the reduced area of the specimen and not in or near 
the clamping jaw. 

 
Fig. 1: Tensile specimen (T 19-type), drawing by CEA. 
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In addition, non-destructive testing by in-
dentation can be done on both specimen 
types before or after they are tested in the 
pendulum or in the tensile machine. This 
method was presented in the annual report 
of last year, TW4-TTMA-002 Del. 3. It al-
lows the determination of the complete 
tensile and cyclic material behaviour from 
multi-stage indentation tests. Meanwhile, 
this method successfully had been applied 
to different tungsten-alloys and it offers 
useful additional information about the ma-
terial’s characteristics at room temperature. 

 
 
 

Staff: 
 
H.-C. Schneider 
S. Lautensack 
 

 
 
Fig. 2: Mounting device for specimen (lower part, specimen 

clamped in the round area). 
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EFDA/05-1232 (TW5-TTMA-WCOMP) 
Development of Tungsten with Composite Structure for High Temperature  
Application 
 
Introduction 
 
Tungsten alloys are the primary materials candidates for high temperature divertor structural 
application. Gas cooled divertor concepts have been intensively studied during the past three 
years using tungsten as structural material. Any of the designs lead to very ambitious re-
quirements with respect to the temperature window, i.e. approximately 700-800°C at the 
lower limit and more than 1200-1300°C at the higher end, as well as considerable high ad-
missible stress limits, that originate from high pressure helium cooling and from high tem-
perature gradients. In addition, excellent heat conduction properties are mandatory to keep 
temperature and secondary stresses within acceptable limits. The operation temperature 
window of tungsten alloys as structural material is determined by the ductile-brittle-transition 
temperature at the lower and the re-crystallization temperature at the upper end. To enhance 
the operation temperature window of tungsten different alloys have been proposed. Never-
theless, any of these materials are inherent brittle and show low fracture toughness at lower 
temperatures. A possibility to circumvent this problem may be the use of tungsten compo-
sites. In designing the new material, limitations as acceptable activations and good waste 
properties at the end of life are mandatory. In particular, vanadium is a candidate for reinforc-
ing a tungsten matrix. Alternatively, materials with low stress carrying capacity at high tem-
peratures might be reinforced with tungsten particles or fibers. In the present study, the po-
tential of tungsten-vanadium composites for high temperature application with a wide range 
design window is studied numerically. In addition, a first trial heat of the proposed composite 
material is processed and tested for its fracture toughness at ambient temperature and its 
creep response in the high temperature range. 

Effective material response 
 
In a first approach, the effective 
thermo-mechanical properties of 
different types of tungsten-
vanadium-composites are stud-
ied numerically using an energy 
based homogenization ap-
proach in conjunction with finite 
element analyses. Three differ-
ent types of composites are 
investigated in this numerical 
screening analysis, including 
particle reinforced composites, 
short fiber composites with ran-
dom fiber orientation as well as 
unidirectional infinite fiber com-
posites. In all cases, different 
volume fractions of the two 
bonded phases are considered 
ranging from 10% up to 84% 
volume fraction of the tungsten 
phase. Both, tungsten and vanadium matrix composites are considered. In Figure 1, the 
meshes for the representative periodic volume elements and the plastic strain distribution for 
the tungsten particle, short fiber and UD fiber composites at approximately 30% tungsten 
volume fraction are presented after cooling down from the assumed stress-free temperature 
of 1200°C to ambient temperature. For reasons of a more distinct presentation, the two indi-
vidual phases are shown in a separated manner. 

3
2.75
2.5
2.25
2
1.75
1.5
1.25
1
0.75
0.5
0.25
0

εpl
e [%]

 
 
Fig. 1: Finite element meshes and plastic strain distribution after first cooling 

down from 1200°C. 
 



 -- 225 --

The finite element mod-
els are used to deter-
mine the effective ther-
mal conductivity, the 
effective coefficient of 
thermal expansion, the 
effective elastic con-
stants and the effective 
yield curves of the dif-
ferent composite types 
at different tungsten and 
vanadium volume frac-
tions. As an example, 
the macroscopic yield 
curves for the tungsten 

particle, short fiber and UD fiber reinforced vanadium matrix composites are presented in 
Figure 2. It is observed that the macroscopic material response is mainly governed by the 
volume fraction of the different phases with only minor differences between the different 
composite types. Nevertheless, due to internal straining caused by the mismatch in the ther-
mal expansion of the two bonded materials, the rules of mixture do not apply. Depending on 
the composite type, the thermal mismatch may result in the development of high local eigen-
stress levels, which may limit the effective ductility of the material. The best performance in 
this context is observed for the UD fiber reinforced composite type. Regarding the effective 
thermal conductivity, it is observed that a tungsten content of 50% or higher is required to 
meet the requirements of an excellent macroscopic thermal conductivity exceeding 
80 W/(m K). 

Creep behavior 
 
In order to explore the 
upper end of the design 
window of the proposed 
composite materials, 
the effective creep res-
ponse is analyzed. For 
this purpose, the finite 
element models for the 
different composite ty-
pes are subjected to 
effective uniaxial stress 
states and the creep 
response is computed. 
In Figure 3, the resulting 
creep rates after 100 h 
are presented. The results are normalized with the creep rate of pure vanadium at the corre-
sponding load level. For both load levels, nearly vanishing creep rates are observed for tung-
sten contents exceeding 50%, even for vanadium matrix composites. The distinct creep con-
straint for these composite types is caused by internal re-distribution of the local stresses 
towards hydrostatic stress states which respond purely elastic. Again, the best performance 
is obtained for the tungsten UD fiber reinforced composite, provided that the material is 
loaded longitudinally to the fiber direction. 

a) T = 600°C b) T = 1200°C 
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Fig. 2: Macroscopic yield curves for different composite types at 30% inclusion volume 

fraction. 
 

a) σe = 120 MPa b) σe = 200 MPa 
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Fig. 3: Normalized effective creep rates after 100 h. 
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Fracture toughness enhancement 
 
The possible fracture toughness enhancement is stud-
ied numerically using a cohesive zone model (see 
Figure 4), assuming that the ductile phase forms 
bridges across the crack surfaces in an otherwise brit-
tle material. The effect of the crack bridges is modeled 
in a smeared manner in terms of the cohesive law 
σcoh = σcoh(2 ucoh) which is estimated from finite ele-
ment analyses assuming complete failure of the brittle 
phase on one of the surfaces of the representative 
volume elements. The maximum theoretical fracture 
toughness enhancement for the different composite 
types is presented in Figure 5. In this context, it should 
be noticed that the results presented in this figure are based on the assumption of an ideal 
material with excellent conductivity of the ductile phase and perfect bond between the differ-
ent phases. Therefore, and since the cohesive law relies on an assumed failure strain for the 
vanadium phase, the results given in Figure 5 are only of qualitative character for a compari-
son of the different composite options. No distinct differences are observed between the dif-
ferent composite types. An apparent increasing fracture toughness enhancement with de-
creasing volume fraction of the ductile phase is caused by increasing internal deformation 
constraints which result in the development of high hydrostatic stress levels and thus may 
lead to an early brittle failure of the ductile phase at lower load levels. 

a) T = 20°C b) T = 300°C 
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Fig. 5: Maximum theoretical fracture toughness enhancement at low temperatures. 
 
 

Experimental investigation 
 

For a first experimental investigation of the potential of the 
proposed tungsten-vanadium composite material, a trial 
heat consisting of 50 vol. % of each of the materials has 
been produced. The material has been processed by a 
powder metallurgical route by mixing the powders and 
subsequent hot isostatic pressing. Figure 6 shows an op-
tical micrograph of a section where dark spots are voids 
whereas the brown spots are tungsten particles. Distinct 
spatial variations of the void and particle volume fractions 
were observed. In an X-ray microanalysis, the matrix was 
found to consist of tungsten-vanadium mixed crystals 
rather than of pure vanadium due to diffusion processes 
during the sintering procedure. From the manufactured 

plates, SE(B) 5x10 specimens were machined and tested for the fracture toughness at ambi-
ent temperature. A fracture toughness of approximately KJc ≈ 12 MPam1/2 was obtained. Al-
though this result is within the range reported in the literature for pure tungsten, it indicates 

 
 
Fig. 4: Cohesive zone model. 
 

 
 

Fig. 6: Optical micrograph. 
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that a fracture toughness enhancement due to the presence of the ductile phase is possible 
since lower fracture toughness values would be expected for pure tungsten with porosities as 
observed for the present heat of the tungsten-vanadium composite. For an investigation of 
the upper end of the design window, creep experiments on tensile specimens were per-
formed at 1000°C in a nitrogen atmosphere. Compared to the creep response of pure vana-
dium a distinct improvement of the properties was achieved. 

Conclusions 
 
The objective of the present project was an exploration of the potential of tungsten-
vanadium-composites for high temperature application with a wide-range design window in 
future fusion power plants. In a theoretical-numerical screening analysis considering particle, 
short fiber and unidirectional infinite fiber reinforced composite types, a high potential was 
observed since compared to pure vanadium, the creep response at high temperatures could 
be improved significantly whereas the presence of the ductile vanadium phase results in a 
distinct enhancement of the fracture toughness below the ductile-to-brittle transition tempera-
ture of pure tungsten. An experimental investigation of the creep response at high tempera-
tures and the fracture toughness at low temperatures on a first trial heat of the proposed 
composite material qualitatively confirms the theoretical findings. From the quantitative point 
of view, the produced trial heat proves to be still suboptimal due to its high porosity with in-
homogeneous void distribution. 
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TTMN-001 
Nuclear Data: EFF/EAF Data File Upgrade, Processing and Benchmark  
Analyses  
 
The European Fusion File (EFF) and Activation File (EAF) projects aim at developing a quali-
fied nuclear data base and validated computational tools for nuclear calculations of fusion 
reactors. The related Task TTMN-001 of the EFDA technology work programme is devoted 
to the evaluation, processing, application, and benchmarking of the required nuclear cross 
section and uncertainty data as well as to the development of computational tools for uncer-
tainty calculations. The FZK contribution to Task TTMN-001 is on the evaluation of EFF-3 
data, on the qualification of new and updated EFF data evaluations through computational 
benchmark analyses including sensitivity/uncertainty analyses and on the development of 
advanced computational schemes for sensitivity calculations based on the Monte Carlo tech-
nique.  

TW6-TTMN-001 D 3 
Test Application of MCSEN Sensitivity/Uncertainty Calculations for the TBM in 
ITER using the Track Length Estimator Method 
 
The overall objective was to develop the computational tools that allow the calculation of 
sensitivities and uncertainties of neutron fluxes and nuclear responses in the ITER Test 
Blanket Module (TBM) on the basis of the Monte Carlo technique. To this end, algorithms 
were developed (TW3-TTMN-001, Deliverable 4) and implemented (TW4-TTMN-001, Deliv-
erable 3) into the MCSEN code for the efficient calculation of sensitivities with the track 
length estimator (MCNP tally F4). First tests were performed through the application to the 
TBM mock-up neutronics experiment (TW5-TTMN-001, Deliverable 2). The objective of the 
2006 task deliverable was to test the new feature of the MCSEN code for applications to the 
TBM in ITER and thereby demonstrate its suitability for sensitivities/uncertainty calculations 
of nuclear responses in the real 3D reactor configuration. 

The standard 3D MCNP model of ITER (20 degree torus sector) with integrated TBM of the 
Helium-cooled Pebble Bed (HCPB) type was used for the MCSEN test application calcula-
tions. Sensitivity profiles and integrated sensitivities were calculated for the total Tritium pro-
duction in the HCPB TBM using the track length estimator approach. Sensitivities were cal-
culated with respect to the cross sections of Be-9, Li-6, -7, O-16, Fe-56 and H-1 employing 
the VITAMIN-J group structure with 175 energy groups. The associated uncertainties of the 
Tritium production due to nuclear data uncertainties were assessed by making use of avail-
able co-variance data from different sources (EFF-2, -3,  FENDL-2, JENDL-3.3 and IRDF-90) 
[1].     

Integrated sensitivities and cross section induced uncertainties of the total Tritium production 
with respect to the main reactions of several isotopes are displayed in Tab. 1. Note that the 
sensitivities and uncertainties shown include contributions of the specified isotopes from all 
materials, i. e. those in the TBM itself and the surroundings such as the TBM walls, the 
frame, and the ITER shield blanket modules. The major contribution to the sensitivities, how-
ever, comes from the materials contained in the TBM, in particular the Be neutron multiplier 
(positive contribution) and the breeder ceramics constituents Li-6 (negative contribution) and 
O-16 (negative contribution).  The negative contribution of Li-6 is due to the fact that the neu-
tron absorption by the 6Li(n,α)t reaction causes a reduced low energy neutron flux. For the 
total Tritium production in the TBM this (indirect) effect dominates the positive (direct) contri-
bution to the sensitivity by the 6Li(n,α) Tritium production reaction.  With the calculated sensi-
tivity profiles and the available co-variance data, the cross-section induced uncertaintyof the 
Tritium production has been assessed to be at a level of 2.8 %. This is the weighted sum of 
the uncertainties obtained for Be-9, Li-6, -7, and O-16, yet with missing contributions for Fe-
56 and for H-1 (see Table 1). 



 -- 232 --

The calculation of sensi-
tivities based on the track 
length estimator approach 
with the MCSEN code 
thus has been success-
fully applied for assessing 
nuclear data related sen-
sitivities and uncertainties 
of nuclear responses of 
the TBM in ITER. Further 
upgrading of the MCSEN 
code, however, is neces-

sary to allow a more efficient calculation of the sensitivities for those applications where a 
specific nuclide is contained in many materials in different reactor components. With the cur-
rent methodology it is necessary to run separate MCSEN sensitivity calculations for all mate-
rials containing the nuclide considered and post-process the sensitivity results afterwards to 
obtain one single sensitivity profile for this nuclide.   

TW6-TTMN-001 D 4 
Evaluation of Mn-55 Cross-Sections up to 150 MeV for the EFF-3 Library 
 
The overall objective is to develop during FP6 a general-purpose nuclear data library up to 
150 MeV by adopting existing high-energy evaluations, up-grading and adapting them to the 
EFF/JEFF data and performing new evaluations as required. According to the priority list 
elaborated in 2003 to satisfy, in particular, the data needs of the IFMIF project, the objective 
of the 2006 work programme was to provide a complete 150 MeV data evaluation for Mn-55 
[2]. 

In the evaluation process use was made of the codes ECIS96 for optical model calculations 
and GNASH for nuclear reaction cross section calculations. Recent high energy experimental 
data were taken into account for evaluating the total cross section. Global optical potentials 
for neutrons, protons, deuterons and α-particles were used. Global optical model potentials 
for tritons and He-3 were newly elaborated. To improve the neutron emission spectra, collec-
tive excitations were included in the GNASH calculations. Double-differential cross sections 
of the emitted particles were calculated on the basis of the Kalbach systematics. A complete 
ENDF data file was finally prepared for 55Mn covering the full energy range up to 150 MeV.  

Fig. 1 shows the flowchart of the evaluation process. Total, reaction, elastic and inelastic 
scattering cross sections were calculated with ECIS96 applying a spherical optical model 
potential. Nuclear model calculations were performed with the GNASH code utilizing the 
Hauser-Feshbach theory for multiple particle equilibrium and the exciton model for pre-
equilibrium particle emissions up to 150 MeV.  

Measurements of the total cross-sections performed at Los Alamos for Manganese were 
used to validate the high energy neutron optical model potential. The global potential of 
Koning & Delaroche appeared to be the most accurate one over the entire energy range from 
1 to 150 MeV. It was also used for the proton exit channel. For the deuterons and α-particles 
the global potentials by Bojowald and Avrigeanu & Hodgson, respectively, were applied. For 
tritons and He-3, new optical model potentials were invented. Figs. 2 a,b give a comparison 
of evaluated and measured total cross-sections and elastic scattering angular distributions 
for 55Mn. Note the perfect agreement of the new evaluations (red curves) with the measured 
cross-sections over the entire energy range. 

Table 1: Integrated sensitivities and cross section induced uncertainties of the total 
Tritium production with respect to the main reactions of several isotopes. 

 
Isotope Sensitivity 

(%/%) 
Main reactions Cross-section 

induce 
d uncertainty 

(1σ) 
Be-9 0.332 (n,2n), elastic scattering 0.68% 
Li-6 -0.701 elastic scattering 2.06% 
Li-7 -0.073 elastic scattering 0.29% 
O-16 -1.827 elastic scattering 1.71% 
Fe-56 -0.038 inelastic scattering -- 
H-1 -0.227 elastic scattering -- 
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Fig. 1: Flowchart for the evaluation of neutron cross section data of the 55Mn isotope up to 150 MeV neutron energy. 

 
 

  

 
Fig. 2a: Total cross-section for n+ 55Mn. 

 
 

 
Fig. 2b: Elastic scattering angular distribution for 15 MeV n+ 55Mn. 

Examples of neutron emission spectra calculated with GNASH are shown in Fig. 3. The good 
agreement of the new evaluation with the measured emission spectra at higher secondary 
energies is du e to the fact that collective excitations and direct reactions have been taken 
into account. 
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Fig. 3a: Neutron emission spectrum for 14 MeV neutron incidence 

energy. 
 
 

 
Fig. 3b: Double differential neutron emission spectrum for 14 

MeV neutron incidence energy. 

The final ENDF data file includes entire new evaluations in the MF=3 file section for the total 
and elastic scattering cross sections (MT=1,2), the (n,2n), (n,np), (n,nα), (n,p), (n,d), (n,t), 
(n,He3), (n,α) activation cross sections (MT=16,22,28,103,104,105,106,107) and the inelas-
tic scattering cross sections (MT=51-91). Differential neutron emission data were newly 
evaluated for the reactions MT=2, 51-61 in MF=4 (angle distributions). Neutron emission 
spectra as well as angular distributions were evaluated with GNASH for MT=16, 22, 28, 91 
and stored in the MF=6 file section. Above 20 MeV, the files contain complete new evalua-
tions. The high energy data are stored in the file sections MF=3 (MT=2, MT=5), MF=4 
(MT=2) and MF=6 (MT=5). The MT=5 cross-section accounts for all reactions with the emis-
sion of secondary particles. MF=6 contains particle emission spectra in the centre-of-mass 
frame and photon and recoil spectra in the laboratory system.  

TW6-TTMN-001 D 5 
Benchmark Analyses for Revised/Updated EFF-3 Data Evaluations based on 
Monte Carlo Calculations with MCNP 
 
The objective of this sub-task is to check and validate the new EFF-3 data evaluations for a 
reliable use in design calculations and provide feed-back to the evaluators.   

The focus of the recent benchmark analyses was on the cross-section data of Pb [3], V [4] 
and Ta [5,6]. The presently available evaluated cross section data files for Vanadium and 
Lead are listed in Tables 2 and 3. 

Table 2: Evaluated cross section data files for Vanadium. 
 

File JEFF-3.1 
(V-51) 

ENDF/B-VII, beta 3 
(V-00) 

JENDL-3.3 
(V-00) 

FENDL-2.1 
(V-00) 

Release 2005 October 2006 2002 2004 

Origin 
&  
Comments 

ENDF/B-VI, 
+ calculated n- & γ-DDX 
+ angul. distr. discr. levl. 

from JENDL-3 

ENDF/B-VI, 
with revised (n,np), 

(n,t), (n,n‘cont) 

JENDL-3.2, and 
FF with minor 
modification 

JENDL-3.3 
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Table 3: Evaluated cross section data files for Lead. 

 
File JEFF-3.1 ENDF-B6.8 FENDL-2.1 

Release 2004 1996 2004 
Upper Energy E < 200 MeV E < 150 MeV E < 150 MeV 

Origin  
& Comments 

Pb-204 
Pb-206 
Pb-207 
Pb-208 

- 
Pb-206 (mod 2) 
Pb-207 (mod 3) 
Pb-208 (mod 3) 

- 
Pb-206 = ENDF-B6.8 mod 2 
Pb-207 = ENDF-B6.8 mod 3 
Pb-208 = ENDF-B6.8 mod 3 

 
Benchmarking of the data evaluations for V and Pb has been performed against available 14 
MeV neutron transmission experiments conducted at different laboratories (FNS, IPPE, 
JAERI, KIAE,  OKTAVIAN and TUD) on pure metallic shells, cubes and slabs.  

The JEFF-3.1 Vanadium evaluation was shown to better reproduce the measurements of the 
neutron flux spectra (Figs. 4a and b) than other libraries do. Nevertheless the photon produc-
tion is overestimated by 20-80%, whereas ENDF/B-VI or B-VII and JENDL-3.3 only slightly 
underestimate (Figs. 5a and b). The beta 3 version of the ENDF/B-VII data library shows an 
unphysical jump in the neutron emission spectrum at 14 MeV incidence energy.  
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Fig. 4a: V shell with 10.5 cm radial thickness. 

 
Fig.4b: V cube, detector at 17.8 cm from the front sur-

face. 
 
 
Fig. 4: Comparison of measured and calculated neutron leakage spectra for two V assemblies irradiated with 14 MeV neu-

trons. 
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Fig. 5a: V cube, detector at 7.6 cm from the front surface. 

 
Fig. 5b: V cube, detector at 17.8 cm from the front surface. 

 
 

Fig. 5: Comparison of measured and calculated photon leakage spectra for a V cube irradiated with 14 MeV neutrons. 
 
 

The new JEFF-3.1 isotopic Lead evaluation was benchmarked against fusion relevant inte-
gral experiments and compared to FENDL-2.1 which is identical to ENDF/B-VI.8 for Lead. 
The neutron leakage spectra from the shells with different radial thicknesses were repro-
duced within 20% by both independent files. The angular neutron leakage fluxes measured 
from the slabs at a set of angles are underestimated by typically 10-20%. The measured 
neutron multiplication was found to be underestimated by up to 15%. A significant underes-
timation was obtained for the photon leakage spectra above 5 MeV. 

Benchmark analyses on Ta have been conducted for the new Ta-181 data evaluation pro-
vided by FZK in the frame of the 2005 work programme. Only two other independent Ta 
evaluations up to 20 MeV do exist which are included in the American ENDF/B-VI and the 
Japanese JENDL-3.3 data library, respectively. With regard to experimental data, there are 
available 14 MeV neutron transmission experiments of the Lawrence Livermore National 
Laboratory (LLNL) on two Ta spherical shells with shell thicknesses of 3.4 and 10.2 cm, and 
an integral experiment performed at the Lewis Research Centre (LRC) in 1974 on a 9 cm 
thick Ta shell with a central Am-Be source. Furthermore, neutron emission spectra measured 
for 14.1 and 7.94 MeV neutron incidence energies were available for comparison with the 
evaluated data. Satisfactory agreement was found for the new Ta evaluation of FZK while 
the other available evaluations (ENDF/B-VI and JENDL-3.3) show severe discrepancies with 
the measured neutron emission spectra. 

With the new Ta evaluation of FZK also good agreement was obtained for the neutron leak-
age spectra measured in the LLNL and the LRC neutron transmission experiments. In par-
ticular, significant improvement was found for the LLNL experiments, where the ENDF/B-VI 
and JENDL-3.3 data fail to reproduce the shape of measured neutron leakage spectra. In 
case of the new Ta evaluation, the calculated neutron spectra scatter within 10-20% around 
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the measured data. Thus the new Ta data evaluation constitutes a clear improvement over 
the deficient ENDF/B-VI and JENDL-3.3 data evaluations for Ta. 
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TTMN-002 
Nuclear Data: Benchmark Experiments to Validate EFF/EAF Data 
 
The objective of Task TTMN-002 is to provide the experimental data base required for the 
validation of the nuclear data libraries EFF (European Fusion File) and EAF (European Acti-
vation File) developed in the frame of Task TTMN-001 of the EU Fusion Technology Pro-
gramme. According to the FP6 programme orientation towards ITER (TBM) and IFMIF, the 
focus is on the experimental validation of TBM design calculations by means of a neutronics 
mock-up experiment and cross-section validation experiments relevant for IFMIF.  

TW6-TTMN-002 D 2 
Design of TBM-HCLL Neutronics Experiment: Design of Measurement  
Techniques for Tritium Production Rates (TPR) and of Neutron and γ-ray Flux  
Spectra; Assessment of Uncertainties (TU Dresden) 
 
Objectives 
 
With the objective to validate the nuclear design parameters of the EU Test Blanket Modules 
(TBM), a neutronics experiment shall be performed in 2007 for the Helium Cooled Lithium 
Lead (HCLL) TBM, as carried out in 2005 for the Helium Cooled Pebble Bed (HCPB) TBM. A 
sketch of the HCLL mock-up is presented in Fig. 1 [1]. 

 
Fig. 1: Vertical sections through the mock-up. 

 
 

Calculations showed that flux spectra of the fast neutrons and of γ-rays can be measured by 
pulse-height spectroscopy with an NE213-detector, and the flux distribution of the slow neu-
trons by time-of-arrival spectroscopy with a 3He-detector, as in the case of the HCPB mock-
up [2]. For inserting these detectors the “rear central brick” (left hand in Fig. 1) must be re-
moved.  

Also the Li2CO3-method used for measuring the tritium production rates (TPR) in the HCPB 
mock-up [3] is available. However, a detailed calculation revealed that the density of the trit-
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ium production is significantly lower in the HCLL mock-up [4]. Table 1 gives the TPR at four 
positions in the “central bricks” (Fig. 1) for one d-t source neutron and for the number of 
source neutrons produced during the HCPB experiment and planned for the HCLL experi-
ment. With the Li2CO3-method the β-activity of the tritium is measured. The specific activities 
corresponding to the TPR are given in the last line of Table 1. For comparison, the specific 
activities measured in the HCPB mock-up were in the range of 60-180 Bq/g [5,6]. Bench-
marking the Li2CO3-method [3], it was concluded, that the specific activity should be at least 
10 Bq/g. That shows the necessity for applying additional, more sensitive methods for the 
TPR measurements in the HCLL mock-up.  

Table 1: Number of tritium atoms (NT) produced in Li2CO3 probes (ρ = 1.1234 g/cm3) at four positions on the central line of the 
HCLL mock-up and the corresponding tritium activities per unit mass. 

 
 

Distance from the front plate 
[cm] 

 
5 

 
13 

 
21 

 
29 

 
NT / m for 1 source neutron 

[T-atoms/g] 
 

NT / m for 5.83·1015 source neutrons 
[T-atoms/g] 

 
AT / m for 5.83·1015 source neutrons 

[Bq/g] 
 

 
3.2·10-6 

 
 

1.9·1010 

 
 

33 

 
1.0·10-6 

 
 

6.1·109 

 
 

11 

 
4.7·10-7 

 
 

2.7·109 

 
 

4.9 

 
2.7·10-7 
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In the present work, detectors are tested which could be used to measure the number of trit-
ium producing reactions, instead of the tritium activity. Using LiF thermo-luminescence do-
simeters (TLD), the dose induced by neutrons is dominated by the energy deposition of the 
tritons and α-particles from the reactions on Li. The contribution of other neutron reactions on 
LiF and those of the photons to the total dose must be eliminated. For this purpose TLDs of 
different 6Li-content, BeO dose meters and solid state track detectors (CR-39) were com-
bined in two irradiation experiments with an assembly of similar performance as the HCLL 
mock-up. 

Experiments 
 
The Monte Carlo model of the assembly is shown in Fig. 2. The front block (within a polyeth-
ylene shield) consists of Pb bricks and of two layers with the breeder material LiAl. The rear 
block is made of LiAl. The total number of Pb and Li atoms is the same as in the HCLL mock-
up. The distance of the neutron source to the assembly was chosen in such a way that the 
expected TPR per one source neutron (Table 2) is in the same order of magnitude as the 
lowest values in the HCLL mock-up (Table 1). 

Two experiments with different detectors arranged within the assembly along the x-axis were 
carried out: 

A. TLD packages were placed at intervals of 4 cm. Each package consisted of 3 TLD-100 
(7.5 at-% 6Li and 92.5 at-% 7Li, natural isotopic abundance of Li) and of 2 TLD-700 
(0.07 at-% 6Li and 99.93 at-% 7Li, depleted in 6Li). In order to demonstrate the high 
sensitivity for TPR measurements, only 5.9·1014 source neutrons were produced during 
the irradiation, i. e. one order of magnitude less, than it is planned for the HCLL mock-
up experiment (5.8·1015 source neutrons). 

B. The detector packages at intervals of 4 cm consisted of TLDs and BeO detectors 
placed on CR-39. The number of source neutrons produced was 1.57·1013 for some of 
the probes and 8.2·1013 for the other.  
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Fig. 2: Horizontal section through the assembly. 
 

Table 2: Calculated TPR in TLD-100 at different positions on the x-axis in the assembly (Fig. 2) as number of tritium atoms 
(NT) produced per one d-t neutron and for the number of source neutrons produced during experiment A. 
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Results 
 
Fig. 3 shows, for the experiment A, the TPR in the TLD-100 calculated with the Monte Carlo 
code MCNPX (Table 2). They are compared with the differences of the TLD signals from the 
TLD-100 and TLD-700 probes. The TLD-700 signals are widely independent of the x-
positions and are attributed to the photon dose of the TLD. The TPR in the TLD-700 is only 
about 3% of that in the TLD-100, as calculations show. The experimental TLD signals were 
multiplied with a factor of 1.75·107, which results in a minimum Χ2 to the calculated TPR. For 
the determination of the absolute response of the TLD-100, the calibration in a well-defined 
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neutron field shall be combined with the results of experiment B. The number of tracks of 
tritons and α-particles in the CR-39 foil gives an independent measure of the TPR in the 
TLD, and the photon dose is measured with the optical stimulated luminescence of the BeO 
probes. 

The evaluation and analysis of the data from experiment B is in progress. 
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Fig. 3: Calculated specific tritium production at several positions on the x-axis of the assembly for experiment A and measured 

thermo-luminescence multiplied by 1.75.107. 
 
 
Conclusions 
 
It was demonstrated that the TPR can be measured by TLD-probes with a sensitivity that is 
at least one order of magnitude better than that needed for the HCLL mock-up experiment. 
The uncertainty bars of the measured values in Fig.3, which are dominated by systematic 
uncertainties, give an impression of the lower limit of the sensitivity for the TPR measure-
ments. Experiment B will be used for checking the separation of different dose components 
and for the calibration. 
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TW6-TTMN-002 D 3 
Design of TBM - HCLL Neutronics Experiment: Monte Carlo (MC) Based Pre-
analysis to Design and Optimise the Experimental Set-up for the Measurements 
of the Flux Spectra and the Tritium Production 
 
The neutronics mock-up experiment on the HCLL (Helium-Cooled Lithium Lead) blanket 
concept aims at validating the capability of the neutronics codes and nuclear data to predict 
the nuclear performance of the HCLL TBM in ITER in terms of important nuclear responses 
such as the neutron flux spectra, the tritium production rate and the nuclear heating. Thus, it 
is necessary to demonstrate that the essential nuclear features of the HCLL TBM can be 
replicated by the experiment. This can be achieved by analysing the TBM in ITER and using 
the results as reference for designing and optimising the TBM mock-up configuration.  

The objective of TW6-TTMN-002, Deliverable 3, was to provide the data, by means of pre-
calculations, required for preparing the design of the HCLL TBM mock-up experiment. To this 
end, MCNP Monte Carlo calculations were performed for the flux spectra and the tritium pro-
duction in the HCLL TBM mock-up assembly that will be irradiated at the Frascati Neutron 
Generator (FNG). The results were compared to those obtained for the HCLL TBM in ITER in 
the frame of the previous task TW5-TTMN-002, Deliverable 9a.  

 
 

Fig. 1 a: HCLL TBM in ITER 
 

Fig. 1b: HCLL TBM mock-up assembly 
 
Fig. 1a, b: Vertical cuts of the MCNP models employed for the analyses of the TBM assemblies in ITER and the FNG 

experiment. 
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Suitable MCNP models were developed for the HCLL TBM mock-up assembly at FNG and 
the HCLL TBM in ITER, see Figs. 1 a and b. 

Calculations were performed with the MCNP5  Monte Carlo code and nuclear cross-section 
data from the Fusion Evaluated Nuclear Data Library FENDL-2. The neutron flux spectra and 
tritium production distributions in the TBM were calculated for 6Li enrichment levels of 90 
at%, which is representative for the HCLL fusion power reactor blanket, and 7.5 at%, which 
will be used in the mock-up experiment. Analogous calculations were performed for the 
HCLL mock-up experiment employing only naturally enriched Lithium. Detailed comparisons 
were made for positions P1 and  P2 in the TBM mock-up located at 5.5 and 30.1 cm, respec-
tively, from the front surface.   

 
Fig. 2: Neutron spectra calculated for positions P1 and P2 in the HCLL TBM mock-up and the corresponding locations in the 

ITER HCLL TBM (normalized to one source neutron). 
 
 
The neutron spectra in the HCLL TBM mock-up were shown to be significantly harder than in 
the HCLL TBM in ITER, see Fig. 2. This is mainly due to the fact that the TBM in ITER is sur-
rounded by shield modules made of a steel/water mixture thus resulting in a comparatively 
soft spectrum impinging onto the TBM. The mock-up assembly, on the other hand, does not 
contain any neutron moderator. In addition, it does not contain a strong neutron absorber 
since the lithium of the Pb-Li alloy is not enriched. Together with the high neutron scattering 
power of lead this results, first of all, in a rather high neutron leakage out of the TBM assem-
bly and, secondly, in a rather hard neutron spectrum. As a consequence, Tritium generation 
in the mock-up mainly takes places in the high energy range above 0.1 MeV, while in the 
TBM a significant amount of Tritium is produced in the low energy range (down to a few eV), 
see the cumulative distributions of the tritium production rates in the TBM and the mock-up 
(Fig. 3). Thus, the HCLL mock-up assembly does not represent an act-alike material configu-
ration of the HCLL TBM in ITER. This could only be achieved by surrounding the TBM mock-
up with a large sized reflector/moderator material assembly (such as polyethylene) and en-
riching the lithium of the Pb-Li alloy. 
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Fig. 3: Cumulative tritium production calculated for positions P1 and P2 in the HCLL TBM mock-up and the corresponding 

locations in the ITER HCLL TBM (normalized to unity).  
 

 

TW6-TTMN-002 D 5 
Pre- and Post-analysis of the Validation Experiments for Cr Cross Sections up 
to 55 MeV in an IFMIF–like Neutron Spectrum  
 
In the frame of Task TW6-TMN-002, Deliverable 6, an activation experiment on Chromium 
was performed at the cyclotron of the Nuclear Physics Institute (NPI), Řež, with the objective 
to provide the experimental data base for validating the activation cross-section data in the 
energy range relevant to the International Fusion Material Irradiation Facility (IFMIF) [1]. The 
objective of Task TTMN-002, Deliverable 5, conducted by FZK, was to perform the computa-
tional pre-analysis required for optimizing the experimental set-up and the measurements 
and to conduct the post-analysis to check and validate the high-energy cross-section data for 
neutron activation calculations. The computational analyses comprised transport calculations 
with the MCNPX Monte Carlo and SAND-II unfolding codes for the neutron source charac-
terization [2,3] and activation calculations with European Activation system EASY-2005 
(FISPACT/EAF-2005) [4, 5]. Previous efforts to check and validate IEAF-2001 activation 
cross-section data were performed for Eurofer-97, SS-316, F82H steels and Tungsten [6-8]. 

10 % level 

50 % level 

TBM Mock-up 
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Neutron source spectrum characterization 
 
A 37 MeV proton beam impinging on a heavy water target has been used to produce a neu-
tron spectrum up to 35 MeV similar to that of the IFMIF neutron source which employs the d-
Li reaction. The objective of the present task was to reproduce the experimental neutron 
spectrum at the position where the Cr foil was irradiated. The MCNPX Monte Carlo code with 
the Los Alamos proton library LA-150h and in-build Bertini model was used to model the ex-
perimental set-up (Fig. 1) and calculate the differential neutron yield at the points of interest. 
These calculations were checked against measurements of the neutron spectrum at large 
distance from the D2O target using a scintillation detector. As shown in Fig. 2, MCNPX calcu-
lations with LA-150h data fail to reproduce both the absolute yield and the energy distribution 
of the source neutrons. By investigating the reason for the observed large discrepancy it was 
shown that the LA-150h library does not properly reproduce the double differential cross sec-
tions for the D(p,n)2p reaction.  

 

To determine the neutron flux spectrum at the positions of the Cr sample, the dosimetry foil 
activation method was applied. For this purpose a stack of pure metallic foils (Al, Au, Co, Fe, 
Lu, Nb, Rh, Y, Ti, Zr, In and Bi) was located behind the Cr sample and was simultaneously 
irradiated. The γ-ray activities detected in the dosimetry foils were used for the determination 
of the neutron flux spectrum by a modified version of the SAND-II code. To accomplish this 
procedure, the cross section data for the relevant dosimetry reactions need to be extended to 
the energy range of above 20 MeV. The details of this procedure are described in Ref. [2]. 

In the experiment, the Cr foil (containing 99.9%) has been irradiated 11.3 minutes at a dis-
tance of 2.95 mm from the D2O target bottom. The irradiation history was derived from the 
proton beam current recorded as a function of time during the irradiations and was repre-
sented in the activation calculations by the one pulse approximation (Fig. 3). Re-
normalization of the neutron flux from the dosimetry foils to the Ta spot has been performed 
by using the measured yield of 24Na generated in the Al monitoring foils (Fig. 4).  
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Fig. 1: MCNPX model of the experimental configuration with 
proton beam indicated. 

Fig. 2: p-D2O neutron spectrum at large distance from the 
heavy water target as measured and calculated by 
MCNPX. 
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Fig. 3: The Cr irradiation time profile as measured and ap-

proximated for activation calculations. 
 

 
Fig. 4: 27Al(n,α)24Na reaction rate as a function of distance from 

the D2O target bottom. 

 
Validation of the EAF-2005 activation cross-section data. 
 
The activation calculations have been performed with FISPACT/EAF-2005. In Fig. 5 and Ta-
ble 1, calculated and measured activities (in terms of C/E ratios) for the 7 radio-isotopes de-
tected in the irradiated Cr sample are compared. 

It can be seen that the EAF-
2005 activation libraries satis-
factorily predict (within experi-
mental and calculation uncer-
tainties) the yield of 51Ti, 52V, 53V 
and 48Cr, but fails to reproduce 
the other radioactive invento-
ries. Pathway analyses for the 
production of the specific radio-
nuclides have been performed 
to identify the dominant reac-
tions and the reasons for the 
observed discrepancies. The 
results are displayed in Table 1 
showing that the generation of 
the radio-activity products in 
each case is dominated by one 

single reaction. Several examples of the relevant cross sections from IEAF-2001 [9] and 
EAF-2005 libraries are displayed in Figs. 6 and 7. It is noted that they essentially disagree. 
The cross sections have a maximum above 20 MeV where no measurements with mono-
energetic neutron sources are available. 

It is thus concluded that the chromium activation cross sections need to be updated both in 
the IEAF-2001 and the EAF-2005 data libraries. 
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Table. 1: C/E ratios for Cr (weighted mean at several decay times) and dominant reactions. 
 

Nuclide T1/2 Reaction Pathway C/E C/E Uncertainty 

   FISPACT/ 
EAF-2005  

48Sc 43.670 h 52Cr(n,pα) + 50Cr(n,3p) – 100% 0.55 0.11 
51Ti 5.800 m 52Cr(n,2p) + 54Cr(n,α) – 100% 0.91 0.03 
52V 3.745 m 52Cr(n,p) – 88%; 53Cr(n,d+) – 12% 0.80 0.11 
53V 1.620 m 53Cr(n,p) – 82%; 54Cr(n,d+) – 18% 1.73 0.92 

48Cr 21.561 h 50Cr(n,3n) – 100% 1.22 0.61 
49Cr 41.900 m 50Cr(n,2n) – 100%; 0.53 0.03 
51Cr 27.7060 d 52Cr(n,2n) – 98%; 53Cr(n,3n) – 1.4% 0.71 0.01 
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Fig. 6: 50Cr(n,3n)48Cr reaction cross section as evaluated in 

IEAF-2001 (red) and EAF-2005 (blue). 

 
Fig. 7: natCr(n,pα+3p)48Sc reaction cross section as evaluated in 

EAF-2005 (blue). 
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TW6-TTMN-002 D 7 
Validation Experiment of Gamma Activities of La Irradiated in Fusion Peak  
Neutron Field (TU Dresden) 
 
Objectives 
 
The activation induced by neutrons in the materials of fusion power plant projects represents 
a central safety related topic. Reduced activation materials with acceptable radiological 
safety performance and low long-term radiation level have been developed for first wall and 
breeding blankets [1]. The activation of the materials is mainly caused by neutrons of the d-t 
fusion peak energy range, where the number of reaction channels is a maximum, and by 
thermal neutrons because for some reactions the cross section is large in this energy region. 

Lanthanum is used as La2O3 in the heat shield of divertors. In the present work, a sample of 
pure La was irradiated with d-t neutrons, and the γ-activities, measured after the irradiation, 
were analysed with the European Activation System EASY [2] in order to test the relevant 
data of the European Activation File EAF. 

Experiment 
 
For planning the irradiation 
parameters and in order to 
determine the time range for 
measurements of the γ-
activities, a calculation with 
EASY was carried out. La 
was assumed to be irradi-
ated at power plant condi-
tions; i.e., with a flux of the 
d-t neutrons corresponding 
to a power density of 1.0 
MW/m2, for a period of one 
year. The results obtained 
for the contact dose rate as 
a function of the decay time 
after irradiation are shown in 
Fig. 1. The recycling limit of 
the irradiated La would be 
reached after about one 
year. There are only few 
nuclides that contribute sig-
nificantly to the total dose rate within this time range.   
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Fig. 1: Calculated total contact dose rate and contribution of the different nuclides 

after irradiation of  
La with fusion peak neutrons of 1.0 MW/m2 power density for one year as a 
function of the decay time. 
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In order to investigate the activities of 136Cs, 140La and 139Ba, a fluence of 5.96·1013 d-t neu-
trons/cm2 was applied. The irradiation was performed at the neutron generator of TUD at the 
FZ Rossendorf. The fluence was determined by simultaneous activation of niobium foils and 
evaluating the activity induced by the 93Nb(n,2n)92mNb reaction. The time dependence of the 
neutron production was recorded by two detectors, a 238U fission chamber and a Si-detector 
for the α-particles of the source reaction. The La sample had a purity of 99.9%, a diameter of 
25 mm and thicknesses of 0.62 mm.  

γ-ray spectra were taken with an HPGe-spectrometer at decay times in the range from 4 
hours to 9 days. The γ-activities identified by energy and half-life were used to determine the 
nuclide activities, using γ-yield data from EASY. The attenuation of the neutron and of the γ-
ray fluxes in the sample as well as the geometry factors (neutron source – sample; sample – 
γ-ray detector) were determined by 3D Monte Carlo calculations.  

Results 
 
The experimental data were analysed with the recent version of the European Activation 
System, EASY-2005. The results are presented in Table 1. The uncertainties of the experi-
mental values (ΔE/E) are including all possible errors of the γ−activity measurement, of the 
sample mass, of the γ-yield data and of the neutron flux monitoring. The uncertainty of the 
calculated activities (ΔC/C) includes both cross section and half-life errors as estimated by 
EASY. The deviations of the three ratios of calculated-to-experimental activity (C/E) from 
unity are smaller than the ΔE/E or ΔC/C. A detailed discussion can be found in Refs. [3 - 5]. 

 
Table 1: Results obtained for the activity of nuclides; nuclide identified, its half-life and γ-rays with yield data used to deter-

mine the activity, the experimental uncertainty of the activity (ΔE/E), the ratio of calculated-to-experimental activity 
(C/E), uncertainty of the calculated activity (ΔC/C) and the neutron reaction producing the activity. 
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136Cs 
 

 
13.0 d 

 
340.6 
1048 
1235 

 

 
0.422 
0.798 
0.200 

 
0.08 

 
1.02 

 
0.31 

 
139La(n,�)          100 

 
139Ba 

 
 

 
1.38 h 

 
165.9 

 

 
0.245 

 

 
0.24 

 
0.97 

 
0.18 

 

139La(n,p)           100 

 
140La 

 

 
1.68 d 

 
751.8 
867.8 
925.2 

 

 
0.044 
0.056 
0.070 

 

 
0.07 

 
0.81 

 
0.42 

 
139La(n,�)            100 

 

Conclusions 
 
For the three dominant activities resulting from La irradiation with fusion peak neutrons in the 
decay time range until the recycling limit is reached,  the EASY-2005 data have a good qual-
ity. The experimental uncertainties obtained (ΔE/E in Table 1) suggest, that the measure-
ments can contribute further to improve the EAF data base [6]. 
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Also the C/E for the production of 140La by neutron capture of fusion peak neutrons is rea-
sonable. In fusion reactors this activity is mainly produced by thermal neutron capture and 
should also be validated in an appropriate neutron field.  

The expected recycling limit of one year for La, irradiated with fusion peak neutrons at power 
station conditions is confirmed by the present experiment.   
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TTMI-001 
IFMIF – Accelerator Facilities 
 
TW5-TTMI-001 D 3 
Studies of End-to-end Transmission and Beam Losses along the Accelerator 
Facilities Considering the Effects of the Different Sources of Errors on the 
Transport of the Beam   
 
Objectives 
 
The IFMIF linac must be capable to accelerate a 125 mA cw beam of deuterons to a total 
energy of 40 MeV. Particle losses can lead to activation of accelerator components. Due to 
the required hands-on-maintenance losses have to be kept extremely low along the linac. 
Extensive beam dynamics simulations are necessary to study the influence of fabrication and 
of alignment errors on beam halo generation and losses. This includes a large number of 
macro particles. The beam dynamics code LORASR has been optimized with respect to time 
efficient calculation of space charge forces which is required when using up to 1 million 
macro particles.   

Status of the work before the time period 
 
The number of macro particles was limited to about 20000. This number is high enough for 
an accelerator layout but not sufficient to study extremely low losses and halo generation. 
Additionally, not all possible errors had been implemented in the code. Although many RF 
linacs have been designed and built using the LORASR code but no benchmarking with 
other common codes has been performed so far.  

Results and achievements obtained during the time period 
 
New routines have been implemented or further improved for the beam dynamics code LO-
RASR, in order to allow time-efficient simulations with up to one million macro particles rou-
tinely, as well as machine error settings for loss profile investigations. 
Furthermore, additional error types have been added to the LORASR routines and the avail-
able data analysis tools have been extended: the local resolution of the particle loss predic-
tion has been improved by taking into account the exact shape of the resonator apertures 
along the linac.  

 
 
Fig. 1: Horizontal 100% rms-emittance along the GSI-Alvarez calculated by different codes including LORASR (left) and longi-

tudinal 100% rms emittance. The input beam is Uranium 28+, 37 mA, 1.4 AMeV. 
 
 
All updated routines had to be carefully validated. A good opportunity for code benchmarking 
was given within the framework of the European network activity ‘High Intensity Pulsed Pro-
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ton Injector’ (HIPPI). The LORASR code was included to the Poisson solver and the UNILAC 
Alvarez section tracking benchmarking and validated against other well-established linear 
accelerator beam dynamics codes like ‘IMPACT’, ‘HALODYN’, ‘DYNAMION’ and ‘TOUTA-
TIS’ (Fig. 1). The achieved degree of accordance between the codes is promising. For fur-
ther information please refer to the note ‘Linac Code Benchmarking in Preparation of the 
UNILAC experiment’ (CARE-Note-2006-011-HIPPI). 

Now we are confident in the results of the loss profile and machine error studies made by 
LORASR on the IFMIF room temperature linac (Alvarez structure) and on the superconduct-
ing linac (CH structure).  

For the activation and dose-rate study of the normal conducting reference DTL form Alvarez-
type with the particle tracking code PARMILA® from Los Alamos the cell geometry from 
Saclay must be implemented in Superfish® and the calculated gap electric field distribution 
and transit time factors were used from PARMILA® for the beam dynamics simulations. The 
cell geometry of the Alvarez-DTL is successfully transformed in Superfish and the transit time 
factor tables are overtaken in Parmila. The first tank with the given quadrupole parameter-
sets are generated. The same for the following 9 cavities will be made. Then first beam dy-
namics calculations of the complete Alavarez-DTL will be performed. A comparison with the 
Saclay calculations will also be done. In a last step a Monte-Carlo tolerance study with 100 
different linacs and 106 macro particles will be made. 

