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INTRODUCTION 

 
 
European research on controlled thermonuclear fusion is carried out in an integrated programme with the objective to propose a 
safe, clean and economically viable energy source. Part of this programme is under the responsibility of the European Fusion 
Development Agreement (EFDA) which provides a framework covering the activities in the field of technology (both Next Step 
and Reactor) and the collective use of the Joint European Torus (JET). 
 
This annual report (also available on line at “http://www-fusion-magnetique.cea.fr“) presents research activities, which have 
been performed in 2002 by the French EURATOM-CEA Association in the frame of the European Technology Programme. It 
does not include activities performed in the frame the European ITER Site Studies (EISS) which are described in other 
documents elaborated in the frame of the ITER site negotiation (see http://www.iter.gouv.fr or http://www.itercad.org for 
further information). 
 
The first section describes the “EFDA” activities and related developments carried out by the Association. The second one is 
dedicated to the “Underlying  Technology” (UT) programme and finally, the third one describes the “Inertial Confinement 
Fusion” (ICF) watching brief activities. In each section, the tasks are sorted out according to the EFDA main fields : Physics 
(P) , Vessel/In-Vessel (VIV), Magnets (M), Tritium breeding and Materials (TBM), Safety and Environment (S&E), System 
Studies (SS), JET technology activities (JET). The Euratom-CEA Association is involved in all these topics (figure 1). 
 
Ø Euratom-CEA activities carried out in the Field “Physics” are linked to neutral beam developments, to the development of 

remote participation infrastructure, to the manufacturing of a high power Continuous Wave Ion Cyclotron Radio Frequency 
test rig. This device will be in operation in 2003 in order to validate under fully representative conditions a number of next 
step antenna components. 

 
Ø Plasma Facing Component (PFC) developments, Vacuum Vessel/Blanket activities and  Remote handling studies are 

carried out inside the field “Vessel/In-Vessel”. The applicability of the Hot Isostatic Pressing (HIP) technologies for the 
manufacturing of ITER Primary First Wall panel (PFW) has been investigated.  Several mock-ups have been manufactured 
including a PFW panel made from a combination of copper alloy (as heat sink material) a stainless steel (as structural 
material) and beryllium tiles (as an armour material). These mock-ups will be tested under high heat flux as those tested in 
2002 on the FE200 facility (CFC monoblocks, hypervapotron,…). The feasibility of laser welding of high thickness up to 
60 mm has been demonstrated. Laser welding allows to expect a significant reduction of time needed for the assembly of 
the ITER vacuum vessel compared to TIG technology. In the frame of remote handling activities, a MAESTRO master-
slave hydraulic manipulator having a load capacity of 100 kg (equivalent to its weight) has been integrated inside the DTP 
(Divertor Test Platform) located at the ENEA Brasimone site. This robot system has been used to successfully lock and 
unlock Divertor Cassettes. The TAO2000 system has proved its capability as a reliable advanced "blind" remote handling. 

 
Ø In the field “Magnets”, EURATOM-CEA Association was actively involved in the phase II tests of the TF Model Coil 

performed in Karlsruhe from September to November 2002. The analyses of the electromagnetic, thermohydraulic and 
mechanical properties of the coil have been performed. It was confirmed that the filament strain in TF conductor is slightly 
higher than expected in the ITER design but can be compensated by taking benefit of  the progress in superconducting 
materials critical properties during these last ten years. The Euratom-CEA activities are also dedicated to the design of 
different parts of the ITER magnet system. 

 
Ø The Field “Tritium Breeding and Materials” includes for a large part the Reactor relevant activities.  In 2002, EU  

endorsed the decision to concentrate the work on breeding blanket modules to be tested in ITER on a single coolant, 
Helium. The Water Cooled Lithium Lead (WCLL) breeding blanket development activities have been completed and closed 
with a review of reference documents and analysis of remaining R&D issues up to full qualification of WCLL TBM in 
ITER. Works have been reoriented to develop and optimise a Helium Cooled Lithium Lead blanket concept for DEMO and 
its Test Blanket Module (TBM) to be tested in ITER. In the frame of the Helium Cooled Pebble Bed (HCPB) concept 
programmes, a fabrication process at the semi-industrial scale was finalized to produce Li2TiO3 pebbles capable to fulfil the 
design requirements stated by the HCPB blanket design team. In collaboration with EURATOM-ENEA, investigations of 
the feasibility of lithium recycling. A batch of 400 grams of Li2CO3 powder produced by ENEA extracted from Li2TiO3 was 
used at CEA to fabricate fresh Li2TiO3 powder in order to demonstrate the feasibility of 6Li recycling. The development of 
low activation material compatible with fusion environment is an important challenge of the fusion technology programme. 
Euratom-CEA activities are more specifically concentrated on irradiation performance and fabrication processes of 
EUROFER and on the development of advanced material as SiC-SiC. Euratom-CEA is also involved in the development of 
the accelerator of the 14 MeV neutron source IFMIF. 
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Ø “Safety and Environmental” studies realized by Euratom-CEA cover different parts of the topic such as code validation 
experiment (the EVITA facility is devoted to the simulation of a water ingress in the cryostat leading to water/steam 
condensation on cryogenic surfaces), Hydrogen deflagration/detonation analysis, plant safety assessment, waste and 
decommissioning strategy including the management of tritiated waste. A detailed review of tritium regulatory limits in 
major foodstuffs for different countries or international organisations has been realised in order to produce an in-deep 
evaluation of the radiological impacts of tritium released into the environment. 