In the same framework a Monte-Carlo tolerance study of the H-type linac layout from Figure 
2 with the new LORASR code was performed. 100 different runs with 106 macro particles for 
each run were used. This leads in sum to 108 particles for 100 different linacs with different 
RF and quadruple error configurations. The assumed static errors of the cavities and their 
internal elements were Gaussian-distributed along the H-type linac. As tolerance-limits, we 
used for a first validation of the LORASR code standard rf and quadrupole misalignment in-
tervals, e.g. ± 1 % electric field amplitude error of tanks and each gap, ± 1° of tank-phase 
and gap-phase error and ± 0.1 mm transverse misalignment of each magnetic quadrupole. A 
crosscheck with other multi-particle codes like PARMILA® from Los Alamos or TraceWin® 
from Saclay is foreseen. First results have been sent to the collaboration partners at FZK and 
ENEA who use the particle losses along the linac for calculation of the resulting activation 
after different operation times. For the front end part (RFQ) of the linac first results have been 
already achieved.  
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Fig. 2: Layout-scheme of the H-type linac for IFMIF used for preliminary tolerance studies in Monte-Carlo method. 
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TTMI-003 
IFMIF - Test Facilities 
 
TW5-TTMI-003 D 8 
Tungsten Spectral Shifter: Neutronics Analysis (dpa Evaluation, H, He and 
other Impurities Generation, Recoil Spectrum, etc) of Different Positions and 
Geometries 
 
The objective of this task is the optimization of (i) the tungsten irradiation conditions in IFMIF 
to closer represent those in the divertor of the power fusion reactors and (ii) the tungsten 
spectral shifter plates position in front and behind the Creep-Fatigue testing machine (CFTM) 
to adjust the primary knock-on atom spectrum in the in situ creep-fatigue samples. This study 
is an extension of the IFMIF neutronics analysis performed earlier [1- 3]. 

Tungsten nuclear response parameters in power fusion reactor divertor 
 
For the comparative tungsten irradiation conditions 
analyses the nuclear responses in the W tiles cov-
ering the diverter of fusion power reactor (Fig. 1) 
were calculated. This was done for a 4000 MW 
power reactor with helium cooled lithium lead 
blanket (HCLL) investigated in the Power Plant 
Conceptual Study (PPCS) [4]. The tungsten nu-
clear responses were calculated by the MCNP4C 
Monte Carlo code using a three-dimensional 20 
degrees torus sector model and FENDL-2 cross 
section data for the neutron transport. 

The results presented in Table 1 show that each 
tungsten atoms will be displaced 2.4 times from its 
lattice node during 1 full power operation of fusion 
reactor. The gas generation in tungsten will be 
dominated by hydrogen and helium production 
caused by neutrons at the levels of 2.3 appm and 
0.7 appm, that give the gas to dpa ratios 1.0 and 
0.3, correspondingly. 

Tungsten irradiation parameters in IFMIF 
 
The aim of this subtask is a search of location for the tungsten specimens in the IFMIF test 
modules or close to them, where the atom displacement rate and gas production ratio will 
optimally reproduce the ones expected in fusion power reactor. 

In the IFMIF facility the High, Medium and Low Flux Test Modules (HFTM, MFTM, LFTM) are 
located just behind Li-jet target to house the specimens for long term irradiations. As a first 
step we have estimated nuclear responses in the tungsten specimens located there, suppos-
ing that they will partly replace the steel samples in the HFTM or can be easily allocated be-
tween pull-push rods of Universal Test Machine (UTM), which is a front part of MFTM (see 
Fig. 2). To perform such neutronics calculations the McDeLicious code [5] with recently up-
dated and validated d-Li cross sections data (task TW4-TTMI-003, D9) [6] were employed. 
For the representation of current IFMIF test cell design the global MCNP model developed in 
the frame of task TW4-TTMI-003, D5a (TEKES, Finland) was used. 

The results listed in the Table 1 show that atom displacement rate 3.6 dpa/fpy in tungsten 
could be achieved in UTM, if the specimens will be located between the push-pull rods. This 
already exceeds the dpa rate in the fusion power divertor. On other hand for the proper rep-

 
Fig. 1: Vertical cut of the PPCS fusion power reactor 

with HCLL blanket. 

PPCS/HCLL Fusion Reactor
(vertical cut) 

Tungsten tiles
covering Divertor

PPCS/HCLL Fusion Reactor
(vertical cut) 

Tungsten tiles
covering Divertor
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resentation of the fusion reactor radiation conditions one needs to have the gas production to 
dpa ratios 1.0 for hydrogen and 0.3 for helium. As Table 1 shows during irradiation near UTM 
rods these ratios will amount 20 and 1.3, hence 20 - 4 times exceeding the fusion levels.  

In the HFTM, even higher tungsten atom displacement rates (5 to 11 dpa/fpy) could be 
reached depending on the rig and row housing the specimens. But the gas-to-dpa ratios will 
also exceed fusion level by same large factor as in UTM.  

The reasons of that are the difference of 
energy neutron spectra inside the fusion 
and IFMIF facilities and sensitivity of gas 
production reactions to the high energy 
neutrons. The fusion neutron spectra cut 
off at 15 MeV, whereas IFMIF ones pro-
duced by d-Li reaction extends up to 55 
MeV (Fig. 3). The gas productions cross 
sections on tungsten such as (n,xp) and 
(n,xα) have thresholds around 10 MeV and 
increases one-two orders of magnitude as 
neutron energy goes up from 14 to 55 MeV 
(Fig. 4). The dpa cross section increases 
only two times in this energy range, being 
the same time non threshold reactions.  

 
Fig. 2: Horizontal cut of the IFMIF test cell fragment: Li-

jet, HFTM, neutron reflector, UTM and W plate. 
Table 1: Tungsten nuclear responses in the divertor of fusion power 

reactor and at different locations inside IFMIF as indicated in 
Fig. 2. 
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Fig. 3: Energy differential neutron flux in the HFTM, MFTM, 

HFTM Lateral reflector and deuteron beam tube. 
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Principally, for the reproduction the fusion 
gas-to-dpa ratios in the IFMIF the tung-
sten specimens should be shifted in side-
ward or even backward directions relative 
to the deuteron beam direction, where the 
fraction of neutrons with energy more than 
15 MeV essentially decreases (Fig. 3). 
We considered following geometrically 
possible spots for the samples as indi-
cated in Fig. 2: the HFTM lateral reflector, 
lithium target flange and deuteron beam 
tube (inside the vacuum system). Results 
of calculations are summarized in Table 1: 
location of the tungsten specimens inside 
the HFTM lateral reflector gives the ac-
ceptable dpa rate but the gas-to-dpa ratio 
as large as in HFTM and UTM; practically 

the same gas-to-dpa ratios as in the fusion reactor divertor could be achieved inside the deu-
teron beam tube, but at 0.3 dpa/fpy displacement rate which is 10 times less than fusion one; 
location of the W specimens in the flange of Li-target exhibits the intermediated option with 
dpa rate half of fusion one and gas-to-dpa ratios 3-2 times larger. 

Further study is needed to clarify the possibility of the housing the tungsten specimens there 
regarding all engineering issues. 

The results of estimation of nuclear responses in the tungsten depend on the neutron in-
duced reactions cross section used in the calculations. As Fig. 4 shows, the agreement be-
tween ENDF/B-VI library and recent new evaluation FZK’04 [7] are quit reasonable up to 60 
MeV. Nevertheless the differences for some specific reactions are visible and reach in the 
case of helium production even a factor of 5.  

To estimate the influence of nuclear data base on final results we calculated tungsten nu-
clear responses with these two evaluations. The results show that dependence of W nuclear 
responses on nuclear data amounts 3 to 6% for the case of fusion reactor calculations and 5 
to 40% for IFMIF. The largest difference appears for gas production in tungsten, that empha-
sizing the necessity for experimental validation of the relevant cross sections in the IFMIF 
energy range. 

Optimization of the Tungsten spectral shifter for reproduction fusion irradiation condi-
tions in Medium Flux Test Module 
 
Previous Monte Carlo simulations has shown that for the properly selected geometry IFMIF 
irradiation conditions can perfectly meet helium, hydrogen and displacement production rates 
relevant for DEMO reactor. Additional spectral shifter allows also fitting primary recoil spec-
trum so that the fraction of damage produced by recoils with the energy greater than given is 
very close to that of DEMO reactor. 

Spectral shifter materials should withstand significant radiation and thermal loads being able 
to effectively modify neutron spectrum. Tungsten was selected as a spectral shifter material 
due to its high melting temperature, good thermal conductivity as well as good neutronics 
properties such as high scattering ability. The further sections describe the selection of the 
optimal geometry of spectral shifter plates (position, width) with the aim to reproduce DEMO 
irradiation conditions at creep-fatigue testing machine and tritium release module as close as 
possible (details are available in [8]). 
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Various positions of spectral shifter plates 
 
Two tungsten spectral shifter plates positioned in front and behind the creep-fatigue testing 
machine (CFTM) were proposed for the adjusting of the primary knock-on atom spectrum at 
in situ creep-fatigue samples. Previous neutronics calculations showed that an adjusted 
spectrum perfectly matches that of the DEMO reactor at the first wall position.  

Later during preliminary engineering 
design it was recognized that two 
plates would require too much de-
sign efforts and space for their cool-
ing and temperature monitoring. 
Therefore designers suggested plac-
ing one plate of double width behind 
the CFTM. This part of the task is 
aimed at the study of consequences 
of such disposition for the change of 
irradiation conditions at CFTM and 
tritium release module (TRM). 

Several geometry variants differing by the width and placement of tungsten spectral shifter 
plates were considered (see Table 2).  

Neutron spectra, damage and gas production at CFTM 
 
Neutron transport calculations were performed using McDeLicious-05 code with an updated 
version of the evaluated d-Li reaction cross sections. The obtained neutron spectra for the 
discussed above IFMIF geometry variants and DEMO reactor are presented in Fig. 5. The 
effect of the width of the spectral shifter plate positioned in front of CFTM is clearly visible as 
a change of the shoulder height in the range 1 - 20 MeV. This part of the neutron spectrum is 
effectively shifted to the low neutron energy by the tungsten plate.  

The plate placed be-
hind the CFTM reflects 
neutrons back further 
decreasing neutron 
flux available at TRM. 
The efficiency of ther-
mal neutron absorp-
tion slightly increases 
with the plate thick-
ness (cf. md39 and 
md40c). Damage and 
gas production rates in 
iron located inside the 
central creep-fatigue 
specimen are col-
lected in Table 3. 

 
Table 2: Description of geometry variants. 

 
Variant Position relative to 

CFTM 
Width, cm 

md39 behind 6.4 

md40a in front 6.4 

md40b in front 3.2 

md40c behind 3.2 

md40d in front & behind 3.2 
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Fig. 5: Differential neutron spectra at CFTM position compared with the DEMO First Wall 
spectrum. 
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Table 3: Irradiation conditions for the central creep-fatigue specimen (cell 5021) at CFTM (Fe) and at the first row 
of TRM (Be). 

 

 the central creep-fatigue specimen, Fe first row of TRM, Be 
Variant Flux, 

1014 n/cm2/s 
Damage, 
dpa/fpy 

He 
appm/fpy 

H, 
appm/fpy 

Flux, 
n/cm2/s 

Damage, 
dpa/fpy 

md39 3.33 11.76 75.4 215.2 9.73x1013 3.23 

md40a 1.81 3.50 18.4 52.3 1.33x1014 2.76 

md40b 2.30 6.26 37.2 106.0 1.69x1014 3.74 

md40c 3.16 11.64 75.4 215.1 1.81x1014 4.22 

md40d 2.53 6.48 37.2 105.9 1.32x1014 2.91 

 

As could be expected very similar results were obtained for the variants with full (md39) and 
half-width (md40c) W-plates behind CFTM. The plates placed in front of the CFTM gradually 
degrease damage and gas production rates with increasing plate thickness. Qualitatively 
similar results were obtained during preliminary study performed before the availability of the 
global geometry IFMIF model [Report TW0-TTMI-003-D10, 2002]. The results of damage 
rate in beryllium placed at TRM are presented in Table 3. 

Differential primary recoil spectra are qualitatively similar to that for DEMO First Wall (see 
Fig. 6). Considerable difference is observed only at energies lower than 300 eV.  
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Fig. 6: Differential recoil spectra at CFTM position for 

various geometry configurations versus DEMO 
First Wall recoil spectrum. 

 
 

 
Fig. 7: Fraction of damage produced by recoil with energy 

greater than given for various geometry configura-
tions. 

However, even a small difference in the high-energy portion of the spectrum could result in 
substantial change of radiation damage rates. For example, damage produced at the central 
creep-fatigue sample varies in the range from 3.5 up to 11.8 dpa/fpy. It can be seen from 
Table 3 that maximum damage rate at CFTM is obtained for the variants (md39, md40c) 
where tungsten plates are placed behind CFTM. For the plate of full-width the damage rate is 
slightly larger than that for the half-width due to the more effective neutron backscattering 
from the thicker plate.  

It is expected that damage at TRM decrease with the width of W-plates placed in front of 
TRM. Indeed, thick tungsten plate noticeably reduces damage rate at TRM (cf. 3.50 dpa/fpy 
for the full-width plate (md40a), 6.26 dpa/fpy for the half-width plate (md40b) and 11.64 
dpa/fpy for the half-width plate placed behind CFTM (md40c)). In contrary, damage rate for 
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the variant with half-width plate behind CFTM (md40.c) is even slightly higher than for the 
variant without W-plates (fw21.6) from our previous study. It might be related to the presence 
of the extended carbon reflector in variants considered in the present report. 

Fraction of damage produced by recoils with an energy greater than given energy T, so 
called W(T) function, is plotted in Fig. 7. It can be seen that good approximation to the DEMO 
curve is provided by the variants md39, md40c and md40b. 

Conclusions 
 
The nuclear responses in the tungsten under irradiation parameters for 4000 MW power re-
actor with helium cooled lithium lead blanket have been calculated. To reproduce them in the 
IFMIF facility the relevant calculations have been performed at several locations: inside the 
High Flux Test Module and its lateral neutron reflector, between the pull-push rods of the 
Universal Test Machine, in the lithium target flange and inside deuteron beam vacuum tube. 
The calculations have been performed by the McDeLicious code using a detailed 3-d geo-
metrical model of the entire IFMIF test cell. In this approach the recently updated d-Li evalu-
ated cross section data and high energy neutron transport cross sections from LA-150, 
ENDF/B-VI and FZK/INPE-50 libraries were employed. 

The comparison of the tungsten nuclear responses has shown that the atom displacement 
damage rate (dpa) inside UTM and HFTM is 1.5 - 4.5 times higher than for the fusion power 
reactor divertor and is comparable in the cases of the HFTM lateral reflector. The gas-to-dpa 
production ratio for tungsten irradiated there, however, exceeds that of the fusion power re-
actor divertor by several times due to the IFMIF neutron spectrum which extends above 
14 MeV. Desirable ratio could be obtained in deuteron beam tube, but dpa rate there drops 
by one order of magnitude below fusion one. Some kind of compromise could be reached in 
the lithium target flange, where dpa under- whereas gas-to-dpa ratio over-rate the fusion lev-
els by factor of 2-3. 

The comparison of the nuclear responses calculated with different evaluated cross sections 
files (ENDF/B-VI and FZK-04) reveals the spread of 3 - 40%. 

If a degree of approximation of W(T) is considered to be the major criterion for recoil spectra 
optimization together with the damage rates at CFTM and TRM, than the variant with half-
width tungsten plate located behind CFTM (md40c) seems to be the most preferable one. It 
provides similar damage level at CFTM as the variant with full-width plates and the highest 
damage rate in beryllium irradiated at TRM. 
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TW5-TTMI-003 D 9 
Automatic Generation of a 3D Test Cell Model for MC Calculations from CAD 
Data 
 
The objective of this task was to generate a detailed 3D geometry model of the IFMIF test 
cell for Monte Carlo transport calculations from available CAD design data using the CAD 
interface program McCad developed recently at FZK [1]. The use of CAD design models al-
lows efficient and consistent geometry preparation for neutronics analyses. It requires, how-
ever, a preprocessing of the CAD model to adjust it to the needs of the Monte Carlo code as 
well as the conversion of the CAD data into a representation appropriate for the Monte Carlo 
code.   

The interface program McCad provides a CAD interface for the Monte Carlo code MCNP. It 
is able to perform the conversion of the CAD data into MCNP geometry including the genera-
tion of voids, error analyses and model repair. It provides capabilities for the visualization, 
modelling, and exchange of geometry data and is also capable to generate CAD geometry 
models from available MCNP input decks. 

 
Fig. 1: Comparison of 3D geometry models of the IFMIF test cell. Left side: Engineering CAD model developed and visualised 

by CATIA V5. Right side: MCNP model converted by the McCAD interface programme and visualised by the MCNP 
plotter in a 2D cut 

 
 
The most recent engineering CAD model of the IFMIF test cell has been used to generate a 
dedicated neutronics model which contains all sub-systems and components through detail 
suppression and geometric simplification. The latter step is necessary to remove free form 
surfaces of the geometry which can not be treated by MCNP. Analyses of the dedicated neu-
tronics model were performed using McCad in order to check for modelling errors and to en-
sure its suitability for neutronics calculations. Subsequently, the model was converted into 
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MCNP geometry by McCad including the generation of voids. Since the conversion algorithm 
does not introduce approximations the generated MCNP model is fully equivalent to the un-
derlying neutronics CAD model.  Fig. 1 compares the engineering CAD model, constructed 
with the CATIA V5 software, and the converted MCNP model as produced in a 2D view by 
the MCNP plotter.    

The converted geometry model has been validated through a stochastic calculation of the 
volumes by MCNP as well as through source neutron distribution calculations by the McDe-
Licious code. This model will serve as a reference model for upcoming neutronics analyses. 
It will be continuously updated to keep it consistent with the engineering design model.  
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TW6-TTMI-003 D 1 
Manufacturing and Procurement of a Complete HFTM Compartment Including 
the Whole Set of Test Samples and the Qualification of Brazing Procedure for 
the Heating Systems 
 
Background and Objectives 
 
For the generation of a materials database, definition of engineering rules and verification of 
materials performance in future fusion power reactors the IFMIF d-Li neutron source is ac-
cepted as the most promising irradiation facility.  With IFMIF a fusion relevant radiation envi-
ronment with accelerated testing could be provided. 

The design of the test facilities has been advanced significantly, comprising neutronics, 
thermal and mechanical analyses.  

The objective of the subtask was to complete the manufacturing of a High Flux Test Module 
compartment with three fully equipped and instrumented irradiation rigs. The brazing tech-
nology of heater wires to the capsule shall be qualified to complete the fabrication route of 
the HFTM rigs. In addition, the NaK filling of narrow channels has to be demonstrated. 

Manufacturing 
 
The fabrication techniques developed and used for separate parts of the HFTM container 
and rigs will be applied to the manufacturing of 3 full rigs, constituting a complete HFTM 
compartment. Tolerances have to be qualified in advance, in particular the uniform brazing of 
heater elements. This will be performed by thermography using a state-of-the-art infrared 
camera and by supporting X-ray micro-tomography by the group of Ion Tiseanu, MedC Bu-
charest. The irradiation capsules will be filled by small scale irradiation specimens as fore-
seen in IFMIF. Three complete sets of specimens (3 capsules each about 90 specimens) 
have to be fabricated for this purpose. 

NaK filling of narrow channels for improving 3d-heat transfer has to be demonstrated in glove 
boxes and will be checked afterwards by X-ray micro-tomography. 

Two rig casings, made of AISI 316 (DIN 1.4301) and Eurofer steel, resp., have been pro-
duced already according to the detailed drawing in Fig. 1. The third one, again of AISI 316, is 
underway. They were manufactured by milling, stress-free annealing and spark erosion of 
the interior. The outside was directly spark eroded to form the rib structure on the surface. 
The manufacturing of the capsules started with the coarse and fine milling of the outside of 
the capsule casing from a massive slug. It followed the milling of the grooves by a 5-axes 
milling machine. For the embedding of the heater wires into the grooves a special clamping 
device was required to fix mechanically the wires at the long sides of the capsules. The wires 
were brazed to the capsule wall with help of the braze guidance box described above. The 
outer surface was ablated down to the original capsule surface by spark erosion. Finally the 
interior was spark eroded to obtain the specimen volume. 

Additional parts for the irradiation rigs were produced according to the details given in Fig. 2 
The lower plug cap for the capsule was milled and spark eroded similar to the other pieces. 
The upper axial reflector was milled from the outer side, holes for the thermocouple and for 
the two heater cold end ducts were drilled. The upper plug cap was manufactured quite simi-
larly; the ducts have been attached by welding. As one rig will be tested in the single-rig 
compartment of ITHEX, an additional lower entrance part, resembling the HFTM lower reflec-
tor, has been produced as shown in Fig. 2. This piece will be welded to the bottom of the rig. 
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Fig. 1: Technical drawings for rig and capsule. 
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Fig. 2: Pieces of the full rigs ready for the final assembling. 

 
 

The IFMIF specific small scale specimens have been produced from Eurofer for the three 
capsules. The reference specimen packing scheme has been used with two identical bun-
dles of specimens per capsule. In total 36 pc. Fatigue (with holder), 72 pc. Tensile, 36 pc. 
Charpy bend-bar, 18 pc. Creep, 60 pc. Fracture Toughness, and 18 pc. Crack Growth 
specimens have been machined. 

Since the suggested vacuum oven for the brazing procedure has shown large temperature 
deviations, the further manufacturing has been interrupted. In addition, specific braze sam-
ples (see Fig. 3) are prepared similar to the capsule design to test the braze procedure in 
probably two options. This will be performed soon. Similarly, a glove box for Na filling will be 
available for a test capsule (see Fig. 3), which is manufactured at the moment. 

Conclusion and outlook 
 
Although the manufacturing has been delayed due to lack of man-power, availability of tools 
and problems with the braze oven temperature, it is expected to proceed with braze and Na 
filling samples very soon. The results obtained should give confidence in the quality of the 
manufacturing route for the HFTM rigs. The final procurement of the three rigs is foreseen till 
April 2007. 
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Fig. 3: Models of the braze sample (left) and NaK-filling sample (right). 
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TW6-TTMI-003 D 3 
Development of Activation Foils Dosimeters for the Determination of IFMIF-
relevant Flux Spectra: Analytical Tools 
 
The objective of the task is the development of analytical tools and procedures for the deter-
mination of neutron spectral fluxes in the IFMIF test cell by the dosimetry foil technique. This 
procedure also foresees the verification of the method at the NPI/Řeź cyclotron in a white 
neutron spectrum extending up to 35 MeV (Task TW6-TTMI-003, Deliverable D 4). 

Methodological approach 
 
The International Fusion Material Irradiation Facility (IFMIF) will provide an accelerator based 
intense neutron source with a white spectrum extending up to 55 MeV for high fluence irra-
diations of fusion reactor candidate materials. Numerous computational efforts have been 
undertaken so far to simulate the IFMIF neutron source and to predict the spectral neutron 
fluxes and nuclear responses in the specimens and other components located inside the test 
cell, e.g., see [1]. During the IFMIF operation experimental methods will be needed to meas-
ure and monitor the neutron flux and to validate in such a way the computational tools and 
data developed for the neutronics predictions.  

The IFMIF facility comprises 
two deuteron beams imping-
ing on the Li-jet target. Just 
behind it the High, Medium 
and Low Flux Test Modules 
(HFTM, MFTM, LFTM) are 
located to house the speci-
mens for long term irradia-
tions. This equipment is lo-
cated inside the concrete 
bunker (test cell) so the dis-
tance from the d-Li neutron 
source to the wall amounts 
1.5 - 2 m. The neutron spec-
tra calculated inside the 
HFTM, MFTM and at the 
surface of the front (d-beam 
downstream) test cell wall 
are shown in Fig. 1. These 
spectra have been calcu-
lated using the McDeLicious code [2] with recently evaluated d-Li cross section data [3] and 
a 3-d geometrical model of the test cell. As it is seen the spectra are smooth and decreasing 
functions of the neutron energy up to 55 MeV, do not contain a prominent 14 MeV peak due 
to (i) the angular smoothing of direct contribution from the volume d-Li neutron source even 
to the relatively small detector and (ii) the multiple scattering on bulk test modules and other 
surroundings. Such a priori information about the spectra structure is important for the un-
folding procedure, for which the calculated energy differential fluxes could be used as a 
guess ones. 

The dosimetry foil method makes it possible to reconstruct the neutron spectrum from γ-
activities of the unstable nuclear produced by the neutron activation reactions in a set of the 
materials called dosimetry foils or detectors. For the reliable completion of this procedure a 
set of dosimetry reactions sensitive to the different energy ranges of the spectra are needed. 
Table 1 lists the elements and neutron reactions which may be suitable for this purpose. As a 
guide the international dosimetry reaction file IRDF-2002 [4] was taken since it contains the 
evaluated cross sections and its uncertainties based on numerous measurements (it is stan-
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dard dosimetry library below 20 MeV). Above this energy, the evaluations are available in the 
European Activation File EAF-2005 [5] up to 55 MeV, ENDF/B-VI.8 [6] up to 30-150 MeV and 
the Intermediate Energy Activation File IEAF-2001 [7] up to 150 MeV. It seems reasonable to 
include in this list also other reactions on the same elements to have more dosimetry reac-
tions with a minimum number of foils.  

Table 1: Dosimetry reactions relevant for the white neutron spectrum determination up to 55 
MeV with indication of pure target element melting temperature, decay half life of re-
sidual nuclei and energy range where cross section exceeds its half maximum. The 
upper energy limits of IRDF-2002 and ENDF/B-VI.8 libraries and available experimen-
tal data are listed. Reactions highlighted in grey were used for neutron spectrum de-
termination at U120M cyclotron of NPI/Řež. 

 

 
 

After comparison available evaluated activation cross section files with experimental data for 
all reactions preselected for the IFMIF neutron spectrum unfolding procedure we finally have 
chosen the EAF-2005 library covering all needed reactions in the whole IFMIF relevant en-
ergy range, agreeing with IRDF-2002 data below 20 MeV and reasonably representing ex-
perimental points above.  

Dosimetry Melting Half Energy Upper Energy Limit, MeV 
      
Reaction 

 Temp., 
 oC 

Life 
T1/2 

(σ > σmax/2) 
MeV 

IRDF 
2002 

ENDF
B-VI.8

Experim. 
Data 

Reactions with maximum cross sections below 10 MeV 
93Nb(n,n’)93mNb 2477 16.1 y 2 – 10 < 20 < 150 < 15 
103Rh(n,n’)103mRh 1964 0.94 h 2 – 11 < 20 < 20 < 17 
115In(n,n’)115mIn 156 4.49 h 2 – 11 < 20 < 20 < 20 

Reactions with maximum cross sections between10 and 20 MeV 
27Al(n,α+)24Na 660 14.9 h 8 – 18 < 20 < 150 < 50 
natTi(n,x)48Sc 1668 1.82 d 10 – 30 < 20 < 20 < 20 
55Mn(n,2n)54Mn 1246 312.3 d 14 – 25 < 20 < 20 < 40 
natFe(n,x)56Mn 1538 2.58 h 8 - 18 < 20 < 150 < 15 
59Co(n,α+)56Mn 1495 2.58 h 10 - 18 < 20 < 20 < 20 
59Co(n,p)59Fe 1495 44.5 d 8 – 25 - < 20 < 55 
59Co(n,2n)58Co 1495 70.9 d 13 - 27 < 20 < 20 < 75 
natNi(n,x)57Co 1455 271.8 d 13 – 30 - < 150 < 150 
natNi(n,x)58Co 1455 70.86 d 3 – 15 < 20b < 150 < 150 
natNi(n,x)60Co 1455 5.27 y 8 – 17 < 20b < 150 < 20 
89Y(n,p)89Sr 1552 50.5 d 10 – 30 - < 20 < 20 
89Y(n,2n)88Y 1552 106.7 d 14 – 25 < 20 < 20 < 28 
90Zr(n,2n)89Zr 1855 3.2 d 9 – 20 < 20 < 20 < 28 
93Nb(n,2n)92mNb 2477 10.2 d 11 – 22 < 20 < 150 < 24 
197Au(n,2n)196Au 1064 6.18 d 10 – 20 < 20 < 30 < 38 
169Tm(n,2n)168Tm 1545 93.1 d 10 – 20 < 20 -  < 28 

Reactions with maximum cross sections above 20 MeV 
natFe(n,x)51Cr 1538 27.7 d 32 – 55a < 20 < 150 < 150 
natFe(n,x)54Mn 1538 312.3 d 28 – 55a < 20 < 150 < 150 
natTi(n,x)46Sc 1668 83.8 d 7 – 45 < 20 < 20 < 112 
natTi(n,x)47Sc 1668 3.35 d 20 – 40 < 20 < 20 < 20 
59Co(n,3n)57Co 1495 271.8 d 25 - 45 - - < 80 
natNi(n,x)57Ni 1455 1.48 d 15 – 45 < 20b < 150 < 110 
169Tm(n,3n)167Tm 1545 9.3 d 20 – 35 - -  < 30 
197Au(n,3n)195Au 1064 186.1 d 20 – 30 - < 30 < 28 
197Au(n,4n)194Au 1064 38.0 h 30 – 40 - < 30 < 38 
209Bi(n,3n)207Bi 271 31.2 y 20 – 30 - < 150 < 40 
209Bi(n,4n)206Bi 271 6.2 d 30 – 40 - < 150 < 90 
209Bi(n,5n)205Bi 271 15.3 d 40 – 55 - < 150  < 100 
209Bi(n,6n)204Bi 271 11.2 h 50 – 70 - < 150  < 147 
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To unfold the neutron spectrum we used the SAND-II code in a modified version. Originally 
this code and the supplemented dosimetry cross sections library (640 groups format) were 
developed to adjust fission type neutron spectra to the measured reactions rates [8]. Later 
the main subroutine of this package was modified for input the cross sections in 80 group 
structure covering the energy range 0.1 to 1000 MeV [9]. Since both mentioned approaches 
do not optimally cover the IFMIF energy range, we modified this code further to enable the 
use of nuclear data from the EAF-2005 library having 211 groups and covering the energies 
from 0.1 eV to 55 MeV. Further modifications concern the calculations of the sensitivity en-
ergy domain of dosimetry detectors. 

p-D2O neutron source spectrum determination 
  

The neutron flux spectra determination by 
multiple foil activation method has been 
tested at the U120M cyclotron facility of the 
Nuclear Physics Institute at Řež. 

A 37 MeV proton beam current of ≈ 12 μA 
bombarded the heavy water target, Fig. 2, 
and produced a white neutron spectrum 
which is similar to that of the IFMIF neutron 
source except it’s cut-off at 35 MeV. This 
neutron source was used for the study of 
the activation of fusion materials [10]. This 
is why the spectrum at the distance 2-3 
mm from the target bottom has to be 
known. In this experiment a stack of pure 
metallic foils of Al, Ti, Fe, Co, Ni, Y, Nb, Lu 

and Au having a diameter of 12 mm and thicknesses ranging from 0.05 to 0.3 mm were irra-
diated during 9 to 12 hours in several runs. The mean proton beam current and total charge 
were recorded and used for the subsequent normalization of results obtained in different 
runs. The induced γ-ray activities were measured by high purity germanium detector (HPGe) 
at several cooling times from 1 h up to 100 days afterwards. These data were used to calcu-
late specific nuclei activities at the end of the irradiation and then saturated ones Aexp, which 
could be reached during constant and infinitely long irradiation. Finally, 29 activation reac-
tions highlighted in grey in the Table 1 and additionally 59Co(n,γ)60Co, 89Y(n,γ)90Y, 
197Au(n,γ)198Au were employed for the neutron spectrum adjustment.  

For the unfolding iterative procedure an initial guess neutron spectrum is needed. To get it, 
the spectrum at distance 700 cm was measured by with a scintillation detector having cali-
brated reaction recoils response function. This spectrum was renormalized to the foil stack 
position using 27Al(n,α)24Na reaction rates measured at the different distances from the tar-
get. Below the detector threshold of 4 MeV, the spectrum was supplemented by MCNPX 
calculations simulating the neutron source, the target and the experimental hall.  

The initial guess spectrum is shown in Fig. 3 (upper part), where the final spectrum obtained 
after the adjustment procedure is also displayed. The bottom part of Fig. 3 shows the ratios 
of calculated to measured saturated activities Acal/Aexp for all dosimetry reactions used in the 
present analyses. The abscissa data show the energy weighted with the product of the neu-
tron flux and the corresponding cross section with the horizontal bars showing the mean 
square deviations. In such a way the sensitivity energy range for every reaction is clearly 
indicated. In particular one can notice that most of the used reactions are concentrated be-
tween 10 and 25 MeV, with a few at higher energy and no one between 3 and 10. To cover 
these energies high threshold reactions like 209Bi(n,xn), 169Tm(n,3n) and (n,n’) reactions on 
93Nb, 103Rh and 115In (see Table 1) need to be included in the analyses.  
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Fig. 2: Geometry (MCNPX model) of the p-D2O neutron source 

at the U-120M cyclotron of NPI/Řeź. 
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As seen in Fig. 3 the adjustment 
procedure requires to decrease the 
initial spectrum by factor of 1.5 - 3 to 
bring the Acal/Aexp ratios close to 
unity. On this way the iterative pro-
cedure converges after 5 - 10 itera-
tions when the standard relative 
deviation between calculated and 
experimental activities summed over 
all 29 detectors reach its minimum of 
7-8%. 

The uncertainties of adjusted spec-
trum result from those of the meas-
ured activities (≈ 4%) and dosimetry 
cross sections. Since the SAND-II 
code does not deal with this problem 
we estimated them as follows. In the 
energy range 10 to 25 MeV, where 
we have 21 dosimetry detectors, the 
uncertainties of the spectrum could 
be assessed as a mean square de-
viation of Acal/Aexp ratios from unity, 
which amounts to 3%. Above 25 
MeV, where only two reactions 
59Co(n,3n)57Co and 197Au(n,4n)196Au 
were used in the adjustment proce-
dure, a dominant contributor is the 
cross section uncertainty of these 
reactions. We estimate them at a 
level of 20 - 30% as mean devia-
tions of EAF-2005 cross sections 
from measured ones. Further inde-
pendent experimental validation of 
the unfolding procedure and its un-
certainties by proton-recoil telescope 
technique is presently under way. 

Dosimetry detectors for IFMIF neutronics 
 
Applying this method for the neutron spectra determination in the IFMIF facility we have to 
consider its specific conditions such as high neutron fluxes, high temperatures and restricted 
space inside or between the test modules for allocation of dosimetry foils. One has to take 
into account rather long time for foil extractions from the IFMIF test cell and delivering them 
to the gamma detectors (we tentatively estimate it as a few hours).  

As Table 2 shows, the highest temperature during IFMIF operations will be kept in the HFTM: 
up to 650oC for the ferritic-martensitic steel specimens and 1100oC for vanadium alloys, in 
the MFTM or LFTM up to 700oC for ceramic breeder materials and 900oC for Be alloys. The 
temperature near the IFMIF test cell walls should be kept below 80oC to avoid the concrete 
overheating. Comparing these data with the melting temperatures of dosimetry foils made of 
pure elements (Table 1) one can note that most of them will be in a solid state during irradia-
tion inside the IFMIF test modules, whereas indium, bismuth and for some options the gold 
will be melted there. This means these materials have to be encapsulated in the thin cans, 
which being activated have not to produce the γ-lines of the same energies.  
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Fig. 3: Upper part - energy differential neutron fluxes at distance 3.2 mm 
from D2O target: guess spectrum (dash histogram) and final one 
(solid) obtained by SAND-II code. Bottom part - corresponding 
calculation to experiment activities ratios for indicated radionuclei: 
before (open circles) and after (closed) adjustment procedure 
(the reactions to be sensitive to energy range 1 to 10 MeV and 
above 20 MeV are shown). 
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Table 2: Maximum temperatures, mean neutron fluxes and activities of the reaction products 
115In(n,n’)115mIn, 27Al(n,n’)24Na and 197Au(n,4n)194Au after 10 hours irradiation of do-
simetry detectors in the different IFMIF test cell components and close to the p-D2O 
neutron source at U120M cyclotron. 

 
 

The high neutron flux in the IFMIF test modules will result in a high activity of the residual 
nuclei and hence a possible overloading of the γ-ray spectrometer. For the sake of assess-
ment we calculated induced activities for the three dosimetry reactions 93Nb(n,n’)93mNb, 
27Al(n,α)24Na and 197Au(n,4n)194Au (each sensitive to the different energy regions of the IF-
MIF spectra) after 10 h irradiation in HFTM, MFTM and on the front wall of the test cell. In 
Table 2 they are compared with those measured or calculated during irradiation close to the 
p-D2O neutron source at the U120M/NPI facility. It shows that the same sizes and mass do-
simetry foils can be used for the neutron spectrum determination in the vicinity of the IFMIF 
test cell walls. For the case of the medium and high flux test modules the foils size/mass can 
be reduced by 2 – 4 orders of magnitude, thus opening the possibility for allocation of the 
miniaturized dosimeter detectors at any point there.  

The neutron spectrum determination procedure requires the knowledge of the time profile of 
d-Li neutron source intensity (ideally it should be constant) during the dosimetry foils irradia-
tion. This means that detectors monitoring on-line the deuteron beam current and neutron 
intensity have to be integrated in the IFMIF facility. 

The dosimetry foil method could be used for the measurement of the total neutron fluence 
(time integrated neutron intensity at the point of interest) during irradiation campaign. The 
basic condition for this is following: the half life of the residual isotope, T1/2, has to exceed 
essentially the irradiation period. For example, 93Nb(n,n')93mNb (T1/2 = 16 y) and 
209Bi(n,3n)207Bi (T1/2 = 31 y) activation reactions are suitable monitors for the total neutron 
fluence measurements along 8 - 15 years irradiation period, being sensitive to the different 
energy domains of the IFMIF spectrum 2-10 MeV and 20-30 MeV, correspondingly. The Nb 
and Bi miniaturized foils could be easily integrated together with specimens under investiga-
tion inside the IFMIF test modules for the long term irradiation. 

Conclusions 
 
The activation foil method has been proposed for the neutron spectrum and neutron fluence 
measurements in the IFMIF facility. Suitable elements were selected with dosimetry reac-
tions having thresholds and effective cross sections covering the whole IFMIF energy range. 
The available evaluated nuclear data libraries and experimental data were carefully 
screened. The EAF-2005 library with 211 energy group structure was selected representing 
all desirable dosimetry cross sections in the energies from thermal to 55 MeV. It was also 
shown that further measurements and evaluations of high threshold activation reactions such 
as (n,xn) with x >3 on Co, Tm, Bi and Au are of high importance since their uncertainties are 
presently assessed at the level of dozen percents and directly propagate into the final neu-
tron spectrum.  

 IFMIF (d-Li: 40 MeV @ 250 mA) U120M (p-D2O: 
Parameter HFTM MFTM Front Wall 37 MeV @ 10 �A) 

Tmax , 
oC 

650 - 
1100 

700 – 
900 

80 ≈ 30 

n-flux, n/cm2/s 7.3 1014 1.4 1014 1 1012 5 1010 
Activity, Bq/kg: 

115mIn 
5 1014 3 1013 4 1011 4 1010 (calc.) 

24Na 1 1014 7 1012 2 109 2 1010 (exp.) 
194Au 8 1012 5 1011 3 108 8 108 (exp.) 
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For the determination of the neutron spectra from the induced γ-activities the unfolding code 
SAND-II was applied after having it modified for the use of the selected dosimetry cross sec-
tions above 20 MeV. 
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TW6-TTMI-003 D 5 
Structural Materials Selection Guideline for In-Test-Cell Components  
 
Introduction 
 
This task is aimed at providing designers as soon as possible with basic Materials Selection 
Guidelines (MSG) and recommendations for material selection using existing experimental 
data. This MSG is presently considered to be a one-time action as long as the IFMIF material 
properties handbook (MPH) and dedicated structural design criteria (SDC) are not yet avail-
able. 

After a compilation of all loading parameters and operation conditions for the major test cell 
components, an evaluation of the relative importance of these parameters will be made giv-
ing rise to a Materials Selection Guideline for each component. Based on it, a screening of 
potential suitable materials will be done. Using an evaluation of already available materials 
properties, statements will be made, what structural material should be used for  

• Li target (back plate, nozzle, coolant tubes, beam line), 
• HFTM (canister, rigs, capsules), 
• MFTMs (specimen clamping, puling rods, canister, frames....), 
• Test cell liner, envelope of shielding components (concrete blocks of ceiling, etc). 

In addition, listings will be made on which urgent materials the data are therefore missing. 

The following steps will be performed 

• Collection of existing materials database: From materials property handbooks (ITER, 
SNS) as well as from IFMIF MPH, if available on time, from materials design limit data 
collections and from various publications. 

• Evaluation of loading parameters and materials data, based on long term experience in 
the development of structural materials for fission and fusion applications, producing a 
Materials Selection Guideline. 

• Recommendations for the selection of IFMIF structural materials based on the evaluation. 
• Request on missing irradiation data: Based on existing irradiation property data and mo-

derate extrapolations. 

Results 
 
Presently data about operation conditions of IFMIF Test Cell components are collected using 
official IFMIF documents, publications and presentations at various IFMIF meetings. Data 
about mechanical behavior of irradiated austenitic and ferritic-martensitic steels are collected 
from the literature. 

However, the results on mechanical properties of reduced activation steels after irradiation in 
the HFR, Petten (SPICE) and BOR60, Dimitrovgrad (ARBOR) are only partly available at 
present. Post irradiation experiments (PIE) on the samples irradiated in HFR are currently 
performed in the FZK hot cells. The results will be available in the next 2-3 month. Additional 
data for the samples irradiated in BOR60 (30-40 dpa) will be also available next year. 

Conclusions 
 
The work on the task was started, however due to the delay with PIE after irradiations per-
formed at HFR and BOR60 the task completion is delayed by six months. 
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EFDA/05-1291 (TW5-TTMI-003a) 
Preliminary Design Description Document for the IFMIF Test Facility 
 
Background and Objectives 
 
During the last few years a sound design of the different Facilities of IFMIF has been devel-
oped, with special European responsibility in the Test Facility. The scope of this work is to 
produce a preliminary Design Description Document (DDD) for the IFMIF Test Facility based 
on the design work already done so far for the IFMIF systems. This report will document and 
summarize the work already done in relation with the Test Facility and shall identify future 
R&D activities, if needed.  

Preparation 
 
The DDD of the IFMIF Test Facility comprises parts in the responsibility of UKAEA, IMF and 
IRS. IRS will be responsible for the final edition of the DDD document, which a clear distinc-
tion of the different contributions.  

A first meeting on 20.06.2006 with participants from the contributing partners and EFDA has 
defined a common framework and a general agenda of the content. The DDD will consist of 
the following parts: 

1. Introduction and general description: IFMIF and its mission, general user requirements 
(Test Facility) 

2. Design requirements: operational, technical, remote handling, safety and maintainability 
requirements 

3. Engineering Description: from overall system description to test modules and instrumenta-
tion 

4. Performance Analyses: Nuclear, thermohydraulic, mechanical analyses and operational 
scenarios 

5. Manufacturing and Assembly: mainly on the High Flux Test Module 

6. Remote Handling Procedures 

7. Safety requirements and waste management 

In the meantime major parts have been prepared, especially to chapters 3 and 4. It has been 
realized that other parts may be collected from the documentations already published by the 
international IFMIF team. 

Conclusions and Outlook 
 
The document has been elaborated and in the course of a monitoring meeting in November 
2006 the partners discussed the progress and identified pending issues. The final document 
will be prepared and edited with reviewing from the partners and EFDA by the end of Janu-
ary 2007. 

Staff: 
 
F. Arbeiter A. Möslang 
B. Dolensky S. Simakov 
U. Fischer V. Slobodtchouk 
S. Gordeev E. Stratmanns 
V. Heinzel P. Vladimirov 
D. Leichtle  



 -- 276 --

TTMI-004 
IFMIF – Design Integration 
 
TW6-TTMI-004 D 2 
Proton and Deuteron Induced Activation and Dose Rates of the EVEDA  
Accelerator Prototype, Including Beam Dump. Proposals for Operational  
Scenarios of Low Activation 
 
The objective of this task is the assessment of the activation of the reference IFMIF-EVEDA 
prototype accelerator (including the beam dump) caused by deuteron and proton beam 
losses and calculation of the resulting γ-dose rates around the activated accelerator compo-
nents. The radioactive inventories produced in the accelerator components (Al, Cu, Nb) and 
beam dump materials will be calculated by using available beam losses estimations and deu-
teron and proton induced activation reaction cross sections.  

The results presented in this report are available in [1].  

Methodological approach 
 
The IFMIF facility comprises two deuteron accelerators. Each of them is designed as consist-
ing of: (I) deuteron ion source – produces 140 mA D+ ions at energy 95 keV; (II) Low Energy 
Beam Transport  - guides deuterons to accelerator; (III) Radio Frequency Quadrupole accel-
erator (RFQ) - bunches the beam and accelerates to 5 MeV; (IV) Drift Tube Linac – acceler-
ates ions to 40 MeV energy; (V) High Energy Beam Transport – directs  the beam to the Li-
jet target. 

The goal of the present task is assessment of the radioactivity induced in the RFQ accelera-
tor during its operation. For this purpose we employed the European Activation System 
EASY-2007.0 consisting of the inventory code FISPACT-2007 and European Activation Li-
brary EAF-2007 for protons and deuterons up to 55 MeV [2].  

At the first stage, the status of the 
relevant charged particle cross sec-
tions has been studied. As and ex-
ample, Fig. 1 shows radioactive in-
ventories produced by the 40 MeV 
deuterons in copper, the main struc-
tural element of accelerator. It is 
seen that primary attention has to be 
drawn to the reactions producing 
unstable residual nuclei, decaying 
with emission of high energy γ-rays 
and hence making dominant contri-
bution to the radiation dose, such as 
natCu(d,x)62,65Zn and natCu(d,x)62,64Cu. 

Fig. 2 shows available experimental 
cross sections (including the new 
ones recently received in NPI/Rez [3, 
4]) and EAF-2005 and -2007 evalua-
tions for the natCu(d,x)64Cu reaction. In Fig. 3 these cross sections are validate against cumu-
lative 64Cu yield generated by the deuterons in the thick copper target. Regarding this results 
one can conclude that EAF-2007 library while reasonably reproducing the energy depend-
ence still needs updating for the quantitive agreement with the measurements. 
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The activation of RFQ accelerator is caused by the losses of the charged particles occurring 
along the acceleration. These losses were calculated in the University of Frankfurt (task 
TW5-TTMI-001, Deliverable D3). Fig. 4 shows the dependence of the deuteron energy and 
current losses at different acceleration stages in RFQ. Using these data the radioactivity in-
duced in the cupper accelerating tubes was calculated by the EASY-2007 system. For this 
purpose, firstly the slowing down of deuterons in stopping material was calculated and then 
particle distribution along the track was converted to the energy spectrum.  

The highest radioactive inventories are expected at the end of RFQ, where deuteron energy 
reaches the maximum of 5 MeV. For this point Fig. 5 shows decay curve for the induced ra-
dioactivity per every one meter of accelerating tubes after 1 fpy of RFQ operation. It is clearly 
seen that even there and even just after the beam shut down the radioactive inventory will be 
low the legal transport limit A2. 
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Fig. 3: 64Cu production yield in the thick natural Cu target: 
symbols – experimental data, curves – calculated 
using experimental (black) or EAF-2007.0 (red) 
cross sections 
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Conclusions 
 
The proton and deuteron induced activation analysis has been performed for the RFQ accel-
erator, the fist stage of the IFMIF linac, using the FISPACT/EAF-2007 activation system. The 
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yields revealed the need of its updating. The assessed induced radioactive inventory in the 
RFQ fragments after 1 year operation was shown to be below the legal transport limit. 
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TW3-TTFF-VP 35 
Study of Cryopump Compatibility with Carbon Erosion Products 
 
Predicting the amount and location of co-deposited hydrocarbon films is a major challenge 
for ITER. Recent studies have shown that only species with very small sticking probability 
may reach and stick along the inner surfaces of the pumping ducts. When the inner surfaces 
are covered with a thin amorphous film, the hydrogen recombination coefficient may be signi-
ficantly reduced so that atomic hydrogen and/or methane radicals could reach the cryopump 
region. Charcoal is the working material for the sorption cryopumps in ITER [1]. For a proper 
design of these pumps two main questions have to be addressed. What products can be 
formed under charcoal interaction with atomic hydrogen? Will the absorbed atomic hydrogen 
and possible reaction products influence the charcoal ability to adsorb hydrogen isotopes at 
low temperatures? 

This task was dedicated to the analysis of the possible interaction between H (or D) atoms or 
CH3 (or CD3) radicals and the ITER type activated charcoal sorbent in the cryopumps. It was 
organised in two stages. The experimental work with radicals themselves was performed in 
the Institute for Physical Chemistry of the Russian Academy of Sciences (IPC-RAS), Moscow 
(the future Institute for Physical Chemistry and Electrochemistry) and was accomplished the 
last year [2]. The tests involved a radio frequency plasma induced discharge in a hydro-
gen/hydrocarbon gas mixture as source for atoms, radicals and excited molecules in the or-
der of ~ 0.1% in the exposed gas flow. The varied parameters included gas pre-loading of 
the charcoal sample and exposure time.  

The main experimental results are summarized in the following. Under charcoal interaction 
with H(D)/H2(D2) mixtures (77K), methane or deuteromethane (CD4) was found in the mass 
spectrum at heating of the samples up to 300K. The total number of methane molecules and 
hydrogen atoms adsorbed by the charcoal was found to be comparable. This means that the 
sticking coefficient of atomic hydrogen for the charcoal surface is close to unity at 77K. The 
charcoal adsorbed the most part of atomic hydrogen entering the tube cross-section and 
transformed into methane.  

The methane yield increased with the exposure time; for the experiments with deuterium, the 
CD4 yield slightly exceeded the CH4 yield in similar experimental conditions. The rate of 
methane accumulation was not directly proportional to the involved sample mass. These 
facts allowed to suppose that the methane formation is a reaction with sequential steps of 
hydrogen atoms adding to “active” centres. It is possible that at one of the steps the absor-
bed molecular hydrogen also takes part in the reaction on the “active” centre. For the heavier 
charcoal samples (~50 mg) the effects of charcoal interaction with H atoms were shadowed 
by the effects of molecular hydrogen sorption because of the relative insufficiency of atomic 
hydrogen flow. To verify this assumption, the same total amount of charcol mass (10 mg) 
was constituted from different numbers of granules with different sizes, by that varying the 
active surface/mass ratio. It was revealed that this size effect is clearly dominating the meth-
ane formation yield in such a way that it becomes less pronounced with increasing charcoal 
mass involved. 

When scaling this effect to ITER, it becomes very obvious that the methane formation and 
associated carbon consumption problem is uncritical. For the radical tests, the ratios of hy-
drogen flow related to charcoal mass was in the order of 1 sccm/mg, whereas at ITER, this 
number is of the order of 4 sccm/g, more than 3 orders of magnitude lower. 

It was also shown that the atomic hydrogen did not interact with previously adsorbed me-
thane. H(D) atoms were captured by surface “active” centres regardless of the presence of 
considerable quantities of adsorbed methane in micropores. After increasing the temperature 
(up to 300K) the samples exposed in the H(D)/H2(D2) mixture remained hydrogenated. There 
was no indication of formation of higher hydrocarbons.  
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Remaing experiments in COOLSORP 
 
The second stage of the task comprised measurements in the COOLSORP facility at FZK. 
This is a facility which allows to measure sorption isotherms of porous materials (sample 
sizes of about 1 g) at cryogenic, ITER relevant temperatures [3]. The aim was to check if the 
consumption of carbon atoms from the matrix during formation of methane within the radical-
charcoal interaction process is associated with a loss of sorption capacity. The preliminary 
experiments in Russia (at a limited pressure range) revealed a certain decrease (in the range 
of few %), which however, would be completely within the experimental error bounds.  

To validate this effect more closely, a batch of exposed charcoal was produced at IPC-RAS 
and shipped to FZK for characterisation in the COOLSORP facility. The batch contained 14 
individual samples, sealed in a glass ampoule with argon, see Fig. 1.  

   
 
Fig. 1: The radical exposed charcoal sample from IPC-RAS. Left: In the glass ampoule, as received; middle: The individual 

samples; right: The total sample inside the COOLSORP test cell. 
 
Most samples were heated up to 300K to verify that methane has been formed and, conse-
quently, carbon has been consumed, see Fig. 2.  

 
Fig. 2: Changing of pressure in the flow tube during desorption heating after charcoal expo-

sure in H/H2 gas mixture over 1 h (T=77K, P(H2)=30-32 Pa, F=7 sccm) as a function of 
heating temperature. The peaks indicate the release of hydrogen (at about 100K) and 
methane (at about 150K). 
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The COOLSORP experimental 
programme is summarized in 
Table 1. For all conditions in-
vestigated with the exposed 
charcoal sample, there are data 
available at FZK for the stan-
dard non-exposed material for 
comparison. This allows for a 
very good comparison before 
and after the radical exposition. 

Fig. 3 shows some comparison 
results. The revealed differ-
ences for the hydrogen isotopes 
are very marginal, for helium, 
the exposed charcoal features even higher sorption capacities, the reason of which is not 
really understood.  
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Fig. 3: Comparison of sorption isotherms before (blue colour) and after (red colour) the exposition to atomic hydrogen, for hy-
drogen and deuterium at 77K (left) and helium at 10K (right). 

 
The task has been completed in 2006. No relevant deterioration of the ITER charcoal mate-
rial due to hydrogen radical exposure has been identified.  
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Table 1: List of all gas/temperature combinations investigated in COOL-
SORP with the H radical exposed charcoal sample.  

 

Gas 
Temperatures [K] 

measured in  
COOLSORP  

IPC data for exposed  
matrial  

(for intercomparison) 

He 4.2 
10 

 -  
 -  

H2 
20.4 
77.4 

 -  
after H (12 to 120 mbar) 

after D (8 to 50 mbar) 

D2 
23.7 
77.4 

 - 
 - 

N2 77.4 after H (100 to 500 mbar) 

CH4 77.4 After H (qualitative) 
After D (qualitative) 
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EFDA/04-1173 (TW4-TTFF-VP 41) 
Design and Procurement Specification for ITER Prototype Torus Exhaust 
Cryopump 
 
Background and Objectives 
 
The reference design of the ITER exhaust gas pumping includes 8 cryopumps to pump the 
torus via 4 ducts, see Fig. 1. The design of these cryopumps has to consider the different 
requirements for vacuum pumping, remote handling and safety, and provides strong inter-
faces to the surrounding environment of the installation port plugs of the ITER machine. The 
nominal target pumping speed of the individual cryopump to be implemented was derived in 
a flow and throughput analysis of the complete system using ITERVAC simulations [1]. 

The aim of this task was the complete de-
tailed design of the prototype torus exhaust 
cryopump (PTC), including the mechanical 
construction, the calculation of pumping 
speed and thermohydraulic properties, the 
definition of operational parameters and 
the assessment of all safety issues. The 
extensive data-base which has been 
achieved in the TIMO campaigns with the 
model cryopump has served as a very im-
portant reference. The basic concept of the 
cryosorption pumping philosophy realized 
in the PTC has been successfully validated 
in former test series at TIMO and JET as 
well as for NBI applications. 

The PTC is a prototype device, which will be tested in the TIMO-2 facility at FZK. This test rig 
is an upgrade of the TIMO test bed which has already been used for the characterisation of 
the ITER model pump. It is anticipated that the serial pumps and the PTC will be alike, how-
ever some minor additional features have been introduced to the PTC design to ease defined 
testing.  

ITER requirements on the torus cryopump 
 
Pumping: The requirements on pumping are defined by the different operation modes. The 
key requirement in plasma operation is to maintain a typical divertor pressure between 1 Pa 
and 10 Pa against the high exhaust gas throughput of 153 (Pa·m3)/s. Different calculations 
showed that in combination with the limited conductance of the pumping ducts a pumping 
speed at the pump inlet of 50 m³/s (D2, 273K) per pump is reasonable. The pumping re-
quirements for conditioning of the vessel as well as the dwell pumping between the burn 
pulses are depending on the preceding operation history, which determines the outgassing of 
the wall materials. For the dwell pumping mode at the end of the 1400 s dwell period (maxi-
mum repetition rate condition) a terminal base pressure of 0.5 mPa is required. To achieve 
this, the neutral beam cryopumps have to be used to assist the torus cryopumps [2]. In view 
of these challenging requirements, the chosen design philosophy for the individual torus 
cryopump was to optimise for maximum pumping speed in molecular flow regime. 

Space and Remote Handling: The torus cryopump is classified as Remote Handling Class 2, 
which means that it does not have to be disassembled on a routine basis. The maximum 
possible outer cryopump diameter is 1780 mm. The available distance between the pump 
plug and the remote handling cask is limited to 550 mm. All parts having a length longer than 
that have to be designed such that they can be disassembled before starting any remote 

 
Fig. 1: ITER torus exhaust primary pumping system, showing 

the divertor system and the four duct connections to-
wards the 8 cryopumps. 
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handling operation. The pumping duct provides a maximum length of 2248 mm for the 
cryopump.  

Safety: The maximum amount of pumped hydrogen isotopes is given by the limitation of the 
deflagration pressure which would result inside the cryopump under a LOVA (Loss of vac-
uum accident) event. The maximum allowed deflagration pressure in ITER is set to 0.2 MPa, 
the design pressure of the duct, leading to a maximum gas hydrogen inventory of 1.5 mol/m³ 
hydrogen isotopes. The ITER torus cryopump will have an open outer pump shell to reduce 
the hydrogen deflagration pressure by providing the larger volume of the port cell. Further, 
the maximum tritium inventory in all pumps open to the torus at each moment of time is set to 
the administration limit of 120 g. The pump plug is also working as a radiation shield that lim-
its the radiation behind the bioshield to less than 10 mS/h. A pump plug thickness of 270 mm 
is therefore required. 

Design description  
 
The prototype torus cryopump is shown in Fig. 2 [3]. It is circular shaped with a maximum 
outer diameter of 1776 mm and a total length of about 2054 mm. The 4.5K charcoal coated 
pumping surface of 11.2 m² is roughly three times larger as was for the ITER model pump. 
The outer 80K shields and the louver baffle form an enclosure around the 4.5K pumping pan-
els against the heat radiation from inside and outside the cryopump. The pumping speed can 
be varied by throttling the main valve, which opens towards the torus with a maximum stroke 
of 500 mm. The valve inlet diameter is 800 mm. The prototype torus cryopump can be sepa-
rated into four main sub-assemblies: the pump outer shell including the pump plug, the 80K 
system, the 4.5K system and the pump inlet valve. 

  
Fig. 2: Drawing of the prototype torus pump as single unit (left without outer 80K shield and housing). 

 
 

Pump outer shell: The pump outer shell consists of the pump plug and the pump housing. 
The pump outer shell includes the gravity support of the valve and the 80K system. The 
shape is circular with an interior volume of about 3.1 m³. The maximum outer diameter of the 
pump housing is 1560 mm. The pump plug is connected with the pump housing by a double 
sealed flange with a connection to the service vacuum system in between to control the leak 
tightness of the seals. The outer diameter of the plug is 1776 mm. The pump plug includes 
the Johnston couplings and all vacuum flanges. The vacuum flanges are needed for the in-
stallation of the electrical feedthroughs and the forevacuum line. The pump housing and the 
pump plug can withstand a pressure of 0.2 MPa. 

The 80K system: The 80K system (see Fig. 3) includes seven plain shields around the 4.5K 
panels which protect the panels from the heat radiation of the housing and the inner valve 
parts and the inner baffle structure. The baffle subassembly consists of 11 louver panels with 
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a 45° inclination for cooling the gas to be pumped and protecting the 4.5K panels against 
heat radiation through the pump inlet. The shields and baffles are cooled by a forced flow of 
gaseous helium (GHe) at a temperature of about 80K and a supply pressure of max. 1.8 
MPa. Shields and baffles are connected in series to guarantee an uniform distribution of the 
coolant. All shields and baffles are made from hydroformed, 2 mm thick stainless steel 
sheets in spot-welded quilted design to exclude any plastic deformation caused by high 
pressures during operation. 

 

Fig. 3: 80K subassembly of the prototype cryopump. 
 
 

Fig. 4: The 28 panels of the prototype cryopump. 
 

The 4.5K system: Fig. 4 shows the 28 rectangular panels of the 4.5K system which offer in 
total an effective pumping area of 11.2 m². This surface provides sufficient capacity for he-
lium pumping at constant pumping speed during the complete pumping time of 600 s. The 
individual cryopanels are 1000 mm long and 200 mm wide. They are coated on both sides 
with activated carbon bound with an inorganic cement. An inclination of 45° is chosen to pro-
vide a two stage pumping, with the front side dedicated to pump gases with high sticking co-
efficients (e.g. hydrogen isotopes) and the back side to pump gasses with low sticking coeffi-
cients (e.g. helium), respectively. The cryopanels are cooled by a 200 g/s mass flow rate of 
supercritical helium at 4.5K and 0.4 MPa. The 4.5K circuit is designed in accordance with the 
ITER requirements for a maximum pressure drop of 0.035 MPa. 

 The panels arrangement consists of 
4 parallel groups of 7 panels in se-
ries. Each panel will be made in line-
welded quilted design with four paral-
lel channels. The double wall panels 
will be manufactured from 2 mm thick 
stainless steel. 

Inlet valve: The pumping speed can 
be varied by an integral inlet valve. It 
has a maximum stroke of 500 mm 
and consists of the valve disc, the 
valve shaft and the removable actua-
tor assembly (see Fig. 5). It can be 
throttled over the complete range with 
an accuracy of 1 mm. The maximum time for complete opening or closing is 10 s. The valve 
disc is cooled by a helium flow at 300 K and 1.8 MPa. A double bellow and a double tube 

 
 

Fig. 5: Inlet valve subassembly. 
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structure enable to achieve the leak tightness and a double confinement around the valve 
shaft. All connections to outside are double sealed with a connection to the service vacuum 
system of ITER. The valve actuator as well as the outer part of the valve shaft can be re-
moved to allow the remote handling of the pump. 

Vacuum performance 
 
The ITER torus cryopump is installed in 
connection with a duct double bellows 
(1350 mm ID, 1140 mm long). The 
pumping probabilities of the combination 
ITER torus pump and duct double bel-
lows in the molecular flow regime have 
been calculated by Monte-Carlo simula-
tions using the MOVAK3D-code. The 
results of the calculations are shown in 
Table 1. It must be noted that the influ-
ence of the sticking coefficient on the 
pumping speed (which shows a factor of 5 difference between helium and deuterium) could 
be effectively minimised, so that practically only the square root molecular mass influence is 
left. It can be estimated that the nominal pumping speed of the cryopump alone is about 50% 
higher than that of the cryopump and bellows combination. 

Outlook 
 
During 2006, a Technical Specification Document based on the design described above has 
been elaborated, with which EFDA has successfully carried out the call for tender procedure 
for manufacturing the PTC and associated fatigue testing on the actuated valve design [4]. 
The planned time until completion of the pump manufacturing and acceptance testing at the 
manufacturer´s premises is 18 months. During that time, FZK will act as Technical Liaison 
Organisation for all technical aspects of the manufacturing [5]. After that, the PTC will be in-
stalled in TIMO-2 at FZK and parametrically tested for validation of the design and demon-
stration of the appropriateness of this design for the ITER series pumps.  
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Table 1: Pumping probabilities and effective pumping speeds of 
one ITER torus cryopump including the duct double bel-
lows. 

Gas Pumping prob-
abilities [%] 

Effective pumping 
speed [m³/s] 

Helium 
 
Hydrogen 
 
Deuterium 
 
Tritium 

12.0 
 

12.7 
 

12.9 
 

12.9 

51 
 

77 
 

55 
 

45 
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TW4-TTFF-VP 45 
Performance Assessment of Mechanical Pumps in Tritium Plant 
 
The Tritium Plant of ITER requires many vacuum pumps and compressors to move tritium 
and other gases within the plant and to deliver gases to the fuelling subsystems of the torus, 
with defined mass flows during ITER pulses. Several manufacturers produce mechanical 
pumps suitable for tritium operation and candidate pumps for the use in the Tritium Plant 
have been identified and tested.  

The objective of this task was to review the experience at tritium facilities, such as JET and 
TLK, and for selected pumps to be tested under representative conditions of the ITER Tritium 
Plant. Manufacturers’ data for most pumps are either for discharge to atmospheric pressure 
(vacuum pumps) or for the inlet at atmosphere (compressors). The ITER Tritium Plant re-
quires pumps that operate over conditions where the inlet and outlet pressures are variable 
and several pumps have been tested over these conditions. A further objective is to rational-
ise number of types of pump to as small a range as possible as this will bring benefits in op-
eration, reliability and capital costs of the Tritium Plant. 

Selected pumps from the manufacturers Thales and Metal Bellows have been tested to 
measure their pumping performance over a range of inlet and outlet pressures with both he-
lium and nitrogen. On the basis of these tests and also the experience in operation and main-
tenance gained at TLK of these pumps, recommendations have been made with caveats for 
the use on the various types of pumps in ITER. The caveats note in particular the mainte-
nance requirements and the complexity of such work inside a glove box. Replacement of a 
failed pump is likely to be the prime option on ITER for many pumps and this has implications 
for the design of glove boxes and the positioning of the pumps inside. None of the pumps 
selected are expected to survive the operational lifetime of ITER (20 years) if they are in con-
tinuous or near-continuous operation without either being repaired or replaced.  

A draft final report was delivered in October 2006 to EFDA for comments.  
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TW5-TTFF-VP 51 
Mechanical Tests and Post-operational Examination of TIMO 
 
Background and Objectives 
 
Following more than five years of successful performance testing of the (50% scale) ITER 
model torus exhaust cryopump in TIMO, the programme objective of advancing to the de-
sign, construction, installation and testing of a full scale ITER cryopump was being prepared. 
The activities included in the present task remained to be carried out on the existing TIMO 
facility before adaptation of the infrastructure to accommodate the 1:1 scale prototypical to-
rus cryopump (PTC).  

During 2006, the TIMO facility was opened, the pump was dismantled from the test vessel 
and undergoing multi-cycle tests of the inlet valve. Following that, the model pump was com-
pletely disassembled and all components thoroughly examined. 

Evaluation of the cryogenic safety tests 
 
The final experimental activities in TIMO focussed on the performance under a loss-of-
vacuum accident (LOVA). In dedicated experiments a LOVA was simulated under various 
conditions with nitrogen as model inbreak gas, leading to rapid temperature increase of the 
normally cold pump structures, with the potential for overpressurisation of the supercritical 
helium (SCHe) circuits [1]. In order to design the pressure relief system in ITER properly, 
tests to determine the characteristics of the pressurisation (pressure level, pressure rise rate) 
were carried out in TIMO 2005, and evaluated in 2006. The investigated pressurisation rates 
were between 0.3 and 4.7 mbar/s and chosen such to simulate the ITER torus LOVA refer-
ence accident (pressurisation rate of 2.3 mbar/s) with the pump being cold. The experimental 
limit as given by TIMO was the 18 bar burst disc pressure of the SCHe loop (normal opera-
tion pressure is 4 bar), and the use of nitrogen instead of air. 

  
Fig. 1: Typical result of a cryogenic safety test simulating a LOVA event with a pressurisation rate of 4.7 mbar/s. The right plot 

correlates the measured SCHe pressure increase curves (blue curve) with a VINCENTA model calculation (red curve). 
 
 
The aim was to quantify the heat loads under these conditions which can be very high (up to 
about 4 W/cm²) for non-insulated surfaces according to the literature. The high complexity of 
the cryopump interior structures which are partly blank and partly charcoal-coated, makes an 
a-priori modelling extremely difficult. By comparison of the experimental pressure rise curves 
with calculated ones using the VINCENTA code, which was recently adopted by CEA 
Grenoble, it was found that the best fit could be achieved for an integral averaged heat flux of 
~ 0.5 W/cm², see Fig. 1 [2]. This value is of the typical low order for well defined superinsu-
lated tanks, which can therefore be regarded as very positive result. With these tests the 
model pump assessment programme in TIMO was completed. The collaboration between 
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FZK and CEA on VINCENTA work will be continued with the aim to develop a stand-alone 
model.  

Pump dismantling and external cycling tests of the inlet valve 
 
The original plan to perform the multi-cycle test campaign of the inlet valve in-situ was aban-
doned at an early stage, after having identified a malfunction of the valve plate mounting. It 
was decided to first analyse this failure during the dismantling activities, before deciding on 
how to continue. In order to get access to the model pump itself, the cryogenic lines, the ex-
haust gas lines, the gas supply lines and the operation platforms in the surrounding of the 
pump plug had to be dismantled. Fig. 2 shows some photographs of the dismantling proce-
dure of the actual cryopump from the test vessel.  
 

 
Fig. 2: Steps of the ITER model pump dismantling from the test vessel. 

 
The inspection of the inlet valve was the first step in the examination programme of the re-
moved model pump. Within these activities the conjectures formulated in 2005 on the basis 
of a remote camera investigation could all be confirmed [3]; the examinations now clearly 
identified a broken tube in the cooling water loop, a damaged bellow of the inlet valve plate, 
but no serious damages on the sealing surface of the inlet valve seal. As the main reason for 
these failures in the surrounding of the valve plate, the assembled Belleville washers were 
identified, which were plastically deformed, probably due to a wrong material choice by the 
model pump main assembly manufacturer (see Fig. 3).  

To check the feasibility for continuation of the multi-cycle test campaign, the leak rate of the 
metallic seal was measured. The results of the leak tests revealed that the sealing function of 
the inlet valve seal could still be provided. On the basis of this positive result it was decided 
to repair the damaged parts in the valve arrangement and to commence the inlet valve cy-
cling tests. 

A total of 30 000 cycles were performed. In the course of that, the tightness of the inlet valve 
was checked every 5 000 cycles. In addition to these leak rate measurements visual inspect-
ions at the critical parts like the Belleville washers, the bearings and the valve actuator were 
done. After completion, it could be shown that the metallic seal of the inlet valve can still fulfil 
the required tightness (2·10-2 mbarl/s at a pressure difference of 5 mbar). 
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Fig. 3: Left: Drawing of the inlet valve with the construction details concerning the Belleville washers, cooling water tubes and 

valve plate bellows. Right: Photo showing the spring arrangements with the old Belleville washer set (right side) and 
the new one (left side). 

 
 
However, significant wear was detected at the 5 mm sized bronze bearing (an abrasion of 
1.6 mm over the total cycling time). On the valve shaft an increasing number of score marks 
were observed at the area of the bearing positions. And at the valve actuator side a high dust 
production was noticed as a result of the viton seal abrasion. Despite these mechanical 
damages, see Fig. 4, the functionality of the valve was always provided. Due to this lesson, 
special emphasis will be given to the question of friction and tribology of the valve shaft for 
the design and manufacturing of the 1:1 scale PTC. 

 

 
Fig. 4: The photos show the results of the valve shaft movement in the area of the inlet valve (left) and the dust at the valve 

actuator caused by the viton seal abrasion (right). 
 
 
Post operational examination of TIMO 
 
After the cycling test was finished, the disassembly of the model pump and the detailed ex-
amination of all parts was started. The examination programme included visual inspections, 
functional tests and leak tests, and comprised the following components: 

• The valve actuator, 
• The valve shaft bellow system, 
• The inlet valve including the inlet valve bellow and the fixating devices, 
• The valve shaft, 
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• The housing of the model pump, 
• The 80K baffle rings, 
• The 5K panel arrangement, 
• The 80K housing including the 80K valve shaft shield and the 80 K conical shield, and 
• The pump plug including the valve shaft bearings. 

Fig. 5 shows the individual pump parts, Fig. 6 illus-
trates the typical view of the charcoal coated 
cryopanels, which were in the past considered to be 
critical. The inspection results were very positive and 
did not reveal any weak points. The pump interior 
parts were shiny and clean, did not show aging or 
degradation in any respect and looked the same as 
during their first assembly in 1998.  

About 50 g of loose solid substance was found in 
total in the test vessel as well as in the model pump, 
and was collected for further examination, chemical 
and elementary analysis of which is still ongoing. 
Most of that was wear from the valve shaft and bear-
ing material produced during the valve cycling tests. 
It did also contain some small parts of the blacken-
ing coating which has fallen off.  

 

 

   
Fig. 6: The three photos exemplify the typical impression of the actual situation concerning the charcoal coating surface on 

the cryopanels. 
 
 
To reveal any performance degradation which might have happened during the lifetime of the 
pump, a sample of the activated charcoal particles collected in the model pump will be sub-
jected to sorption isotherm measurements at different temperature levels in the facility 
COOLSORP. The aim is to compare the test results of the used charcoal from the model 
pump with the results charcoal in the delivery status. This activity is planned for early 2007 
and will finalize this task.  

 
Fig. 5: Overview of the dismantled model pump 

parts. 
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TW5-TTFF-VP 57 
ITERVAC Validation Test 
 
Background and objectives 
 
The ITERVAC code developed at FZK has become an essential tool for the proper design of 
the ITER vacuum pumping systems which are at most locations characterised by very high 
throughputs and therefore being operated in transitional flow regime. Thus, the standard 
vacuum formulae and Monte Carlo codes are not applicable.  

Because of the importance which is given to the calculation results of ITERVAC, the code 
must be extensively benchmarked. A theoretical benchmarking was done in the field of lami-
nar and purely molecular flow, however, it has been found that literature data for (intermedi-
ate) transitional flow range, which is of major importance for the ITER conditions, are scarce 
and even not existing for geometries as complex as for the ITER vacuum pumping ducts. In 
order to validate proposed design modifications, such as to increase the conductance of the 
path from the divertor to the torus exhaust cryopumps, which have to be made while respect-
ing other functions of the design (e. g. shielding, structural strength of the cassette), an ex-
perimental confirmation of the modelling results is required. One has therefore started to set-
up a versatile test facility to provide a broad and relevant range of well defined experimental 
data which can be used to benchmark the code. 

Set-up and commissioning of the TRANSFLOW test rig 
 
The basic idea of the new TRANSFLOW test rig (Transitional Flow Experiments) is the 
measurement of the conductance of different channels in the transitional flow regime. The 
philosophy of this approach is not in first line to investigate directly a 1:1 model of the ITER 
duct, as this would necessitate a huge facility with expensive instrumentation. It is rather 
foreseen to use different interchangeable test pieces which would be modelled by ITERVAC 
and the measured results compared against predictions from the ITERVAC modelling calcu-
lations. For the start, a long cylindrical duct was used, for which there exist solutions for the 
whole range of rarefied gas flows [1]. This is also thought to validate the functionality of the 
facility. Following that, more exotic cross-sections will be investigated (conical, trapezoidal..). 

  
 

Fig. 1: Bird´s eye views of the TRANSFLOW facility (commissioning at 17 July 2006). 
 
 

For scale-up, the characterisation of the flow regime is done by the Knudsen number, which 
is between Kn=0.5 and 0.01 in transitional flow regime. Higher numbers indicate the molecu-
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lar flow regime, lower ones the viscous flow regime. The soundness of a vacuum system in 
terms of gas throughput is characterised by the Mach number. Mach numbers close to unity 
indicate a potential bottleneck. Fig. 1 shows a bird´s eye view of TRANSFLOW, with the long 
circular duct being installed (diameter 16 mm, length 1280 mm). The test rig can be sepa-
rated into the dosing dome, two adapter flanges with the test channel in between and the 
pump dome. The dosing dome serves the purpose to produce an isothermal flow at a con-
stant pressure difference through the test channel. The pump dome holds all pumps. The 
gas flow path comprises the first adapter flange, the test channel, the second adapter flange, 
the pump dome, and finally the turbomolecular pumps (2xLEYBOLD MAG 2800 l/s) with the 
forepumps (LEYBOLD Screw 250 m³/h). The 2 adjustable gate valves (VAT Switzerland) 
upstream the turbopumps can be used for reducing the pumping speed, and, by that, modify-
ing the pressure and Kn range. Pressures and temperatures are measured in both domes. 
The measurements are taken at isothermal conditions. The gases helium and nitrogen are 
used. The typical pressure inside the TRANSFLOW test rig is in between 100 Pa and 10-

6 Pa. The temperature range is in between 20°C and 200°C. For temperature regulation a 
heating system of both domes, the adapter flanges and the test channel is provided. 

Fig. 2 shows the bare dosing dom and pump dome, respectively, during the acceptance tests 
at the manufacturer TRINOS, Germany (integral leak tightness better 1·10-8 (mbar·l)/s) and 
with the heating system being attached.  

  
  

 
Fig. 2: Top: Photos of the dosing dome during the integral leak test at the manufacturer (left) and after the resistance heating 

system has been attached (right). Bottom: Correspondingly for the pump dome. 
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The dosing system, see Fig. 3, includes four commercial calibrated parallel thermal mass 
flow meters (10, 100, 1000, 10 000 sccm) and a choked flow orifice gas inlet for micro dos-
age below 1 sccm. The orifice device was developed in-house and especially calibrated us-
ing a vessel of known volume, see Fig. 4. The installation of the turbomolecular pumps com-
pleted the facility assembly, see Fig. 5.  

 
 
Fig. 3: Left: The gas dosing system, right: The dosing dome, fully thermally insulated, with the high precision vacuum gauges 

being installed.  
 

 
 

Fig. 4: The orifice flow device for establishing very small flows, and the test set-up for its calibration. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5: Mounting the big 2800 l/s turbomolecular pumps via 

the 250 CF gate valves onto the pump dome 
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The first operation phase of the facility was focussed on the long circular duct, followed by a 
square duct, see Fig. 6. 

 
 
Fig. 6: Cross-sections of the first test channels: A long circular duct (diameter 16 mm), and a long square duct (hydraulic 

diameter 16 mm), with a length/diameter ratio of 80. 
 
 
The measurements in 
TRANSFLOW produce 
an integral result of the 
throughput and associ-
ated pressure difference 
between dosing and 
pumping dome, where 
the pressure gauges are 
located. This result con-
tains the influence of the 
domes, which is how-
ever considered to be 
small due to the very big 
size of the domes com-
pared to the diameter of 
the duct, as well as of 
any unavoidable adapter 
pieces included in the 
flow path. The aim of the 
experiments is to derive 
the conductance of the 
single test channel. In order to get this, the whole TRANSFLOW facility was described in 
ITERVAC as a serial network of conductances, comprising 11 unit cells, according to the 
scheme shown in Fig. 7. Based on this model, the conductance of the actual test duct (ele-
ment 5 in Fig. 7) can be deducted, which can then be compared with the values of theoretical 
models, if there exist any [1]. 

The experiments have shown good progress and some preliminary results have already 
been determined [2]. The experiments will be continued, thereby including other duct cross-
sections, and a detailed comparison of the TRANSFLOW results with theoretical solutions 
will be elaborated. If evaluated positively, ITERVAC will not only be used to optimise the to-
rus exhaust and NBI vacuum systems, but will also become an important design tool for the 
divertor flows, where it will be used to identify and optimise bypass leaks. 

 
 
Fig. 7: Scheme for modelling the gas flow path in TRANSFLOW as a series of different 

unit cells for ITERVAC. 
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TW5-TTFF-VP 58 
Upgrade of TIMO 
 
Following successful completion of the testing of the 50% scale ITER model pump, a full 
scale ITER prototype torus cryopump (PTC) is being designed and manufactured which will 
be tested in the TIMO test bed at FZK [1]. Certain features of the TIMO infrastructure need to 
be upgraded to accommodate the larger ITER scale pump, and the scope of this task is to 
provide for the supply and installation of these features. The upgraded facility will be named 
TIMO-2. The extent of upgrading necessary has been minimised by former provision of the 
required additional capacity in the existing TIMO subsystems wherever possible. 

Data acquisition system and PLC  
 
In the reported year 2006 the replacement of the hardware components for the data acquisi-
tion system as well as the PLC on the basis of the Siemens PC-S7 was completed, see Fig. 
1. Different sensors for flow and temperature measurement were ordered to replace existing 
ones which have failed (in some cases to provide redundancy). 

 

 
Fig. 1: Conceptual overview of the interactions between the new data acquisition, the PLC and the different parts of the test 

facility 
 
The new data acquisition software based on MySQL was installed and the functional tests 
have started. One important issue was the transfer of all the measured data which were col-
lected with the old system during the extended test campaigns with the ITER model pump 
into the new MySQL data base system. During these tests also the data transfer and com-
munication between the PLC and MySQL were checked. A wiring plan was elaborated to 
prepare the hardware installation between the TIMO-2 data acquisition and PLC in the op-
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eration room and the measurement points in the field of the facility subsystems. All neces-
sary cabling and devices were specified and ordered. 

Modifications of the facility subsystems 
 
The 3000 l LHe control cryostat of the TIMO facility which provides the 4K supercritical he-
lium was opened for refurbishment. The aim is to replace some faulty sensors and add sen-
sors at critical points in the piping of the control cryostat to get redundant temperature meas-
urement. All necessary sensors are procured and the installation work is in progress. 

The design phase for a new ITER relevant transfer line between the valve box and the pump 
plug of the PTC has started. The line provides two flexibles for the supply and return of the 
cryogens. This means in each line cryogenic helium at 4.5K and 80K will be transferred. In 
addition to these flexible lines a fixed part is foreseen at the connection to the valve box 
flange in which flow sensors will be integrated in the return line side.  

The overall requirement for the TIMO upgrade work is to provide a test environment which 
allows to replicate ITER relevant conditions in all possible aspects [2]. One scaling parameter 
is the surface-related flowrate of the gases to be pumped. As the PTC features a pumping 
surface which is about three times larger than the one of the model pump, larger gas dosing 
and metering systems were procured. The new mass flow controller (flow range up to 
50 l/min) can be included into the existing process gas metering piping system of TIMO-2. 

To fulfil the ITER requirements concerning the regeneration pump down time (10 Pa cross-
over pressure in 150 s) and to be consistent with the current ITER forepumping system de-
sign, it will be necessary to install a new vacuum pump system providing higher pumping 
speeds. The new regeneration pump train, which has to be especially certified for pumping 
hydrogen, is under procurement and will include a 2000 m³/h roots pump backed by a 250 
m³/h rotary vane pump.  
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TW6-TTFF-VP 53 
Tritium Test of Ferrofluidic Cartridge Seals for Roots Roughing Pump 
 
Background and objectives 
 
In accordance with the ITER vacuum requirements, the latest Fuel Cycle R&D results [1] and 
the results achieved in the previous R&D Task TW3-TTFF-VP34, the ITER forevacuum 
pumping system shall provide a unit pumping speed at its inlet of at least 1 m3/s. The best 
pump type to meet this goal is a Roots pump. A tailor-made tritium-compatible pump of 
250 m3/h was tested at FZK on helium in the frame of the EFDA Task TW3-TTF-VP12 [2].  

To make a catalogue pump tritium-compatible, the following main modifications are needed: 
a stainless steel housing, metal stationary seals, and tight rotary shaft seals between the 
process and lubricant chambers. As technical solution for the latter requirement, FZK devel-
oped ferrofluidic rotary feedthroughs. The validation test results of the tailor-made tritium-
compatible pump featuring such ferrofluidic seals were positive. In order to complete the 
qualification of this type of a rotary seal for tritium and to recommend the solutions applied in 
the 250 m3/h pump for the ITER-relevant size pumps, final tests of the seal with tritium re-
mains to be performed. This problem will be solved in the present task. 

Test programme 
 
The test cartridge will be integrated into a test unit with two tight volumes separated with the 
seal. In one of these volumes a pre-defined amount of tritium (ca. 300 Ci) will be filled, in 
order to get ca.1 bar pressure. The second volume will be maintained at ca. 0.8 bar nitrogen 
and permanently monitored for tritium by an ionisation chamber. The rotation of the shaft will 
be provided by an electric motor; the tests will be performed at 1500 rpm for several months 
until a steady state leak rate is achieved. After completion of the tritium tests the seal per-
formance on helium will be checked in order to discover if the seal has degraded. Then the 
seal will be dismantled, the ferrofluid will be sampled and examined by the scintillation 
method for the tritium uptake.  

 
Fig. 1: FACT layout in the PETRA glove box. 

 
 

Glove box 
 
Ionization chamber 
 
Amersham getter bed 
 
Pressure gauge 
 
Test unit 
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The facility, named FACT (Ferrofluidic Advanced Cartridge Tritium experiment). was agreed 
to be located inside the existing glove box of the PETRA facility in TLK. It shall use existing 
vacuum transfer and nitrogen supply systems. The lay-out in the glove box is shown in 
Fig. 1; the flow diagram of FACT is given in Fig. 2.  

 

 
Fig. 2: FACT flow scheme. 

 
Chamber A will be filled with pure tritium at 1.2 bar pressure, chamber B will be filled with 
nitrogen and connected to an ionisation chamber. The pressure in both chambers will be 
measured by precise calibrated diaphragm gauges (type BARATRON 690A) and continu-
ously recorded together with the signal from the picoamperemeter of the ionisation chamber.  

 

 
Fig. 3: Tritium concentration ranges forecasted in the monitored volume. 

 
Fig. 3 presents an assessment of the tritium concentration for forecasted leak rates and 
shows the corresponding experimental times to be expected. 
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The design and manufacturing of the components and assembly of the facility is underway 
and expected to be completed in June 2007.  
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TW1-TTF/VP 13 
Compatibility of Leak Localisation Tracers with Cryopanels 
 
Background and Objectives 
 
For ITER, a powerful and sensitive leak detection system is of utmost importance. Conse-
quently, a multi-stage approach has been developed to meet the different leak detection re-
quirements. One of the various strategies involved is for locating a leak in the cooling water 
circuits which is considered to be the most likely type of a leak into the vacuum vessel. Leak 
localisation will only be performed after a water leak has been noticed by poor plasma per-
formance and confirmed.  

A concept was proposed to add tracer substances at low concentrations which would be re-
leased in the gaseous phase in the event of a leak. These tracers would be pumped by the 
cryopumps and released during regeneration. They could then be detected by the global leak 
detection system located in the vacuum pump room which is connected to the torus roughing 
line and monitors the gases exhausted from the cryopumps. Due to the chemical species, 
the tracer substance will be released not after partial regeneration but after the less frequent-
ly performed (over night or over the weekend) regenerations at high temperature (470K). The 
use of the cryopump would ensure a high sensitivity even for very small leaks due to their 
accumulation effect over the pumping operational time in between the regenerations.  

Any substance to be used as a tracer must be investigated for compatibility with the 
cryosorption pumping concept. In last year´s programme, it was investigated what amounts 
of tracers accumulated to the panels can be accepted without leading to charcoal poisoning 
which would result in a deterioration of pumping performance [1]. Different tracers may be 
added to the different sub-loops so that one becomes able to pinpoint the leak down to the 
component level. Therefore, several tracers have been proposed, ranging from lighter hydro-
carbons over alcohols to aromatics. The remaining experimental programme conducted in 
the present reporting period comprised the measurement of the release behaviour of the 
heavier candidate tracers. Only those which are compatible to the available 450K maximum 
regeneration temperature limit are acceptable. 

Remaining experimental programme 
 
The following candidate tracer substances have been investigated in TIMO [1] in this report-
ing period: 2-methyl-1-butanol, benzene, xylene, toluene and benzyl-alcohol. The release 
pattern of these species was monitored by high resolution quadrupole mass spectrometry as 
reference device, in many cases in parallel with a GC-MS [2]. Each reactivation test started 
from ambient regeneration, with deuterium from the preceding pumping test filling the closed 
pump volume to about 70 mbar. From this starting point, the temperature of the cryopanel 
system was increased in steps of about 30K, and the gas composition was analysed. After 
having reached 470K at all inner pump parts, the pressure was reduced by means of the 
forepumping system down to 10-1 mbar with corresponding gas analysis to assess the effect 
of pressure reduction on gas release.  

Fig. 1 shows the corresponding curves for benzene, toluene and 2-methyl-1-butanol. Ben-
zene is released first, the other two species need temperatures above 150°C to get quantita-
tively released. All three species do not see a complete release, even after heating up to the 
maximum available temperature of 470K. However, if the temperature is maintained and the 
pump interior volume is being evacuated by the forepumps, a pressure-induced desorption is 
being initiated which leads to complete gas release. The 10-1 mbar level which was adhered 
to in the TIMO experiments corresponds to the required cryopump cross-over pressure, the 
mechanical end vacuum provided by the ITER forepump trains.  
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Fig. 1: Measured temperature- and pressure-induced regeneration curves. 

 

Fig. 2 illustrates another interesting effect. Shown are the release curves of pure water and 
of water released from a panel that was pre-doped with a tracer material. The initial composi-
tion of the sorbed phase was (5 vol% 2-methyl-1-butanol)+(95 vol% water), and (50 vol% 
benzene)+(50 vol% water), respectively. Obviously, the regeneration pattern is very much 
different. This is probably due to the different chemical affinity in terms of electronegativity 
which is high between water and the hydroxl group of the alcohol, and low for water and the 
totally symmetric benzene molecule. However, in all three cases, a complete regeneration is 
achieved under the condition of maximum temperature.  
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Fig. 2: Influence of the presence of tracers on the release behaviour of water. 
 

The task has been closed. A fundamental understanding of the release and poisoning behav-
iour of potential tracer substances for leak-detection has been gained and potential analytical 
difficulties have been described. It has been shown that a broad variety of chemical species 
could be used for leak detection and localisation purposes. The next step is on the ITER 
cooling water experts to fix the substances, which also have to fulfil other requirements from 
water processing point if view. Following that, more detailed investigations for quantitative 
confirmation may have to be re-started. 
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Tokamak Exhaust Processing 
 
TW1-TTF-TR 11 
Gas Processing during in-situ Tritium Recovery from PFC’s 
 
TW3-TTFD-TR 31 
Improvements to the Mechanical Design of the PERMCAT Component 
 
TW4-TTFD-TR 41 
Experimental Investigation of Undesired Side-reactions in PERMCAT 
 
TW4-TTFD-TR 43 
Comparison of Batch and Continuous Operation Modes for the Impurity  
Processing Stage of the Tokamak Exhaust Processing System 
 
Introduction 
 
The Tokamak Exhaust Processing (TEP) system is one of the key systems of the inner fuel 
cycle of the ITER Tritium Plant. Besides the exhaust gases from the vacuum vessel during 
the nominal burn and dwell D-T operation, many different sources will produce tritiated gase-
ous streams within the Tritium Plant, from which deuterium and tritium need to be recovered. 
Since ITER does not have a dedicated system for the treatment of gaseous wastes all the 
tritium therefore needs to be recovered primarily with the TEP system.  

The decontamination factor required for the TEP system is defined for a short pulse of the D-
T burn phase of ITER. It is based on the ratio of tritium-inlet to tritium-outlet flow rates, and is 
specified to be 108. Taking the gas composition and flow rates during the burn phase into 
account this decontamination factor can be translated into a target outlet concentration of 
≤ 10-4 gm-3 (equivalent to≤ 1 Cim-3 or ≤ 0.4 ppm tritium). Off-gases from the TEP system shall 
be stacked via the Normal Vent Detritiation System (N-VDS) of ITER after intermittent stor-
age for decay of γ-active species in dedicated tanks. The removal of tritium down to levels 
below 1 ppm from D-T streams containing also tritiated impurities such as water or hydrocar-
bons can only be achieved by multistage processes. Fig. 1 shows the principle of the 3 steps 
for the TEP system within the inner fuel cycle of ITER.  

To experimentally investigate the individual steps of the TEP system and to demonstrate the 
overall process in an integral manner the so-called CAPER facility is operated at the Tritium 
Laboratory Karlsruhe (TLK) for more than one decade. CAPER is a versatile semi-technical 
test rig with a typical tritium inventory of about 3 to 5 g, and a team of about 4 persons is re-
quired for experiments; its modular set-up allows different routing of gases, and a large num-
ber of control loops along with the comprehensive instrumentation installed permit a proper 
characterization of the chemical processes and components. The latter is particularly impor-
tant to scale the process to ITER capacity and throughputs. A mock-up section within the 
CAPER facility is available and employed for the preparation of gases with different composi-
tions, particularly tritium and tritiated impurity contents, as they are expected to appear from 
the various modes of tokamak operation and from operation of other systems of ITER. The 
CAPER facility is also an essential and central system within the closed tritium cycle of the 
TLK. All primary gaseous wastes arising from experiments at TLK are detritiated in CAPER. 
The integral tritium operation of the facility can therefore be considered as representative for 
the TEP system within the Tritium Plant of ITER. 

CAPER operated in TLK is a unique facility that covers integrally the 3 steps of the TEP sys-
tem. As a general concept, it comprises palladium / silver membranes, which are highly se-
lective for the permeation of hydrogen isotopes in the molecular form and allow recovering 
pure Q2 (Q means H, D or T), and catalyst beds, which promote cracking or isotope ex-
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change reactions that liberates tritium chemically locked in molecules such as water or hy-
drocarbons.  

It employs a Pd/Ag permeator as a first step (‘impurity separation’) to recover the main part 
of un-burnt D-T mixture. The second step (‘impurity processing’) is carried out in a closed 
loop involving heterogeneously catalyzed cracking or conversion reactions combined with the 
permeation of hydrogen isotopes through another Pd/Ag permeator to liberate and recover 
tritium from tritiated hydrocarbons or tritiated water. The third step (‘final clean-up’) removes 
almost all of the residual tritium by counter current isotopic swamping and is based on a so 
called permeator catalyst (PERMCAT) reactor. The PERMCAT reactor is a direct combina-
tion of a Pd/Ag permeation membrane and a catalyst bed specifically developed for the final 
clean-up of gases containing up to about 1% of tritium in different chemical forms such as 
water, hydrocarbons or molecular hydrogen isotopes. 

The first step of the CAPER process was particularly investigated in view of the influence of 
different inert gas loads and the ample results of the parametric study previously reported. To 
finalize the current tasks recent experimental work was mainly focused on the second and 
last stage. 
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Fig. 1: The PERMACT process is the final clean-up stage of the Tokamak Exhaust Processing  

system within the inner-fuel cycle of ITER (Q means H, D or T). 
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Gas processing during in-situ tritium recovery from PFC’s 
 
Since the amount of tritium in the torus shall not exceed the designed safety guideline of 
about 350 g, tritium recovery from Plasma Facing Components (PFC) is a key issue for the 
long term operation of ITER. The aim is to find an effective in-situ cleaning method that can 
cope with safety considerations. As a general concept, the physical processes avoiding the 
production of tritium oxide are preferred, since highly tritiated water in liquid form seems diffi-
cult to handle (stoichiometric DTO means 1.3×106 Ci/kg). For this purpose He and H2/D2 
Glow Discharge Cleaning (GDC) are already considered in ITER operation, but other meth-
ods such as oxidative treatments and/or baking clean-up could also be engaged. Whatever 
the process(es) chosen, each and every resulting effluents shall be detritiated within the trit-
ium plant, primarily with the TEP system. 

Different extrapolations via calculations codes, considering the current PFC configuration for 
ITER (Be, W, CFC) and empirical data from other DT fusion machines, agree to predict for 
ITER a tritium retention between 2 to 5 grams per pulse (450 s), mainly in the divertor region. 
This means it will take only 70-175 pulses to reach the tritium inventory limit, which is far 
from the 3000 pulses predicted divertor lifetime if erosion only is of concern.  

Many cleaning campaigns have been conducted in existing DT fusion machines, for example 
at JET and TFTR, and several issues can be pointed out. First, the removal rate required for 
ITER should be orders of magnitude faster than the ones achieved up to now. Another chal-
lenge is the removal of tritium deposited on the side of the tiles and in shadowed areas, 
where plasma or glow discharges are rather ineffective. Moreover the efficiency of these 
techniques is often limited in terms of residual tritium inventory. It is demonstrated that bake-
out in presence of oxygen (thermo-oxidation) is one of the most effective and straightforward 
option to recover the residual tritium trapped in carbon co-deposited layers. Unfortunately it 
presents several limitations, mainly the final production to a large extent of highly contamina-
ted water.  

As far as carbon-based materials are used for PFC, hydrocarbons are likely the major triti-
ated species produced during in-situ cleaning phases. If oxygen is added to some extent 
while cleaning, tritiated water vapour will appear as well. Depending upon the gas composi-
tion, the first or even the first and second step of the TEP process shall be bypassed and the 
gas directly fed into the second or third step, respectively. Indeed, both tritiated gaseous 
species can be processed with either the 2nd loop or the final clean-up stage of the TEP sys-
tem. However, the presence of carbon oxides could reduce the throughput because of side 
reactions.  