 
Ø Activities performed in the field “System studies” are focalised on the final goal of the fusion research: produce a safe, 

clean, economically viable energy source. Two reactor concepts have been studied by Euratom-CEA. The first one is based 
on little extrapolation on both physics and technology, using a water-cooled divertor based on ITER technology and 
associated to the Water Cooled Lithium Lead (WCLL) blanket.   The second one is more extrapolated and uses Pb-17Li 
self-cooled with Silicon carbide composites (SiC/SiC) as structural material, both for blanket and divertor. This concept 
could lead to very high energy conversion efficiency (60%) resulting in good prospects to achieve fusion economic 
competitiveness whilst guaranteeing high safety standards. These conceptual studies are completed by socio-economic 
evaluations. 

 
Ø Activities carried out in the Field  “JET technology” are devoted to the JET enhancement Divertor project, to the study of 

different processes which can be used for tritium removal from carbon materials and stainless steels, and to plasma facing 
components thermo-mechanical modelling in order to improve power and energy flux estimation on PFC and provide tools 
for better power/energy measurements in tokamaks. 

 

P VIV M TBM S&E SS JET ICF

ICF

UT

EFDA

 

P  : Physics 
VIV : Vessel/In-Vessel 
M  : Magnets 
TBM : Tritium breeding and Materials 
S&E : Safety and Environment 
SS : System studies 
JET : JET Technology 
ICF : Inertial Confinement Fusion 
 
EFDA : European Fusion Development Agreement 
UT  : Underlying Technology 
 

Figure 1 : Breakdown of the work carried out by Field 
 
Three specific operational divisions of the CEA, located on four sites (see appendix 5), are involved in the Euratom-CEA 
fusion activities: 
 
Ø the Nuclear Energy Division (DEN) , for In-vessel component design (first wall, divertor, blanket,….), neutronics, structural 

materials and safety activities, 
 
Ø the Technology Research Division (DRT), for activities dedicated on materials (elaboration, breeding materials) and 

robotics, 
 
Ø the Physical Sciences Direction (DSM), which includes the Controlled Fusion Research Department (DRFC) operating Tore 

Supra and responsible for plasma physics, magnet design, plasma facing components. 
 
The Euratom-CEA programme is completed by specific R&D collaborations with industry in the fields of safety 
(Technicatome) and with external laboratories in the fields of superpermeation (Ecole Polytechnique), inertial confinement 
(Ecole Polytechnique, University of Paris XI) and socio-economic related aspects (CEPN). This report summarizes important 
results obtained in a large variety of subjects relevant to ITER construction or to the more distant fusion reactor. The report 
also illustrates the impressive human resources available within CEA, which could be made available for ITER if and when 
requested. This fusion technology knowledge and associated human resources constitute a great asset for constructing ITER in 
Europe. I take this opportunity to congratulate authors and editors for the quality of the contributions and for their dedication to 
make them available to the scientific community. 
 

Jean Jacquinot 
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 - 5 - EFDA technology / Physics Integration / Heating and Current Drive 
 

CEFDA01-645 
 
Task Title: SUPPORT TO NEUTRAL BEAM PHYSICS AND TESTING 1 
 
 
INTRODUCTION 
 
 
The European concept for a 1 MeV, 40 A negative ion 
based accelerator for the neutral beam system on ITER, the 
SINgle GAP, SINGle Aperture (SINGAP), is an attractive 
alternative to the ITER reference design, the so-called 
Multi-Aperture, Multi-Grid (MAMuG) accelerator. The 
SINGAP accelerator has many potential advantages over 
the MAMuG system but before SINGAP can be chosen for 
the ITER injectors two key areas must be demonstrated. 
The first and most important key area is to demonstrate the 
ability to hold 1 MV over the single acceleration gap. The 
second area is to verify the correctness of the model used 
for the prediction of the beam optics. Figure 1 shows the 
SINGAP testbed. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL RESULTS 
 
The R&D objective for phase 1 of the EFDA contract 01-
645 is to demonstrate the voltage holding of 1 MV with a 
main acceleration gap of 350 mm, first without gas or beam 
and thereafter with gas from the ion source and with an 
accelerated negative ion beam.  
 