The ability to recover tritium from gaseous mixtures containing high partial pressures of hy-
drocarbon has already been demonstrated, not only for the 2nd loop of the CAPER process, 
but also for the final clean-up stage. Indeed, a mixture containing up to 6% tritiated hydrocar-
bons plus 8% hydrogen isotopes with a total activity of about 200 kCi/m3 has been success-
fully processed with the PERMCAT unit. Originally it was foreseen to send this mixture in the 
2nd loop of CAPER, but for technical reasons, it has been processed with PERMCAT; provid-
ing appropriate flow rates and pressures, an outlet activity below 1 Ci/m3 was achieved, thus 
satisfying the ITER requirements. 

In addition, the process of gaseous mixtures containing high partial pressures of water va-
pour has been investigated with the PERMCAT unit of CAPER. The test run reported herein 
concerns a mixture containing in He: 1.6% of Q2 (Q = H, D or T) with an activity of 22.5 
kCi/m3 plus 1.9% of water vapour (D2O is produced using a reference gas D2 + O2 passing 
through the “recombiner” reactor (20 g of Pd-based catalyst @ 220ºC). The results in Fig. 2 
indicate that the outlet activity remains all along the run under the limit of 1 Ci/m3, even with 
an impurity inlet of 100 ml/min. Given the inlet activity of 23 kCi/m3 and an outlet activity 
ranging from 0.25 to 1 Ci/m3, DF between 2×104 and 9×104 were achieved during this run, 
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completely satisfying the ITER requirements and demonstrating that PERMCAT can easily 
cope with up to 2% of water vapour in the impurity flow.  

Above and beyond, if during the tritium recovery, the production of tritiated water vapour is 
more significant, two options can be envisaged. First it could be processed in the gaseous 
form, but then it would require a significant addition of an inert carrier gas to avoid condensa-
tion. Following, the gas load to the second (and third) step of the TEP system would be sub-
stantially higher than considered so far; then other than burn and dwell are likely to become 
design limiting cases. The alternative would be to process it in the liquid form. But then, nei-
ther the TEP system nor the Water Detritiation System (WDS) can cope with such stream 
within their current design, since the first cannot process high partial pressures of vapour and 
the latter is limited to 300 Ci/kg for the inlet activity. 
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Fig. 2: Inlet impurity flow rate and activity at the impurity outlet 

of the PERMCAT reactor versus time. 
 

 
Fig. 3: Simplified illustration of the apparatus to process 

liquid water with a PERMCAT reactor. 

 

The process of highly tritiated water using the PERMCAT process has been recently propo-
sed. In fact, the principle of using a PERMCAT reactor to process liquid water has been es-
tablished with “cold” experiments (without tritium) performed on single tube PERMCAT units 
using the apparatus described in Fig. 3. Fresh distilled water (H2O) is heated up to 120°C in 
a vaporizer to produce a water vapour flow mixed with a carrier gas (here He) and fed into 
the impurity side of the PERMCAT unit. At the same time pure D2 is given in counter current 
in the purge side of the reactor. Each gas flow rate is regulated with a dedicated mass flow 
meter. Pressures are measured at the 4 inlets/outlets of the PERMCAT reactor and regu-
lated with throttle valves. The processed water vapour is then collected at the reactor outlet 
in a trap cooled with liquid nitrogen. After about 8 hours of continuous operation a few grams 
of water are collected. The deuterium content in water is then measured off-line using FT-IR 
spectroscopy (stretching of D-O bond @ 2510 cm-1) with an absolute precision of ± 2%. Each 
PERMCAT run is carried out with constant and predefined parameters. A parametric study 
on flow rates and pressures is done by repeating the experiment with changing a single pa-
rameter.  

The results given in Table 1 are an example of 
a parametric study concerning flow rates: the 
water inlet flow is steeply decreased while main-
taining constant the purge flow rate. In agree-
ment with theoretical considerations, the highest 
D2/H2O flow rate ratio (run D) gives the best 
result with 95% of D in the water, but other runs 
also revealed conversions up to 99%. A para-
metric study of the He flow rate revealed that 
the optimal condition is a 1:1 ratio between car-
rier gas and water vapour.The aim for PERM-

Table 1: Conversion between H2O and D2 with 2 single-
tube PERMCAT units put in series. 

 
Flow rates [ml/min] 

Run 
D2 H2O He 

D in HDO 
[%] 

A 30 40 30 62 
B 30 30 30 77 

C 30 20 30 91 

D 30 15 30 95 
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CAT would be to detritiate stoichiometric liquid DTO down to an activity of 300 Ci/kg (DF of 
4300) that would be compatible for blending with the WDS. Assuming that a single tube unit 
is able to process 15 ml/min of water vapour (15 µl/min of liquid), based on a continuous op-
eration, 1 l of pure liquid DTO could be daily processed using a technical reactor comprising 
46 tubes arranged in parallel. In comparison, the WDS in ITER has a very high throughput of 
20 kg/h. However, considering the design value of 10 Ci/kg for the inlet activity during nomi-
nal operation, it would need 270 days to process 1 l of DTO because of the exorbitant dilu-
tion required. 

In conclusion, the ability for the second loop of TEP to process impurity has already been 
demonstrated. Within these complementary investigations, it is now also demonstrated the 
high versatility of the PERMCAT process to deal with tritiated water either in gaseous or liq-
uid phase. This is of great advantage for accommodating to any possible in-situ detritiation 
techniques of future DT fusion machines like ITER. 

Improvements to the mechanical design of the PERMCAT component 
 
The PERMCAT design must integrate the mechanical issue in order to overcome technical 
difficulties during operation. In fact, not only thermal expansion at the nominal operating tem-
perature of 400°C but also lattice parameter increase of Pd/Ag due to hydrogen uptake by 
the membrane during permeation are both sources of mechanical constraints. Above and 
beyond nominal operational conditions that should engender limited mechanical stresses, 
off-normal events should also be considered since a large amount of hydrogen would be ab-
sorbed by the membrane in case of loss of heating during operation for example. It may pro-
voke a global failure of the component or at least affect irreversibly the process efficiency 
since the geometrical arrangement has a crucial impact on the performances. 

Indeed, significant lattice increases resulting in important membrane elongations (up to 2%) 
and/or deformations have been observed with a dedicated experiment involving a finger type 
Pd/Ag membrane submitted to different hydrogen partial pressures while varying the tem-
perature.  

Different PERMCAT mechanical de-
signs (Fig. 4) have been proposed. The 
first one comprises a finger-type Pd/Ag 
membrane with an additional capillary 
tube; afterwards alternatives involving 
different kinds of bellows were intro-
duced. Both new options are consid-
ered as upgrade designs since, firstly 
the global geometry is simplified (2 
coaxial tubes instead of 3), and sec-
ondly they should be more robust, thus 
able to withstand to off-normal opera-
tion. Details on geometrical aspects of 
each type of PERMCAT component are 
given in Table 2. Each mechanical de-
sign has been submitted to experi-
ments involving isotope exchange reac-
tions between water vapour and deute-
rium. However, a direct and quantita-
tive comparison between different reac-
tors is not straightforward, since 
lengths, diameters of the membrane, 
as well as localisation and amount of 

Table 2: Comparative description of the different PERMCAT  
mechanical designs. 

 

Type of 
Pd/Ag mem-

brane 

a) 
Finger-type 

b) 
Tubular 

c) 
Corru-
gated 

Thickness 
(µm) 100 100 100 

Length 
(mm) 530 400 280 a) 

Outer Diame-
ter (mm) 3.3 2.3 6.35 a) 

Permeation 
area (cm2) 53.3 27.6 55.0 

Mass of cata-
lyst (g) 6 b) 1.6 c) 9 c) 

 

a) before the production of convolutions, afterwards the ap-
parent membrane length is shorter (about 220-230 mm) 
and the outer diameter varies between 6.35 to 8.05 mm 

b) catalyst bed hosted in the annulus part of the reactor 
c) catalyst bed hosted inside the Pd/Ag tube 
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catalyst are specific to each type. 

As expected from the noticeable differences 
between the reactors, contrasting processing 
aptitude are observed. An attempt for a quanti-
tative comparison is given in Fig. 5. Two arti-
fices are considered to account for the differ-
ences in geometry: the H2O inlet flow rate is 
given per unit of permeation area; the per-
formance expressed in term of decontamina-
tion factor is extrapolated at an equivalent and 
virtual length (1 m) assuming a logarithmic 
profile for concentrations along the axial direc-
tion of the reactor. The PERMCAT that in-
cludes the corrugated Pd/Ag membrane 
shows the best results. Finally the best per-
formances are observed on the reactor that 
contains relatively to the permeation area the 
largest amount of catalyst, and gives the high-
est residence time of the water vapour. 

Then, in collaboration with the main workshop 
of FZK, a new tritium compatible PERMCAT 
reactor using this Pd/Ag corrugated mem-
brane design has been produced (Fig. 6). One 
of the main concerns for a tritium compatible 
PERMCAT unit, as commonly required for 
heated components, is the outer jacket that 
permits recovering tritium that would permeate 
out of the process. Homogeneous heating is 
ensured with two parallel copper plates that 
enclosed the PERMCAT tubes. A major im-
provement is done by using two single tube 
units placed in a row. It allows integrating in between an ionisation chamber, thus both im-
proving the control and the comprehension of the process. Recently installed in the CAPER 
facility, first tests with tritium highlighted good detritiation ability. However up to now, the few 
results available do not allow yet a quantitative comparison between this new unit and the old 
one. 

In parallel, the design of a new multi-tube 
PERMCAT reactor has been engaged 
(Fig 7). It comprises a battery of 13 Pd/Ag 
finger type membranes that will be inserted 
in a common single catalyst bed. It in-
cludes also, like the first design, capillary 
tubes; one particularity of this reactor, it 
enables the exchange of the capillary tube 
set in order to study the influence of the 
capillary tube diameter. When an optimal 
configuration will be pointed out, this unit 
will be duplicated and 2 units in a raw will 
be hosted in a common outer jacket. 

 

 

 
Fig. 4: Different mechanical designs of PERMCAT reactor 

developed and tested at TLK a) Finger-type mem-
brane + capillary tube, b) Tubular membrane + 
edge welded bellows, c) Corrugated membrane. 
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Fig. 5: Comparison between gas processing performances (DF 

= decontamination factor) of different designs at given 
swamping conditions (1:1 or 1:2 = H2O/D2 flow rate  
ratio). 
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Fig. 6: View before the final assembly of the latest PERM-

CAT reactor installed in the CAPER facility, using 2 
PERMCAT single tube units in series. 

 

 
Fig. 7: Current 3D drawing of the next technical (multi-tube in a 

common single catalyst bed) PERMCAT reactor. 

Beside experimental and design work, recent progresses concerning the numerical simula-
tion of the PERMCAT process were achieved. By adding in the former 1 dimension simula-
tion the axial and radial diffusion terms for the different gaseous species, it is now possible to 
perform calculations in order to improve and optimise the geometry of PERMCAT reactors, 
mainly in term of diameters and gap between each tube.  

Experimental investigation of undesired side-reactions in PERMCAT 
 
The PERMCAT process used catalyzed isotope exchange reactions to recover tritium from 
hydrocarbons or water (reaction 1 and 2). However, depending on the gas composition and 
the catalyst material, different unwanted side reactions can occur (3 and 4). The following 
reactions (non exhaustive list) are taking place simultaneously in the PERMCAT reactor: 

(1) Isotope exchange reactions   CQ4 + 2 H2 ↔ CH4 + 2 Q2 

(2) Isotope exchange reactions   Q2O + H2 ↔ H2O + Q2 

(3) Inverse Water Gas Shift reaction  CO2 + Q2 ↔ Q2O + CO 

(4) Methanation reaction a CO + 3 Q2 ↔ CQ4 + Q2O 

(5) Methanation reaction b CO2 + 4 Q2 ↔ CQ4 + 2 Q2O 

The main concern for the reactions (3) to (5) is the consumption of Q2 either with CO or CO2 
and the following production of water and hydrocarbon. In fact Q2, instead of participating to 
the detritiation process via permeation and isotope exchange reactions, is chemically locked 
in molecules. Therefore it makes no doubt that either the throughput or the decontamination 
efficiency of the PERMCAT process is affected by the presence of carbon oxides in the im-
purity flow. In addition, depending on the significance of these undesired effects, the conden-
sation of water in the bleed might occur. Therefore the importance of these side reactions 
shall be investigated experimentally. 

outer  
jacket  

upper flange  

2 PERMCAT  
units 

inlets / outlets 

13 Pd/Ag finger-type 
tubes 

outer jacket 
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The experimental study was conducted with the PERMCAT unit of the CAPER facility. Rele-
vant gaseous mixtures containing different amount of carbon oxides were produced. For ex-
ample, the PERMCAT run 4 was carried out with the following gas characteristics: tritiated 
species (Q2 1.6%, CQ4 0.43%, the corresponding activity is 4.2 and 4.5 kCi/m3 respectively) 
in addition with a significant amount of CO and CO2, respectively 5.4 and 7.8%. For this ex-
periment, a critical reduction of the decontamination factor was observed; measured to be 
610, it is about two orders of magnitude lower than the one expected without carbon oxides. 

In support to the experimental study, this 
typical PERMCAT run was simulated using 
the 1D calculation code. The main interest 
of the simulation is the computed profile of 
the chemical species along the axial direc-
tion of the reactor, as displayed in Fig 8. 
Two different behaviours are seen in the 
figure. On the one hand the CO and CQ4 
partial pressures strongly vary at the reac-
tor entrance. The consumption of CO and 
the production of CQ4 highlight the fact that 
methanation reactions are the most signifi-
cant side reactions at the inlet of the proc-
ess. On the other hand, the variation of 
CO2 and Q2O, which reveals the occur-
rence of the reverse WGS reaction, are 
less pronounced. However the linear be-
haviour observed would suggest that the 

reverse WGS reaction may be the major part of side reactions taking place near the outlet of 
the reactor. 

Comparison of batch and continuous operation modes for the Impurity Processing 
stage of the Tokamak Exhaust Processing system 
 
In principle, the 2nd step of the CAPER (TEP) process being a closed loop comprising a cata-
lyst reactor “Methane Cracker” and a palladium / silver “Permeator”, it can be operated in two 
different modes. In the straightforward batch mode (Fig. 9 a) the gas to be detritiated is filled 
into the loop from the “Storage Tank”, cycled for a certain time until the activity is sufficiently 
lowered; finally the loop is emptied into the “Collecting Tank”, ready for the next batch. Alter-
natively, in a continuous mode of operation (Fig. 9 b), the gas is continuously fed into the 
closed loop upstream of the “Permeator” at a flow rate much lower than the loop circulation 
flow rate. The pressure in the loop is kept constant by a simultaneous withdrawal of gas 
downstream.  

  
(a) (b) 

 
Fig. 9: Secondary loop of CAPER operated in a (a) batch mode or (b) continuous mode. 

 

 
 
Fig 8: Simulated profile of the different chemical species along 

the axial direction of the PERMCAT reactor when a few 
percent of carbon oxides are present in the mixture. 

 



 -- 317 --

The batch mode is the regular operation mode of CAPER, mainly for the detritiation of waste 
gases produced within the facility. Very high decontamination factors are then achieved (up 
to 104) however the throughput is limited. Besides, the continuous mode has been largely 
studied with parametric test on inlet flow rates mainly. Such a mode seems to be easier to 
control, to have a higher throughput and also a reduced tritium inventory. It has been chosen 
as the reference mode for the 2nd of the TEP system in ITER. 

However, during the study of the continuous mode operation, discouraging results (time con-
stants, decontamination factors) have been observed from tests to tests, even if the starting 
gaseous mixture remains almost unchanged. A reason for this could be a temporary “poison-
ing” of the permeator, due to a carbon deposition on the Pd/Ag membrane resulting from the 
decomposition of methane at the surface. This affects the permeability, particularly at low 
hydrogen isotope partial pressures, when the permeation flux is governed by the dissociative 
adsorption rather than by the solubility of hydrogen. In fact, it has been experimentally ob-
served that good and reproducible measurements are only achieved when the permeator is 
systematically regenerated prior to the test. In other words, the decontamination factor for the 
continuous operation mode is very sensitive to the temporary “poisoning” of the permeator. 
To restore the optimal conditions, the loop is filled with a He/O2 mixture; carbon is then re-
moved via the production of gaseous carbon dioxide. However, by processing gases contain-
ing significant amount of methane, the membrane will become soon poisoned again. Be-
cause of this sensitivity, the continuous operation mode for the 2nd loop is not to be the best 
choice for ITER.  

A compromise between batch and continuous 
operation is the best solution. The so-called 
“short batch” mode would consist in feeding the 
loop with the gas to be processed at regular 
intervals (like a pulse mode). Starting like a 
batch mode, the loop is filled and the gas is 
processed for a while; assuming the activity in 
the loop is decreasing exponentially (blue line in 
Fig 10), this short batch mode takes advantage 
of the initial operation times, when the activity 
drops rapidly. Then, instead of waiting until the 
ultimate decontamination level is reached (like a 
batch), the loop is emptied as soon as the activ-
ity in the loop goes down to a certain threshold 
(e.g. SB1). Afterwards a new gas fraction is 

admitted into the loop and this cycle is repeated until all the gas is processed. Compared 
with the batch mode, the throughput is significantly increased while the decontamination fac-
tor is only slightly affected. The gain in throughput largely compensates the loss of decon-
tamination factor. Also, the Pd/Ag membrane of the permeator is insensitive to partial poison-
ing by carbon deposition in this regime. Since the PERMCAT process can cope with higher 
inlet activity levels, this short batch mode should be the most suitable for the 2nd loop opera-
tion of TEP in ITER.  

A parametric study on this particular operation mode has been completed. By varying the 
frequency of gas injection (between 3 and 10 min) and the intermediate processing time (be-
tween 3 and 10 min), it makes possible an optimisation of the process efficiency. The com-
parison of the achievable decontamination factor as a function of the throughput between 
short batch and continuous mode is given in Fig. 11. Considering that the secondary loop of 
CAPER was originally designed at the 1/8th scale of the throughput and off-gas composition 
of NET (the small European precursor of ITER), the alternative of the short batch mode for 
the 2nd loop seems now very attractive. In fact, the performances achieved are now almost 
half of the capacity required for ITER. 

 

 
Fig. 10: Principle of the “short batch” mode operation for 

the 2nd loop of TEP. 
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Fig. 11: Comparison between “short batch” and continuous operation mode for the 2nd loop of CAPER in terms of throughput 

and achievable decontamination factor (continuous mode: red ⇒ polluted permeator, black ⇒ cleaned permeator; 
short batch mode: green ⇒ cleaned permeator). 

 
 
Conclusion 
 
Since more than one decade, the TEP system of fusion machines like ITER is studied at TLK 
with the CAPER facility. Recent work focused on the operational mode of the second step; 
an alternative to the continuous mode is pointed out. The current studies mainly focus on the 
final clean-up stage. Mechanical design and production of technical multi-tube PERMCAT 
reactors validated with tritium experiments are the next steps. Besides, the process of liquid 
water with PERMCAT and progresses in the simulation code are the major ongoing tasks.  
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TW1-TTF/TEP 13A 
Self-assay, Fast Delivery Tritium Storage Bed Development 
 
TW3-TTFD-TR 33 
Determination of Isotopic Effect during Rapid Delivery from Storage Beds 
 
The storage of hydrogen isotopes as metal hydride is a technique chosen for the ITER Trit-
ium Plant Storage and Delivery System (SDS). A prototype storage bed in 1:1 scale, has 
been intensively tested in the Tritium Laboratory addressing main performance parameters 
specified for the tritium storage beds foreseen for ITER. 

The specification of the hydrogen storage bed can be summarized in the following way: 

1. Storage capacity is 100 g of tritium and physically limited 

2. High supply flow rate of hydrogen isotopes 

3. Fully tritium compatible design 

4. In-situ calorimetry with accuracy of 1 g i.e. 1% at level of 100 g of tritium. 

At present the storage material ZrCo is used in the prototype bed. As a result of the several 
years of experiments storage beds have been characterized not only in view of supply, stor-
age and accountancy performance, but also in view of the possible isotopic effects during 
rapid delivery and static isotopic effect. 

Strong effect of disproportionation was obtained during testing. Disproportionation is a deg-
radation of the gettering ability of the ZrCo due to the reaction: 
ZrCo + H2 = ZrH2 + ZrCo2. 

As a result of this reaction the reversible storage capacity of the bed is reduced due to build-
ing up unusable tritium inventory in the bed. Once disproportionation occurred the initial 
properties of the bed can not be completely restored by reproportionation, which is anyway a 
delicate process for a system serving reactor. In view of the fact that disproportionation is 
unavoidable within the operational procedures of the SDS ZrCo can not be applied in ITER. 
Depleted uranium as a reference getter material for the ITER SDS shall be considered. 
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TW4-TTFD-TR 44 
Inactive Tests of Selected Composition Control Loop Performance under  
Typical ITER Operating Conditions 
 
ITER will require various gas mixtures to be delivered to the torus subsystems, i.e. gas injec-
tion systems, pellet injectors and neutral beam injectors. The ITER Tritium Plant is to supply 
gas streams of hydrogen isotopes and impurity gases to these systems. For the neutral 
beam injectors only pure hydrogen or deuterium is required. For gas puffing and pellet injec-
tion gas mixtures are required and ITER will have gas valve boxes to produce and control the 
composition of the final mixtures required for plasma operations during each plasma pulse. 7 
gas valve boxes are planned for gas puffing and 6 for pellet injection. These gas valve boxes 
will be located close to the torus or pellet injector and hence remote from the ITER Tritium 
Plant.  

The original task assumed that the ITER fuelling systems would require specific gas mixtures 
to be supplied to them from the Storage and Delivery System of the ITER Tritium Plant. ITER 
has confirmed that the final mixing of gases will be performed at the gas valve boxes for gas 
puffing and pellet injectors and not in the Tritium Plant. The Tritium Plant is now required to 
supply basic mixtures of hydrogen isotopes and other gases to the gas valve boxes. The 
interface between the Tritium Plant and the gas valve boxes has to be fully defined, particu-
larly the information of the gas compositions being supplied by the Tritium Plant.  

The task will now concentrate in assessing information obtained from experimental rigs, par-
ticularly the CAPER facility at TLK, which use pumps, flowmeters and flow controllers to pro-
duce mixtures of hydrogen isotopes and other gases. The performance of these control sys-
tems in providing the required gas mixtures and the time profiles will be analysed to assist in 
the design of the control systems for the ITER gas valve boxes. 
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TW1-TTF/TR 16 
Tritium Recovery from Ceramic Breeder Test Blanket Module 
 
Tritium is produced in the Test Blanket Module (TBM) of ITER by nuclear reactions of the 
neutrons emitted from the plasma vessel with the lithium atoms (Li6) contained in the 
breeder material of the Helium Cooled Pebble Bed (HCPB). The tritium extraction is 
achieved with the help of a helium purge gas containing up to 0.1 % H2; the addition of hy-
drogen is needed to facilitate the tritium release by isotopic exchange. 

The tasks of the Tritium Extraction Subsystem (TES) are: 

• Removal of tritium produced in the Test Blanket Module, 

• Separation and intermediate storage of the two main chemical forms of tritium, i.e. 
HTO and HT, 

• Purification and conditioning of the purge gas. 

The TBM is also equipped with a Helium Cooling System, completed by a Coolant Purifica-
tion System (CPS), needed to extract the tritium permeating into the coolant and to remove 
impurities that might concentrate in the helium. 

Parametric studies of the main components of the TES i.e. Cryogenic Cold Trap (CT) and 
Cryogenic Molecular Sieve Bed (CMSB) were objectives of the task. Scalability of these 
components is discussed in the final report on deliverables D2, D3 presented in August 
2006.  

As far as the Cryogenic Cold Trap is concerned it was concluded that the present design can 
not be simply scaled to the full size of ITER TES. This is true for all other CTs tested and 
reported in the literature by other groups. Therefore either full scale tests need to be taken 
into account or alternative process options, such as water vapour adsorption at room tem-
perature using a molecular sieve bed. 

Cryogenic Molecular Sieve Bed (CMSB) 
 
Based on the results of parametric testing the scale up of CMSB is suggested in order to 
meet the required throughput (12 m3h-1). The size of the CMSB is optimized taking into ac-
count the regeneration pattern of the bed and the adsorbed hydrogen inventory. Results of 
the design studies are given in the table below. 

Figure 1 shows the conceptual design of the 1:1 cryogenic molecular sieve for the TBM Trit-
ium Extraction System. The intention of the drawing is to give the overall geometrical dimen-
sions of the CMSB. Major difference of the 1:1 CMSB from the bed tested in FZK is the cool-
ing principle. It is suggested to cool the adsorbent container by passing an 80K helium 
stream through the helical coil welded to the molecular sieve container surface. 

Several arguments in favour of such an approach are listed as follows: 

1. Heat of adsorption is not significant due to trace amounts of adsorbate (~1.5 W). 

2. Simplified design of the CMSB due to no need in a LN2 vessel. Only a vacuum isola-
tion is required. 

3. No need in an additional dewar for the LN2 supply or storage after adsorption. 

4. No need in evaporation of large amounts of LN2 in order to heat up the CMSB for de-
sorption. 

5. Consistency with the ITER approach in providing cooling capacity for the users. 
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Design studies were supported by computer modelling of the adsorption brake through 
curves. The results of the calculations will be published in the proceedings of the SOFT-24 
conference. 

  
  

  

  

Adsorption time, day 5  
H2 extraction rate, mol/day 13 
Stoichiometric capacity of the bed, 
mol 65 

MS-5A ads. Capacity mol/g 4.34x10-4 
Bed density 740 
Stoichiometric adsorbent amount 150  
Bed cross section area, m2 0.245,  
Superficial gas velocity, m/s 3.62x10-3  

Used bed length, m 0.83,  
Unused bed length, m 0.07 
Total bed length, m 
for the sake of spare space 

0.90 
0.95 

Total bed volume, m3 0.233 
Adsorbent amout, kg (wet) 172 
Adsorbent amount, kg (dry) ~ 170 
 

 
Fig. 1: 1:1 ITER TBM Cryogenic Molecular Sieve Bed 
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TW4-TTFD-TR 46 
Design, Experimental Plan and Procurement of Cryogenic Distillation System 
for Isotope Separation Tests for ITER 
 
The Water Detritiation System (WDS) of ITER is one of the key systems to control the tritium 
content in the effluents streams, to recover as much tritium as possible and consequently to 
minimize the impact on the environment. In order to mitigate the concern over tritium release 
into the environment during pulsed operation of the Torus, the WDS and Isotope Separation 
System (ISS) will operate in such way that WDS will be a final barrier for the processed 
protium waste gas stream discharged from ISS.  

To support the research activities needed to characterize the performances of various com-
ponents for WDS and ISS processes in various working conditions and configurations as 
needed for ITER design, an experimental facility called TRENTA based on the combination 
Combined Electrolysis Catalytic Exchange (CECE) – Cryogenic Distillation (CD), representa-
tive of the ITER WDS and ISS protium separation column, is under full commissioning at 
TLK. 

The block diagram of the TRENTA facility is shown in Figure 1.  
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Fig. 1:  Block diagram of the TRENTA facility. 
 

The cryogenic distillation system which consists of refrigeration unit, cryogenic distillation 
cold-box including the cryogenic distillation column has been manufactured and installed in 
the Tritium Laboratory. 

The refrigeration unit has been commissioned and the results are presented below. The 
scope of the commissioning of the refrigeration unit was to characterize the functioning of the 
compressor and gas purification unit and the cryogenic cycle when a certain heat load was 
introduced in the system by an electrical heater that simulates various loads from the con-
denser of the cryogenic distillation column. Two operational modes have been tested: full 
power mode and flexible power mode. In full load power mode, experiments can be carried 
out using the maximum cooling capacity of the plant at 16K. In the flexible power mode, a 
slow continuous adjustment of the plant capacity to the experimental requirements within the 
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capacity limits between 50 W and 250 W is possible. One of the requirements of the control 
system of the refrigeration unit was to control the lowest temperature of the helium stream 
provided to the cryogenic distillation column within a range less than 0.1K. The basis for this 
requirement is to allow performing investigations in the transitory regimes of the cryogenic 
distillation process due to thermal and composition fluctuations as expected within ITER ISS. 
The time evolution of the lowest temperature of the refrigeration unit during four hours of ac-
ceptance test is shown in Figure 2 (in between the two horizontal bars). 

 
Fig. 2: The acceptance test of the TRENTA refrigeration unit. 

 
The cryogenic distillation column, 2.7 m active length and 55 mm in diameter, has been 
manufactured and installed in the cryogenic distillation cold-box. The commissioning of the 
refrigeration unit with the cryogenic distillation column is ongoing. In 2007 investigations of 
two types of packing, Sulzer Ex and Helipack C with respect the separation performances 
and liquid hold-up are planned to be carried out. 
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TW4-TTFD-TR 47 
Upgrading of LPCE (Liquid Phase Catalytic Exchange) Column for Trade-off  
Studies between WDS and ISS  
 
The Combined Electrolysis Catalytic Exchange (CECE) process, based on Liquid Phase 
Catalytic Exchange (LPCE) column, developed in the TRENTA facility consists of two main 
units:  

• A preparatory unit for the tritiated water to be fed into the electrolysers and the LPCE 
column. This unit should receive the tritiated water from the TLK infrastructure and from 
the LPCE column and prepare the required composition of tritiated-deuteriated water 
for different operation conditions. It consists of several vessels, pumps and pipework.  

• A tritium water processing unit, which basically consists of the LPCE column and the 
two enhanced electrolysers for operation with tritium.  

From the preparatory unit, the tritiated water can be sent both to the electrolysers and to the 
LPCE column. The feeding location into the LPCE column depends on tritium and deuterium 
content of feed water to be established for each campaign of experiments. In the preparatory 
unit, the enriched water in deuterium and tritium withdrawn from the bottom of the LPCE col-
umn should be mixed with demineralised water in order to achieve the required tritium and 
deuterium content specific for each campaign. The deuterium content in the processed water 
will be in the range of 10-3 up to 10-4 deuterium atomic ratio and tritium content in the range of 
5×108 Bqkg-1 up to 5×1010 Bqkg-1. 

The LPCE column is filled with a mixture of catalyst/packing developed by TLK and ICIT 
Romania. The length of the LPCE column is 8 m and it is provided with feeding and sampling 
points at every 2 m. At the top of the LPCE column, demineralised water is supplied at differ-
ent flow-rates in order to achieve inside the LPCE column specific ratios between gas and 
liquid. The vapours carried by the hydrogen stream at the top of the LPCE column are con-
densed and returned into the LPCE column. From the top of the LPCE column, the decon-
taminated hydrogen is released to the TLK stack via a flame arrester and a water seal pool.  

The tritiated and deuteriated hydrogen to be fed into the bottom of the LPCE column is pro-
vided by two solid polymer electrolysers (SPM) enhanced for tritium operation. The content 
of deuterium and tritium in the water fed into the electrolysers should be kept as constant as 
possible during one campaign of experiments. Therefore, special procedures for water 
preparation are implemented.  

The oxygen stream produced by water electrolysis is sent for decontamination to the oxygen 
stripping column. In the stripping column, the tritium and deuterium contained in the vapours 
carried by oxygen stream are transferred into demineralised water fed in at the top of the 
column. At the bottom of the stripping column, a catalyst bed is provided with the aim to con-
vert to water the hydrogen that may be contained in the oxygen stream. From the bottom of 
the stripping column, the tritiated and deuteriated water is sent to the preparatory unit for 
further processing. 

The installation and commissioning of all components of the CECE process have been com-
pleted.  

The control system of the TRENTA facility consists of three main parts: over-pressure and 
over-temperature protection system, interlock system and process control. The process con-
trol was developed in order to provide the necessary control loops and measurements such 
that the mass balance around the TRENTA facility can be checked. During commissioning 
the over-pressure and over-temperature protection system have been verified. The pumps 
control system as function of various level indications has been proven. The functionality of 
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the sampling points on gas and liquid phase has been checked and preliminary results are 
already available. The associated analytics (Omegatron mass spectrometer, on-line Quadru-
pol mass spectrometer, Fourier transformed infrared spectrometer) have been individually 
calibrated and mass balance checks on steady-state overall experimental facility have been 
performed. 

The temperature controllers of the heaters, namely the electrical heaters of boiler and the 
feeding streams have been adjusted in a narrow range of less than 1˚C. 

The operation control system of the CECE process of the TRENTA facility is shown in Fig. 1. 

 
 

Fig. 1: The operation control system of CECE process. 
 
 

In the actual configuration of the TRENTA facility, the tritiated water may contain tritium up to 
10 Cikg-1, while for the deuterium content a wide range of concentration can be used and 
only administrative limits should be considered.  

The trade-off studies between the CECE process and Cryogenic Distillation process will be 
focused on the following issues: 

• Operation of the LPCE column with composition fluctuation in the stream returned from 
the CD column 

• Operation of the CD column with composition and flow rate fluctuations in the feeding 
stream 

• Operation in different dynamic modes in order to validate and benchmark the TRIMO 
code. 
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EFDA/05-1237 (TW5-TTFD-TPI 51) 
Development of ITER PRM and Standard Parts Catalogues in CATIA V5 for  
Tritium-containing System and Components 
 
Introduction and objectives 
 
Since the beginning of the ITER project CATIA software packages by Dassault Systemes 
have been the basic CAD tool. During the development of ITER the CAD system has devel-
oped from CATIA V4 to CATIA V5 supported by Project Management Systems ENOVIA 
VPM and ENOVIA LCA. Not only mechanical design but also circuit design was already pro-
duced in CATIA V4 AEC for the Tritium Plant HVAC ADS/VDS systems for FDR 2001. As the 
requirements for the system design increased, ITER IT surveyed the CATIA V5 Equipment 
and Systems design workbench (CATIA V5 E&S) together with ENOVIA LCA Project man-
agement system with a view to its application in design of piping, HVAC and other systems of 
ITER. Proof of Concept activities in the ITER DO have shown that CATIA V5 E&S CAD soft-
ware will suit ITER requirements in the planned design disciplines. 
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Example of the CATIA intelligent Piping and Instrumentation Diagram: part of SDS system of ITER Tritium Plant 

 
 

CATIA V5 Equipment and Systems is a CAD system intended for design and integration of 
mechanical, electrical and fluid systems. The wide range of applications, such as Piping & 
Instrumentation Diagrams (P&ID), Heating, Ventilation and Air Conditioning (HVAC) Dia-
grams, Piping Design, Tubing Design, HVAC Design, and Equipment Arrangement provides 
the ability for the upstream design process from the functional 2D design (P&ID, HVAC dia-
grams) to the 3D detailed design. Intelligent P&ID are integrated with detailed 3D design giv-
ing the possibility to propagate design data and insure design consistency between the 
schematic 2D design – P&ID diagrams – and the detailed 3D design. One of the main part in 
the systems engineering is creating of the consistent and structured database containing all 
necessary information on systems components. Using CATIA V5 E&S software tools the 
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project database is filled with the required information simultaneously with production of 
P&IDs or 3D detailed design. In other words, in this case the CAD system serves as a 
graphical interface intended to automate the creating of the project database. However, one 
should understand that data structure in the project should be decided before the design 
process starts. Depending on the project, in most cases the project specific data structure is 
required. In addition, a number of other project specific requirements shall be implemented in 
the CAD system, such as components classification, identification system, project standards 
and specifications, design rules, drawing standards. In CATIA V5 E&S specific resources are 
implemented through the Project Resources Management system. The Project Resource 
Management (PRM) is a framework of the project which, on the one hand, gives a tool to 
customize the working environment. On the other hand it organizes the design process to 
ensure design compliance with established standards, specifications, standardization, indus-
trial conventions, terminology and practice. Feature Dictionaries, Catalogues for components 
as well as for standards and specifications are main parts of the CATIA V5 PRM. 

In addition to the CAD system the Project Data Management (PDM) system is necessary to 
be applied in order to allow data validation, product management, product life cycle, systems 
configuration. There are several PDM systems supporting CATIA V5: ENOVIA VPM, ENO-
VIA V5 LCA, SmarTeam. 

 
 

Example of detailed 3D layout in CATIA V5 E&S 
 
 

Scope of the task includes the development of the ITER PRM, in order to create 2D symbols 
catalogue in CATIA V5 and to create catalogues of 3D parts for the systems that compose 
the Tritium Plant. The elements of P&ID, pipes, piping parts and equipment will carry attrib-
ute information that is defined in the PRM. 
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Work performed 
 
An intensive work was performed in collaboration with other groups in ITER collecting all re-
quired engineering data to be implemented in CATIA V5 E&S PRM: component classifica-
tion, drawing standards, engineering standards, specifications. As a result a first version of 
PRM was composed and tested in FZK and supplied to the ITER CAD Office. 

The draft report on all deliverables was presented in November 2006. 
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EFDA/05-1239 (TW5-TTFD-TPI 52) 
Development of a Resource-loaded Schedule for the Overall ITER Tritium Plant 
Integration  
 
The objective of the task is to develop the resource-loaded time schedule for the overall Trit-
ium Plant Integration. The Tritium Plant design main activities will comprise designing of sys-
tems: Tokamak Exhaust Processing (TEP), Isotope Separation System (ISS), Water Detritia-
tion System (WDS), Storage and Delivery System (SDS), Analytical System (ANS), Atmos-
phere Detritiation System (ADS), Vent Detritiation System (VDS) and auxiliary systems with 
high degree of integration, Automated Control System (ACS), Safety System (SS) and sec-
ondary containments. The task covers the development of an integrated overall resource-
loaded time schedule for the ITER Tritium Plant, based on inputs from systems design tasks 
to be provided by the responsible Participating Teams PT’s. 

The required time schedule for Tritium Plant Design and Integration is made in conjunction 
with the over-all time schedule for ITER. Eventually this activity should extend up to including 
stand-alone system and integrated plant commissioning to co-ordinate installation and com-
missioning of the Tritium Plant systems with building construction, with infrastructure and 
with other interfaces. The main activities monitored in the resource-loaded time schedule for 
the Tritium Plant are presented in Figure 1.  

ID WBS Tas k Nam e

1 1 ITER Construction Sche dule
2 1.1 ITER International O rganization
3 1.2 License to construc t
4 1.3 Buildings
5 1.4 Comissioning
6 1.5 Firs t plasma
7 1.6 H plasma phase
8 1.7 D Phase
9 1.8 DT Phase
10 2 ITER Design Integration
11 2.1 *  Q A Plan for ITER
12 2.2 *  Installation plan
13 2.3 * Plan for comiss ioning
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Fig. 1: Monitored activities for the Tritium Plant 

 
A total number of approx. 220 tasks are currently monitored; the systems which are detailed 
more are the ones where EU-PT is responsible that are WDS and ISS. Considering on one 
hand the complexity of the Automated Control system and on the other hand the experience 
of EU related to this activity, this system was also thoroughly detailed.  

In 2006 an evaluation of the tasks foreseen to start or develop in 2007-2008 have been done 
and the following priorities have been established:   

• Establishing the process flow diagrams for the detritiation systems, ADS, VDS and WDS. 
Related to these systems, tasks (contracts) inside the EU-PT have been launched and 
the deadline agreed is within the dates established in the time schedule. 

• Design work for the ISS (covered by the ITER task ITA 32- 07). As it is envisaged to com-
bine WDS and ISS the detailed design of these systems will be covered by an EFDA 
task, and an agreement upon the content of this task and deadlines is already estab-
lished. It is therefore considered that the current plans are in-line with the time schedule. 
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• The detailed design activity for the SDS should end December 2008, however no addi-
tional details related to planning, status or on-going activities inside the Korean PT is 
available. 

• Related to the detailed design activity for TEP, this should also end December 2008 and 
the US participating team confirmed the initial planning without detailed specification u-
pon WBS inside the US PT for this system.  

• Urgent work is the work corresponding to the ACS-SS. A unified Automated Control Sys-
tem for the Tritium Plant is envisaged with a common Tritium Plant Process Control 
Room. Automated Control System and Safety System are independent from the opera-
tional point of view, however they have to be designed in conjunction. The design of the 
Tritium Plant ACS-SS needs as inputs P&ID’s for the sub-systems (WDS, ISS, ANS, 
SDS, TEP, ADS, Tritium Extraction from Breeder Blanket Module). In Europe IEC 61508 
standard is accepted for industrial plants (chemical, etc.), however the use of this stan-
dard for the tritium plant is not yet adopted. Until present no analyses into the conse-
quences of adopting this standard or a hardwired solution for the SS have been done and 
it is considered of highest priority to make a decision due to implications related to the 
design/procurement for the subsystems, design integration issues and management of 
the Tritium Plant as a whole.  

• Related to the ANS, for this system design activities were planned to start in 2007. As for 
the ACS-SS, this system is not allocated to PT’s but covered by fund. Because of the 
R&D and design activities performed within the last year, it became more clear the ne-
cessity and importance of an accurate analytical system, for operation and for tritium in-
ventory procedure (licensing).  

The resource-loaded time schedule for the Tritium Plant activities show that the activity of the 
inactive commissioning of the Tritium Plant might end in 2015. At this moment in time the 
major uncertainties in the time assessment for sub-tasks are due to: 

• If the IEC 61508 standard will be considered as unacceptable the tasks related to the 
Safety System will have to be re-evaluated; 

• All the tasks related to installation and commissioning will have to be re-evaluated when 
the Installation plan and Commissioning plan will become available. However it is impor-
tant to mention that the time schedule for design and manufacturing is considered to be 
rather accurate; therefore this information from the Tritium Plant can be used as input da-
ta for the Installation plan and Commissioning plan from ITER IT. 

Recently, PRIMAVERA was adopted as the management software tool for both ITER IT and 
EU-DA planning. The present work done in Microsoft Project can be easily integrated in a 
PRIMAVERA project. As the design, installation and commissioning will advance perma-
nently updates will be needed and it is highly recommended that the resource-loaded plan-
ning activity will be carried on by ITER-IT. 
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EFDA/05-1240 (TW5-TTFD-TPI 53) 
Definition of Interfaces and Supply Limits between Tritium Plant and Torus 
Pumping, Fuelling, Neutral Beam and Wall Conditioning Systems  
 
The evaluation of the interfaces have been made mainly related to the processing of different 
technological streams between vacuum pumping, fuelling, wall conditioning systems and the 
tritium plant. In some cases when data concerning the utilities have been available, the con-
sequent interfaces with the tritium plant have been identified. However, it is considered that 
this issue will have to be further developed when detailed information of the equipment is 
available. 

The tritium plant consists of the following subsystems: 

• Tokamak Fuel Cycle Subsystems 

• Confinement and Detritation Systems (ADS, Ventilation Detritiation System, Glove box 
Detritiation System, Water Detritiation System) 

• Room Depression Systems 

• Tritium Monitoring Systems (Safety and Area Monitoring) 

• Building Ventilation Systems (Tokamak, Tritium, Hot Cell, Radwaste) 

• Utilities (Compressed air, Normal & Safety Chilled Water, Breathing Air) 

• Contaminated drain collection and transfer system (Tokamak, Tritium, Hot Cell Bldg, etc.) 

• Electric Power Supply Network (Class IV-A/B, III-A/B, II-A/B) 

• Plant Operation Control and Interlock.  

DDD’s of 2001 have been used as reference for the development of this task. In some cases 
when the developments have been agreed between the parties responsible for the systems 
which have interfaces and if no major changes have been required, the results of R&D pro-
grams have been considered in the present definition of the interfaces. 

The interfaces have been characterized with respect to time evolution of the flow-rates, pres-
sures and gas stream compositions during burn, dwell phases and wall conditioning. A tree 
structure configuration has been implemented for the management of this task. 

The main issues to be considered during the design activities of the systems analysed in the 
frame of the task are summarized below:  

1. Interfaces between the fuelling system and the tritium plant 
 
For the fuelling system, there are still on-going R&D activities and the results have to be con-
sidered for a detailed and improved quantification of the interfaces. As far as gas processed 
in the fuelling system is concerned and the potentially ablated and recovered gas from the 
pellet injector systems to be processed in the TEP and ISS, the actual configuration and size 
of the ISS will allow processing with an increase in the tritium inventory. Based on the avail-
able data from pellet injector operation strategy the impact on ITER ISS has been evaluated 
for the 8 typical fuelling cases: 

 An accurate evaluation of the tritium inventory within the ITER ISS can be done when the 
operation procedure within the fuelling system and the detailed design of TEP will be avail-
able to be implemented in the TRIMO code. 
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Typical Fuelling cases 1 2 3 4 5 6 7 8 

T/D ratio 25/75 40/60 50/50 50/50 60/40 70/30 75/25 90/10 

D2 flow rate 84 48 0 40 4 0 0 0 

DT flow rate 6 42 120 30 66 50 30 0 

Tritium flow rate 30 30 0 50 30 50 50 50 

Total flow rate 120 120 120 120 100 100 80 50 

 

2. Interfaces between vacuum pumping system and the tritium plant 
 
As far as vacuum pumping is concerned, the data available in the DDD 3.1 give detailed in-
formation on the interfaces with the tritium plant. The proposal to design a single pumping 
train with the duty to lower the cryopump pressure down to 10 Pa and providing the feeding 
pressure of the front end permeators up to at least 0.25 MPa should be evaluated with re-
spect to the simplicity of the process and easy operation. 

3. Interfaces between wall conditioning systems and tritium plant 
 
For the wall conditioning system, the P&ID has to be developed in order to define the utilities 
required. The processing route for the tritiated water recovered during regeneration of the 
molecular sieve beds is not defined. The proposal to collect the tritiated water from the wall 
conditioning system and the vacuum pumping system during high temperature regeneration 
has to be evaluated in more detail and a procedure to process the highly tritiated water to be 
implemented within the tritium plant. 

In order to recover tritium from the deuterium stream used for glow discharge cleaning, an 
appropriate feeding location on ISS has to be considered in correlation with the ablated gas 
from the pellet injector.  

4. Interfaces between neutral beam injectors and the tritium plant 
 
FMEA studies related to the NBI injectors showed that water leaks from various water cooled 
components determine the functional availability of the system. Therefore, procedures for 
recovery of the water especially during high temperature regeneration have to be imple-
mented. The water like impurities will be accumulated on the feed side of the permeator, and 
hence need to be removed in order to keep the permeation capacity and to avoid condensa-
tion during cool down of the permeator. 

The interfaces with the Atmosphere Detritiation System during maintenance activity within 
the NBI box when fully opened to torus have to be considered with respect to tritium trapped 
on NBI cryopanels and tritium out-gassing from in-vessel components  
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EFDA/05-1251 (TW5-TTFD-TPI 54) 
Development of a Tritium Manual for ITER 
 
A Tritium Manual is required for use by ITER designers and operators as the prime source of 
relevant information on tritium properties, tritium processes in ITER, tritium compatible com-
ponents, tritium safety, QA procedures and design guidelines for ITER systems that handle 
tritium. It will be mandatory to use components and devices for ITER tritium systems recom-
mended in the manual and to follow procedures laid down in the manual.  

The initial objective of the task is to initiate the construction of the ITER Tritium Manual on 
the ITER Baseline website in a format similar to the existing ITER manuals using the ITER 
Document Management System. The list of topics is agreed and the information is now being 
assembled for inclusion in the Tritium Manual before approval. As the manual will need to be 
valid for up to 40 years the format will reflect this as far as can be foreseen, noting that over 
this period there will be many revisions and updates of the information and also that nature of 
information technology will change radically. The Manual will contain lists of recommended 
components from specific manufacturers that are to be used in the construction of ITER trit-
ium systems. As further work on the design of the ITER Tritium Plant is anticipated over the 
next few years the manual will need to be updated to reflect these developments. 

A draft report on deliverable 2 was presented in July 2006 and draft versions of volumes 1 
and 2 posted in the ITER Document Management System (IDM) allowing them to be avail-
able for review by interested parties from the ITER project.  
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EFDA/05-1342 (TW5-TTF-TLK) 
Documentation of ITER-relevant Experience Gained from Operation of the 
Tritium Laboratory Karlsruhe (TLK) in 2005 and 2006 
 
The Tritium Laboratory Karlsruhe (TLK) is a semi-technical facility which was founded with 
the aim of establishing tritium handling techniques in Europe and to develop the technologies 
for the fuel cycle of future fusion reactors. Now, the principal objective of the Tritium Labora-
tory Karlsruhe at FZK is the hosting of experiments operated to prepare for the procurement 
of components for the Tritium Plant of ITER. TLK now has a license to hold 40 g of tritium 
and has gained considerable experience in handling tritium since the first license was 
granted in 1993. In an experimental area of around 1000 m² there are glove boxes with a 
total volume of about 125 m³ which are available for the experimental R&D work at TLK. In 
addition, experience gained in the operation of the TLK infrastructure provides valuable con-
tributions to the design and preparation of operating procedures for the ITER Tritium Plant. 
The objective of this task was to cover aspects of operation of TLK related to ITER Tritium 
Plant experiments and to provide for documentation of technical data on operation of the TLK 
infrastructure which are of relevance to ITER. 

The TLK infrastructure, comprising the subsystems for tritium storage, a clean-up system for 
the recovery of tritium, a hydrogen isotope separation system, an analytical system and in-
cluding confinement of tritium with tritium retention and monitoring, was operated continu-
ously in 2006 [1]. The infrastructure supplied the tritium necessary for technical experiments, 
took back the tritium after the experiments were finished and processed the returned gases 
for reuse. The main emphasis was on the support of the experimental facility CAPER for the 
processing of simulated plasma exhaust gases expected from a fusion reactor. After the 
modification of the Isotope Separation System (ISS) in 2005 a comprehensive commission-
ing program was carried out for the active operation with tritium. Following successful cold 
commissioning, first runs with 30% and 70% tritium in the gas batches to be separated have 
been carried out. The ISS is now available again for the separation of all hydrogen mixtures 
arising at TLK and its operation has been greatly simplified. 

More than 40 molecular sieve beds from the different Tritium Retention Systems (TRS) of the 
glove boxes have been regenerated using the AMOR facility up to the end of August 2006 
and the collected tritiated water sent to the waste treatment department of FZK for disposal. 
Because of other research activities in TLK, the AMOR facility had to be relocated to another 
area of the laboratory. After a short commissioning phase the AMOR facility returned to full 
operation and the first regenerations of tritium loaded molecular sieve beds have been car-
ried out successfully. 

The programme to modify the original facilities and systems after more than 12 years of trit-
ium operation continued throughout 2006. Parts of the tritium monitoring system for the room 
air and the atmosphere in the glove boxes have been replaced so that the preconditions for 
the operation of the system for the next 10 years are fulfilled.  

As a result of destructive inspection work to determine the failure of experimental compo-
nents, the repair glove box became heavily contaminated with tritium-containing dust; even 
the lines to the ionization chamber and the ionization chamber itself used to monitor the 
glove box atmosphere were contaminated. After an extensive decontamination programme 
the contamination in the repair box and in the connecting lines was cleared up to acceptable 
levels. The glove box is now in full operation again. The experience at TLK now makes it 
possible so that tasks, such as the replacement of a failed pump in the Central Tritium Re-
tention System, is now a routine procedure for the TLK staff. Despite several interventions on 
tritium systems, no member of the TLK staff has received a recordable radiation dose in 
2006 due to tritium.  
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TW5-TSS-SEA 3.5 
In-vessel Safety: Mitigation of Hydrogen and Dust Explosions 
 
Objectives 
 
Risk studies for ITER have shown possibilities for the generation of reactive hydrogen-dust-
air mixtures, which after ignition could result in potential pressure loads to the vacuum vessel 
and in the mobilization of tritium. This work aims at fundamental understanding and numeri-
cal modelling of hydrogen and dust explosions for ITER-typical gas and dust mixtures. The 
results will be used to derive effective mitigation measures against hydrogen/dust reactions 
in ITER. 

To evaluate the dust explosion hazard in ITER, it is proposed to develop a semi-
phenomenological code suitable for modelling the combustion/explosion process under ITER 
typical conditions for the whole variety of the accident scenarios. The main objective of this 
work is to complete the experimental data on ITER-relevant dusts to support the code devel-
opment/validation. The effective dust burning rates necessary for the code combustion mod-
ule are to be measured depending on the dust particle size, dust concentration, and turbu-
lence level using the method of open-end combustion tubes. Another activity on this way is to 
support mitigation methods of the dust/hydrogen explosion hazard. To this aim, the Limiting 
Oxygen Concentrations of explosion atmospheres preventing the dust/H2 explosions are to 
be measured. 

Status 
 
The investigations of the explosion behaviour of some ITER-relevant dusts have been per-
formed in 2002-2005 using a standard method of a 20-l sphere. The explosion indices of fine 
graphite and tungsten dusts and their mixtures, and their dependences on dust particle size, 
have been measured. The tested dusts appeared to explode in wide concentration ranges 
generating overpressures about 5-7 bar; the minimum ignition energy was evaluated as 2 kJ. 
Further tests with 8 to 18 vol. % hydrogen added to graphite-dust/air mixtures showed the 
possibility of the cloud ignition by a weak electric spark, if the hydrogen content is higher than 
10 vol. %. At hydrogen concentrations higher than 12 vol. % the combined hydrogen/dust/air 
explosion can generate rates of pressure rise higher than hydrogen/air alone. In case of a 
strong ignition source, the dust-fuel constituent increases the hydrogen-relevant maximum 
explosion overpressure at any of the tested concentrations.  

In 2005 tests were performed to support an inerting method to mitigate the hydrogen/dust 
explosion hazard in ITER. The limiting oxygen concentrations were measured for 4-micron 
graphite dust using the 20-l sphere method. The oxygen content in the pre-explosion atmos-
phere was varied from normal 20.8 vol % to 10 vol. %. The tested mixtures were ignited by 2 
or 10 kJ chemical igniters. It was shown that even a weak dilution of the dust-cloud atmos-
pheres could reduce drastically the resulting pressure loads.  

Another experimental technique has been developed to measure efficient burning velocities 
of the flame propagating in the quiescent dust/air mixture under concern. The velocity data 
are to be used in a semi-empirical code to model H2/dust explosions in ITER. First tests were 
performed with 4 μm graphite dust in a 15 cm inner diameter 2 m long open combustion 
tube. The tests indicated the importance of the scale effect for the flame propagation in the 
tested clouds. For this reason, the preparation of a larger open combustion tube of 35 cm 
diameter and 3 m length for further tests was started.  
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Results 
 
The Limiting Oxygen Concentra-
tion measurements have been 
continued in 2006 with 1 μm 
tungsten dust using the 20-l 
sphere method. The tests were 
performed at normal initial condi-
tions. As a dilution gas nitrogen 
is used to reduce the oxygen 
concentration in the pre-
explosion atmosphere. The mix-
tures were ignited by 5 kJ chemi-
cal igniters. Only one dust con-
centration of 3000 g/m3 was 
tested. The results are presented 
in Fig. 1, where the maximum 
overpressure and rate of pres-
sure rise are plotted versus oxy-
gen content in air diluted with 
nitrogen. The explosion regimes 
observed seem to be exagger-
ated because of a too high igni-
tion energy for a small combus-
tion volume. However, the value 
of 14.5 vol. % O2 can be consid-
ered as a conservative estimate 
for the Limiting Oxygen Concen-
tration of 1 μm tungsten dust. 

A large combustion tube of 35 
cm inner diameter and 3 m 
length (PROFLAM II facility) has 
been completed to prepare for 
the tests with 4 μm graphite dust (see Fig. 2). A series of dispersion tests have been done to 
choose the proper dispersion pressure, dispersion reservoir volume, and dispersion timing. 
The best dust cloud homogeneity is obtained with the 300 l pressure reservoir pressurised to 
20 bar. Typical high-speed shots of the dispersion process are shown in Fig. 3.  

 
Fig. 2: PROFLAM II facility. 
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Fig. 1: Maximum overpressure (a) and rates of pressure rise (b) measured 

with 1 μm tungsten dust of 3000 g/m3 cloud density in nitrogen-diluted 
air ignited by 5 kJ igniters versus oxygen content. 
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In order to establish the limits of flame propagation and to provide the dust cloud parameters 
for measuring the effective burning velocities, a series of flame propagation tests was per-
formed. The tests were made in the closed tube varying the dust cloud density, dispersion 
process parameters, and the ignition energy. The dust clouds were ignited at one of the tube 
ends with chemical igniters of 10 to 30 kJ thermal energy. The dust cloud density ranged 
from 150 to 600 g/m3. The dispersion pressure was 5 and 20 bar. In all the tests no flame 
propagation was observed. The maximum overpressures were about 1.5 bar independent of 
dust density and dust cloud volume.  

 
230 ms 290 ms 350 ms 

 
480 ms 590 ms 640 ms 

 
Fig. 3: Dispersion of 4 μm graphite dust in PEOFLAM II tube. 

 

The results are in contradic-
tion with the previous ones 
obtained in 20-l sphere. The 
possible reasons of the fail-
ure to ignite the dusts are 
considered including (i) poor 
dust dispersion in a bigger 
tube giving non-homo-
geneous dust clouds, (ii) 
lower level of turbulence 
provided by a weaker dis-
persion system; (iii) different 
particle size of the dust dis-
persed in the 20-l sphere by 
a powerful dispersion and in 
a larger volume with a 
weaker dispersion device, 
(iv) different initial conditions 
in the 20-l sphere and in 
larger volumes at the mo-

 
 

Fig. 4: PROFLAM I facility. 
 



 -- 344 --

ment of ignition. Further tests are planned to clarify the issue: providing a more powerful dis-
persion regime to get higher dust spatial density distribution homogeneity and stronger turbu-
lence level; use a finer dust; and some tests at elevated initial pressures. 

The 15 cm inner di-
ameter open combus-
tion tube has been 
finally built up this year 
(PROFLAM I facility, 
see Fig. 4). It consists 
of a 3 m length metal 
tube with 40 measur-
ing ports connected to 
a 11 m3 dump tank 
rated to 3 bar, and 
vacuum, dispersion, 
ignition, and meas-
urement systems. 
Several tests have 
been performed with 
the tube charged with 

the 4 μm graphite dust and some hydrogen added to the pre-dispersion atmosphere. The 
main purpose was to test the functionality of the facility and its systems and to get first results 
on detecting flame-arrival times with the thermocouples. Typical signals recorded from the 
thermocouples in a combined hydrogen/dust test of 15 vol. % of hydrogen and 200 g/m3 
graphite dust ignited by a weak electric spark are shown in Fig. 5. The shape of the curve 
recorded by the farthest sensor even has two peaks that could reflect the two flame fronts 
coming to the sensor location, first the hydrogen, and second the dust flame fronts. One can 
see that the system can resolve even the fast propagation of hydrogen flame.  

In all the tests the pressure recorded at the close end was stable about 1 bar with no signifi-
cant variations. It means that in all the tests the flame propagated over a quiescent mixture. 

Outlook 
 
Measurements of LOC of tungsten/hydrogen/air mixtures in DUSTEX facility.  

Further tests in PROFLAME II facility on flame propagation in fine graphite dusts.  

Study of flame propagation in graphite clouds in hydrogen containing atmospheres 
(PROFLAME I facility).  
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Fig. 5: Thermocouple signals in combined hydrogen/dust test. 
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EFDA/05-1369 (TW5-TSS-SEA 3.5) 
Development of a Dust Explosion Computer Model 
 
Objectives 
 
To understand and predict behaviors of tons of dust expected in the vacuum vessel in ITER, 
especially in case of Loss Of Vacuum Accidents (LOVA), fundamental studies about aerosol 
particle transport should be performed. Therefore, this task is devoted to developing numeri-
cal models of dust mobilization and to realising dust simulations based on the Computational 
Fluid Dynamics (CFD) computer code GASFLOW. In detail, three objectives are defined, (i) 
establishing of the governing equation system for particle transport and modeling of particle 
diffusion, suspension and deposition; (ii) reviewing the analytical and experimental data for 
benchmarking the numerical models; (iii) validating the dust models based on the theoretical 
solutions or data. 

Main results 
 
1. Numerical models 
 
1.1 Governing equations of particle transport 

A Lagrangian discrete particle transport model is established to describe the particle motion 
in a conveying gas flow. The equations are solved numerically in GASFLOW independently 
of solving the fluid dynamics equations. It is assumed that the dust cloud is diluted enough so 
that the presence of particles does not affect the accompanying gas flow at all. This assump-
tion is especially suitable for the situation possibly taking place in ITER. The governing equa-
tions of particle motion are as follows, 
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where, 

ppp z,y,x  the coordinates of particle location, 

ppp w,v,u  the directional particle velocities, 

ggg w,v,u  the directional fluid velocities, 

gp U,U
rr

 the velocity vectors of particle and fluid, respectively, 

Inertial 
acceleration 
in cylindri-
cal system Drag 

force Gravity
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gp ,ρρ  the density of particle and fluid, respectively, 

pd  the diameter of particle, 

zyx g,g,g  the directional gravities, 

ξ  the geometry factor (0 for Cartesian coordinates and 1 for cylindrical coordinates), 

DC  the drag coefficient, defined as, 
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pRe  the particle Reynolds number, defined as, 

 
ν

−
=

pgp
p

UUd
Re

rr

 (1-4) 

ν  the fluid kinematic viscosity. 

1.2 Particle turbulent dispersion model 

The overall velocity of particle includes mean velocity and diffusion velocity, namely, 

)(erf
t

uuuu pdiffpp 1
14
ζ

δ
λ

±=+= −  

)(erf
t

vvvv pdiffpp 2
14
ζ

δ
λ

±=+= −                (1-5) 

)(erf
t

wwww pdiffpp 3
14
ζ

δ
λ

±=+= − , 

where, 

ppp w,v,u  the directional mean velocities of particle, 

λ  the particle diffusion coefficient, 
tδ  the time step of numerical scheme, 

321 ζζζ ,,  the random numbers between zero and one. 

The λ  is determined by a turbulent dispersion model for particles. The model is formulated 
as, 
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where, 

turbμ  the turbulent dynamic viscosity, 

pSc  the particle Schmidt number, 

pτ  the particle relaxation time, 
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gτ  the fluid relaxation time. 

2. Validation 
 
2.1 Particle trajectory validation in case of Cartesian coordinate system 

I. Without gravity 

As shown in Figure 1, a uniform advection Stokes 
flow with velocity of 0u  is contained in a 2D chan-
nel. The particles are injected into the gas flow 
with an initial velocity of 0V in the transverse direc-
tion. Then the particles are entrained to move. 

This problem is simulated by using the GASFLOW 
particle model. The simulated particle trajectory is 
shown in Figure 2. For comparison, the particle 
transport equation is solved directly in case of a 
small Reynolds number corresponding to Stokes 
flow. The theoretical solution describing the parti-
cle trajectory is obtained as, 
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The equations of particle motion are solved by using a numerical scheme outside of GAS-
FLOW, the trajectory of which is also shown in Figure 2 as the series of “Numerical”. The 
comparison clearly demonstrates that the particle transport model of GASFLOW works in a 
proper way. 
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Fig. 2:  Trajectory comparison in a Cartesian system without gravity. 

 
Fig. 1: Trajectory validation problem in a Cartesian 

system without gravity. 
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II. With gravity 

Based on the problem I, gravitational terms are considered. The problem and the results are 
shown in Figure 3 and Figure 4, respectively. In the case, the theoretical solution is as, 
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It is obvious that gravity is treated in a right way in the particle model of GASFLOW. 

 

 
Fig. 3: Trajectory validation problem in a Cartesian system with gravity. 

 
 

Fig. 4: Trajectory comparison in a Cartesian system with gravity. 
 
 

2.2 Particle trajectory validation in case of cylindrical coordinate system 

A Stokes flow contained in a 180 degree curved duct has a fluid velocity distribution, where 
the local velocity is proportional to the radial distance to the center of the duct, as shown in 
Figure 5. The particles are injected into the flow with an initial velocity equal to the local fluid 
velocity, i.e., 3 cm/s. In the Figure, the red circle line stands for the particle trajectory simu-
lated by GASFLOW, the blue triangle line is the solution obtained by directly solving the par-
ticle motion equations outside of GASFLOW. The consistency between the two trajectories 
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manifests that the particle solver of GASFLOW works properly in case of cylindrical coordi-
nate system. 

 
Fig. 5: Trajectory comparison in a cylindrical coordinate system. 

 
2.3 Particle diffusion without advection 

The diffusion model is validated in one-dimensional (1D), two-dimensional (2D) and three-
dimensional (3D) cases, respectively. The problem is defined in a 1D pipe, or a 2D square 
box, or a 3D cube with stagnant flow (fluid is quiet). A point source of particle is released in-
stantaneously at the very center of the domain. Then the particle concentrations at 1 second 
and 5 seconds after the release are recorded. The theoretical solution about the concentra-
tion distribution is formulated as, 
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where, 

)t,r(C  the particle concentration at location of r  and the time t , 

Q  the overall particle number being released, 
λ  the particle diffusion coefficient, 
s  dimension option, equal to 1 for 1D, 2 for 2D, and 3 for 3D. 

The three cases of 1D, 2D and 3D diffusion problems are simulated by GASFLOW. Together 
with the analytical solutions, the particle concentration distributions along the distance to the 
position of release at 1second and 5 second are shown in Figure 6, respectively. According 
to the figures, the GASFLOW simulations are almost perfect comparing to the analytical solu-
tions in 1D and 2D cases. In the case of 3D, some random deviations are seen between the 
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simulation points and the theoretical lines. However this would be misleading because the 
deviations are completely statistical effects. If the number of released particle increases by, 
say, 10 times more, it is certain that the discrepancy between the simulating points and the 
solution line would get much smaller. Naturally it will take much longer CPU time to simulate. 
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Fig. 6: Particle diffusion without advection in 1D, 2D and 3D. 

 
2.4 Particle diffusion with advection 

In order to validate further the diffusion model of GASFLOW, an advection diffusion problem 
is established, as shown in Figure 7. The advection flow in a straight channel has a velocity 
of 0V , an area source of particles are released continuously with an initial velocity of also 

0V , from a square box of ].,.[ 5050−  ×  ].,.[ 5050−  in the yx −  plane. The particle concentra-
tion along the x-axis at 10 second is obtained by GASFLOW simulation, as shown in Fig. 8. 

In Figure 8, the black solid line stands for the theoretical solution about the particle concen-
tration derived by using Green’s function method to solve the advection diffusion partial dif-
ferential equations. The solution is formulated as, 
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)t,y,x(C  the concentration at location of )y,x(  and at time of t , 

q  the strength of particle source, 
v  the advection velocity, 
D  the diffusion coefficient, 

cm.x 500 = , 

cm.y 500 = . 

 
 

Fig. 7: Advection diffusion problem. 
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Fig. 8: Particle diffusion with advection, comparison of concentration. 
 
 

In GASFLOW simulations, the grid size is set as 1 cm per cell for beginning, then decrease it 
to 1/3 cm, and then to 1/5 cm. According Figure 8, the numerical solution converges to the 
theoretical one from the coarse mesh to the refined mesh step by step. It is strongly verified 
that the particle diffusion model in GASFLOW can reproduce the physical phenomena cor-
rectly. 
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3. Conclusions and prospects 
 
The numerical models of dust mobilization are established in GASFLOW. The functions of 
particle transport and particle diffusion are validated based on analytical solutions. In the next 
step, the turbulent dispersion model will hopefully be verified against experimental data from 
literature. 
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TW5-TSS-SEA 5.4 
Busbar Arcs Behaviour and Consequences 
 
TW5-TSS-SEA 5.4 D 2 - 4 
Experimental Simulation in the VACARC Facility 
 
High power arcs at the ITER magnet coils current leads (so-called busbars) are a possible 
threat for the cryostat wall which is part of the ITER safety containment. For licensing ques-
tions, this very improbable event must be investigated. Presently no suitable numerical mod-
els with reasonable accuracy are available. Model development turned out to be difficult due 
to low knowledge of arc propagation and destruction behaviour. This was the reason to set 
up a campaign of model experiments on high current arcs propagating along insulated con-
ductors.  

The VACARC experiments continue the experimental contribution to busbar arcs started with 
the MOVARC experiments in the frame of EFDA task TW3-TSS-SEA5.4. The VACARC re-
sults are not intended for direct extrapolation to ITER scale but will be used for the support of 
model development and model validation. In addition, VACARC also provides experimental 
practice for possible full scale experiments. The VACARC setup is based upon an available 
plasma spray device which had been taken out of service several years ago (Fig. 1). The 
VACARC vessel is designed for vacuum conditions which represent a more realistic simula-
tion of the ITER cryostat conditions than the 1 bar argon atmosphere of MOVARC. The 
model conductor is a 10mm copper rod with a 1mm thick steel jacket covered with glass fiber 
insulation. With regard to a real ITER TF busbar, the scale is about 1:4. VACARC was com-
pleted and set into service in spring 2006.  

 
 
Fig. 1: Present setup of VACARC: 1. Vacuum vessel, 2. 120kW power converter, 3. 20kW power converter, 4. control unit for 

power converters, 5. vacuum pumps, 6. data acquisition devices, 7. high-speed camera, 8. video camcorder. 
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A first series of experiments was performed with the 20kW power converter which was used 
already in MOVARC. With identical experimental setup like in MOVARC but with vacuum 
conditions instead of 1bar protective argon atmosphere, the arcs turned out to burn more 
stable at a reduced propagation speed. The enhanced stability allowed for a wider range of 
accessible parameters including considerably higher gap widths. Moreover, now also back-
ward experiments may be performed. While in forward mode the arc burns a gap into the 
insulation and the steel jacket, in backward mode the whole model conductor cross section is 
molten. As the increased melting volume consumes more power, the backward arcs were 
significantly slower which implied also a higher damage to the structure side which was rep-
resented by a 10mm thick steel ground rail. From the safety aspect, this backward mode is 
more dangerous with regard to possible penetration of vacuum barriers.  

 
Fig. 2: The basic setup options (see text). The configurations "a)" and "d)" are preferential, because for currents above about 

300A in the "b)" arrangement the arc extinguishes early, while for the "c)" setup arc movement does not start reliably. 
 
 
Whether an arc moves forward or backward is decided by external forces like convection or 
magnet field. As in VACARC no background field is applied and the pressure is low (< 
1mbar), the magnetic self-forces of the arc column are decisive. As their origin is a local field 
gradient that occurs at bent parts of the current path, the self-forces can be manipulated by 
the layout of the local current path through the model setup. A U-shaped current path gives 
maximum driving forces (in the closed side of the "U" direction) while in a Z-shaped setup the 
driving forces on both arc spots almost cancel out each other, see Fig. 2. Backward burning 
experiments were only possible with the Z-setup above about 300A, while for forward ex-
periments the driving force provided by the U-setup turned out to be advantageous to avoid 
the arc getting stuck with subsequent melting through of the conductor.  

Figs. 3-5 show examples out of the recent experimental campaign. The results of the forward 
experiments confirm the MOVARC findings of a close to linear dependence of the arc propa-
gation speed on total arc power, while there are, however, still deviations due to an unpre-
dictable, special burning behaviour like arc column bending, fluctuations or plasma jets. The 
enhanced stability of VACARC somewhat reduced these effects. Compared to the MOVARC 
results, the arc speed was about a factor of 0.5 lower at comparable setups but with low 
pressure instead of 1bar argon protective gas. For the backward experiments, the arcs 
propagated slower and surprisingly, their velocity was quite constant independent of the arc 
power or other parameters besides the model conductor dimensions. Maybe, a maximum of 
heat ingress at the arc spot is reached here, or the transition region between melting and 
vaporization is entered with the excess energy being used mainly for the second phase tran-
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sition. In the latter case, a further increase of the arc power would cause higher arc speeds 
again.  

 
 
Fig. 3: Frame sequence during the (backward) experiment VA1005. The arc current is about 560A. It takes almost 10s for arc 

stabilization, however then the arc burns and propagates very stable for another 24s melting the whole conductor cross 
section. 

 
 
The present limit for the arc current is about 750A with arc powers of up to 60kW. New main 
current leads and some changes with regard to reliability and safety will allow going to the 
limits of the 120kW power converter in the next step. The enhanced quality of the experimen-
tal results and the new option to perform backward experiments will allow progress in nu-
merical modeling which is required to answer open busbar arc related safety questions for 
ITER.  
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Fig. 4: Electrical data of the (backward) experiment VA1005 shown in the picture sequence above. In the first 10s strong 

fluctuations accompanied by arc bending and jumping occur, however then the arc stabilizes and propagates quite 
stable. The data in the stable, grey shaded time range can be used for further evaluation. 

 
 

  
 
Fig. 5: Photographs taken after arc experiments. The left picture was taken after the backward experiment VA1005 (560A, 

22kW). The conductor was completely molten and there is considerable damage to the ground rail. The right picture 
was taken after the forward experiment VA1010 (750A, 30kW). The conductor insulation and steel jacket are cut, how-
ever the copper core is mostly undamaged. The ground rail shows only slight burning traces although the arc power 
was about 50% higher than in VA1005. This means with regard to safety questions, the backward mode is obviously 
the more dangerous one. 
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TW5-TSS-SEA 5.5 
Validation of EU Safety Computer Codes and Models 
 
TW5-TSS-SEA 5.5 D 5 
Validation of MAGS: Quench Simulations for the Q3D Coil 
 
Validation of numerical codes did become more important after the decision for Cadarache to 
host ITER. Validated numerical codes must be available to satisfy the requirements of the 
licensing authorities of ITER. The validation of the MAGS code is in progress since many 
years. The present approach is to calculate quench propagation using data from the Q3D 
experiments performed at FZK in the mid 1990's for comparison. This was done because an 
earlier MAGS approach showed several weaknesses which required clarification. Most of 
these problems could be solved. 

 
Photograph of the Q3D coil ready for installation in the cryostat. The coil length is about 1m. On the coil surface there are 
clamps that hold the windings in place. On the top of the coil there are the helium pressure and temperature sensors, the other 
cables are connecting the voltage taps and the thermometers. The photograph is taken from [1]. 
 
 
The Q3D coil is a single layer coil wound out of a prototype cable for the Wendelstein 7-X 
experiment. This conductor is a NbTi cable in an aluminum jacket cooled by forced flow of 
supercritical helium. The coil was wound in a bifilar arrangement with the current of the two 
subcoils in a serial arrangement but in opposite direction, and separate helium circuits for the 
subcoils. Quench propagation was investigated along and between the cables. The coil was 
instrumented for quench tracking with voltage taps and thermocouples, also several pressure 
sensors were placed along the cables.  

In the first validation calculation using the Q3D experiments performed in 1998, a reduction 
of the circumferential thermal conductivity of the conductor cable copper matrix by a factor of 
0.02 was required to hit the experimental quench propagation behaviour [1]. Although there 
is a justification due to the magnet field dependence of the thermal conductivity of copper for 
a reduction by a factor in the order of 0.5, a change of this extent puts a question mark to this 
validation effort. For this reason, a new calculation was initiated [2]. The enhanced modeling 
capability of the MAGS code with regard to helium to simulate heat transfer as well as a 
more appropriate mesh representation helped to improve the results without a questionable 
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manipulation of material properties data. With regard to the need to change material proper-
ties, the field dependence of the thermal conductivity of the copper matrix was taken into 
account by a factor of 0.5 which is realistic for the given RRR value of 226 at 4-5T. Another 
slight reduction by an additional factor of 0.84 came through the twisting of the strands inside 
the cable. Finally only the thermal conductivity of the Kapton(TM) insulation layer (which was 
also considerably adapted during the first approach) still turned out to be a factor of ten too 
high to describe the start of the second cable quench. A similar factor was already detected 
in calculations for the TFMC, which also has an insulation containing several Kapton(TM) 
layers [3]. In this case the result was confirmed by another group [4]. The Kapton(TM) prop-
erties however do not affect the longitudinal quench propagation in the initially quenching 
cable but play a role for the start of the quench of the second, parallel cable. 

 
MAGS calculation for the quenched length over time for the experiment 2217b compared to experimental data. Solid symbols 
are for the first cable, open symbols indicate the second one. For comparison, also the results of the earlier MAGS approach 
[1] are shown. The improvement is also visible against the version of the first approach with strongly adapted parameters. 
 
 
In summary, besides the still unclear Kapton(TM) issue, a successful and reasonable valida-
tion calculation could be performed that improved the validation status of MAGS with regard 
to the first approach.  
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TW5-TSS-SEP 2 
Doses to the Public and Validation of UFOTRI 
 
Objectives 
 
The objective of this task is to demonstrate the validation level of the computer codes used 
and to calculate on request by EFDA in a consistent way doses to the public for given source 
terms, for realistic meteorological and siting conditions, for ITER (European site) and for fu-
sion power plants. This comprises the enhancement of the "Fusion-Release-Target-Scoping-
Tool" by the ingestion dose criterion for an easy assessment of all types of release targets 
and validation of UFOTRI in the frame of the EMRAS (Environmental Modelling for RAdiation 
Safety) international benchmark project including a comparison of concentration and dose 
criteria for the ingestion pathways. 

Work performed 
 
Having completed the scoping tool in the last reporting period, the main activities focused on 
the test and validation of UFOTRI in the frame of the EMRAS activity and on providing sup-
port of the ITER team in the licensing procedure. 

The Tritium Working Group of the EMRAS project aims on improving models of OBT forma-
tion and translocation in plants, animals and fish. Up to now seven different scenarios were 
exercised. FZK contributed with the UFOTRI code to the soybean and the hypothetical sce-
nario. The soybean scenario is based on experimental data collected at the Korean Atomic 
Energy Research Institute. Commercially available soybean was sown in May 2001 in 6 plas-
tic pots (41cm x 33cm x 23cm high). Tritium exposure was carried out six times at different 
growth stages: July 2, July 13, July 30, August 9, August 24, and September 17. The pots 
were introduced into a glove box for the tritium exposure and the experiments were con-
ducted under natural solar conditions, which resulted in high temperatures within the glove 
box. The surface of the soil was covered with vinyl paper so that uptake was only through the 
foliage. After exposure, the pots were placed in an open field among other soybean plants. 
UFOTRI performed well in the scenarios being the only model which provides simulation re-
sults within one order of magnitude around the measurements for all the 6 different exposure 
conditions.  

The objective of the hypothetical scenario is to analyse the consequences of an acute at-
mospheric release of tritium, by considering various pathways in terms of activity in bio-
sphere compartments and products, as well as the contribution of the various forms of tritium 
(HT, HTO and OBT) to the total exposure. The basic assumption is that 10 g of tritium are 
released over a period of 1 hr and the calculation period is 1 year. Results of the first predic-
tions differed considerably and it was not possible to find consensus why model results di-
verged. Therefore, a new revised scenario was prepared to resolve the differences between 
the models. Nevertheless, the still existing huge variety in some of the results demonstrated 
the need for further refinement of the codes. It is important to note, that UFOTRI and the 
French code used also for the licensing efforts of ITER in France performed in a similar way. 
This strengthened the confidence in both codes to be further applied in the licensing proce-
dure. 

To support the licensing activities for ITER, calculations with COSYMA and UFOTRI were 
performed to determine doses to the public and activity concentrations in food products 
around the ITER site Cadarache. Source terms for ITER, defined for activated dust, activated 
corrosion products and tritium in form of tritium gas (HT) and tritiated water (HTO) were used 
as basis for the calculations. One weather condition was selected for the investigation. It is 
characterised by poor diffusion condition and a wind speed of 2 m/s and no rain. A release 
from a stack (60 m high, with building wake effects) and from a 10 m release point (without 
building wake effects) were assumed. Special dispersion parameters for France, the so 
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called Doury parametrisation scheme, were applied. Calculations were carried out for three 
age groups (adult, 10 year old child and one year old infant) for tritium and for two age 
groups (adults and one year old infant) for activation products. 

Having released only one gram of the material, doses are in general low and do not reach 
any of the dose criteria for intervention. Maximum doses in the near range do not exceed one 
mSv for the release of one gram of tritium or activation products. Adults are in most cases 
the critical group as children consumed no milk products produced in the region around 
Cadarache. Activity levels in food products are far below any criteria selected for these calcu-
lations.  

Further work 
 
Calculations to support the siting of ITER at Cadarache will continue with an expanded spec-
trum of release conditions and a refined set of input parameters. 
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TRP-001 
PPCS He-cooled Divertor Concepts 
 
TW5-TRP-001 D 1 
TW6-TRP-001 D 1 + D 2 
He-cooled Divertor Development: Conceptual Design, Analysis, and Tests  
 
Introduction 
 
Work carried out in 2006 (TW6-TRP-001) under cooperation with Efremov focused on the 
HHF He-loop experiments for 1-finger divertor mock-ups [1] which are based on the refer-
ence design HEMJ with jet impinging cooling and the backup solution HEMS [2] with a slot 
flow promoter. Preparatory work for the HHF tests [3] concerning technological investigation 
and manufacture of the mock-ups was carried out.  
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Fig. 1: He-cooled modular divertor designs HEMJ. 

 
 

The reference design HEMJ [4] (Fig. 1, left) is based on the use of multiple-jet cooling. This 
design offers advantages in relatively simple construction and cheap production. It uses 
small hexagonal W tiles (18 mm width over flat) as a thermal shield and sacrificial layer (5 
mm thickness). They are brazed to a pressure carrying thimble (Ø15 x 1 mm) made of WL10, 
thus forming a cooling finger. The working temperature window of the W divertor finger is 
estimated to be between 600°C and 1300°C (Fig. 1, right), the values dictated by the DBTT 
and RCT under fusion neutron irradiation. The W finger unit is connected to the supporting 
structure made of ODS steel (e.g. an advanced ODS EUROFER or a ferrite version of it). To 
compensate the large mismatch in the thermal expansion coefficients of W and steel, a tran-
sition piece is needed. The current transition piece design is based on Cu casting with a 
conical interlock. A steel cartridge carrying the jet holes is placed concentrically inside the 
thimble. The number, size (D), and arrangement of the jet holes as well as the jet-to-wall dis-
tance H are important parameters. The results of the CFD parametric study [5] of HEMJ 
show that – unlike the jet hole diameter – the jet-to-wall distance (within the design range of 
0.6 – 1.2 mm) has no excessive influence on the divertor performance and the pressure 
losses. The following geometry of the type J1c (Table 1) was defined for the following high-
heat-flux (HHF) tests: 24 holes Ø 0.6 mm and 1 centre hole Ø 1 mm, jet-to-wall spacing 0.9 
mm. 
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Table 1: HEMJ design parameters. 
 

 Jet hole diameter D (mm) Jet-to-wall distance H (mm) 
J1a 0.6 1.2 
J1b 0.6 0.6 
J1c 0.6 0.9 
J1d 0.7 0.9 
J1e 0.85 0.9 

 

Helium loop construction 
 
This He loop enables mock-up testing at a nominal helium inlet temperature of 600°C, an 
internal pressure of 10 MPa, and a pressure loss in the mock-up of up to 0.5 MPa. The flow-
chart of the loop is shown in Fig. 2. Since the He loop is designed for operation together with 
the TSEFEY facility (Fig. 3, left) with its own water-cooled target system, all of its main units 
are placed on a vehicle moveable on railways (Fig. 3, right). In the first stage of the helium 
loop a stationary helium mass flow rate of 24 g/s was achieved by means of an oil-free 
membrane compressor. 

 
 
Fig. 2: Helium loop flowchart : 1, 2 – hot valves, 3 – flowing helium heater, 4 – flowing helium cooler, 5 -flexible high-pressure line. 
 
The high-heat-flux tests 
 
The HHF experiments are performed at the new test facility at Efremov which consists of the 
TSEFEY electron-beam testing machine and the He-loop facility (Fig. 3). This combined de-
vice provides for a steady-state surface-loading heat flux (with a total power of up to 60 kW 
at 27 keV beam energy) and a He coolant at a pressure of ~ 10 MPa, an inlet temperature of 
≤ 600°C, and a mass flow rate of ≤ 50 g/s.  

Based on the knowledge gained from the technological investigation, the reference W mock-
up was defined for the high-heat-flux tests. The HEMJ version J1c (Table 1) was chosen as 
reference. The definition of the 1-finger mock-up is given in Table 2. The HEMJ jet cartridge 
and the holding structure of the mock-ups are made of Eurofer which differs from the desig-
nated ODS Eurofer material. As an alternative to the W/Eurofer joint by cast copper, a 
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brazed W/Eurofer joint using Co-based filler metal was considered for mock-up manufacture 
(mock-ups #5/HEMJ and #6/HEMS). Castellated and non-castellated W tiles were also in-
vestigated (mock-ups #1/HEMJ and #2/HEMS). 

Table 2: Material and joining techniques defined for 1-finger mock-up  
manufacturing. 

 
Materials 
   W tile PM pure tungsten 
   Thimble WL10 
   Supported tube structure Eurofer 
Joining methods 

Tile/thimble Brazing (STEMET® 1311)  
Tbr = 1100°C 

Thimble/supported tube 
structure of Eurofer 

Conic lock filled with cast  
copper 

 

 
 

a) b) 
 

Fig. 3: The testing facility: a) TSEFEY, b) TSEFEY with He-loop integrated. 
 
 

In the first test campaign six 1-finger mock-ups (Fig. 4), five of HEMJ and one of HEMS type, 
were fabricated. The manufacturing sequence was as follows: 

• Machining of external surface of the W thimble (from WL10) 

• Machining of cylindrical ring from Eurofer 

• Machining of internal surface of the tile (manufactured from pure W)  

• Brazing of W thimble to cylindrical ring (filler metal 71КНСР, Tbr = 1100°C) 

• Brazing of W thimble to W tile (filler metal STEMET® 1311, Tbr = 1100°C) 

• Machining of the internal surface of the W thimble 

• Machining of the tile to the shape required 

For HHF testing of the mock-ups manufactured at the TSEFEY facility, a special target de-
vice was designed and manufactured. This target device consists of two main parts, the 
manifold device and the water-cooled shielded mask. This mask (Fig. 3) has a hexagon-
shaped frame made of molybdenum. 

He loop 

EB 

Electron gun 
Optical pyrometer 

IR camera 

Dump plate 

Cooling water 

Scanning
electron beam

Pumping 

Target device 
with mockup  

Hot helium  

1500 

Water-cooled 
calorimeter  

He-loop 
equipment: 

Tin up to 600oC 
Pin= 10 MPa 
G - up to25 g/s 

 
Cold 

helium 

Pressure 
valve 

Water-cooled 
Cu-calorimeter
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Exp. No. 1 
(Mock-up #4) 

 Exp. No. 2 
(Mock-up #2) 

Exp. No. 3 
(Mock-up #5)

Exp. No. 4 
(Mock-up #3)

Exp. No. 5 
(Mock-up #1) 

 Exp. No. 6 
(Mock-up #6)

   
HEMJ HEMS 

 
Fig. 4: First series of W 1-finger mock-ups manufactured: Five HEMJ mock-ups (four – with Cu cast in thimble-steel conical lock, 

one - with Co brazing in thimble-steel conical lock) and one HEMS mock-up. 
 

 

Water cooling 

∅ 27

17.24 

Cu

Mo

W

 
Fig. 5: Target device with mock-up holder and water-cooled shielded mask. 

 
HHF experimental results 
 
The first test campaign covered six mock-ups, the tiles of which were made of Russian tung-
sten. The mock-ups were tested within an HHF range of 5–13 MW/m2. The heat flux is de-
termined via the heat power absorbed in the helium. The helium cooling parameters are 10 
MPa inlet pressure, ~ 500–600°C inlet temperature, and a varying mass flow rate in the 
range of ~ 5–15 g/s. The thermocyclic loading was simulated by means of switching the 
beam on and off (e.g. 60s/60s). 

The experiments started with the mockup #4 with non-castellated W tile. It survived stepwise 
heat loads from 4 up to 11 MW/m2 (Fig. 6) each with 10 temperature cycles (60s/60s) without 
any damages. It was then further tested at higher heat fluxes to find out the maximum heat 
load performance. After 6 cycles at 13 MW/m2 the tile and thimble were partially detached, 
tile melting and cracking detected. The pressure carrying thimble and the loop remain intact. 
The following mockup #2 with castellated W tile also survived outstandingly up to 11.5 
MW/m² (Fig. 7) under similar testing conditions. At a higher load of 12.5 MW/m2 cracks in tile 
and thimble and gas leakage were detected. Crack propagation in thimble came from the 
inside. The mass flow rate of about 13.5 g/s was applied in these first two experiments. The 
respective pressure loss was measured about 0.3 MPa. This pressure loss is equivalent to 
about 0.08 MPa at the nominal mass flow rate of 6.8 g/s and is regarded optimistic compared 
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to the calculated value above. Mockup #5 (non-castellated): At 9 MW/m², no problem, after 
100 cycles and 13 g/s; One crack in thimble close to joint was detected after 24 cycles at 9 
MW/m² and 7 g/s (this mockup was the one with the Co joint, much harder than Cu). Mockup 
#3 (non-castellated): Tested only at 7 g/s, early cracks through tile and thimble even after 
limited number of tests. Mockup #1 (non-castellated): 9 g/s He flow rate, 10 cycles ok at 5, 6, 
and 8; failure after 2 tests at 10 MW/m². Mockup #6 (HEMS, Co-brazed thimble joint) sur-
vived perfectly 10 MW/m2, 100 cycles, 10 g/s, without any damages and leaks. But, its pres-
sure loss is about a factor of 3 higher than those of the HEMJ type. Altogether it can be said 
that the performance of the He-cooled divertor concepts (HEMJ and HEMS) of 10 MW/m² 
has been confirmed by the first experiment series. All mockups tested underwent destructive 
post-examinations.  

W parts of some mockups in particular the thimble proved as pre-damaged, presumably get-
ting micro cracks initiated during the fabrication processes. There was never a suddenly 
and/or completely broken mockup, i.e. no brittle failure. Also recrystallization of thimble was 
never observed on any mockup. For the next test series the mockup geometry has to be op-
timised by means of finite element analyses, the quality of the mockup fabrication to be im-
proved. 

Mock-up #4: Temp. distribution at 11.6 
MW/m2, MFR ~ 13.5 g/s, Tin,He ~ 540°C 
(Tmax ~ 1500°C) 

Melted  
W-surface

Crack (at 
each side)

Space for t/c

Crack in thimble, growing from inside

W-tile

Detached area

W-thimble 

Steel ring 

Conical Cu-
cast lock 

HHF tests of HEMJ mockup #4 – post-examination

W surface
W tile

W thimble

 
Fig. 6: HHF test of mock-up #4 (HEMJ, non-castellated): a) IR picture of temperature distribution (left), b) Post-examination (right) after 

the last power step (6 cycles at 13 MW/m2). 
 

 

Mock-up #2: Temp. distribution at 11.5 
MW/m2, MFR ~ 13.5 g/s; Tin,He ~ 550°C 
(Tmax ~ 1600°C) 

Crack propagation 
through brazing 
leading to gas 
leakage

HHF tests of HEMJ mockup #2 – post-examination

Cracks at the side with brazing 
alloy penetration

Cracking area. 
Brazing alloy 
penetrated at the 
surface 

Gas leakage 

Gas leakage 

Melted tiles 

 
 
Fig. 7: HHF test of mock-up #2 (HEMJ, castellated): a) IR picture of temperature distribution (left), b) Post-examination (right) after the 

last power steps (max. 13.5 MW/m2). 
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The HEBLO experiments for CFD code validation 
 
The results of post-calculations with CFD codes for the HEMS experiments show good 
agreements. Fig. 8 shows as an example the static pressure distribution along the slot length 
calculated with STAR-CD in comparison with the measured values. As evident from the illus-
tration, the results - with the exception of the inlet and outlet positions -.agree well with one 
another. In this case the RNG High Reynolds turbulence model was applied. 

The 10:1 HEMJ mockup which contains a heating plate and various instrumentations was 
manufactured and installed into the HEBLO test section. After the pretests of all components 
several experiments were performed successfully under variation of parameters mass flow 
rate, helium temperature and the heat flux. Post-calculations and evaluations are underway.  

 
Fig. 8: Calculated and measured static pressures along the flow path in the slot (flow direction from the right to the left). 

 
 
Progress of W structuring processes 
 
Powder injection moulding (PIM) [6] is regarded a promising method for mass production of 
W and/or W alloy components. A complete PIM production process including feedstock for-
mulation, injection moulding, debinding and thermal consolidation was established for tung-
sten components. To improve the PIM performance various W powders with a particle size 
between 0.7 µm FSSS and 3.0 µm FSSS have been tested regarding feedstock viscosity and 
sintering activity. This investigation was performed before and after powder deagglomeration 
by jet milling. Deagglomeration was found to be necessary for low feedstock viscosity at a 
powder loading ≥50Vol.% as well as for enhanced sinter ability. For a low feedstock viscosity, 
a powder particle size ≥ 2.0 µm FSSS was found to be superior, while the sintering activity 
increases with decreasing particle size (Fig. 9). Thus further experiments were done, apply-
ing a powder with a particle size slightly below (1.2 µm FSSS) and above (2.5 µm FSSS) the 
optimised particle size of 2.0 µm FSSS. The powder particle properties of both powders are 
shown in Table 3. 
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Table 3: Powder particle properties of optimised tungsten powders for PIM. 
 

FSSS 
[µm] 

D20 
[µm] 

D50 
[µm] 

D90 
[µm] 

BET 
[m²/ g] 

1,2 0,9 1,5 3,4 0,48 
2,5 1,3 2,7 4,9 0,25 

 

Micro cavities such as iso-
lated gearwheels and gear 
housings as well as the fu-
sion relevant Slot Array 
have been replicated suc-
cessfully applying an opti-
mised feedstock system. An 
example of an as sintered 
Slot Array prepared by PIM 
is shown in Fig. 10. Density 
measurements of tungsten 
components after sintering 
at a temperature >2000°C in 
H2 show a density of 
19.14 g/cm³ for a powder 
with a particle size of 1.2 µm 
FSSS and of 18.37 g/cm³ for 
2.5 µm FSSS, respectively. 
Further on the hardness of 
these samples has been 
tested and a hardness com-
parable to recrystalized 

tungsten was detected (1.2 µm FSSS: 357 HV10; 2.5 µm FSSS: 324 HV10; recrystallized 
after Lassner& Schubert [7]: 300 HV30).  

 
Fig. 10: As sintered slot array prepared by powder injection moulding with pure tungsten. 

 
From the experience concerning the PIM-process for tungsten components, injection mould-
ing of microstructured components has successfully been broadened to the tungsten alloys 
WL10, WCu, and WHA (W:Ni:Fe = 92.5:5:2.5).  

 
 
Fig. 9: Particle size dependent sintering ability of tungsten powders after deag-

glomeration as well in the as received state. 
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A first future step in PIM of tungsten components for fusion applications has to be a design 
decision. Afterwards a suitable tool design will be developed and tested in injection moulding 
experiments. Further on performance tests have to be done for testing the ability of compo-
nents prepared by PIM to meet the requirements of the application. For optimised material 
properties further optimisation of the thermal treatment related to the powder applied as well 
as alloy development might be necessary. 

The electro chemical machining (ECM) has been commercially used since several years e.g. 
in steel die shaping with excellent surface qualities and exhibits large potential in shaping 
and finishing of parts made from W alloys. However, due to the extreme physical and chemi-
cal properties of W standard ECM can not be applied for structuring of W parts without basic 
and technological investigation. The ECM development on working of W showed that both 
electrolyte and equipment parameters have to be adapted to W properties to enable ECM for 
W shaping. The first and most important milestone in the ECM basic research was the de-
velopment of a special electrolyte which allows region-selective dissolution of W and thus the 
proof that W can be structured by ECM. Two different electrochemical etching methods 
Mask-ECM (M-ECM) and Cathodic-ECM (C-ECM) were developed to structure tungsten bulk 
material with high processing rates. The region-selective structuring in the M-ECM method is 
achieved by lithographic manufactured resist masks. The working accuracy depends on sev-
eral parameters e.g. the grain structure or the current type. Structures with electrochemically 
etched depths of 0.6 mm were achieved by M-ECM before a degradation of the used low 
quality resist Novolak was observed. Resists with higher stability e.g. SU-8 or metal masks 
promise larger depths, however, additional equipment is required for their application. Thus, 
the current focus is set on the investigation and development of the C-ECM method, for 
which a new constructed facility with micrometer step motor allows accurate shaping by 
three-dimensional cathode tools, which serve as negative moulds to be copied in to the tung-
sten metal. Here, the region-selective metal dissolution is also dependent on several pa-
rameters. The performed investigation series showed that an accurate controlled cathode-
anode distance in the 10 µm range is essential followed by current and pulse type control or 
optimal electrolyte flow for numbering some of the parameters. In both ECM methods, high 
frequency pulse currents had led to enhanced structure accuracy.  

Fig. 11 shows the 
step profile of an 
ECM worked W 
piece in depend-
ence of the applied 
pulse frequency. 
Based on these 
basic results the 
technological proc-
ess development is 
now orientated to 
application of µs-
pulses and the 
demonstration of 
reproducibility. 
Beyond the micro-
shaping technology 
surface finishing of 
'larger' compo-
nents e.g. thimbles 
is included into the 
development line due to the fact that ECM is the single shaping process which will not intro-
duce micro defects into W parts as usual e.g. in EDM working [8, 9]. 

 
 
Fig. 11: Higher accuracy of bulk metal removal in C-ECM at increasing frequencies of pulsed 

currents; C-ECM groove worked with 1000 Hz. 
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Conclusions and outlook 
 
The current phase of the divertor development is aimed at the construction and high-heat-
flux tests of prototypical tungsten mock-ups to demonstrate their manufacturability and their 
performance. In cooperation with the Efremov Institute, comprehensive technological studies 
were performed on W/W and W/steel joints of the divertor parts. Based on these results, first 
series of W mock-ups were fabricated for high-heat-flux testing in a test facility, consisting of 
the Tsefey EB and a helium loop (10 MPa He, 600°C) built for this purpose to simulate the 
thermohydraulics conditions close to those of DEMO. The first HHF test campaign of six 
mock-ups was performed successfully. The tested mock-ups were subjected to destructive 
post-examinations. It turned out that W parts of some mock-ups, in particular the thimble, 
were pre-damaged, presumably by micro cracks initiated during the fabrication processes. 
There never was a suddenly and/or completely broken mock-up, i.e. no brittle failure. Nor 
was a recrystallisation of the thimble observed in any mock-up. Altogether, it can be said that 
the performance of the He-cooled divertor concepts (HEMJ and HEMS) of 10 MW/m² was 
confirmed by the first experiment series.  

Prior to the next series of tests on 1-finger mock-ups, which is planned to start in the begin-
ning of 2007, further improvement of the mock-ups has to be done as regards the design of 
the finger elements to reduce the thermal stresses at the joint interfaces as well as the manu-
facturing technique for the tile and thimble production. The rules for the manufacturing proc-
ess are to be specified as a basis for the production of the following 9-finger module. The 
future steps will focus on the completion of the 9-finger mock-ups and their tests in the sec-
ond stage of the helium loop construction, which shall provide for a sufficient mass flow rate 
for such tests. 

Regarding the mass production process of W divertor components, PIM and ECM have been 
investigated and found to be suitable. A PIM process for fabricating microstructured tungsten 
parts has been successfully demonstrated. In ECM technique further progress can be ex-
pected by an optimized C-ECM test facility. 
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TRP-002 
DEMO Physics Studies 
 
TW5-TRP-002 D 2 
Analysis of Total Radiation in Tokamak Reactor Scenarios 
 
1. Introduction 
 
The aim of this task, terminated during 2006, was to develop a modelling capability, based 
on a 2D plasma edge code (B2-EIRENE) and a 1.5D core transport code (ICPS), which al-
lows the radiation fraction in tokamak reactor scenarios to be analyzed and characterized in 
terms of edge and core plasma parameters, in particular to quantify the core impurity con-
tamination associated with a given level of radiation. The task is carried out with the inte-
grated modelling as described in more detail in [1] and in a separate contribution to this An-
nual report [2].  

Ongoing work for that task and 
also for the DEMO simulations is 
described in more detail in [3]. The 
continuation of this work is de-
scribed in [4] and connected work 
on startup is described in [5].  

The geometric parameters chosen 
for the DEMO modelling task are 
similar to those of ITER as devel-
oped in the Conceptual Design 
Activity (1991) (B=5.7T, R=8.1m, 
a=2.8m, κ=1.7, δ=0.36). Present 
modelling examines DEMO opera-
tion in ELMy H-mode with a q~4 
(I=21 MA) and a fusion power of ~3 
GW.  

The transport model uses MMM95 
core transport and is as described 
in the separate contribution to this 
Annual Report [2].  

Integrated core and edge/divertor 
modelling of a plasma prototypical 
of DEMO ELM'y H-mode has been 
performed in which medium- to 
high-Z impurity seeding was em-
ployed to reduce the power into the 
scrape-off layer (SOL) and thereby 
the divertor power load. The core 
plasma simulation is linked to the SOL and divertor plasma simulation via scaling relation-
ships determined from extensive series of SOL simulations. The results of the task are de-
scribed in more detail in  [6] and key results are included in a publication [7]. 

2. Divertor Plasma Modelling 
 
The scaling laws for the edge plasma parameters are derived from the 2D modelling in terms 
of a normalised divertor neutral pressure, as previously determined from simulations for 
ITER, JET, and ASDEX-UG, were extended and modified to apply to DEMO parameters. It 

 
Fig. 1: Comparison of ITER and the larger prototypical DEMO geometry: 

Divertor and edge plasma is shown in colour. 
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was found that DEMO and ITER scalings can be superposed, provided that the power is in-
cluded as a power density with respect to the device volume, and the pumping speed as a 
specific pumping speed relative to the device area, and a size scaling was introduced. 

The normalised deuterium pressure in the private flux region was found in previous studies to 
be the key parameter to obtaining a scaling of the results. In the present study, this parame-
ter was found to scale with size as the strike point radius to the power 1.21 (Fig. 2). 
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Fig. 2: a) Normalised divertor pressure versus radius of outer strike point Router at incipient detachment of the inner diver-

tor, μ =1, and  
 b) normalised peak power at the divertor plate, versus major radius of the outer strike point for devices indicated and 

for SOL powers from small (circle), medium (lozenge) to high (square). Powers are: AUG: 2,4,8 MW, JET: 8,16,24 
MW, ITER: 86, 100, 130 MW, DEMO: 200, 400, 500 MW. Fit exponent is indicated on the figure for fit from ITER to 
DEMO. 

 
Fig. 2 b) shows the positive result that the normalised peak power load per unit area at the 
detachment point remains practically constant from ITER to DEMO. The range covered in 
MW/m2 for the range of ITER powers is the same as that for the range of DEMO powers, 
which are higher. Further details of the size scaling are not given here - they can be found as 
a table in [1], [5] and in published form in [7]. 

Specifically, for DEMO and ITER at comparable power density and specific pumping speed, 
and at the same operating point (same distance from the density limit given by incipient de-
tachment of the  

inner divertor),  the scaled helium density remained approximately constant (Fig. 3a), the 
scaled helium flux decreased, and the peak power per unit area on the divertor plate re-
mained constant Fig. 3b). The scaling of the results with parameters other than the size was 
preserved in going from ITER to DEMO.  

When the sparse results available at present with the full neutral model are taken into ac-
count, it is found that the peak power is unchanged, but the helium density and flux should 
be reduced by a factor 0.33 from the scaling with the linear neutral model, as seen also in 
Fig. 3a. This result is very positive for ITER and DEMO.  
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Fig. 3: a) Helium density at the separatrix (scaled)  
 b) peak power load at the divertor plate (scaled) versus DT neutral pressure in the private flux region (scaled) for DEMO 

(200 MW) and ITER (100 MW) for linear neutral model and for more complete nonlinear neutral model including ion-ion 
and ion-molecule collisions (marked NF). 1 on the horizontal scale represents incipient detachment of the inner divertor. 
Other scaling parameters are explained in [1], [5], [7]. 

 
 
2. Core Plasma Modelling 
 
For the core simulations, the transport model had previously been calibrated to JET and As-
dex-UG experimental results and employed for the determination of the ITER operating 
space. The simulations for DEMO used the same reference transport model, with the addi-
tion of neoclassical transport for impurities. Very flat profiles resulted for electrons and seed 
impurities. As a sensitivity study, two variants were also investigated, one in which an 
anomalous diffusion and pinch term was added to all particle transport parameters resulting 
in moderately peaked profiles for all species, the other in which only impurity profiles were 
strongly peaked. 

Impurity seeding was employed to reduce the power into the SOL and thereby the divertor 
power load while the fusion power was held at the desired value by adjusting the fuelling rate 
and thereby raising the plasma density as the impurity concentration increased. Three differ-
ent seed impurities were investigated, representing typical medium-low, medium, and high Z 
seed impurities. Because of the smaller dilution, the density increase required is smaller as 
the impurity Z increases. Typical values of the plasma parameters as a function of the impu-
rity concentration for Xenon are shown in Fig. 4. 

The density required for the desired fusion power also depends on the transport model, with 
the lowest values for the peaked profile variant and the highest value for the peaked impurity 
profile variant. The reference model required approximately the Greenwald density with the 
highest Z seed impurity; corresponding densities for the transport variants are 0.9 and 1.4 of 
Greenwald density. However, all simulations are performed at the same fraction of the edge-
based density limit. 

Typical results are shown as a function of the injected impurity and the transport model in 
Fig. 5. 
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Fig. 4:  Parameter variation as Xe edge density is raised for the reference model at different fractions of edge-density limit (green 

- 0.5, red - 0.7,blue - 0.9). Circles at qpk~5 MW/m2. 
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Fig. 5: Parameters at qpk= 9 and 5 MW/m2 (hollow and filled symbols resp.) for three different seed impurities (Ar - green, Fe - 

blue, and Xe - red) and different particle transport models (reference - "nc" - left, variant A - "nc+v"- centre, variant B - 
"nc an" - right of each figure). All results at 70% of edge-based density limit (μ = 0.7). 
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For all impurities and all transport models investigated, close to ignited operation (Q=150) 
was found feasible at a fusion power of 3 GW at 75% of the edge density limit based on di-
vertor detachment with a peak divertor power load of 7 MW/m2, while the power entering the 
SOL (~300 MW) was still well above the LH threshold. Such impurity seeding is therefore 
consistent with the requirements of a helium-cooled divertor with the requirement that peak 
power be less than 10 MW/m2 and allows a reasonable operating window.  

3. Perspectives 
 
Many caveats exist, and must be clarified by further simulations in subsequent tasks: a) the 
SOL simulations must be done over a wider range in power and density, b) the SOL scaling 
is for the moment based on full carbon walls rather than realistic mixed-material surfaces, c) 
the SOL scaling here does not yet include neutral-neutral collisions and the full molecular 
package, d) the SOL modelling must be extended to include the seed impurity. Further work 
in core plasma simulation includes e) validation of impurity and main ion particle transport, f) 
extension to longer pulse and hybrid scenarios leading to steady-state, and g) integration of 
the SOL/divertor results with seed impurities into core modelling. This last point is especially 
important because it introduces a new strong coupling effect between core plasma and diver-
tor operation, which is presently absent in the coupled simulation. The successor to this task 
is task D3 [4]. 

Staff: 
 
H. D. Pacher (INRS-EMT, Varennes, Québec, Canada) 
G. W. Pacher (Hydro-Québec, Varennes, Québec, Canada) 
A. S. Kukushkin (ITER International Team) 
G. Janeschitz 
I. Landman 
S. Pestchanyi - with the collaboration of G. Pereverzev (IPP Garching). 
 
Literature: 
 
[1] Pacher H.D., Pacher G.W., in collaboration with ITER IT Garching, FZ Karlsruhe, Max-Planck-Institut für 

Plasmaphysik Garching, EFDA CSU Garching, "Divertor and core plasma modelling for ITER - Final Report 
June 2006", INRS Energie, Mat. et Télécom. Report, INRS-EMT-029-0606, June, 2006 

[2] Pacher H.D., Pacher G.W., "Divertor and Core Plasma Modelling for ITER", this Annual Report (Physics 
Section) 

[3] Pacher H.D., Pacher G.W., in collaboration with ITER IT Garching, FZ Karlsruhe, Max-Planck-Institut für 
Plasmaphysik Garching, EFDA CSU Garching, "Divertor and core plasma modelling for ITER - Intermediate 
Report December 2006", INRS Energie, Mat. et Télécom. Report, INRS-EMT-033-1206, December, 2006, in 
preparation 

[4] Pacher H.D., Pacher G.W., "Task TW6-TRP-002.D3 DEMO Physics Studies, D3 - Development of an im-
proved treatment of plasma radiation for medium- and high-Z impurities", this Annual Report (Systems Stud-
ies Section) 

[5] Pacher H.D., Pacher G.W., "Task TW6-TRP-012.D1b, Optimisation of fusion power plants for H2 production, 
D 1b - Optimisation of a ‘start-up’ scenario where the power is less than 100MW", this Annual Report (Sys-
tems Studies Section) 

[6] Janeschitz, G., Pacher H.D., Pacher G.W., Kukushkin, A.S. "Task TW5-TRP-002.D2 DEMO Physics Studies, 
D2 Analysis of total radiation in tokamak reactor scenarios", Final report Rev. A , April 2006, , revised May 
2006, submitted to EFDA 

[7] Pacher, H.D., Kukushkin, A.S., Pacher, G.W., Janeschitz, G., Coster,  D.P., Kotov, V., Reiter, D. "Effect of 
the tokamak size in edge transport modelling and implications for DEMO", presented at 17th International 
Conference on Plasma Surface Interactions in Controlled Fusion Devices,  Hefei, China, accepted for pub. by 
J. Nucl. Mat. (2006) 

 



 -- 380 --

TW6-TRP-002 D 3 
Development of an Improved Treatment of Plasma Radiation for Medium- and 
High-Z Impurities 
 
1. Introduction 
 
The aim of this task is to extend the assessment of operation of a DEMO-sized tokamak at 
high core radiation using the current integrated 2D edge and 1.5 D core plasma model per-
formed in EFDA Task TW5-TRP-002 [1] to include the effect of seed impurities on the 
SOL/divertor region and assess the additional coupling between core and edge thus intro-
duced, as well as toward longer pulse operation. The task uses a 2D plasma edge code (B2-
EIRENE) and a 1.5D core transport code (ICPS), which allows the radiation fraction in toka-
mak reactor scenarios to be analyzed and characterized in terms of edge and core plasma 
parameters, in particular to quantify the core impurity contamination associated with a given 
level of radiation. The task is carried out with the integrated modelling as described in more 
detail in [2] and in a separate contribution to this Annual report [3]. Ongoing work for that task 
and also for the DEMO simulations is described in more detail in [4] and connected work on 
startup is described in [5]. 

2. Core Plasma Modelling 
 
The implications of impurity-seeding on long-pulse operation of DEMO were investigated 
using the reference model of [1], i.e. with neoclassical transport of particles in the absence of 
an anomalous pinch. Four different impurities were modelled ranging from medium-low to 
medium-high Z (neon to xenon). The additional heating power, which could also be used to 
drive current, was held fixed at 50 MW, while the fuelling was adjusted so as to obtain a fu-
sion power of 3 GW, resulting in an essentially ignited plasma (Q=60). Power deposition pro-
files were either peaked near the mid-radius (at 0.4 minor radius) or far off-axis (at 0.7 minor 
radius). The effect of a modest decrease of plasma current from the nominal 21 MA to 18 MA 
was also investigated.  

The gas puffing and impurity seeding were adjusted so as to operate at 70% of the edge-
based pressure limit at a peak power load of 5 MW/m2. The variation of plasma parameters 
for the different conditions investigated is shown in Fig. 1. 

For the same fusion power, the normalized beta increases from 2.6 to a moderately optimis-
tic value of 3.1. Whereas the ratio of density to Greenwald limit increases from 1.1 to 1.3, the 
density remains at 0.7 of the edge-based density limit. 

The burn duration, assuming 100 Vs available for burn at 21 MA, is approximately 3000s in 
the absence of impurity seeding and current drive, and is reduced to 1800 s by neon seeding 
(the decrease is less for higher Z impurities). Reduction of the plasma current to 18 MA ex-
tends the burn duration with neon seeding to 4000s in the absence of current drive, 10000 s 
with near-axis current drive, and 25000 s with off-axis current drive. Increase of the Z of the 
seed impurity to xenon then yields a burn duration of  ~50000 s at these conditions.  

Further work is required in the following areas: the validation of impurity transport, the effect 
of ELM's on overall plasma resistance, and the effect of the seed impurity on the 
SOL/divertor region. This last effect introduces a new strong coupling between core plasma 
and divertor operation, which is not presently addressed in the coupled simulation. 

3. Divertor Plasma Modelling 
 
As reported in  [1], [2], extensive modelling of DEMO with the linear neutral model was car-
ried out and resulted in a series of scaling relations as a function of the size for use as edge 
boundary conditions of the 1D core transport code. Modelling of a number of cases for 
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DEMO with the more comprehensive nonlinear neutral model is underway. Initial results 
show significant effects: the neutral pressure at detachment is a factor 2 higher, the helium 
densities and fluxes are a factor 3 lower, and the DT neutral flux a factor 2 higher, than with 
the previous linear neutral model; other scalings are not changed strongly. It is therefore 
necessary to continue simulations with the more complete nonlinear neutral model.  
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Fig. 1: Variation of plasma parameters at peak power load qpk of 5 MW/m2 with seed impurity species at 21 MA (left part of each 
plot) and 18 MA (right part). Parameters in the absence of impurity seeding are indicated by thin solid lines.  
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However, for DEMO conditions, modelling until convergence is reached requires much more 
time than it does for ITER so that at time of writing further comprehensive results are not yet 
available.  It will probably be necessary to implement parallel Monte Carlo calculations to 
obtain more acceptable run times of individual cases for DEMO. We are starting to look into 
this. Initial edge/divertor modelling including seeded impurities (neon) has also started, but 
has not yet reached the point where the radiation from the additional impurities is significant. 
This work is ongoing. 

4. Perspectives 
 
The task has followed up on Task TW5-TRP-002.D2. The present task has been ongoing 
since September 2006. Further work is indicated in the two sections above.  
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EFDA/05-1283 (TW5-TRP-003 D 1) 
Review of Blanket Segmentation and Maintenance 
 
Large Module and Multi-Module Segment (MMS) 
Blanket Integration and Maintenance for DEMO 
 
Objectives 
 
The main lines in the European breeder blanket development are the ceramic breeder and 
the liquid metal breeder blanket. In both cases the breeder blankets are cooled by helium 
gas whilst the different breeder materials result in different Tritium extraction and circulation 
systems (purge gas for ceramic breeder and liquid metal for the liquid metal blanket). The 
Forschungszentrum Karlsruhe (FZK) breeder blanket development is predominantly focus-
sed on the ceramic breeder blanket, namely the HCPB (helium-cooled pebble bed) concept 
[TASK EFDA/05-1280 - TW5-TRP-005-D2-Part 1], but nevertheless also studies for the 
HCLL (helium-cooled lithium lead) concept were carried out. In addition in continuation of the 
long experience in the area of dual coolant blanket concept, which was developed at the FZK 
in the 1990th a new version of the concept is under investigation with special regard to the 
Multi-Module-Segment integration concept [EFDA/05-1280 - TW5-TRP-005-D2-Part 2]. 
Some years ago the engineering activities in the view on DEMO were substantially broad-
ened towards overall reactor integration including the development of radial build and shield-
ing concepts, mechanical layout and attachment systems, maintenance schemes, piping 
concepts and the development of the according remote handling systems as well as consid-
erations on electrical power generation. 

The objective of this completed task was to provide a conclusive review and comparison of 
possible blanket segmentation for the DEMO fusion reactor. Important aspects of this task 
accomplished in the scope of the DEMO conceptual studies were integration and mainte-
nance. The large module review was to limit the total number of blanket modules in order to 
reduce the replacement time and to maximise the plant availability. The maximum size of the 
modules is limited by the opening of the equatorial ports. The size of the port is itself limited 
by the magnets arrangement. Only basic concepts for the handling devices have been de-
veloped during the previous European Power Plant Conceptual Study (PPCS) and there was 
limited detailed investigation on the hydraulic and mechanical connections of the modules. 
These preliminary conceptual studies had to be detailed and reviewed. 

As a possible alternative the multi-module-segments (MMS) concept consisting of a “banana” 
back-plate supporting a number of smaller modules had to be analysed. The MMS can be 
handled through vertical ports. However, still it is feasible to give support or perform some 
specific maintenance tasks through the equatorial port like in ITER. In advance of the com-
pletion of the hereby described design work this concept was lacking of the necessary de-
tailed information for a significant assessment. 

Description of work 
 
A fusion reactor integration and maintenance concept for a Helium cooled pebble bed blan-
ket (HCPB) in separate modules was analyzed (“large modules”). The integration concept 
developed for the modular shield blanket in ITER and according technology was considered 
as a starting point for further developments. One important goal regarding the large module 
concept was to limit the total number of blanket modules. However, as a result of the investi-
gation carried out in this DEMO scoping study several severe limitations in the possible blan-
ket size were determined. The electromagnetic loads and thermal stresses during transient 
events scale with the module size and for rather large modules an unacceptably strong in-
crease of transient loads causing unacceptable large poloidal and radial torques have to be 
expected. A module size of 4 m² front surface area was considered challenging but still a 
reasonable ambitious basic layout in regard on the complete set of boundary conditions. As 
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the resulting weight of the modules was estimated to be about 10 tons, the weight capacity of 
the in-vessel remote handling machine has to be doubled when compared to the ITER’98 
machine (compare Figure 1). Due to the limited space available in the remote handling ports 
which are employed for inserting the rail and the manipulators of the in-vessel transporters, 
this was assumed as an upper boundary. Thus, the assumption of even higher load capaci-
ties was considered to be not reasonable. 

Especially the integration of 
a large number of Helium 
pipes (more than 800 in 
total) with an inner diameter 
of 150 mm at the inboard 
and 200 mm at the outboard 
turned out to be a challeng-
ing task. Detailed 3D CAD 
models had to be built to 
approach this topic. The 
thermal compensation sys-
tem needed for Helium 
pipes to cope with the dif-
ferential expansions of pipes 
and surrounding low tem-
perature structure was in-
vestigated in detail and a 
high pressure multi-layer 
compensator system was 

proposed to be applied. Although a technique for the cutting and re-welding of the pipes for 
blanket maintenance which is based on the use of in-bore tools was developed. The tools 
(cutting, welding and inspection tools) are inserted through the large Helium pipes. For a 
reasonable short maintenance time a parallelization of the in-bore procedures is necessary. 
The issue of neutron streaming in the Helium pipes could be successfully treated by an im-
proved shielding concept including the use of neutron absorber plates in the bends of the 
hydraulic connection key of the blanket modules. 

An alternative blanket 
maintenance concept 
for DEMO was devel-
oped involving a multi-
module segment (MMS) 
blanket and vertical 
ports for inserting and 
removing of the MMS. 
Each MMS consists of a 
number of blanket mod-
ules which are con-
nected to a strong verti-
cal manifold structure by 
use of a flexible attach-
ment system and likely 
concentric hydraulic 
connections in the zero 
point of the relative mo-
tion between blanket module and manifold (compare Figure 2). 

The MMS are transported toroidally in the vacuum vessel by a remote handling transport 
machine located in the divertor region. The transport machine is equipped with sliding car-

 
Fig. 1: Maintenance of Large Module Concept: ITER-like in-vessel remote handling 

machine modified for DEMO. 
 

 
Fig. 2: Sketch of the MMS integration for a HCPB blanket. 
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riage systems for the movement of the inboard and outboard MMS in transverse ra-
dial/poloidal direction (compare Figure 3). 

 
Fig. 3: Basic layout of transport system outside the vacuum vessel (left) and principle requirements for the range of the gripper 

/ manipulator (right). 
 
 

In the final position the MMS are 
bolted onto a permanent self-
supporting shield structure, which 
is operated at nearly the same 
steady-state (medium) tempera-
ture as the MMS manifold struc-
ture. The shield structure is tor-
oidally closed and can expand 
fairly unconstraint during heat up 
within the vacuum vessel. The 
actual segmentation in toroidal 
direction is based on acceptable 
total weight of the segments and 
the size and number of the main-
tenance ports. Figure 4 shows a 
possible segmentation and num-
bers the segments due to an ex-
change sequence employing only 
two maintenance ports. 

Advantages of this maintenance concept are: 

• The maintenance time could be likely reduced in comparison to a separate module 
maintenance scheme. 

• The flexible attachments and hydraulic connections between the blanket modules and 
the manifolds could be done outside the reactor (compare Figure 5). 

• Large flexible attachment systems between vertical segments and cold components 
are not needed. 

• Only a small (two/four) number of ports have to be opened for maintenance. 

• Only relatively simple and low accuracy remote handling steps are necessary for the 
large components. 

 
 
Fig. 4: Segmentation and exchange sequence employing two maintenance 

ports. 
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• A small number of independent units have to be handled. 

A drawback of the MMS sys-
tem might be the increased 
waste volume since the mani-
folds behind the blanket mod-
ules are likely not re-weld 
able due to helium production 
in the steel. 

While a number of promising 
new approaches and propos-
als have been presented, fur-
ther work will be necessary to 
develop more detailed design 
solutions and allow for final 
judgments on feasibility and 

performance. This has to include additional thermo-mechanical analyses of the MMS and 
shield components especially under transient boundary conditions. Nevertheless, as a result 
from the hereby presented work in the frame of TW5, for the next phase in the DEMO con-
ceptual studies MMS in combination with a vertical maintenance scheme is determined as 
default for further investigations with regards to reactor integration and maintenance. 
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Fig. 5: Sketch of the lead through of the Helium pipes in the vertical ports. 

 



 -- 387 --

EFDA/05-1280 (TW5-TRP-005 D 2) 
Review of Blanket Concepts for the DEMO Conceptual Study 
 
Part 1 -  Critical Review of the European DEMO Helium Cooled Pebble Bed (HCPB) 

Blanket Concept for the Large Module and Multi-Module Segment (MMS) 
Maintenance 

 
Objective 
 
The Helium Cooled Pebble Bed (HCPB) blanket has been a European DEMO reference 
concept for nearly a decade. The recent European Power Plant Conceptual Study (PPCS) 
confirmed that the HCPB built from the reduced-activation ferritic-martensitic steel Eurofer is 
an acceptable choice of a blanket relying only on limited technological extrapolation. Based 
on the outcome of the PPCS in the following years a modular blanket design for the HCPB 
was investigated in more detail. This approach was based on the assumption of a large 
module integration concept with modules in the range of four square meters First Wall sur-
face being handled and replaced separately. 

The main objective of 
the completed task 
was to provide a criti-
cal review of the Euro-
pean Helium Cooled 
Pebble Bed (HCPB) 
blanket concept for 
DEMO shown in Fig-
ure 1. Integration as-
pects as well as de-
sign aspects had to be 
covered. Attention had 
to be drawn on the 
blanket layout to facili-
tate fabrication and 
reliable manufacturing. 
The work in this task 
was based on results 
of former work carried 
out in the frame of the 
extensive long term 
technology R&D pro-
gramme, the PPCS and the SEAFP and SEAL studies. 

Description of work 
 
The Helium Cooled Pebble Bed (HCPB) blanket design which mainly consists of a U-bend 
first wall with two-dimensional stiffening grid and multi-layer manifold at the radial back of the 
module is appropriate to build large modules and provides sufficient strength against pres-
surization accidents nearly independently from the overall size of the module. As a result of 
the review carried out in the present study it can be concluded, that the design is not yet 
completely optimized in terms of simplicity of fabrication and in terms of pressure drop. The 
fabrication of the foreseen structures with internal cooling channels and the assembly of the 
cooled plates, i.e. joining of the stiffening grid plates to the First Wall and the back walls need 
to be addressed carefully. The cooling plate design with meandering cooling channels that 
lead to asymmetric temperature distribution and lateral plate deflection could be optimized by 
either introducing a symmetric cooling channel design or adapting a newly proposed curved 
cooling plate design with straight internal cooling channels. The pressure drop in the large 

 
Fig. 1: Large module HCLL blanket box. 
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modules is relatively large and could be improved to a certain extend. Not all of the optimiza-
tion principles newly proposed for the MMS blanket sub modules are to be adapted easily 
due to the large size of the first wall and the modular design concept where a large number 
of breeder units have to be connected to common manifold layers which are placed behind 
each other at the radial back of the module (compare Figure 1). A strong feature of the large 
module design is the absence of toroidal or poloidally oriented manifolds in the breeding 
zone, which should be kept by any evolved design. It is self evident that the pressure drop 
and circulation power could be reduced significantly by increasing the helium pressure. This 
would lead to an increased amount of steel structure, eventually reduced tritium breeding 
and/or increased radial build. Increasing the helium pressure would necessitate a number of 
severe changes in the blanket design and in the layout of out of vessel systems like the cool-
ing loop including the heat exchangers. 

A large module attachment system that (i) can be opened and closed remotely during blanket 
replacement,(ii) allows for the differential thermal expansions of the large modules and the 
shield during all thermal load cases and (iii) provides enough strength against the electro-
magnetic loads during transient plasma events like disruptions is necessary for the large 
module concept. At the current state the feasibility of such a system has not been proven. 

The neutronic performance of the large module HCPB blanket is very good. The tritium 
breeding ratio is sufficiently high and the needed radial build of the breeding zones is small, 
when compared to liquid metal blankets. Also the energy multiplication is very high due to the 
use of beryllium as a very efficient neutron multiplier and from this the plant efficiency is 
promising even when choosing moderate helium temperatures. The amount of beryllium in 
the HCPB blanket is relatively high, which also results in a good shielding capability of the 
blanket modules. The pebble bed filling strategy for the large modules needs to be devel-
oped in detail.  

In regard on the multi module segments (MMS) integration concept (compare also TW05-
TRP-003-D1) a large number of potential simplifications could be introduced and possible 
improvements in regard on the helium cooling technique could be applied. By means of heat 
transfer enhancement with a ribbed inside of the First Wall cooling channels illustrated in 
Figure 2 and a turned flow direction (poloidal instead of toroidal for the MMS 2 m x 1 m con-
figuration) a significant reduction of the pressure drop and from this a better efficiency of the 
Helium cooled DEMO fusion power plant seems feasible. 

 

 
 
Fig. 2: First Wall concept with internal rib structure for heat transfer enhancement: Sketch of eddies occurring behind and in 

front of the cooling ribs (left); 3D CATIA model (right). 
 

A new breeder cooling plate design with straight internal cooling could help significantly to 
simplify the fabrication process and removes the issue of lateral plate deflections. This de-
sign could also be used with the large module blanket. Additionally new design features in 
regard to the internal blanket box design could be applied. A reduced number of breeder 
units with only two breeder units placed on top of each other in poloidal direction could allow 
simplifying the manifold design and reducing the manifold pressure losses. 



 -- 389 --

A newly proposed op-
tion for the blanket 
module attachment 
system is appropriate 
for taking advantage of 
the MMS system that 
deals with permanent 
connections between 
the MMS back plate 
and the modules and 
which gives more 
freedom in using 
smaller blanket sub-
modules. This is only 
limited by the require-
ment to assure the 
tritium breeding self-
sufficiency. A MMS 
configuration with 2 m 
wide (toroidal) and 1 m high (poloidal) modules can be attached by a welded concentric hy-
draulic connection and two welded bending plates in a promising way. Thermal stresses dur-
ing transient thermal and electromagnetic events seem to be acceptable. An exemplary re-
sult of a calculation employing finite element methods can be seen in Figure 3. 

A number of promising new approaches and proposals in accordance with a more elongated 
module shape rather than a square shape have been proposed. A conceptual design is pre-
sented in Figure 4.  

 
 

Fig. 4: Improved HCPB blanket box adapted for the MMS concept. 
 
 
 

If the proposed features can be successfully realized, the main advantages of the MMS 
HCPB blanket will be: 

 
 
Fig. 3: Contour plot displaying an exemplary distribution of thermal stresses in the im-

proved blanket box. 
 



 -- 390 --

• A simplified structure and fabrication (likely also results in better reliability). 

• A simplified filling procedure. 

• Feasibility of a flexible attachment of modules (remote handling is not required). 

• A significant reduction of pressure drop and circulation power and therefore signifi-
cantly increased plant efficiency. 

• Integration into the MMS concept which deals with large handling units and shifting of 
most mechanical and hydraulic connection steps outside the vessel is possible. This 
most likely will result in both, reduced maintenance time and improved reliability. 

Further improvements of a fusion reactor with HCPB blankets can be achieved by increasing 
the helium temperature and the helium pressure. Higher helium temperatures can be allowed 
when using improved structural materials (like ODS grades of ferritic steel) and using ad-
vanced beryllium multipliers. 

While this completed work programme enabled to present a number of promising new ap-
proaches and proposals it is evident that further work will be necessary to develop detailed 
design solutions and allow for final judgments on the feasibility and actual performance. Fur-
ther work in the scope of the next stage of the DEMO conceptual studies needs to focus on 
the confirmation of the presented approaches and requires further analysis of the attachment 
system and in particular a detailed design of the manifolds.  
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Part 2 - Dual Coolant Lead Lithium (DCLL) Blanket Concept for the Multi-Module  

Segment (MMS) Maintenance and Magneto Hydrodynamic (MHD) Analysis 
 
Objective 
 
The Helium Cooled Pebble Bed (HCPB) and the Helium Cooled Lead Lithium (HCLL) blanket 
are the European reference concepts and therefore serve as a basis for the development of 
the European ITER test blanket modules (TBM). A drawback of both concepts on the long 
term might be the limited coolant exit temperature, which is defined by the need of keeping 
the coolant temperature below the acceptable structural material temperature. For this rea-
son the helium exit temperature cannot exceed roughly 500°C in the case of a Eurofer made 
blanket. Some improvements could be expected for a partly or completely ODS-Eurofer 
made blanket structure, whereby a maximum exit temperature between 600°C and 650°C 
might be the upper limit to be expected from today’s view. 

However, a major step in achieving higher exit temperatures while using a common Eurofer 
made steel structure could be achieved if a thermal insulation between a liquid breeder circu-
lated through the blanket and the structural material is applied. In this case the exit tempera-
ture of the liquid breeder can be chosen some hundred K higher than the allowable tempera-
ture of the structure. As the liquid breeder has to be pumped through the strong magnetic 
field inside the reactor although an electrical insulation is necessary between the breeder 
and the conducting steel structure to keep the magneto hydrodynamic (MHD) pressure drop 
reasonably low. These considerations led to the development of the Dual Coolant Lead Lith-
ium (DCLL) blanket concept in the 1990th at the Forschungszentrum Karlsruhe. In the DCLL 
concept the liquid breeder is separated by flow channel inserts from the Helium cooled struc-
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ture. The reference material for the flow channel inserts is silicon carbide fiber-reinforced 
silicon carbide (SiCf/SiC). The DCLL blanket concept was the basis for the recent European 
Power Plant Conceptual Study (PPCS) model C and is considered a basis for the US TBM 
effort. The PPCS confirmed that a DCLL blanket built from the reduced-activation ferritic-
martensitic steel Eurofer and some ODS-Eurofer used for the First Wall could be an attrac-
tive choice for an advanced future fusion power plant in terms of overall plant efficiency. 

Description of work 
 
Under this second part of the task the DCLL concept was reviewed in regard to DEMO and 
especially in regard on the DEMO multi module segments (MMS) integration concept (com-
pare also TW5-TRP-003-D1). In the MMS concept a vertical row of blanket modules is 
mounted onto a common back plate which houses the helium coolant and breeder manifolds 
(compare Figure 1). The aim of this approach is combining the advantages of the DCLL 
blanket in terms of efficiency and high exit temperature with the advantage of a comparative 
fast blanket replacement procedure that allows achieving reasonable high plant availabilities. 

 
 

Fig. 1: DCLL blanket for the Multi-Module Segment (MMS) concept. 
 
 

In the present investigation equivalent boundary conditions as used for the simultaneously 
performed DEMO MMS HCPB Blanket approach were taken into account. For example the 
helium coolant pressure was set to 8 MPa in contrast to the PPCD Model C were a pressure 
of 14 MPa along with artificial surface roughness in the flow channels was assumed. 

In contrast to the MMS HCPB concept where a gap between the blanket sub-modules and 
the MMS manifold was foreseen, for the MMS DCLL configuration a rigid (welded) connec-
tion between the sub-modules and the manifold is considered more adequate. The underly-
ing intention is the simplification of the breeder flow path with the aim of keeping the magneto 
hydrodynamic pressure drop small (compare Figure 2). Especially removing toroidally ori-
ented liquid breeder manifolds and ensuring large breeder channel cross sections was con-
sidered important. The drawback of this MMS DCLL configuration compared to the MMS 
HCPB configuration which deals with a flexible connection between the blanket sub-module 
and the manifold is that the use of a toroidally closed supporting shield structure (hot ring 
shield) and a simple mechanical connection between MMS and shield is not applicable. The 
reason for this is that the entire DCLL MMS heats up during a relatively short time when the 
plasma is switched on and therefore a flexible attachment between the MMS and the shield 
is necessary to cope with the differential thermal expansions. Nevertheless, due to the rea-
sons mentioned before and the relatively small amount of helium coolant present in the mani-
folds (keeping the temperature constant near the Helium inlet temperature is more compli-
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cated as for entirely Helium cooled blankets) in the case of the DCLL the rigid module mani-
fold connection was chosen in the present study. 

 

 
 
 

Fig. 2: Flow paths of helium und lead lithium in the DCLL blanket and manifold. 
 
 

The main emphasis of the new MMS design for the DCLL blanket is simplification and adap-
tation to a vertical replacement strategy. The new design deals with a comparatively simple 
flow routing, a reduced amount of Helium cooled structures and simplified flow channel in-
serts made from SiCf/SiC. Most of the power (up to 67%) is collected within the liquid breeder 
that leaves the multi-module blanket at 700°C. The vertical segment concept allows for sim-
ple draining by gravity force. 

The concept seems to have the potential to fulfil the requirements in terms of mechanical 
strength and a promising hydraulic lay-out could be derived. Preliminary calculations to as-
sess mechanical and thermal stresses have been performed (compare Figure 3). 

 
 

Fig. 3: Exemplary calculation of the temperature distribution in the DCLL manifold. 
 
 

While a number of promising new approaches and proposals for the DCLL blanket are pre-
sented in this report it is evident that further work will be necessary to develop more detailed 
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design solutions and allow for final judgments on feasibility and performance. Open issues 
remain especially in the following areas: 

• Behaviour of the flow channel inserts under operational conditions. 

• Tritium extraction from the hot breeder stream. 

• Tritium permeation into the Helium stream. 

• Detailed MHD pressure loss in 3D geometries to be determined and adjusted. 

• Integration of the MMS DCLL blanket into the reactor, especially providing a suitable 
attachment system. 

• Need of advanced power conversion cycle (better than Helium Brayton cycle) to offer 
significant improvements over the HCPB equipped plant. 

When compared to the optimized MMS HCPB concept which was analyzed in parallel (part 1 
of the present task report) it turned out that the DCLL blanket should be combined with an 
advanced power conversion cycle to offer a better plant efficiency. As DEMO will be the first 
fusion reactor plant to be built it is unlikely that the risk will be taken to combine an extremely 
complex new fusion reactor as a heat source with a new power conversion system that has 
not been proven to work reliable over decades in other applications like coal or fission plants. 
Nevertheless, a DCLL based DEMO machine may offer additional potential for further in-
crease in the maximum outlet temperature that could result in important advantages in the 
area of hydrogen production and efficiency, if advanced power conversion cycles become 
available. Due to the high temperature of the liquid metal and the need to extract both, tritium 
and heat from it, the technological challenge for the realization of the DCLL concept includes 
especially the out-of vessel systems like heat exchangers, pipes, valves and tritium extrac-
tion system. Evidently, concerning the feasibility and reliability of a DCLL based reactor im-
portant issues remain to be solved. The concept presented in this study may serve as basis 
for ongoing R&D on the DCLL concept including the fields of flow distribution, MHD effects, 
tritium breeding and neutronics, corrosion, tritium permeation, flow channel inserts, fabrica-
tion, tritium extraction system, liquid metal loop for high temperatures, flexible attachment 
system and remote handling. 
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TRP-005 
Neutronic Analysis 
 
TW6-TRP-005 D 2 
TBR and Shielding Analyses for the HCPB DEMO Reactor  
 
The objectives of Task TW6-TTRP-005, Deliverable 2, are (i) to proof the capability of the 
HCPB blanket concept developed for DEMO to achieve tritium self-sufficiency, (ii) to proof 
the capability of the internal components and the vacuum vessel to provide sufficient shield-
ing, and (iii) to provide the nuclear power generation data required for the thermal-hydraulic 
layout of the DEMO reactor(s). 

This task has been started only recently. Prior to the development of a suitable reactor model 
and detailed design analyses it is required to define a proper set of reactor parameters. This 
is an iterative process starting with the definition of a suitable radial build which depends, 
among others, on the dimension of the shield system. The required shield dimension, in turn, 
depends on the shielding efficiency which is given by the assumed material composition of 
the shield and its geometrical configuration. The shield system must be designed in such a 
way that a sufficient protection of the super-conducting magnets is ensured. In this context 
the radiation design limits for the superconducting magnets have been critically reviewed and 
updated to the state-of-the-art.  Table 1 summarizes these limits for ITER and DEMO.   

First assessments of the shielding requirements were performed with the objective to reduce, 
as much as possible, the radial dimension of the shield system. The related shielding analy-
ses were conducted on the basis of 3D shielding calculations performed with the MCNP code 
using a suitable modified PPCS reactor model. As a result of these analyses, a shield thick-
ness of 30 cm was recommended assuming an efficient shielding mixture including tungsten 
carbide, water and steel.  

 
Table: 1: Updated radiation design limits for the superconducting toroidal field coils. 

 

 ITER  DEMO 

Integral neutron fluence for epoxy insulator [m-2] 1×1022 ∼ 1×107 Gray 2∼3×1022 
Peak fast neutron fluence (E>0.1 MeV) to the 
Nb3Sn superconductor [m-2] 

1×1023 -- 

Peak fast neutron fluence to Nb3Sn ternary su-
perconductor [m-2] 

0.5∼1×1022 1×1022 

Peak displacement damage to copper stabiliser, 
or maximum neutron fluence, between TFC 
warm-ups [m-2] 

1∼2×1021 Equivalent to 
0.5∼1×10-4 dpa 

1×10-4 dpa between 
TFC warm-ups 

Peak nuclear heating in winding pack [W/m3] 1×103 <5×103 
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TRP-009 
He-cooled Divertor Test Module for ITER 
 
TW5-TRP-009 D 2 
Testing suitable HEMS/HEMJ Prototypes in ITER 
 
The intermediate-term goal of the He-cooled divertor development [1] (TRP-001) is the com-
pletion of a test divertor module (TDM) which is envisaged to be tested in ITER from 2020 
onward (Fig. 1). The objectives of the TDM are function tests and full validation of the diver-
tor concept under real fusion boundary conditions to be aimed at future application in DEMO. 
For this purpose a suitable prototype for such tests in ITER are to be developed which has a 
similar approach as developing the test blanket module (TBM) for DEMO. 

2006 2007

2009

2006 2007

2009

 
Fig. 1: Roadmap of the He-cooled divertor development. 

 
Basis for the TDM investigations [2] are the CATIA designs of water cooled ITER divertor 
cassette received from ITER both a complete model in V4 version (Fig. 2) and incomplete 
model in V5 version with design being updated. The associated thermalhydraulic data 
are taken from the current ITER DDD report from the ITER IDM data base. The thermalhy-
draulic examination for our helium cooled divertor concept resulted in that the cooling of the 
entire cassette with helium is not possible for space reasons (dh-He >> dh-water), therefore only 
the outer vertically target (OVT) will be cooled with helium. The inlet and outlet temperatures 
of the helium were chosen with 600°C and 650°C, respectively. Assuming a He speed of 70 
m/s a necessary inner diameter of the main pipes resulted to 150 mm. Inconel 625 is chosen 
as material of the He main tubes, which allows a relatively high operating temperature of up 
to 750°C as well as a post-heat-treatment-free welding. The dimensioning of the tube wall 
thickness is based on the AD Merkblatt specifications resulting in a size (da x s) of inlet and 
outlet tubes of 170 x 10 mm. 

The ITER cassette types (i.e. standard, second and central cassettes), the possi-
bilties for connecting He cooling tubes onto the ITER cassette body, as well as the ITER port 
types have been discussed. There are altogether three central cassettes each equiped 
with two second cassettes on the left and on the right building up to a tripel arrangement, 
which is positioned at the three existing maintenance ports (No. 2, 8, 14). The pipe connec-
tion position at the lower end the cassette has been found as suitable. The He pipes can be 
guided via the existing cut-out in the cassette body at this bottom zone of the central cas-
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sette, which is normally occupied by the diagnostic block, and attached to the OVT. This at-
tachment possibility exists only with central cartridges, which - unlike the standard and sec-
ond cassettes being hung up and shifted into the rail system - are hung up into the toroidal 
ring as last one. Thus, sufficient space outward is given for the pipe connections. The main-
tenance port No. 2 (Fig. 3) has been found suitable for the TDM test, since the location of 
measuring instruments originally planned for this port could be omitted for the testing period 
for our TDM of about 6 months. 

Fig. 2: ITER divertor cassette. 
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Fig. 3: Suitable TDM test position in ITER: Central cassette of maintenance port 2. 
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TRP-012 
Optimisation of a Fusion Power Plants for the Production of Hydrogen 
 
TW6-TRP-012 D 1b 
Optimisation of a ‘Start-up’ Scenario where the Power is less than 100MW 
 
1. Introduction 
 
The aim of this task is to optimise the "start-up" of a DEMO-sized tokamak including the L- to 
H-mode transition with auxiliary power below 100 MW. The task is carried out with the inte-
grated modelling based on a 2D plasma edge code (B2-EIRENE) and a 1.5D core transport 
code (ICPS), as described in more detail in [1] and in a separate contribution to this Annual 
report [2]. Ongoing work for that task is described in more detail in [3], and results concerning 
the steady state values of a highly radiating DEMO configuration are described in [4], [5]. The 
present task has just been active since the autumn of 2006. 

2. Initial Plasma Modelling 
 
The geometric parameters chosen for the DEMO modelling task are similar to those of ITER 
as developed in the Conceptual Design Activity (1991) (B=5.7T, R=8.1m, a=2.8m, κ=1.7, 
δ=0.36). (see Figure in [4]). 

The ICPS model for core plasma transport in the connected work described in [2], [4], [5] is a 
time-dependent model. However, in those studies, for reasons of computational efficiency, a 
number of accelerator algorithms were applied in several of the equations, since the interest 
there was in the quasi-steady-state results. Checks were performed to ascertain that the 
quasi-steady-state results were unaffected by these algorithms. The startup scenarios of the 
present study must, however, be determined in real time. At the present time, the code is 
being converted to real-time operation. This work is ongoing and initial results on real-time 
scenarios for DEMO are not yet available. 

3. Perspectives 
 
The task has just started. Once the code operates in real-time mode, the ramp-up of plasma 
current from ~5 MA onwards and the concurrent rampup of density and auxiliary power will 
be optimised using the ICPS model in ASTRA so as to obtain an L- to H-mode transition with 
an auxiliary power below 100 MW. Simplified boundary conditions will be used while the 
plasma is in the limiter configuration and the full integrated model for core and edge will be 
used after transition to the diverted geometry. 
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TW6-TRP-012 D 2 
Assessment of the Impact of a Fusion Power Plant for H2 Production on  
Internal Components 
 
Objectives 
 
Studies carried out in the EU on fusion power plants have focused so far on electricity pro-
duction. Another important alternative is the production of hydrogen and exploitation of the 
role that fusion power can play in a developing hydrogen economy. Hydrogen is regarded as 
a major secondary energy carrier that will have a large market share for applications includ-
ing heating and transportation. Previous studies [1, 2, 3] have concluded that fusion power 
can make a major contribution by providing the large quantities of energy required for sus-
tainable hydrogen production and generating economic off-peak power in an integrated en-
ergy system. The objectives of the present study follows up a specific conclusion from an 
earlier study [1], that due to the important role fusion power plants can play in a hydrogen 
economy, consideration should be given to optimizing the design of a fusion plant for the 
production of hydrogen rather than electricity – a ‘Hydrogen Production Fusion Power Plant’ 
(HPFPP). The hydrogen production cycles described in the earlier study are to be considered 
as the basis for this study. 

The scope of the work performed under this DEMO technology subtask comprises the follow-
ing more or less independent aspects. Assessment of (i) the impact on the design of internal 
components of an HPFPP, including possible alternative blanket layouts, (ii) cooling fluid(s), 
in particular the possible use of CO2 rather than He, and (iii) the impact of pulsed operation 
on the design of the mechanical structure.  

Design of Internal Components 
 
Breeding blankets are key components of fusion power plants and determine to a large de-
gree their attractiveness. For this reason emphasis in the study about internal components is 
on blanket concepts. Regardless of other aspects, the key parameter to judge the attractive-
ness of a blanket concept is the prognoses of the achievable outlet temperature. The outlet 
temperature determines the choice of the most appropriate cycle for energy production and 
its efficiency. Therefore it also determines the most decisive value of a power plant, namely 
the cost of electricity. This is also true in the case of a HPFPP. The blanket outlet tempera-
ture determines the possible processes for hydrogen production from fusion power and it 
also determines the thermal-to-hydrogen conversion efficiency to be expected. This allows 
focusing on blanket outlet temperatures as an indicator to assess the impact of the prospec-
tive of a HPFPP on the design of internal components. Table 1 summarizes the main EU 
blanket concepts considered for a potential application in a conceptual power plant. Reflect-
ing the EU philosophy for a fusion power plant the concepts with the highest development 
risks but also most promising attractiveness (highest outlet temperatures, e.g. TAURO or A-
HCPB) have taken a back seat [4]. 

In comparison to this, relying on previous investigations [1, 2] an overview of applicable hy-
drogen production processes is given and their requirements on process temperature are 
specified. The presented processes were selected considering conceivable technical feasibil-
ity and sufficient efficiency. Due to this, plasma chemical methods aiming towards direct wa-
ter splitting into hydrogen and oxygen as described in [2] are not considered. 
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Thermochemical water splitting is the conversion of 
water into hydrogen and oxygen by a series of ther-
mally driven chemical reactions. Currently the lead-
ing alternatives for thermochemical hydrogen pro-
duction are the Westinghouse hybrid sulphur proc-
ess (WSP) and the sulphur-iodine process (SI). 
Other processes have also been suggested but are 
less developed and require process temperatures 
>1000°C. Figure 1 shows a simple schematic of the 
coupling between the thermochemical water-splitting 
process and fusion reactor for hydrogen production. 
This sketch does not account for the fact that ther-
mochemical water splitting is realized by a series of thermally driven chemical reactions. Es-
pecially the different levels of temperature required for the employed chemical reactions and 
the flow of different chemical compositions might lead to quite complex flow schemes [8].  

Table 1: Characteristic design parameters of the current EU blanket concepts for the conceptual power plant DEMO. 
 

 
 

There is a range in temperature allowing a utilization of these processes. This range is de-
termined by the thermodynamic equilibrium of the specific chemical reactions and the asso-
ciated production rates required. Thus, if accepting a change in efficiency, it is possible to 
adjust the process to the available heat source. Figures 2 and 3 taken from [10] illustrate the 
influence of temperature on the expected thermal-to-hydrogen efficiency. It has to be men-
tioned that compared to the values given in [1] the estimates of efficiencies in [10] seem to 
be rather optimistic. The estimates were performed with the aim of employing nuclear power 
from fission reactors to produce hydrogen and are dependant on the specific assumptions 
such as efficiencies of heat exchangers, recuperators and power conversion cycle. This has 
to be considered if assessing the given values. Especially in the case of the hybrid Westing-
house process, the efficiency of the power conversion cycle affects the thermal-to-hydrogen 
efficiency. It is shown that a significant (relative) increase in efficiency can be achieved with 
the help of higher process temperature. Furthermore, it can be assumed that power plants 
operating with a heat source powered by fusion should be able to reach very similar cycle 
efficiencies as fission power plants, powering a heat source operated at the same tempera-
ture level. 

 
 
Fig. 1: Schematic of simple coupling of the ther-

mochemical water-splitting process and fu-
sion reactor for hydrogen production 
(adopted from [9]). 
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Figure 2 shows clearly that the SI process has only a limited value with a heat source at a 
temperature level below approximately 780°C (thermal-to-hydrogen efficiency <30%). Com-
pared to this, the WSP as proved in Figure 3 is more tolerant. If providing a heat source at a 
temperature level higher than approximately 630°C a thermal-to-hydrogen efficiency higher 
than 30% is expected to be achieved. 

 

  
 
Fig. 2: Estimated SI cycle thermal-to-hydrogen efficiency 

versus peak process temperature [8]. 

 
Fig. 3: Thermal-to-hydrogen efficiency for the hybrid WSP 

coupled to a gas turbine modular high temperature 
reactor [10]. 

 
 

Electrolysis is the reference for thermochemical processes. With 70% efficiency at the elec-
trolyser and typical power conversion efficiencies between 35%-40% one may expect con-
version efficiencies around 25%-28% for hydrogen production from electrolytic water-
splitting. At first hand, this process does not entail any adaptation of the power plant due to 
hydrogen production. The efficiency of the power plant needs to be optimized for the produc-
tion of electricity only. A significant gain in thermal-to-hydrogen conversion efficiency can be 
achieved if electrolysis of steam is operated at a higher temperature level (high temperature 
steam electrolysis: HTSE). Figure 4 shows the energy demand for water and steam elec-
trolysis. The total energy demand (ΔH) for water and steam decomposition is the sum of the 
Gibbs energy (ΔG) and the heat energy (TΔS). The electrical energy demand, ΔG, decreases 
with increasing temperature as shown in the figure. The ratio of ΔG to ΔH is about 93% at 
100°C and about 70% at 1000°C. This drives the increase of the thermal-to-hydrogen con-
version efficiency with increasing temperature, even though the total energy demand ΔH 
slightly increases. Additionally, high temperature helps in reducing cathodic and anodic over-
voltage, which cause the power loss of the electrolysis (a typical value is 10% overpotential 
of ideal potential). Thus, the HTSE can produce hydrogen with lower electric power than 
conventional water electrolysis [10, 11]. This process is particularly advantageous when cou-
pled to high efficiency power cycles and can consequently yield very high overall thermal-to-
hydrogen efficiencies. The overall efficiency value is driven by the operating temperature and 
the cycle efficiency. As the electrolysis temperature increases, ΔG and thermal losses de-
crease such that the overall thermal energy required for the electrolysis decreases. There-
fore, the overall thermal-to-hydrogen energy efficiency increases with increasing operating 
temperature.  

Of particular interest for the presented study is the process proposed in [9]. HTSE is coupled 
with an advanced gas cooled fission reactor (AGR). The HTSE average process temperature 
is 900°C, whereas the reactor exit temperature and the SCO2 cycle turbine inlet temperature 
are: 550°C to 700°C. The 900°C at the HTSE unit, which is higher than the reactor exit tem-
perature, is achieved with recuperative and electrical heating. With direct coupling between 
the power conversion cycle (supercritical CO2 recompression Brayton cycle) and the reactor, 
the authors claim that the system can achieve 38.6% to 48.2% of net hydrogen production 
energy efficiency. This independency of the HTSE process temperature offers an alternative 
if the reactor exit temperature is limited due to technological requirements or limitations. 
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Fig. 4: Energy demand for water and steam electrolysis versus electrolysis temperature [11] (right) and simple schematic of the 
coupling of the electrothermochemical water-splitting process, fusion reactor and power conversion system for hydrogen 
production (adopted from [9]). 

 
 
From all this, a very general and global statement describing the temperature requirements 
for effective hydrogen production processes which can also be recognized in the Generation 
IV fission reactor development trends could be “the higher temperature the better”. Promising 
for a HPFPP with limited outlet temperature is the HTSE process since this process can be 
adjusted to the available temperature level of the heat source. This process would be appli-
cable for all current blanket concepts but would suffer from rather low net hydrogen produc-
tion energy efficiency. An optimization might be possible if additional heating is applied. Stud-
ies in the scope of fission power plant development suggest that effective hydrogen produc-
tion with either the SI, WSP or HTSE process is feasible with a heat source of approximately 
>700°C. Current EU fusion technology can only partly fulfil this demand when considering the 
heat delivered by the Pb-17Li coolant in the DCLL blanket concept (700°C) or the heat from 
the Helium cooled divertor (700°C). 

In the next stage of the study a possible increase of outlet temperature of the different blan-
ket concepts employing even more advanced materials [12] or by design changes needs to 
be addressed. 

Cooling Fluid CO2 instead of Helium 
 
Helium is the current choice of coolant for DEMO, but because Helium is a relatively scarce 
resource, the decision to use it in large power plants will probably rest not only on thermody-
namic considerations. For instance, a satisfactory solution of the practical problem of sealing 
the system at the high pressures is required. Experience with sealing high-pressure carbon 
dioxide in gas-cooled reactors has shown that leakage is substantial, and helium, being a 
lighter gas, will be even more difficult to contain. 

Also required pumping power for the coolant is of high relevance since it directly reduces the 
achievable output power. To judge this issue it is important to provide meaningful compari-
sons with appropriate assumptions and sufficient significance. Also compatibility of CO2 with 
structural materials especially under irradiation needs to be examined. All these aspects 
need to be approached in the next phase of this study [13, 14]. 

Impact of Pulsed Operation 
 
Steady-state electricity production is an essential requirement of a fusion reactor, and it has 
generally been assumed that the most cost-effective approach to this goal involves steady-
state plasma operation. The cost disadvantage associated with pulsed plasma operation may 
be acceptable if certain physics challenges involved in achieving steady-state plasma opera-
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tion prove more difficult, or more expensive, to resolve than assumed. Therefore, more de-
tailed comparisons between steady-state and pulsed tokamak operation, including physics 
as well as technological aspects, have to deliver essential input for future DEMO studies. 

Regarding technology aspects these com-
parisons need to comprise the transient op-
eration of the internal components. As a first 
step the agreement about a representative 
pulsed scenario is necessary. Only limited 
information is available but former work in 
the scope of the DEMO studies and also the 
US PULSAR study can serve as starting 
point (compare Figure 5) [15]. 

From this an estimate of cyclic temperature 
and cyclic mechanical loads for the relevant 
reactor components needs to be provided. 

Appropriate stress (strength) estimations need to be performed. Prospective life time analy-
ses are required considering the expected number of cycles and, therefore, eventually low 
cycle fatigue of the adopted structural material [16]. Pulse length is more or less determined 
by the burn time and under consideration of the components life time dependant on radiation 
damage due to swelling and transmutation the minimum number of cycles to be tolerated can 
be determined. The necessary material data will have to be collected as far as the current 
state of material development allows [17, 18]. If the relevant data are not available meaning-
ful assumptions will have to be established for an estimation of durability. All these issues will 
be approached in the next phase of the presented study. 
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TW3-TI-VP 31 
High Temperature Regeneration Tests of the ITER Model Torus Cryopump  
 
Task Objective 
 
The regeneration of the cryopumps is a key issue for the tritium inventory control for ITER 
[1]. To stay within the inventory limits, a multi-staged regeneration approach will be taken, 
comprising the regular regeneration stage at 100K to release the hydrogen isotopes them-
selves, a second stage at ambient temperatures to release air-likes and light hydrocarbons, 
and a high temperature reactivation stage at ~ 470K to release any strongly sorbed sub-
stances such as water and heavy hydrocarbons [2]. Especially the latter substances have a 
strong potential to build-up a high semi permanent tritium inventory in the cryopumps by iso-
tope exchange. Although it could be shown that there will not result a significant poisoning 
effect from accumulated impurities (see task TW1-TTF-VP13), from inventory limitation point 
of view it is essential to have an effective regeneration procedure available. The objective of 
this task was therefore to show that the available maximum regeneration temperature limit at 
ITER is sufficient to release the accumulated impurities. 

Release results 
 
Within the present task, representative species which are known to be difficult to regenerate, 
such as water and heavy hydrocarbons were investigated quantitatively in the TIMO facility 
[3]. This was done in parallel to the water tracer substances programme (task TW1-TTF-
VP13). The release pattern of these species was monitored by high resolution quadrupole 
mass spectrometry as reference device, in many cases in parallel with a GC-MS. Each reac-
tivation test started from ambient regeneration, with deuterium from the preceding pumping 
test filling the closed pump volume to about 70 mbar. From this starting point, the tempera-
ture of the cryopanel system was increased in steps of about 30K up to 470K, and the gas 
composition was analysed. Fig. 1 shows some representative results for the release of water 
and i-octane after very high amounts of sorbed gas (of the order of 2 (mbar·l)/cm²). It is re-
vealed that both species start to get released in a quantitative manner at a temperature 
range around 100°C. Both species are released completely within the stagewise regenera-
tion heating until 470K. The experiments performed under this task confirmed clearly that the 
470K upper temperature limit in ITER is sufficient. 
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Fig. 1: Temperature-driven regeneration of the cryopump from pumped water and i-

octane. 
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EFDA/05-1279 (TW5-TDS-NSA3) 
Nuclear Analyses Service: Part 1 – Enabling-Coordinating Activities 
 
Deliverable 5 
Version 1 of the CAD - MCNP Interface Programme and Manual of Use  
 
The objective of this task was (i) to develop a full operational version of the CAD-MCNP in-
terface programme McCad and make available a release version to ITER and other inter-
ested partners, (ii) to automatically generate a Monte Carlo geometry model on the basis of 
the 40° ITER torus sector CAD (CATIA) model provided by ITER, test and validate the model 
by means of MCNP calculations, and (iii) to evaluate the (automatic) CAD to MCNP conver-
sion procedure against other available approaches.  

McCad is an interface programme developed at FZK for the conversion of CAD geometry 
data into the semi-algebraic representation of the Monte Carlo code MCNP [1]. It provides a 
graphical user interface (GUI) with components for modelling, visualization, and data ex-
change.  The CAD geometry data are imported via data files in the IGES (version 5.3) or 
STEP neutral format. In the frame of task TW5-TDS-NAS1, the development of McCad has 
been continued to complete different parts of the programme, enhance several features, add 
additional functionality and perform specific benchmark tests. The current version of McCad 
is capable to automatically generate an MCNP input deck from CAD data. It performs se-
quences of tests on CAD data to check their validity and neutronic suitability. It provides 
methods for the repair of CAD models and the completion of the final MCNP model by void 
spaces. The latter step is necessitated by the fact that the void space between parts is tradi-
tionally not available in CAD models whereas it is required by the MC codes for tracking the 
particles.  

 
Fig. 1a: CAD model of ITER 40 ° torus sector (CATIA V5). 

 
Fig. 1b: Converted MCNP model (2D vertical cut by MCNP 

plotter). 
 
 

An essential part of the task TW5-TDS-NAS1 was devoted to test McCad for the automatic 
conversion of a complex ITER geometry model and verify that the generated model can be 
really used in MCNP calculations. A dedicated CAD neutronics model of a 40° ITER torus 
sector was generated to this end by the ITER drawing office. The model contains all signifi-
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cant components although some details have been suppressed and geometric simplifications 
were applied in order to comply with the requirements for the use with MCNP calculations, 
see Fig. 1a. The CAD model was converted by McCad into an MCNP geometry representa-
tion through several (automated) steps including error detection and correction as well as the 
completion of the model by voids.  The converted MCNP model, generated automatically by 
McCad, is shown in Fig. 1b in a vertical cut as provided by the MCNP geometry plotter. The 
conversion process was shown to introduce no approximations so that the resulting MCNP 
geometry is fully equivalent to the original CAD geometry. 

The converted model has been validated first by means of stochastic volume calculations. 
Perfect agreement was obtained for the volumes of the geometry cells as calculated by 
MCNP using the converted model and the corresponding volumes provided by the CAD sys-
tem.   

MCNP transport calculations were then performed for specified nuclear responses (tallies) 
such as the neutron wall loading, the neutron fluxes at specified locations and the nuclear 
heating in specified components. Fig. 2 shows the calculated neutron wall loading distribu-
tion. The peaking values amount to 0.62 and 0.76 MW/m2, inboard and outboard, respec-
tively, while the poloidal average is at 0.54 MW/m2. The corresponding values based on the 
standard ITER MCNP model are 0.60 and 0.77 MW/m2 for the peaking values, and 0.55 
MW/m2 for the poloidal average. 

The calculated responses also compare favourably to the  results obtained by other ap-
proaches developed elsewhere for the use of CAD geometry data in MCNP calculations 
(ASIPP Hefei, China; University of Wisconsin, Madison, USA). It was concluded that the 
McCAD interface works properly and can be applied with confidence in future neutronics 
analyses for ITER. Thus, consistency of the engineering CAD models and the neutronics 
models applied in MCNP calculations will be ensured. 

 
 

Fig. 2: Neutron wall loading distribution calculated by MCNP with the converted ITER model. 
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Fig. 3: Neutron fluxes calculated at the specified locations behind the test blanket port in the ITER midplane by the point detector and 

track length estimator tallies. 
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EFDA/05-1331 (TW4-TDS-CLDES) 
Final Design of HTS Current Leads for ITER 
 
Introduction 
 
In line with ITA-11-62-EU the objective of this task is to perform a final design of ITER high 
temperature superconducting (HTS) current leads (CL), quantifying the issues associated 
with the lead cooling conditions. The results include confirmation of the lead size and orienta-
tion and the preferred cooling requirements.  

The work will be done in collaboration with the Centre de Recherches en Physique des 
Plasmas (CRPP), Villigen, Switzerland. Forschungszentrum Karlsruhe will focus on the 
steady state 70 kA HTS CL for the Toroidal Field Coils and CRPP on the pulsed 45 kA HTS 
CL for the Central Solenoid and Poloidal Field Coils. 

Background 
 
High temperature superconductors have successfully demonstrated their considerable ad-
vantages over conventional materials and entered the market. Therefore, an R&D program 
was launched in Japan and EU in order to design and construct HTS components for ITER. 
As a result of this programme a 60 kA HTS current lead was successfully manufactured and 
tested in Japan in 2002. The EU 70 kA ITER prototype current lead using HTS was assem-
bled in 2003 and tested in 2004 in nominal conditions. Afterwards, the 70 kA HTS current 
lead was successfully operated at a He inlet temperature of 80K and retested using LN2 as 
requested by the International Team. These tests confirmed the possibility of using the 80K 
cooling circuit foreseen in ITER for the thermal shields. For the first time, it was also demon-
strated that LN2 cooling of a 70 kA HTS-CL is possible. This cooling method offers low 
power consumption and the possibility to adjust the time in case of a LOFA event by an ap-
propriate size of the LN2 inventory. As a consequence, the International Team in agreement 
with the Participant Teams has decided to introduce HTS CL in ITER.  

Since several years, Forschungszentrum Karlsruhe and CRPP Villigen have been involved in 
the development and construction of high amperage current leads including the European 70 
kA HTS current lead for ITER. 

Status of the Work 
 
A. Operation of the 70 kA HTS current lead with helium and liquid nitrogen 

The developed 70 kA HTS-CL was operated with 50K He (design operation) cooling up to 80 
kA. The cooling power consumption at rated current was lowest for this operation. The 80K 
He operation is less optimal with respect to the cooling power consumption. However, it may 
be attractive for devices where 80K helium is already available for radiation shield cooling 
(e.g. for ITER). The safety margin in case of a LOFA event is much lower than for 50K He 
cooling. For ITER, a considerably larger amount of HTS material would be needed to in-
crease the margin. 

For the first time a 70 kA HTS-CL was operated up to 75 kA with LN2 cooling at both atmos-
pheric and sub-atmospheric pressure in stable conditions. This cooling method requires a 
cooling power which is as low as for 50K He cooling. It offers the possibility to adjust the time 
to intervene in case of a LOFA event by an appropriate size of the LN2 inventory. A sub-
atmospheric operation at 70K which would save a substantial amount of HTS material com-
pared to 80K operation is possible but a failure of the pump unit has to be considered and a 
redundancy is required for a reliable system. 
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B. Operation of the HTS current lead under fault conditions 

A linear ramp down of the TF coil current within 30 minutes in the presence of a loss of mass 
flow rate failure in the current lead supply has been simulated. The current lead will quench 
during the ramp down process about 7.5 minutes after LOFA start. 

To judge the sensitivity of the electrical quench detection systems even during pulsed opera-
tion, the compensated panel and quench detection voltages were studied in both DC and 
pulsed operation. Both show a broader distribution during current operation than during 
stand-by but there is no difference between DC and pulsed operation. The inductive voltage 
signals during ramp up and down are much lower than 1 mV except for the clamp contact 
voltage which shows an inductive signal of 4.5 mV. 

The electrical quench detection system used in the 70 kA HTS current lead is a stable and 
reliable system although the inductive component was not perfectly compensated. A detec-
tion level of 10 mV and a time delay of < 1 s should be enough to withstand the time of an 
exponential current decay with τ = 11 s.  

The top end HTS temperature may be used as a backup quench detection system with a 
temperature limit of 90K. On the other hand, the temperature measurement might by too 
slow if a quench of the HTS part has to be considered. In such a case, the electrical system 
is mandatory. 

C. Thermodynamic optimisation of the 70 kA HTS current lead 

A thermodynamic optimisation has been done using the numerical code CURLEAD. A set of 
simulation runs was performed using the He inlet temperature and the HTS top end tem-
perature as parameters. For all parameter sets, the optimum He mass flow rate and heat 
exchanger length was evaluated. The temperature dependence of the amount of HTS mate-
rial has been estimated by scaling the cross section according to the critical current depend-
ence on temperature for a perpendicular field of 50 mT and an appropriate temperature mar-
gin. The amount of stainless steel has been scaled as the HTS tape cross section. No con-
tract resistance between the HTS module and the heat exchanger has been assumed. 

The result of the power consumption optimisation is as follows: 

• The optimum He inlet temperature is 50K. 

• The optimum HTS top end temperature is 70K, i.e. the temperature difference is 20K. 

• There is a broad minimum concerning the temperature difference. 
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JW5-FT-3.11 
Assessment of in-situ Detritiation in JET-OPL Tile Analysis 
 
The tritium retention by the first wall materials is a very important issue for all carbon based 
fusion machines. Even though there are available many successful methods to detritiate 
such materials the most promising ones can only be used ex-situ. However, recently labora-
tory experiments have also shown that the use of detritiation methods based on photon-
cleaning such as laser or flashlamps can be among the most promising techniques which 
can also be used in-situ. In this respect flashlamp photonic cleaning has been tested in-situ 
at the Beryllium Handling Facility (BeHF) at JET. Several OPL tiles have been exposed to 
numerous pulses with a maximum power density of 100 J.  

To assess the efficiency of this detritiation method, four tiles, 1 graphite and 1 CFC and the 
adjacent untreated tiles were sent to TLK. The tritium depth profiles measured for all tiles 
have shown that the tritium surface activity for both types of tile is similar and depends on 
their relative location inside the vacuum vessel. Moreover, it has been also shown that the 
CFC tiles allow a better migration of molecular tritiated species, most likely between the CFC 
fibres, than graphite does. Concerning the surface tritium, the photon cleaning treatment (us-
ing 100 J per pulse) did not show any remarkable difference between the treated and the 
corresponding untreated tile. On the other hand, comparing the bulk tritium fraction for 
treated and the corresponding untreated tiles it is obvious that the photon-cleaning treatment 
did not have any noticeable effect. Indeed, the average tritium concentration for the 4 tiles, 
treated or untreated, remains remarkably constant.  

In order to have a second estimation of the efficacy of the detritiation process, the combus-
tion data obtained for the 4 OPL tiles were also compared to the results obtained by calo-
rimetry. For such comparison the following assumptions have been taken into account: 

1) For the calculations, it is easier to assess the tritium contained by the tiles by considering 
the tiles as been constituted by two parts; the plasma exposed part and the bulk. 

2) The plasma exposed part is also divided in two parts; a) one part where there is an obvi-
ous co-deposited layer and b) the rest of the tile where there is no visible trace of co-
deposition. The latter corresponds, not only to the larger part of the tile which is directly fac-
ing the plasma and where net erosion occurs but also, to the shaded zones of the tiles, 
mainly the region of both edges (see Fig.1). 

Typically the plasma 
exposed surface of the 
OPL tile can be repre-
sented as a stripe hav-
ing an average length of 
34.3 ± 0.3 cm and 2.7 
cm wide giving a total 
plasma exposed surface 
ranging between 91.7 
cm2 to 93.2 cm2 per OPL 
tile. (Fig. 1). 

The 4 tiles are very similar having almost the same geometrical dimensions and therefore, 
the total plasma exposed surface is approximately the same for all tiles. However, the di-
mension of the co-deposited zone is variable and is only estimated by visual inspection of the 
tile. Mostly, the co-deposit was found on the left part of the tile (see Fig.1) while the right side 
is much cleaner even though sometimes sharp coloured patterns can also be observed.  

 
 

Fig. 1: Schematical illustration of a typical plasma exposed surface of an OPL tile. 
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Based on the combustion data it is possible to give a rough estimation of the total tritium con-
tent of the tiles. The estimation is performed in two steps. Knowing the total surface of the tile 
available to the plasma and using the values of the tritium concentration for the plasma ex-
posed samples (A1 samples) measured by combustion, it is possible to assess the total trit-
ium amount present on the surface of the tiles whereas, using the bulk activities together with 
the tiles’ density and weight we may estimate the tritium amount trapped into the bulk. 

Estimation of the tritium content present in the plasma exposed surface of the OPL 
tiles 
 
Table 1 gives an estimation of the total tritium surface activities for both zones (co-deposition 
and net erosion/shaded) calculated by the combustion data. The conversion of the triton at-
oms to Becquerel units (decays/s) is performed using the usual formula 

A= λ.N where A represents the activity in Bq, N the number of tritons and λ is the radioactivity 
constant for tritium i.e. λ = 1.78 10-9 s-1. 

Table 1: Estimation of the tritium distribution on the surface of the 4 OPL tiles. 
 

 Co-
deposition 

zone 

Total  
tritium in 

co-depos. 

Net  
erosion and 

shaded 
zone 

Total  
tritium on 

eros./ shad. 
Total tritium on the 

tile surface 

 (T cm-2) (T) (T cm-2) (T) (T / Bq) 

CFC untr.  1.64 1016 1.51 1017 4.20 1015 3.53 1017 5.04 1017 / 9.02 108 
CFC treated  1.57 1015 4.38 1016 3.67 1015 2.36 1017 2.80 1017 / 4.98 108 
Graph. untr. 4.07 1015 7.04 1016 3.51 1014 2.64 1016 9.68 1016 / 1.72 108 
Graph. 
treated  

5.70 1015 6.90 1016 3.52 1014 2.80 1016 9.70 1016 / 1.73 108 

 
The visual inspection performed before any treatment is very important as it can explain 
some discrepancies which may occur after the tritium analysis. Indeed, as it is illustrated in 
Table 1 compared to the untreated CFC tile, the treated CFC treatment exhibits still high trit-
ium content even after treatment which is very comparable to the corresponding untreated 
CFC. This can be explained by the fact that the treated CFC had already before treatment a 
wider co-deposition zone. 

Estimation of the tritium content present in the bulk of the OPL tiles 
 
In a second step, the estimation of the bulk tritium activity is performed using the average 
tritium activities measured by combustion for the bulk samples associated with the density 
and weight of the tiles. From combustion measurement it is possible to obtain the average 
density of each tile, as the geometrical dimensions and weight of each disc were precisely 
measured. 

From these measurements it appears that the graphite tiles are more dense (~12%) than the 
CFCs and this was also confirmed by the respective weight of the various tiles. The graphite 
tiles are weighting in average 935 g while the CFC are about 13% lighter averaging 815 g. 
Table 2 gives the average densities and weight for the 4 OPL tiles. Once again it is worth 
mentioning that the geometrical dimensions of the tiles are very similar. 

Table 2 gives the average bulk activities measured by combustion for the 4 OPL tiles. As we 
can notice graphite tile is more dense than CFC and two independent measurements confirm 
this. Firstly, by the density values obtained by the combustion of the small discs which were 
weighed and their geometric dimensions measured (1mm thick for 7.8 mm diameter), sec-
ondly, by the weight of individual tiles.  
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Table 2: Density and weight measurements for the 4 OPL tiles. 
 

 Density Average Weight Average 
 g cm-3 g cm-3 g g 

CFC untreated (2B12T-160) 1.41 ± 0.09 800 
CFC treated (2B12B-56) 1.48 ± 0.12 

1.47 
± 0.09 830 

815 

Graphite untreated (2B15B-5882) 1.68 ± 0.10 935 
Graphite treated (2B16B-top) 1.68 ± 0.09 

1.68 
± 0.10 936 

935 

 
Considering the density measurements the relative difference between the two type of tiles is 
{(1.68-1.47)/1.68 }*100= 12.5%. Considering now the weight of each tile (they have approxi-
mately the same dimensions, i.e. we assume that they have the same volume) then the rela-
tive difference is{(935-815)/935}*100=12.8% which is in fairly good agreement with the den-
sity calculation given above.  

By combining the data given in tables 1 and 2 and taking into account the combustion meas-
urements obtained for the bulk samples, it is possible to estimate the total tritium amount 
trapped by the surface and the bulk of the tile. Table 3 reports these results. 

Table 3: Calculation of the estimated total tritium activity for the 4 OPL tiles. 
 

 Total tritium  on 
the surface 

Total tritium in to the 
bulk 

Total tritium per OPL tile 

 (Bq) (Bq) Bq / mCi 

CFC untr.  9.02 108 4.57 ± 0.43 108 1.36 ± 0.43 109 / 36.8 
CFC treated  4.98 108 3.95 ± 0.52 108 8.93 ± 0.52 108 / 24.1 
Graph. untr. 1.72 108 1.29 ± 0.60 108 3.01 ± 0.60 108 / 8.1 
Graph. treated  1.73 108 7.85 ± 0.55 107 2.51 ± 0.55 108 / 6.8 

 
Finally, Table 4 compares the results obtained by calorimetry and full combustion. Calo-
rimetry is providing values which are in average one order of magnitude higher than what 
combustion has given. However, taking into account the fact the above mentioned approxi-
mations concerning the estimation of co-deposition and erosion/shaded zones the agree-
ment between the two techniques is reasonably good especially for the CFC tiles. For the 
graphite tiles, the deviation between both measurements is even higher probably because 
the tritium activity is very low (as combustion measurements shows) and therefore, the error 
committed by the calorimetric measurements is much higher. Indeed, the values to be meas-
ured are very close to the background or the sensitivity limit of the calorimeter. 

Table 4: Comparison of the calorimetry and the combustion measurements for the 4 OPL tiles. 
 

Total tritium per OPL tile measured by 
Calorimetry Combustion 

Factor Comparison 
Tiles 

mCi mCi  

CFC untreated (2B12T-160) 328 36.8 8.9 
CFC treated (2B12B-56) 107 24.1 4.4 
Graphite untreated (2B15B-5882) 175 8.1 21.9 
Graphite treated (2B16B-top) 78 6.8 11.5 
 
The efficacy of the flashlamp photonic cleaning has been assessed using full combustion 
technique on small samples and the calorimetric measurements of the complete tiles. As the 
density measurements have shown, the different open porosity characterising both tiles 
could also have an influence to the tritium migration into the bulk of the tile.  
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Comparing the tritium distribution throughout the tiles we may also notice the following; 1) 
comparing the CFC and graphite untreated tiles, surface activities do not vary that much. In 
general, CFC seems to have a bit more tritium on the surface than the graphite tile but this is 
most likely related to their relative location inside the vessel. 2) it is remarkable to see that on 
average the bulk tritium concentration for the CFC tiles is greater to the corresponding tritium 
fraction for the graphite tile by approximately factor five. This observation has been verified 
for the 4 tiles. It has been attributed to the different structure and density characterising both 
material and especially to the fibre structure of the CFC tiles which allows a better migration, 
of molecular tritium and “bigger” tritiated molecules such as methane, between the fibres 
than graphite does. Indeed, for steric reasons (steric hindrance)1 the migration of molecular 
species is more difficult between the graphite reticular planes than it is between (or along) 
the carbon fibres. 

Of course we can also imply the higher tritium concentration measured for the surface CFC 
samples which in a first sight could explain the higher tritium concentration found in the bulk 
of the CFCs. However, for 2 graphite samples (out of 5) the tritium surface activity was at 
least as high as the corresponding tritium activity measured for the CFC samples and never-
theless, both graphite cylinders exhibited a lower tritium concentration for the bulk samples. 
As at the same time the density of the graphite tiles was clearly higher than the CFC tiles we 
assumed that the lower tritium concentration found for the graphite tiles should be connected 
to the lower open porosity exhibited by this type of carbon tiles. Additional measurements are 
needed to support this conclusion. 

Comparing the bulk tritium fraction for treated and the corresponding untreated tiles it is ob-
vious that the photon-cleaning treatment at the energy of 100 J per pulse did not had any 
noticeable effect. The average tritium concentration for the 4 tiles, treated or untreated, re-
mains remarkably constant.  

Finally comparison of the calorimetric and combustion measurements showed a difference in 
the obtained value. The reasons for this difference require further investigation. However, the 
agreement is quite good when the tritium activity present in the tiles is sufficient enough and 
well above the sensitivity limit of the calorimeter. 

Working with adjacent tiles makes very difficult to draw general conclusion about the effi-
ciency of the detritiation process as adjacent tiles do not necessary have similar tritium con-
centrations. To have a better assessment and a more reliable comparison it will be much 
better to treat only partly one single tile, say along the poloidal or the toroidal direction and 
leave the other part untreated. Such a procedure has to be taken into account for future tile 
analysis.  
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1 Steric effects as referred to this report arise from the fact that the volume (molecular volume) re-
quired for an easy migration of a chemical compound is close to the available space left by the struc-
tural parameters of the material making such migration difficult if not impossible.  
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JW5-FT-5.20 
Shutdown Dose Rate at JET Tokamak – Code Benchmark  
 
The objective of Task JW5-FT-5.20 is to validate the computational methods for shutdown 
dose rate calculations through the comparison with measured dose rates that will be re-
corded in a dedicated benchmark experiment on JET. The experiment, to be conducted by 
an experimental team of ENEA Frascati, has been further delayed and is now scheduled for 
mid 2007. The task schedule has been revised accordingly. 

The task of FZK is to analyse the experiment by means of the rigorous 2-step (R2S) ap-
proach, developed at FZK for the Monte Carlo based calculation of shut-down dose rates in 
3D geometry [1]. 

The related task deliverables are on the adaptation of the JET MCNP model to the R2S re-
quirements and pre-analysis, on the R2S calculations for the benchmark experiment, and on 
the data analysis and comparison of D1S/R2S experimental results. Work on the adaptation 
of the JET MCNP model has been performed for a preliminary MCNP model of JET octant 1 
provided by ENEA Frascati early 2006. It includes the Geiger-Mueller detector with updated 
surrounding for the out-of-vessel dose measurement and the TLD in the upper irradiation end 
for the in-vessel measurement. The related pre-analysis included R2S shutdown dose rate 
calculations for the original and the adapted model assuming a representative irradiation his-
tory. The calculations for the original model were performed to identify the decay gamma 
source cells contributing significantly to the shut-down doses at the specified detector posi-
tions in and out-of-vessel. These were shown to be in-vessel components such as the inner 
walls, limiters and the saddle coil. Accordingly, a fine spatial segmentation was applied to 
these geometry cells. This is required with the R2S-approach to achieve a sufficiently high 
accuracy when calculating the neutron flux and decay gamma source distribution. 
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JW1-FT-6.1 
Impact of Tritium on the Performance of a Prototype Cryosorption Pumping 
Panel 
 
Background and Objectives 
 
This task is an essential complement to the parallel assessment of the pump performance of 
the ITER torus model cryopump in FZK, where the tritium fractions have been replaced by 
deuterium. The central objective of this task, being performed within the Task Force Fusion 
Technology at JET [1], is to study the interaction of tritium and tritiated gas mixtures with the 
cryopanels, in terms of pumping performance and desorption characteristics.  

Within this task, a Prototype Cryosorption Pump (PCP) was designed, manufactured and in-
stalled into an existing cryogenic forevacuum module of the Active Gas Handling System 
(AGHS) at JET. The PCP was first used in 2003 as regular pump during TTE, and then sub-
jected to a parametric test programme [2]. The measured pumping behaviour was excellent. 

Experiments in 2006 
 
The experiments performed in this report´s period were defined on the basis of the results 
achieved in the 2003/2004 campaigns. There, the pumping mechanism for tritium under 
ITER-relevant conditions was clearly found to be condensation/re-sublimation. This may 
cause problems in all competing pumping situations when gases being pumped by conden-
sation (such as tritium) and gases being pumped by sorption (such as helium) are to be 
pumped concurrently: There is a potential risk that the build-up of layers of condensed tritium 
frost may block the charcoal pores, so that the pumping speed for mixtures with helium may 
be significantly worse than predicted from the pure gas pumping curves. It was therefore 
agreed to perform pumping speed tests with different compositions of the binary mixture He-
T2. The second experimental category which was defined in conjunction with the 2004 results 
was the investigation of a potential poisoning effect of hydrocarbons. In these tests, the 
cryopumping surface was doped with defined amounts of hydrocarbons prior to the actual 
pumping speed measurement. By comparison of the measured pumping speed with the one 
measured at a freshly reactivated panel one could derive any poisoning effect.  

To assess the pore 
clogging effect, a pa-
rametric variation of 
the composition in the 
He-T2 binary system 
was performed in 
terms of pumping and 
regeneration. The 
pumping results are 
plotted in Fig. 1, in a 
relative scale, related 
to the case of pure 
tritium which shows 
the largest pumping 
speeds. 
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Fig. 1: Pumping of the He-T2 binary at varied composition. 
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It is clearly revealed that the decrease in pumping speed is more than proportional to the 
increasing helium content. Already at ~ 30% of helium, the overall pumping speed has 
dropped to the low level of pure helium. However, in no case, pumping speeds below the 
ones of pure helium have been measured. These results illustrate a competing pumping 
situation between tritium and helium, but do not indicate any pore clogging effects by the 
tritium frost [3].  

It is known from previous studies that only light hydrocarbons have the possibility to pass the 
divertor and get transported into the cryopumps, or are being formed in situ by radical-
charcoal interaction. Methane/ethane/propane were therefore used as representative hydro-
carbons. The objective of the poisoning tests was to investigate the influence of these hydro-
carbons on pumping of tritiated gases. Each test comprised two steps: First a defined pre-
loading of the charcoal coated panels with the hydrocarbons in the order of ~ 0.1 
(mbar·l)/cm² (here we prepared three binary mixtures with the following molar composition: 
CH4/D2=20/80, C2H6/D2=15/85, C3H8/D2=10/90), then the actual pumping speed test, which 
was done with a He/T2=10/90 mixture (for reasons of ITER relevance). The performance of 
the pre-loading step is a critical procedure, which has to be done very carefully to ensure that 
all hydrocarbon ends up sorbed onto the charcoal of the panel. To achieve this, the hydro-
carbon/D2 mixture has to be processed from the high pressure supply bottle onto the panel in 
such a way that any composition change, especially by formation of liquid is excluded. Ther-
modynamically speaking, one has to stay above the dew point curve on the whole process 
path. In this step, deuterium acts only as a carrier gas which is pumped out after the loading 
step.  

Fig. 2 shows the calcu-
lated curves (only possible 
for H2) which were used 
for definition of the proc-
ess parameters. The good 
part of the chart is the one 
below and to the right of 
the curves.  

The pumping tests with 
hydrocarbon-doped cryo-
panels were all positive. 
The results did not show 
any deviation from the 
ones measured at the 
fresh panel [2]. 

 

Task summary 
 
For the first time, a prototypical cryosorption pump in technical scale based on the design 
principle of the ITER cryopumping systems, has been operated and comprehensively char-
acterized with tritium and tritated gases. The tests were performed at JET using the AGHS 
as a versatile test bed. The PCP was first used as a regular pump during the TTE, and was 
then subjected to a parametric test programme. The measured pumping behaviour for tritium 
and tritium containing mixtures was excellent and the results form a reliable basis for the de-
sign of the ITER cryosorption pumping systems.  

In spite of the experimental limitations, the scientific value and output of this task fully justi-
fied the decision to implement a technical scale test unit in a tritium plant in parallel to ongo-
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Fig. 2: Calculated dew point curves for three Hydrocarbon/hydrogen systems used. 
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ing physics work in the torus. It was the first good example to show how JET with its unique 
capabilities in tritium handling can be used to prepare operation of ITER.  

The ITER cryosorption pumping concept could be fully validated. No severe design weak-
nesses have been identified. The processing of tritium did not cause any deterioration of the 
pump performance.  

Table 1 summarizes again all relevant pump runs performed under this task, which is now 
closed. It is currently considered to keep the PCP installed in AGHS and do series of gas 
purging to reduce the tritium content inside the pump vessel. The residual amount of tritium 
retained on the pump could then be determined by a mass balance calculation, deducting the 
tritium recovered from the plant from that measured before. If being left in place, the pump 
will remain available for the next tritium campaign at JET. 

Table 1: Record of the PCP operational history. 
 

Run # Gas Date 
TTE1 D2 pellet gas 24 Oct 2003 
TTE2 Divertor gas  

(0.1% tritium) 
28 Oct 2003 

TTE3 NB gas  
(5.1% tritium) 

29 Oct 2003 

TTE4 Divertor gas  
(0.005% tritium) 

30 Oct 2003 

TTE5 Torus cleaning gas 
(average 0.03% tritium) 

31 Oct to 12 Nov 2003 

1 D2 18 August 2004 
2 D2 18 August 2004 
3 D2 19 August 2004 
4 D2 19 August 2004 
5 H2 20 August 2004 
6 He 20 August 2004 
7 D2-Base/He 

=90/10 
21 August 2004 

8 N2 21 August 2004 
9 T2 23 August 2004 
10 T2 24 August 2004 
11 D2/T2 25 August 2004 
12 D2/T2/10%He 26 August 2004 
13 H2 27 August 2004 
14 D2-Base/He 

=90/10 
27 August 2004 

15 T2/He=90/10 2 Dec 2005 
16 T2/He=80/20 5 Dec 2005 
17 T2/He=60/40 6 Dec 2005 
18 T2/He=40/60 7 Dec 2005 
19 T2/He=20/80 8 Dec 2005 
20 T2/He=10/90 9 Dec 2005 
21 He 12 Dec 2005 
22 T2/He=90/10 

(Panels with propane) 
16-18 Jan 2006 

23 T2/He=90/10 
(Panels with ethane/propane) 

30-31 Jan 2006 

24 T2/He=90/10 
(Panels with meth-

ane/ethane/propane) 

31 Jan - 2 Feb 2006 
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Coaxial Cavity Gyrotron and Test Facility 
 
TW6-THHE-CCGDS4 D 1b 
Design, Support to the Industrial Development and Preparation of Technical 
Specifications 
 
TW6-THHE-CCGT1 D 1 
Scientific Execution and Co-ordination of the Tests 
 
In a cooperation of European research institutions (FZK Karlsruhe, CRPP Lausanne, TE-
KES, Helsinki) and European tube industry (Thales Electron Devices (TED), France) the de-
velopment of a 2 MW, 170 GHz coaxial cavity gyrotron, suitable to be operated in continuous 
wave (CW) as could be used for ITER, is going on. In summer 2004, EFDA has placed a 
contract at TED for the fabrication of a first industrial prototype of such a gyrotron.  Within the 
cooperation, the physical specifications and the design of the components for the industrial 
prototype are being contributed by the research institutions, and TED is responsible for the 
technological aspects of the tube.   

2 MW, CW 170 GHz prototype of a coaxial cavity gyrotron for ITER 
 
The first industrial prototype of the 2 MW, CW 170 GHz coaxial cavity gyrotron designed for 
operation in the TE-34,19 mode, has been fabricated and factory tests have been performed. 
The gyrotron has been delivered to CRPP Lausanne in December 2006 where a suitable 
gyrotron test facility has been constructed. A photography of the gyrotron is shown in Fig. 1. 
The fabrication by Ansaldo of a SC-magnet suitable for operation of the 170 GHz gyrotron is 
delayed by almost one year now. At present, a delivery of the magnet is expected for the end 
of January 2007. Thus, tests with the gyrotron could start earliest end of February 2007. 

To prepare the tests, the procedure of alignment of the coaxial insert and of the outer cavity 
wall relative to the electron beam and the axis of the magnetic field has been simulated in 
order to obtain corresponding sets of operating parameters. For performing the experimental 
tests on the prototype gyrotron, in total a time of six months is foreseen. A planning of the 
experimental sequence has been done in cooperation with the partners. 

In case that serious and unexpected problems with the SC-magnet should result in a further 
long delay of the delivery, the possibility has been investigated to use as a back up solution 
the existing SC-magnet at FZK for testing the industrial prototype gyrotron. As a result it has 
been found, that an operation of the prototype gyrotron in the FZK magnet is possible. It 
would require some minor modifications of mechanical fittings. Since the magnetic field value 
is lower than required for nominal conditions, the experimental operation would have to be 
performed at reduced parameters (B-field, velocity  ratio). However, according to the simula-
tions, it is expected that the TE34,19 mode at 170 GHz could be excited in single mode opera-
tion at reduced power and efficiency. Nevertheless, useful information concerning the per-
formance of the gyrotron could be obtained.  

170 GHz experimental pre-prototype coaxial cavity gyrotron 
 
In parallel to the work on the industrial prototype, experimental investigations with the pre-
prototype 170 GHz coaxial cavity gyrotron have been continued at FZK. The experiments 
performed and the results obtained are summarized as follows: 
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• Parasitic low frequency oscillations: 

As already reported in the last annual report, 
strong parasitic low frequency (LF) oscillations 
mainly around 260 MHz have been excited in 
the gyrotron. Based on experimental observa-
tions and on results of simulations with the 
electromagnetic 3D-code "CST microwave 
studio", some geometrical modifications on the 
coaxial insert of the prototype tube have been 
suggested in order to suppress the excitation 
of the parasitic LF-oscillations. To verify the 
success of the modifications made, tests will 
be performed on the experimental pre-
prototype gyrotron. For this purpose, a dedi-
cated coaxial insert has been fabricated.  

• Cavity and RF generation: 

In experiments it has been shown that an in-
crease of the level of microwave stray radiation 
in the gyrotron resulted in a decrease of both 
the single mode operating range and the effi-
ciency. A Brewster window has been prepared 
for further experiments with reduced stray 
losses and in particular with reduced reflec-
tions from the window into the competing 
modes. In addition, theoretical investigations of 
the RF-generation have been continued and a 
new cavity design is under consideration in 
cooperation with TEKES, Finland.    

• Quasi-optical (q.o.) RF output system: 

The (q.o.) RF output system - launcher and 
mirrors - fabricated for the industrial prototype 
gyrotron has been tested successfully in low 
power ("cold") measurements before installa-
tion inside the tube. The RF beam distribution 
measured has been found to be in agreement 
with the design calculations.  

A new, more sophisticated code has been used for optimization of the launcher. Unfortu-
nately, the optimization procedure of this code did not result in a satisfactory design. A modi-
fied optimization procedure for designing the launcher for the TE34,19 mode with a Gaussian 
content ≥ 95% is in progress. In the meantime, as a first step the Gaussian content of the RF 
output system is going to be increased to a value > 85% by a new launcher designed with 
the coupled-mode method used so far. A test with that system is in preparation. 

• Measurements with the CNR microwave load: 

The performance of an un-cooled version of the spherical 2 MW microwave load designed 
and fabricated at CNR Milano and foreseen to be used for testing the prototype gyrotron has 
been investigated on the experimental 170 GHz pre-prototype gyrotron. The goal was (1) to 
measure the power distribution (hot spots) along the wall of the load and (2) to determine the 
amount of microwave power reflected from the load and from a pre-load back into the gyro-

 
 
Fig. 1: Photography of the first industrial prototype of the 2 

MW, CW, 170 GHz coaxial cavity gyrotron (fabri-
cated by TED). 
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tron. As a result it has been found that about 3% of the RF output power is reflected, mainly 
by the pre-load, back into the gyrotron. The distribution of the RF power along the wall was 
found to be sufficiently uniform for absorption of the envisaged RF power (2 MW).   

Summary and outlook 
 
The fabrication of the first prototype of the 2 MW, 170 GHz coaxial cavity gyrotron has been 
accomplished and the tube is ready for delivery. Due to the delayed delivery of the  SC-
magnet, the testing of the prototype can be performed at earliest in the time between March 
and September 2007. In case of an additional delay of the SC-magnet, operation of the pro-
totype  gyrotron could be performed under restricted conditions in the SC-magnet existing at 
FZK.  

The influence of the level of stray radiation on the gyrotron performance has been investi-
gated with the experimental pre-prototype coaxial gyrotron. The pre-prototype tube has been 
used to study the microwave performance of an un-cooled version of the microwave load 
designed and fabricated by CNR Milano. The design work on an RF-output system with a 
Gaussian content >95% is going on.    
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EFDA/04-1185 (TW4-THHN-IITF2) 
The First ITER NB Injector and the ITER NB Test Facility:  
Progress in the Design 
 
Summary of the design work in 2006 
 
Within this task, a complete detailed design of the cylindrical Neutral Beam Injector (NBI) 
cryopump was elaborated. The final report of the present task included the detailed CATIA-
V5 drawings of the design of the cryopump as well as the thermo-hydraulic calculations of 
the pipe routings of the cryogenic circuits. Complementary mechanical analysis (ANSYS 
FEM) was performed as well. In parallel, recommendations for the conventional mechanical 
and turbomolecular pumping systems for the Neutral Beam Test Facility (NBTF) were given 
and performance calculations for the different operational modes of the NBI were made. 

However, the design of the NBI system to be used in ITER has been changed at the end of 
this task in February 2006 towards a rectangular shaped beam line vessel including a top lid 
to enable a vertical access to the beam line components. This design change of the ITER 
facility makes the use of a cylindrical shaped cryopump no longer possible and requires a re-
design of the entire cryopumping system [1]. The task TW4-THHN-IITF2 has been closed in 
March 2006 and it has been agreed with EFDA to consider the new design changes and their 
consequences in a separate future EFDA task (TW6-THHN-NBD1, under launch). Neverthe-
less, certain preparative studies in view of the future task have been performed in the course 
of 2006 [2].  

Hydrogen pumping experience 
 
Valuable operational experience was gained with the NBI cryosorption pumps manufactured 
by FZK for the negative ion source testbed at IPP Garching [3]. One important result was the 
confirmation of the pumping speed dependence on pumped gas amount, see Fig. 1. 
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Fig. 1: Illustration of the pumping speed evolution with increasing pumped gas amount. In the case of D2, the 

pumping speed is constant; in the case of H2, it decreases. 
 

It was found, for the IPP cryopump as well as for the TIMO cryopump, that for hydrogen (H2) 
pumping, there results a continuous decrease in pumping speed beginning from the start of 
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the operation, which is not the case for deuterium pumping. This is attributed to the different 
pumping mechanisms. At a surface-related accumulated gas load of ~ 1000 (Pa·m³)/m², the 
H2 pumping speed decrease is about 10%. If the NBI cryopump shall be able to pump over 
3000 s, and the pumping speed shall decrease less than 10%, then the new cryopump will 
have to provide very large charcoal coated surfaces. Moreover, new calculations of the nee-
ded gas throughputs for the beam line operation resulted in an increase of the hydrogen gas 
flow by 40%, which further challenges the requirement on the hydrogen capacity significantly. 

Outlook 
 
The detailed design work on the NBI cryopump will restart in 2007 under a new EFDA task. 
Recently, first discussions about the new challenging requirements and their consequences  
on the cryoplant have started in the Neutral Beam Group meetings of CCNB and with Con-
sorzio RFX, the Association in charge for the ITER Neutral Beam Test Facility. 
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EFDA/05-1352 (TW5-THHN-MONRF) 
Monitoring the EU/RF Collaborative Tasks on the First ITER NB Injector and the 
ITER NB Test Facility  
 
Background and Objectives 
 
The central work of this task is related to gas flow and density calculations for the Neutral 
Beam Test Facility (NBTF) and the ITER Neutral Beam Injector (NBI). The Kurchatov Insti-
tute of the Russian Federation (KIAE) is performing calculations using the three codes: PDP 
(Power Deposition Profiles), MC-GF (Monte Carlo - Gas Flow) and BTR (Beam Transport 
and Reionisation), developed in KIAE for ITER NBI and similar tasks. These codes describe 
different substantial features of the NB systems and also serve for different kinds of studies 
on the proposed or chosen set of injector parameters. The present task with FZK has defined 
the input parameters from the cryopump point of view, which acts as the dominant gas sink, 
having a strong influence on the gas profile along the entire beam line and, thus, on the re-
ionisation processes and the efficiency of the machine.  

The aim of the task is to set up a user-friendly interface for the input data of these codes and 
to adapt them to the present design of the ITER NB and NBTF as well as to carry out compu-
tations of power deposition, power balance, gas flow and density profiles in the NB line com-
ponents. 

Preliminary cryopump design 
 
It was agreed to use the new beam line vessel conceptual design distributed by ITER in Feb-
ruary 2006 as a basis for this task. The new vessel design includes an upper flange for as-
sembling the neutralizer, the residual ion dump and the calorimeters from top. Consequently, 
the cylindrically shaped cryopump investigated in detail in previous studies (EFDA-Task 
TW4-THHN-IITF2) [1], which would close the top access cannot be used anymore. There-
fore, FZK has proposed a new draft cryopump adopted to the new vessel geometry. It is 
based on two rectangular shaped cryopumps, which are placed to the left and the right of the 
beam line components and can be assembled and disassembled through the top flange, see 
Fig. 1. 

 

 
Fig. 1: 3D model of the beam line vessel (transparent) with the proposed cryopump design (in green colour). The beam 

source vessel has been blanked for better overview. 
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The design of the cryopump was driven by maximisation of pumping speed combined with a 
quantitative assessment of the pumping capacity. The present input parameters for the gas 
throughputs were taken from the previous NBI design task TW4-THHN-IITF2; there, a gas 
throughput of 520 (mbar·l)/s was given for hydrogen, and a value of 300 (mbar·l)/s for deute-
rium, both of which higher than given in the underlying ITER baseline design. The pulse du-
ration was assumed to be 3000 s, as given in the ITER documentation. The draft FZK 
cryopump design was handed over to KIAE as input to their calculations [2]. 

Training week on using the codes 
 
The MC-GF code includes the interaction of the gas molecules with the surfaces of the beam 
line components and needs a proper description of the surface temperatures and the ex-
pected accommodation coefficients. These values are subject to change during the design 
evolution. Therefore, the idea was to list the input parameters in a separate file to be as flexi-
ble as possible. The development of an interface for how to handle that file was one of the 
objectives in the present task.  

In 2006, the cryopump input from FZK has been used by KIAE to set up a user interface 
based on an EXCEL sheet listing all necessary input parameters to start the calculations. 
Underway is the proper integration of the beam source and the neutralizer. The overall gas 
distribution profile is strongly influenced by the choice of the beam source design (for which 
there currently exist four different alternatives), the choice of the residual ion dump (magneti-
cally or electrically) and finally the operation mode of the calorimeter. To cover all combina-
tions of the different designs, the EXCEL sheet includes up to 107 input parameters. During 
a training week together with the persons in charge of the codes from KIAE and the Euro-
pean Associations CEA and Consorzio RFX the background of the codes and the use of all 
three codes was trained.  

Future Activities 
 
Based on the experience gained in the training week, the codes and the input file for the 
codes will be improved and the beta-versions of the codes will be distributed. After having 
tested the codes and especially the EXCEL interface for the input of the parameters, a final 
version shall be elaborated and used in future tasks to advance the NBI design. 

FZK will especially benchmark the MC-GF computer code produced by KIAE against the 
ITERVAC computer code available at FZK, which covers gas flow calculations for arbitrary 
Knudsen numbers and geometries. This will be done for the new ITER beam line design 
considering two rectangular cryopumps in a beam line vessel with top access. The results of 
this task will become an important input for the detailed design of the ITER NBI cryopump 
expected to start in a parallel task in 2007 (TW6-THHN-NBD1). 
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ECR Heating and Current Drive – Step-Tunable Gyrotron Development 
 
1. Introduction 
 
Magnetohydrodynamic (MHD) instabilities are one of the main reasons for the limit of plasma 
confinement [1]. The stability is to a large extent determined by the distribution of the plasma 
currents, and driving localized currents in a plasma is a very important tool to suppress cur-
rent-driven instabilities and thus to optimize the performance of tokamaks. The suppression 
of plasma pressure limiting MHD instabilities (so called 'Neoclassical Tearing Modes') has 
been demonstrated successfully by localized electron cyclotron current drive (ECCD) at AS-
DEX-Upgrade, DIII-D and JT-60U.  

The absorption of RF-waves with the angular frequency ω is dependent on the resonance 
condition ω−kzvz=ωc. Thus, the driving currents can be counteracted by an external current 
drive at different localizations either by changing the injection angle (e.g. with steerable mir-
rors) or the RF-frequency.  

For experiments on plasma stabilization at ASDEX-Upgrade (IPP Garching) with advanced 
electron-cyclotron-resonance heating (ECRH) and ECCD, multi-frequency tunable 1-MW 
long-pulse gyrotrons are highly needed. Two gyrotrons have been ordered by IPP Garching 
from “Gycom” in Russia. The first gyrotron operates as a two- frequency gyrotron at 105 GHz 
and 140 GHz (the thickness of the single disk window is matched to these frequencies), the 
second one operates  as a multi-frequency gyrotron with different frequencies between 105 
GHz and 140 GHz. As operating mode, the TE22,8-mode was chosen at 140 GHz. The fre-
quency of 105 GHz corresponds to the TE17,6-mode [2,3].  

2. Gyrotron cavity 
 
The TE22,6-gyrotron, existing at FZK, has been modified to operate in the TE22,8-mode like the 
industrial gyrotron. This choice has been made in order to compare the results with those 
from the industrial gyrotrons. With the short-pulse gyrotron from FZK, fast step-tunability 
within 1 s in a range of 15 GHz had been proven very successfully. Beam tunnel, collector 
and the superconducting magnet system of the TE22,6 gyrotron are used in the new experi-
ment. The resonator, the quasi-optical mode converter and the output window had to be 
modified.  

The behaviour of a new resonator including uptaper was calculated and optimized with re-
gard to broadband behaviour for modes between 105 GHz and 143 GHz [4].  

3. Quasi-optical mode converter 
 
The quasi-optical mode converter of the gyrotron consists of a dimpled-wall antenna and a 
beam-forming mirror system optimized for nine modes from TE17,6 to TE23,8. With the help of a 
new code, more complex wall structures of the waveguide antenna can be calculated. Thus it 
was possible to find an optimised new design where the field amplitude near the cut is 
strongly decreased. This reduces the losses and the stray radiation considerably [5,6].  

There are two key parameters, which have to be chosen before the mirror optimisa-
tion: the window position and the waist size of the output beam. The central point of 
the CVD-diamond Brewster window (see below) is set to the position 325 mm from 
the gyrotron axis. In order to match the requirement of small window aperture, the 
optimised waist size of the reference fundamental Gaussian beam at the output win-
dow is chosen to 10.4 mm.  
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Fig. 1: Scheme of an internal quasi-optical mode converter.  
 

 
Fig. 2: Calculated surface contour map of mirror 2 (top) 

and mirror 3 (bottom). 
 
 

The first mirror is a large, quasi-elliptical one, which was taken from the previous design. Its 
main purpose is to focus the divergent beams radiated from the launcher. The second and 
the third mirrors are adapted phase-correcting ones with a complicated nonquadratic shape 
function of the surface. There are small variations of the surfaces of of these phase-forming 
mirrors, which modify the phase of the local plane wave (see figure 2).  

For this design, the calcula-
tions predict that the efficiency 
for converting the high order 
mode into the fundamental 
Gaussian beam should ex-
ceed 90 % for all modes un-
der consideration. As an ex-
ample, the calculated beam 
pattern for TE18,6 and TE22,8 
are given in figure 3. 

It is planned to perform low 
power measurements of the 
quasi-optical output system 
using a vector network ana-

lyser with a high dynamic range. Results of such a measurement are necessary for interpre-
tation of and comparison with the high power experiments (see 5).  

4. CVD-diamond Brewster window 
 
Efficient operation for the large number of operating modes at different frequencies is only 
possible by using a broadband diamond Brewster window fabricated by chemical vapor 
deposition (CVD). Due to the large Brewster angle, the diameter of the disk also has to be 
rather large in order to have a sufficiently large aperture for the RF beam. One disk with a 
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thickness of 1.7 mm and a diameter of 140 mm was developed by Element Six and already 
delivered. This disk can be used for the elliptic shape of a Brewster window with an effective 
aperture of 50 mm.  

Because of the elliptic shape, the stresses during the brazing procedure are different from 
those of circular disks. These stresses were calculated to be increased by a factor of 1.3. To 
investigate whether a diamond disk will sustain these stresses, brazing tests were ordered 
from Thales with a quartz disk and a small diamond disk for which the stresses are increased 
compared to the circular one. In case of successful brazing tests, the 140 mm diamond disk 
will be brazed with copper cuffs, so that it will be possible to cool the disk at the edge. 

However, the first brazing of a ceram disk failed and leaks ocurred. After refined FEM calcu-
lations of the brazing tool to localise positions of high mechanical stresses, a new attempt will 
be made to braze a vacuum tight disk.  

For the experiments in 2006 the gyrotron was equipped with a quartz glas Brewster window 
with an aperture of 85 mm.  

5. Experimental results 

Experiments have been 
performed with the short 
pulse step tunable gyro-
tron in order to measure 
the output beam of the 
modes under considera-
tion (TE17,6 at 105.2 GHz 
up to TE23,8 at 
143.5 GHz) and to com-
pare these results with 
theoretical calculations. 
Since no special efforts 
have been made to op-
erate the tube at opti-
mised parameters for 
each mode, the output 
power was between 300 
and 600 kW for single mode operation. The analysis of the measured beams yielded a 
Gaussian mode content of 77 – 88 % and a higher waist radius then expected from the cal-
culations for all modes. Typical beam pattern of the modes TE18,6 and TE22,8 are given in fig-
ure 4. Note that the position of the pattern along the axis of propagation is different from 
those of figure 3. These results suggests that the launcher and mirror system should be op-
timised to increase the Gaussian content and to adapt the beam radius to the planned win-
dow aperture.  
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Microwave Heating for Wendelstein 7-X  
 
Introduction 
 
Electron Cyclotron Resonance Heating (ECRH) has an inherent capability for plasma start 
up, localised heating and current drive and is of particular importance for stellarators. ECRH 
is thus foreseen as a basic heating system in the first operation stage of W7-X with 10 MW 
heating power at 140 GHz in continuous wave (CW) operation [1]. The complete ECRH-
system for W7-X will be provided by FZK, which in 1998 established the 'Projekt Mikrowel-
lenheizung für W7-X’ (PMW). The responsibility covers the design, development, construc-
tion, installation and integrated tests of all components required for stationary plasma heating 
on site at IPP Greifswald. PMW also coordinates the contributions from IPF Stuttgart, which 
is responsible for the microwave transmission system and part of the HV-system, and from 
the team at IPP Greifswald, which is responsible for the in-vessel components and for the in-
house auxiliary systems. In particular, a European collaboration had been established be-
tween the Forschungszentrum Karlsruhe, the Centre de Recherche de Physique des Plas-
mas (CRPP) Lausanne, the Institut für Plasmaforschung (IPF) of the University of Stuttgart, 
the Commissariat à l´Energie Atomique (CEA) in Cadarache and Thales Electon Devices 
(TED) in Vélizy, to develop and build a prototype gyrotron for W7-X with an output power of 1 
MW for CW operation at 140 GHz. 

A contract between CRPP Lausanne, FZK 
Karlsruhe and Thales Electron Devices (TED), 
Vélizy, had been settled to develop and build 
these continuously operated gyrotrons. The 
development phase was finished successfully, 
and seven series tubes were ordered at the 
industrial company Thales Electron Devices 
(TED). Including the pre-prototype tube, the 
prototype tube and the 140-GHz CPI-tube now 
operated at IPP Greifswald, ten gyrotrons will 
be available for Wendelstein 7-X. To be able to 
operate these gyrotrons, eight more supercon-
ducting magnetic systems are necessary and 
have been delivered by Cryomagnetics, Oak 
Ridge, USA.  

Series Gyrotrons 
 
The tests of series gyrotron #1 at For-
schungszentrum Karlsruhe were reported ear-
lier [2-4]. After these successful tests, the tube 
was delivered to IPP Greifswald for tests at 
highest output power and pulse lengths of 30 
minutes. A directed output power of 865 kW 
was measured inside the load, and a total tube 
output power of about 920 kW was estimated 
taking into account the losses in the transmis-
sion line [5,6]. It passed successfully the “Site 
Acceptance Test” and is sealed now in order to 
avoid the initialisation of the guaranteed lifetime. 

The second series tube [5-8] was delivered to Forschungszentrum Karlsruhe in February 
2006 (Fig. 1).  

 
Fig. 1: The 2nd series tube at the test facility of FZK. The 

fog is  caused  by  evaporating  liquid nitrogen. 
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At a pulse length of one millisec-
ond an output power of 970 kW 
was measured at a beam current 
of 40 A with an efficiency of 27%. 
At a beam current of 50 A an 
output power of almost 1200 kW 
was obtained. When increasing 
the pulse length, severe mode 
hopping to the neighbouring 
mode (TE27,8 mode) was ob-
served. It was not possible to 
increase the pulse length to val-
ues exceeding 2-3 ms at accel-
erating voltages of more than 80 
kV. Figure 2 shows the output 
voltage at a beam current of 50 A 
for  pulse lengths of 1 ms and of 
3 ms. At accelerating voltages 
exceeding 81 kV the output 
power (averaged over the pulse 
length) is reduced. The reason is 
caused by the fact that the 
neighbouring mode is excited 
with reduced power. Figure 3 
shows the possible pulse length 
for which the correct mode, that 
is the TE28,8 mode, can oscillate.  

To avoid mode hopping at  even 
higher pulse lengths, also the 
accelerating voltage had to be 
decreased stronger. At 50 ms 
pulse length the accelerating 
voltage had to be reduced to 
values as low as 74 kV this re-
ducing the output power to less 
than 500 kW. 

In order to eliminate the influence 
of possible external problems, 

measurements on the quality of the test stand at FZK were performed: The stability of the 
body and accelerating  voltage, the tube pressure (neutralisation), the alignment between 
gyrotron and the magnetic axes, stability and homogeneity of the electron beam, low fre-
quency oscillations and so on were investigated. No indications for any irregularities could be 
found.  

A comparison between the frequency behaviour for series tube #1 and tube #2 which might 
give an indication of problems with the cavity did not show any differences between the 
tubes. The time constant for the thermal expansion was very similar (160 ms) and also the 
frequency shift in long pulse operation turned out to be almost the same when extrapolating 
to the same power. 

The tube has been sent back to TED for a visual inspection. A severe damage was found in 
the beam tunnel which is caused by an overheating of the copper disks and maybe also due 
to overheating of the BeO / SiC-ceramics. A clear connection between the damage and the 
bad  behaviour of the tube needs further investigation. 
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Fig. 2: Output power of tube #2 for different accelerating voltages at a beam 

current of 50 A. 
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Fig. 3:  Accessible  pulse  length for the  correct  mode versus accelerating 

voltages at Ibeam = 40 A for tube #2. The  line gives an exponential 
least square fit to the measured data. 
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The third series gyrotron [5-8] has been 
delivered to FZK during April 2006. In 
short pulse operation, the behaviour of 
the output power has been examined. 
The dependence on the electron beam 
current was similar to what had been 
found for the prototype after the ex-
change of the cathode emitter. At about 
42 A, a power of about 1 MW could be 
achieved. Figure 4 shows the result of 
the optimization procedure for different 
combinations of main magnetic field 
and electron beam radius inside the 
cavity. The dependence of the output 
power as function of the electron beam 
current does not show the expected 
almost linear dependence. The de-
crease of output power for electron cur-
rents exceeding 40 A is seen in poor 
optimization of parameters due to the  
short experimental time. (It was more 
important to investigate the behavior of 
the tube in long pulse operation than to 
optimize in short pulse operation). 
However, it is clearly seen that at a cur-
rent of 42 A an output power of 1 MW 
could be achieved with an efficiency of 
32 %. This is in agreement with the val-
ues obtained with series tube #1. 

In long pulse operation, the parameters 
as for example magnetic fields in the 
cavity- and gun-regions are different 
compared to short  pulse operation due 
to neutralisation and expansion of the cavity. The optimisation procedure for finding the op-
erating parameters at high output power in long pulse operation was performed in 1s-pulses 
assuming that the instant-aneous power is well described by the frequency difference be-
tween the initial frequency and the instantaneous frequency (after one second). For tube #1 
the output power increased slightly with increasing magnetic field (see straight line in Fig. 6). 
For tube #3 a different behaviour was found. The output power decreased with increasing 
magnetic field due to the fact that the accelerating voltage could not be increased corre-
spondingly. This behaviour is shown in the Figure 6. The frequency shift (being assumed to 
be proportional to the power) is plotted as function of the accelerating voltage for different 
currents in the main coil that is for different magnetic field values. The gun coil current was 
changed as well but with almost no effect. Increasing the accelerating voltage to higher val-
ues than shown in Fig. 6 led in most cases to arcing inside the tube. Sometimes, this effect 
was accompanied by a strong increase in body current. 

So, even for pulse lengths of 1 s the power of the series tube #3 dropped to values of only 
750 kW. For longer pulses the power dropped even further, to about 650 kW at 180 s.  The 
reason is not understood. 

To eliminate possible malfunctions in the experimental set-up (e.g. HV power supply etc.) the 
tube was sent to Greifswald for long pulse operation. No difference could be found. The out-
put power was limited to about 600 kW for long pulse operation. The tube did not pass the 
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Fig. 4: Output power (tube #3) for different magnetic field combina-

tions, that  is for  different magnetic fields and electron beam 
radii (see legend). 
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acceptance tests. It is assumed that a similar problem as for tube #2 could be the reason, but 
further investigation seems to be necessary.  
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Fig. 6: Change of resonance frequency for a pulse length of 1 s for tube #3. (The straight line shows the results of tube #1.) 

The numbers give the current for the main magnetic coils. 
 
 
 

All the tubes deliver similar 
output mode purity. Table 1 
summarizes  the determined 
parameters of the output RF-
beams of the prototype tube 
and the series gyrotrons. The 
variation of the beam parame-
ters, the lower beam waist 
compared to the design value 
and the elliptical shape of the 
beams are probably due to 
fabrication and alignment tolerances. The similarity of the Gaussian content for all tubes also 
indicates that the quasi-optical mode converter works well for all the gyrotrons. 

The electron beam sweeping system for reducing the density of the collector loading by the 
electron beam was investigated thoroughly. At Forschungszentrum Karlsruhe, the radial 
sweeping system was proven to operate similar to the existing axial sweeping system. At IPP 
Greifswald, both systems were used simultaneously. Thus the spread electron beam was 
moved up and down on the collector surface with a reduced frequency of 7 Hz. With this sys-
tem of combined radial (50 Hz) and axial (7 Hz) sweeping the loading density of the collector 
could be reduced by almost a factor of two. This would allow the gyrotron to be operated at 
higher electron beam currents leading also to higher output power. (Up to now the collector 
loading was the limiting factor for the output power). This behaviour is also very important for 
gyrotrons with higher output power as for example the 2-MW coaxial cavity 170-GHz gyro-
tron being developed for ITER.  

 
Table 1: Parameters of the output beam for the different gyrotrons. Given are the 

values for the waist w0x / w0y, the distance of the waist  from the window 
z0x / z0y and the mode purity of the gyrotron output RF-beam. 

 

 w0x / w0y [mm] z0x / z0y [mm] TEM00[%] 
Prototype 18,6 / 21,3 202 /  71 97 
Series tube #1 17,7 / 21,6 127 / 126 97.5 
Series tube #2 20,2 / 22,5 104 /   40 97 
Series tube #3 17,5 / 20,6 130 /   90 97 
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Because of the problems with tube #2 and #3, the delivery of tube #4 to Forschungszentrum 
Karlsruhe has been postponed to February of 2007 in order to avoid the problems men-
tioned.  

Transmission line 
 
The transmission line consists of single-beam waveguide (SBWG) and multi-beam 
waveguide (MBWG) elements (Fig. 7). For each gyrotron, a beam conditioning assembly of 
five single-beam mirrors is used. Two of these mirrors (M1, M2) match the gyrotron output to 
a Gaussian beam with the correct beam parameters, two others (P1, P2) are used to set the 
appropriate polarisation needed for optimum absorption of the radiation in the plasma. A fifth 
mirror (M3) directs the beam to a plane mirror array (beam combining optics: BCO), which is 
situated at the input plane of a multi-beam wave guide. This MBWG is designed to transmit 
up to seven beams (five 140-GHz beams, one 70-GHz beam plus an additional spare chan-
nel) from the gyrotron area (entrance plane) to the stellarator hall (exit plane). At the output 
plane of the MBWG, a mirror array separates the beams again and distributes them via CVD-
diamond (chemical vapor deposited diamond) vacuum barrier windows to individually mov-
able antennas (launchers) in the torus. To transmit the power of all gyrotrons, two symmetri-
cally arranged MBWGs are used.  

 
Fig. 7: View into the transmission duct of the ECRH system on W7-X. The left picture shows the matching optics M1, M2, and polar-

izers P1, P2, as well as M3, switch mirror SC1 and short-pulse calorimeter Cal for one gyrotron. In the middle, the beam com-
bining optics (BCO) as seen from the first MBWG mirror M5 is displayed. Individual beams coming from M3 are impinging on 
the plane mirrors from left and right and are directed onto M5 of the MBWG system. The right picture shows a view into the 
beam duct with two large multi-beam mirrors M5 and the mirrors MD which can focus one selected beam into one of the CCR 
dummy loads D seen in the foreground. 

 
 
All mirrors for the transmission system up to the torus hall are now installed, including calo-
rimeters, absorbers for stray radiation and retro-reflectors. These devices can be used to test 
the MBWG in a double transit, and to measure the transmission efficiency with the stationary 
RF-loads; high-power tests are in preparation. The design of the mirrors near to the torus as 
well as their support and shielding structure is completed for the major parts, and calls for 
tender for fabrication were launched. The design of the transmission system in front of the 
torus as well as the beam optimization in the launcher were done, yielding broad-band 
transmission characteristics. A mock-up of this part of the transmission line was tested with 
respect to break-down problems; no arcing has been detected up to twice the maximum 
power density. In the following the specifications for the mirror surfaces M13 and M14 (inside 
the torus hall) were completed, and the mirrors are under fabrication. For the gyrotrons in-
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stalled in 2006, matching mirrors were designed and fabricated on the basis of thermo-
graphically recorded beam profiles and subsequent phase retrieval.  

During the acceptance tests of gyrotrons, precise frequency modulation experiments have 
been performed. The results will be used in the development of a fast high-power millimeter 
wave switch, which consists of a diplexer and a tiny frequency-shift keying of the gyrotron [9]. 
Such a device is prepared for test in the transmission duct. Note that due to easy access to 
all components, the W7-X ECRH system is well suited as a test bed [10]. Therefore the sys-
tem could be used for investigation of several devices like in-vessel mirrors, dummy loads 
and an ITER launcher mock-up. 

A new ECRH-power diagnostic based on fast bolometers was developed during a diploma 
thesis in collaboration with the University of Applied Science in Stralsund.  About 0.1 ‰ of 
the ECRH power was coupled out of the main beam by a corrugation on the first mirror’s sur-
face. This power was focused on the 1 cm2 surface of the bolometer foil, which was coated 
by a microwave absorbing dye. The bolometer signal yielded a very good linearity over a 
power variation from 50 kW to 800 kW. With a matched analogue electronic compensation of 
the internal bolometer transfer function, a rise-time of about 15 ms could be achieved. Fur-
thermore, the signal showed a good long term stability. 

HV-systems 
 
For the operation of the gyrotron with depressed collector, a precise control of the beam ac-
celeration voltage is necessary, which is provided by the body voltage modulator. The beam 
current of the gyrotrons is controlled by the cathode heater supply, which is on cathode po-
tential (about -55 kV). In case of arcing inside the gyrotron, a thyratron crowbar protects the 
tubes from being damaged. Details can be found in [10] and [12]. 

  
 
Fig. 8: HV control system for the W7-X gyrotrons: Modulator, crowbar and ignition coil (left) and thyratron tube with new external circuitry 

for protection of the gyrotron (right). 
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The fabrication of the body voltage modulators and the heating and tube protection units by 
IPF Stuttgart is ongoing. Initial problems with voltage break-down of the thyratron crowbars 
have been solved by a redesign of the external circuits of the thyratron (Fig. 8; right). The 
corresponding modifications have been implemented in all Crowbar-heater-units, followed by 
successful tests. By the end of 2006, eight complete systems have been delivered to IPP 
Greifswald and were put into operation. Figure 8 (left) shows a complete HV system. 

In-vessel-components 
 
The motor driven movable prototype ECRH antenna was tested for reliability under vacuum 
conditions and with microwave stray radiation loading in the MISTRAL test chamber. The 
antenna was equipped with spiral tubes in order to provide the cooling water supply for the 
movable mirror. No arcing or damage was found at a microwave loading of up to 450 kW/m2 
in peak, which was already above the expected stray radiation level in W7-X. During the full 
range motion cycling tests in vacuum two ball joints of the same type were broken after ap-
proximately 1000 cycles. The joints were redesigned and the stainless steel ball was re-
placed by a ceramic ball. With the new joints the prototype antenna has passed the 10000 
cycles test in vacuum successfully and the design was released for the serial ECRH anten-
nas. Most parts of the serial antennas are already designed. The manufacturing of the in-
vessel mirrors has started. The motor drives were ordered and have been delivered already.  

Microwave radiation is strongly absorbed by the standard sealing o-rings used, made from 
Viton. The ECRH-antennas have to be equipped with vacuum shutters, which are build in 
between the vacuum vessel and the diamond disc barrier windows. In these shutters, the 
Viton o-rings have to be replaced by such made of low-absorbing material. After a first pre-
selection, one shutter was equipped with an o-ring of the material Isolast J9505 and tested at 
IPP-Greifswald with a high power beam simulating the conditions as expected for W7-X. In 
the test, a temperature increase of 62° was found for steady state conditions. This qualifies 
the o-ring material for the application in W7-X. 

For the heating scenarios with the second harmonic ordinary mode (O2) and the third har-
monic extraordinary mode (X3), the expected single pass absorption is between 40% and 
80%. This would lead to a thermal overloading of the inner wall armour graphite tiles by the 
non-absorbed part of the microwave beams. Therefore, in special positions the graphite tiles 
can be replaced by TZM (titanium, zirconium, molybdenum alloy) reflector tiles.  With a large 
number of ray-tracing calculations the tile positions were optimised for every beam in such a 
way, that the beams are reflected back through the plasma center in a controlled way, with a 
high second pass absorption. A prototype tile was build and tested with an equivalent high 
power microwave beam at IPP Greifswald. Even though the maximum temperature increase 
was about 70% higher than in first ANSYS heat transport calculations, the use of the TZM-
tiles seems to be feasible. In a next step, the themal contact of the tile to the cooling base will 
be improved and the tile will be polished in order to minimise the microwave absorption.  

Auxiliary systems 
 
The water cooling system for the mirrors inside the torus have been installed as far as possi-
ble. 

The controlling system and the visualization has been designed and installed. The visualiza-
tion for the gyrotron operation has been improved. It has been adapted to the individual gyro-
tron boxes. The control and regulation system has for the first time been integrated into the 
main control system and was tested successfully.  
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Underlying Technology 
 
Operation of the Fusion Materials Laboratory (FML) 
 
The Fusion Materials Laboratory (FML) provides the infrastructure for the performance of 
tasks defined in the EFDA workprogramme related to the characterisation and testing of irra-
diated and non-irradiated fusion materials. Methods such as optical and electron microscopy, 
tritium adsorption and desorption, He pycnometry and Hg porosimetry, crush load, micro 
hardness, creep, charpy impact and tensile tests as well as long-time annealing tests are 
applied. The work includes Post Irradiation Examinations (PIE) of Reduced Activation Ferritic 
Martensitic (RAFM) steels (reference material for DEMO and ITER-TBMs), investigations on 
materials relevant for the HCPB blanket (ceramic breeder materials, beryllium) and Plasma 
Facing Materials (tiles) from tokamaks (JET, TFTR). 

PIE on selected samples from the HFR Ib and HFR IIb experiments were carried out. For this 
purpose Charpy impact and tensile tests were performed and tested specimens’ small cuts 
for light optical, scanning and transmission electron microscopy were prepared and exam-
ined. The aim of the investigations was to study the irradiation effects on the mechanical and 
structural properties of these materials. 

The investigation of blanket materials was continued with the characterisation of materials. 
Lithium orthosilicate pebbles were investigated by light optical microscopy and their porosity 
and deformation hardness were determined. Different batches of materials were character-
ised with respect to the influence of parameters of the fabrication process on the mechanical 
and structural properties. Adsorption and desorption experiments were done with irradiated 
beryllium pebbles to study the influence of the surface structure on the tritium kinetics. The 
characterization of pebbles from a uniaxially compressed metallic pebble bed for the deter-
mination of the mechanical parameters and the thermal conductivity of the metallic pebble 
bed was continued. 

Further samples from ASDEX, JET and TFTR carbon tiles were prepared for the investiga-
tion of tritium retention in these materials. In the TLK these samples were analysed. The irra-
diation experiments on Tritium flakes from JET with the radiation of a Co60-source to study 
the effect of the gamma-radiation on the desorption properties of the adsorbed tritium were 
continued. 

Detailed results and consecutive analysis of the measurements are reported in the respec-
tive chapters of this report. 

For the PIE the following equipment was used: 

• Charpy impact and tensile testing devices; 

• Light optical, scanning electron and transmission electron microscopes; 

• Desorption device with high temperature furnace for tritium and helium release mea-
surements; 

• He-pycnometer and Hg-porosimeter; 

• Sphere crush and creep testing apparatus. 

In the frame of the laboratory upgrading programme, an indentation device was set into hot 
operation inside a newly installed lead-shielded hot cell. The specification for a new remotely 
operated light optical microscope was set up and distributed among possible tenderers. 
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Remotely controlled indenter during mounting into FML box no. 4 
 

Future activities: 

Continuation of measurements as referred to above: 

• PIE of the HFR II B irradiadion phase: some 180 samples of steel, 15 dpa; 

• Characterization of tiles; 

• Characterization of new batches of ceramic breeder materials and beryllium. 

Staff: 
 
P. Barié 
J.Ehrmann 
A. Erbe 
M. Gilpert 
M. Holzer 
H. Jackisch 
S. Lautensack 
P. Lauterbach 
G. Mangei 
W. Nägele 
H. Ries  
R. Rolli 
G. Rösch 
R. Schmidt 
H.-C. Schneider 
H. Steinle 
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Prof. Dr. M. Thumm 2440 

Institute for Nuclear and Energy 
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(IKET) 

Prof. Dr. T. Schulenberg 3450 

Institute for Reactor Safety Institut für Reaktorsicherheit (IRS) Prof. Dr. V. Heinzel 
(Acting Head) 

2550 

Institute for Technical Physics Institut für Technische Physik (ITP) Prof. Dr. M. Noe 3500 

     - Tritium Laboratory Karlsruhe - Tritiumlabor Karlsruhe (TLK) Dr. M. Glugla 3226 

Institute for Data Processing and 
Electronics 

Institut für 
Prozessdatenverarbeitung und 
Elektronik (IPE) 

Prof. Dr. H. Gemmeke 5635 
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Physics,  
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Technischen Universität Dresden Prof. Dr. H. Freiesleben + 49 351/4635461 

 
Institute for Applied Physics 
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Institut für Angewandte Physik 
J.W. Goethe-Universität Frankfurt Prof. Dr. H. Klein + 49 69/7982 3489 

Institut für Strahlwerkzeuge 
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e-mail: carmen.hermsmeyer@fusion.fzk.de 
 
 

 
Program Budget, Administration, 
Reports, EU-Affairs 

 
BW. M. Henn 
 
 
Mrs. V. Lallemand 
 
 
Mrs. I. Pleli 

 
ext. 5547 
e-mail: michael.henn@fusion.fzk.de 
 
ext. 6461 
e-mail: vera.lallemand@fusion.fzk.de 
 
ext. 8292 
e-mail: ingrid.pleli@fusion.fzk.de 

 
Blanket and Divertor Development, 
HELOKA, IFMIF, Public Relations 

 
DI. W. Bahm 

 
ext. 5465 
e-mail: werner.bahm@fusion.fzk.de 

 
Quality Management 

 
DI. P. Freiner 

 
ext. 4194 
e-mail: peter.freiner@fusion.fzk.de 
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Nuclear Fusion Programme Management 
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Appendix III: Glossary 
3D Three-dimensional 

3PB 3 Point Bending FM Probe, cf. SE(B) 

AC Alternating Current 

ACP Activated Corrosion Products 

ACS Automated Control System 

ADS Atomosphere Detritiation System 

AGHS Active Gas Handling System 

AGR Advanced Gas Cooled Fission Reactor 

A-HCPB Advanced Helium Cooled Pebble Bed 

AISI 316L Austenitic Steel 

ALTAIR Fast Reactor Irradiation from CEA in BOR 60 

ANS Analytical System 

AP Activated Dust 

ARBOR-1 Fast Reactor Irradiation from FZK in BOR 60 

ARBOR-2 Fast Reactor Irradiation from FZK and CEA in BOR 60 

ASDEX Axial-symmetrisches Divertor-EXperiment 

ASIPP (Chinese) Academy of Sciences, Institute for Plasma Physics, Hefei 

ASTM American Society for Testing and Materials  

BB Blanket Box 

BCO Beam Combining Optics 

BD Brittle Destruction 

BET Brunauer-Emmett-Teller (specific surface) 

BIXS Beta-Induced X-ray Spectrometry 

BOR 60 Fast Reactor at SSC RF RIAR, Dimitrovgrad, Russia 

BSCCO Bi2Sr2Ca2Cu2Ox 

BSM Blanket Shield Module 

BU Breeding Unit 

C(T) Compact Tension FM Probe 

CAD Computer Aided Design 

CATIA V5 CAD Software CATIA, Version 5 

CC Coated Conductor 

CCNB Coordinative Committee of Neutral Beams 

CD Cryogenic Distillation 

CEA Commissariat à l’Energy Atomique 

CECE Combined Electrolysis Catalytic Exchange 
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CFC Carbon Fibre Composite 

CFD Computational Fluid Dynamic 

CFTM Creep Fatigue Test Module 

CH-structure Crossbar H-mode Structure 

CICC Cable in Conduit Conductor 

CIEMAT Centro de Investigaciones Energeticas Medioambientales y Tecnologicas (CIEMAT), Madrid ,Spain 

CL Current Lead 

CMSB Cryogenic Molecular Sieve Bed 

COSYMA Code System Maria 

CP Cooling Plata 

CPC Crack Propagation Criterion 

CPS Coolant Purification System 

CRPP Centre de Recherches en Physique des Plasmas 

CS Central Solenoïd 

CT Compact Tension 

CT Cryogenic Cold Trap 

Cu Copper 

CVD Chemical Vapour Deposition 

CW Continuous Wave 

D1S Direct one-step method for shut-down dose rate calculations 

DACS Data Acquisition and Control System 

DBTT Ductile-to-Brittle Transition Temperature 

DCLL Dual Coolant Lead Lithium 

DDD Design Description Document 

DEMO Demonstration Power Station 

dpa Displacement per atom 

DT Deuterium Tritium 

DTL Drift Tube Linac 

EAF-2005 European Activation File, Version 2005 

EB Electron Beam 

ECCD Electron Cyclotron Current Drive 

ECH&CD Electron Cyclotron Heating and Current Drive 

ECM 
…C-ECM 
   M-ECM 

Electro Chemical Machining 
     Cathodic-ECM 
     Mask-ECM 

ECOTAP Energy Compensated Optical Tomography Atomic Probe 

ECRH Electron Cyclotron Resonance Heating 

EDM Electron Discharge Method 
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EDX Energy Dispersive X-Ray 

EFDA European Fusion Development Agreement 

EFF European Fusion File 

ELM Edge Localized Mode 

EM Electro Magnetic 

EMRAS Environmental Modelling for Radiation Safety 

ENDF/B-VI American Evaluated Nuclear Data File B, Version VI 

ENEA Ente per le Nuove tecnologie, l’Energia e l’Ambiente, Italy 

EPL Enhanced Performance Launcher 

EUROFER 97 European RAF/M Steel 

F82H mod. Japanese RAF/M Steel 

FE Finite Element 

FEM Finite Element Method 

FISPACT Fusion Inventory Code 

FM Fracture Mechanics 

FPSS Fixed Principal Axis for Stresses and Strains 

FSSS Fisher Sub-sieve Sizer 

FTTT Fracture Toughness Transition Temperature 

FW First Wall 

FZK-04 Forschungszentrum Karlsruhe Evaluated Data File for W 

GC-MS Gas Chromatography Mass Spectrometry Unit 

GDC Glow Discharge Cleaning 

Gricaman Mock up Mock up for validation of mass flow in GRId, CAp and MANifold 

GTN Gurson-Tvergaard-Needleman 

H Helium 

HAZ Heat Affected Zone 

HCLL Helium Cooled Lithium-Lead 

HCPB Helium Cooled Pebble Bed 

HCS Helium Cooling System 

HEBLO HElium BLOwer (Helium facility at FZK) 

HELICA Helium-FUS3 Lithium Cassette 

HELOKA Helium Loop Karlsruhe 

HEMJ Helium-cooled Divertor Concept with Multiple JET Cooling 

HEMS Helium-cooled Modular Divertor Concept with Integrated Slot Array 

HETRA Mock up Mock up for Validation of HEat TRAnsfer Coefficient 

HEXCALIBER Helium-Fus3 Experimental Cassette of Lithium, Beryllium Pebble Beds 



 

 

-- 470 --

HFIR High Flux Isotope Reactor, ORNL 

HFR High Flux Reactor 

HFTM High Flux Test Module 

HHF High Heat Flux 

HIP Hot Isostatic Pressing 

HMI Hahn-Meitner Institute 

HP High Pressure 

HPFPP Hydrogen Production Fusion Power Plant 

HRTEM High Resolution Transmission Electron Microscope 

HT High Temperature 

HT Tritiated Gas 

HTO Tritiated Water Vapour 

HTS High Temperature Superconducting 

HTSE High Temperature Steam Electrolysis 

HV30 Vickers Hardness at 30 kp Load 

HX Heat Exchanger 

IB Focussed Ion Beam 

Ic Critical Current 

ICT Initial Crack Tip 

IFMIF  International Fusion Material Irradiation Facility 

IGES, STEP Neutral Format for the Exchange of CAD Geometry Data 

IPF Institut für Plasmaforschung, Universität Stuttgart 

IPP Max-Planck-Institute for Plasma Physics, Garching 

IRDF-2002 International Reactor Dosimetry File, Version 2002 

ISO International Organization for Standardization 

ISS Isotope Separation System 

ISTC International Science and Technology Center 

ITER International Thermonuclear Experimental Reactor 

ITERVAC Code for vacuum gas flows 

Jc Critical Current Density 

JET Joint European Torus 

JETT J-Evaluation on Tensile Test 

JRC Joint Research Center 

KLST Kleinstprobe (Small Specimen for Charpy-V Impact Tests) 

kN kilo Newton 

Kn Knudsen number 
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LCF Low Cycle Fatigue 

LHe Liquid Helium 

LOFA Loss of flow accident 

LOVA Loss of Vacuum Accident 

LPCE Liquid Phase Catalytic Exchange 

LSE Lower Shelf Energy 

L-T Longitudinal-Transverse 

LTS Low Temperature Superconducting 

LVDT Linear Variable Differential Transducer 

M5, M8 and M12 Thread diameter 5 mm, 8 mm and 12 mm 

Ma Mach number 

MANET Conventional 12 % Cr steel 

Mat-DB Materials Data Bank 

MBWG Multi-beam Waveguide 

MC Master Curve 

McCad Interface Programme for converting CAD geometry data to the semi-algebraic representation of the MCNP code 

McDeLicious Monte Carlo Code for D-Li Neutron Generation and Transport 

MCNP Monte Carlo Neutron Photon (code for particle transport simulations) 

MEKKA Magneto-Hydrodynamic Experiments in Sodium und Potassium Karlsruhe 

MFTM Medium Flux Test Module 

MHD Magneto Hydrodynamic 

MMS  Multi-Module Segment 

MOCVD Metal-organic Chemical Vapour Deposition 

MOD Metal-organic Deposition (wet solution) 

MOVAK3D Monte Carlo Code for vacuum applications 

MPa Mega Pascal 

NB Neutral Beam 

NBI Neutral Beam Injector 

NBTF Neutral Beam Test Facility 

Nf, Number of Cycles to Failure 

NRG Nuclear Research and Consultancy Group, National Nuclear Research Institute of the Netherlands, located in Petten

NTM Neoclassical Tearing Modes 

N-VDS Normal Vent Detritiation System 

OBT Organically Bound Tritium 

ODIN Online Data & Information Network for Energy of JRC 

ODS Oxygen Dispersion Strengthened 
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OPL Outer Poloïdal Limiter 

OPTIFER IVc German RAF/M Steel 

OST Oxford Superconducting Technology 

PAN-fibers The NB31 fibers parallel to the surface 

PCCV Pre-Cracked Charpy V 

PCP Prototype Cryosorption Pump 

PFC Plasma Facing Components 

PI Plant Integration 

PICCOLO Pb-Li Corrosion Loop 

PIE Post Irradiation Examination 

PLC Programmable Logic Control 

PMW Projekt Microwellenheizung for W7-X 

PPCS Power Plant Conceptual Study 

PTC Prototype Torus Cryopump 

Pt-PtRh-TC Platinum Rhodium-Thermocouples 

PWHT Post Weld Heat Treatment 

QSPA 
MK-200UG Name of a  Plasma Gun in TRINTI, Troitsk 

R2S Rigorous two-step method for shut-down dose rate calculations 

RAFM Reduced Activation Ferritic Martensitic 

RCT Recrystallisation Temperature 

ReBCO Re = Rare Earth Component 

REM Raster Electron Microscope 

RF Radio Frequency 

RFQ Radio Frequency Quadrupole 

RPSS Rotating Principal Stresses and Strains 

RS Remote Steering 

RT Room Temperature 

SBWG Single-beam Waveguide 

SC Single Crystal 

SCHe Supercritical Helium 

SCK StudieCentrum voor Kernenergie, National Nuclear Research Institute of the Netherlands, located in Petten 

SDS Storage and Delivery System 

SE(B) Single Edge Bending FM Probe, cf. 3PB 

SEAFP Safety and Environmental Assessment of Fusion Power 

SEM Scanning Electron Microscopy 

SI Sulphur-Iodine Process 
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SOL Scrape-off Layer 

SPICE Sample Holder for Irradiation of Miniaturised Steel Specimens Simultaneously at Different  
Temperatures 

SPM Solid Polymer Electrolyser 

SS Safety System 

SSC RF RIAR State Scientific Centre of Russian Federation Research Institute of Atomic Reactors 

TAP Tomography Atomic Probe 

TBM Test Blanket Module 

TBr Brazing Temperature 

TDL Thermo-luminiscence Dosimeter 

TDM Test Divertor Module 

TED Thales Electron Devices, Vélizy 

TEM Transmission Electron Microscope 

TEP Tokamak Exhaust Processing 

TES Tritium Extraction Subsystem 

TF Toroïdal Field 

TFTR Tokamak Fusion Test Reactor (Princeton) 

TIG Tungsten Inert Gas 

TIMO Test Facility for ITER Model Pump 

TLK Tritium Laboratory Karlsruhe 

TMF Thermal Mechanical Fatigue 

TPR Tritium Production Rates 

TRIMO Tritium Inventory Modelling 

TRM Tritium Release Module 

TRS Tritium Retention System 

TSEFEY Electron Beam Facility 

TTE Trace Tritium Campaign at JET 

UFOTRI Unfallfolgenmodel Tritium 

ULL Load Line Displacement 

UMAT User Material 

USE Upper Shelf Energy 

VAMAS The Versailles Project on Advanced Materials and Standards 

VDS Vent Detritiation System 

VV Vacuum Vessel 

VVF Voids Volume Fraction 

W Tungsten 

WDS Water Detritiation System 
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WHA Tungsten Heavy Alloy 

WL10 Tungsten, Dispersion Strengthened with 1 wt.% La2O3 Particles 

W-La2O3 Tungsten Lanthanum Oxide Alloy 

WSP Westinghouse Hybrid Sulphur Process 

WTZ Wissenschaftlich-Technische Zusammenarbeit 01/577 

XRD X-ray Diffraction 

YBCO YBa2Cu3Ox 

εtot, total strain range 
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