 

The demonstration of voltage holding without a beam but 
with additional gas has been performed [1]. The best results 
obtained were 943 kV without breakdowns. This was done 
with an atmosphere of deuterium at a pressure of 0.028 Pa 
in order to avoid dark currents. The highest voltage that was 
obtained with helium, with the same pressure 0.028 Pa in 
the tank, was 918 keV (note that the pressure at the exit of 
the ITER accelerator is calculated to be 0.02 Pa). Higher 
voltages were not tested in order not to put the 1 MV power 
supply at risk (the power supply has already been damaged 
once in 2000 when voltages close to 1 MV were used.) 
 
When the voltage holding without additional gas for the 
two main acceleration gaps is compared, it is found that the 
hold-off is slightly lower for the shorter gap (350 mm) 
compared with the previous longer main acceleration gap 
(627 mm), see figure 2. On the positive side is that the 
number of breakdowns is reduced with the shorter gap. This 
could, however, also be explained by the new extended 
earth screen at the bushing that was installed at the same 
time as the main acceleration gap was reduced. 
 
Deuterium negative ion beams have been accelerated 
without caesium in the ion source up to an energy of 
673 keV using 11 apertures, each with an extraction surface 
of 1 cm2 [2]. The shortened main acceleration gap has led, 
as expected, to a much stronger electrostatic lens at the exit 
of the pre-accelerator. As a consequence the beamlets cross 
over closer to the accelerator. 

 

 
 
 

Figure 1 : The SINGAP testbed 
 

(1) negative ion source 
(2) extractor / pre-accelerator 
(3) extension piece for changing 
 acceleration gap 
(4) post-accelerator (+1 MV) 
(5) electrostatic screen (0 V) 
(6) 1-D CFC graphite target 
(7) 1 MV bushing 
(8) C120 porcelain 
(9) Vacuum moulded Sipremite  
 epoxy 
(10) 7x Permaglas epoxy 
(11) 9x100 MΩ resistor chain  
(12) vacuum vessel floor (0 V) 
(13) infra-red camera 
 
The background pressure of <10-7mb is 
provided by cryo pumps at 4.2 K. 
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Figure 2 : High voltage conditioning shots 

for main acceleration gaps of 625 and 350 mm 
 
Since the lens strength increases with the acceleration field, 
the cross over moves towards the accelerator as the beam 
energy is increased. An upper limit is reached when the 
outer beamlets fall outside the carbon target. To avoid this 
the aperture array was masked to leave only the central 4 
apertures open. With this arrangement beams with an 
energy of 916 keV were produced. The current density 
obtained at the target was 50 A/m2 with caesium added to 
the source discharge. The dark current was suppressed 
almost completely by adding helium or deuterium to the 
SINGAP vacuum tank up to a pressure of 0.02 Pa. 

In general, good agreement has been found between the 
measured (using an infrared camera) and predicted (Opera 
3D from VectorFields ) beam power density footprints on 
the target. 
 
Some discrepancy between the measured and calculated 
beam profiles was however found when the beam 
perveance was increased, see figure 3. A scan was 
performed at a relatively low main acceleration voltage 
(300 keV) and some proof of space charge neutralisation 
was seen. 
 
It is likely that this phenomenon only happens with the 
present pre-accelerator configuration with a very long pre-
accelerator grid support structure. In that essentially field 
free region the beam can be completely or partially space 
charge neutralised by positive ions created by beam 
ionisation of the background gas. The highest current 
density obtained during this relatively low main 
acceleration voltage was 80 A/m2. 
 
The present HV power supply can deliver 1 MV with a 
maximum current of ≈100 mA. The dark current can easily 
reach 100 mA even at as low voltages as 500 kV. In order 
to suppress it, the pressure in the vacuum vessel has been 
increased by introducing an additional gas in the main 
vacuum vessel, usually using helium as it is not pumped by 
the liquid helium cryo condensation panels. Some initial 
studies of the dark current have been carried out with a 
temporary “dark current probe” installed in the vacuum 
tank with the aim to identify the mechanism and/or to 
suppress/reduce the dark current [1]. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 : Generally good agreement was found between measured and predicted footprints, see the two figures on the right - 

On the left hand side some disagreement is seen. It is probably caused by space charge neutralisation in the accelerator, 
which was not included in the codes used 

 

Comparison of HV-conditioning for acceleration gaps 
of 625 mm and 350 mm. 
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A new retractable dark current probe has been 
manufactured and installed on the SINGAP test bed but no 
measurements have been performed. 
 
MODELLING 
 
Three major areas of modelling have been addressed: 
 
1 Study of particle trajectories for the SINGAP pre-

accelerator and post accelerator: 
 

1.1. Comparison with experimental data 
1.2. Sensitivity to voltage variations of the ITER 

SINGAP accelerator 
 
2 Study of the gas density distribution in the ITER neutral 

beam accelerator. 
 
The particle trajectories have been modelled using three 
different codes. The pre-acceleration stage with the 
CADSLAC code, the post-acceleration stage with 
VectorFields OPERA-3D module SCALA and the beam 
transmission to the target with a purpose-written code 
called TRANSMIT. The results are presented in [3]. 
 
In low space-charge conditions very good agreement has 
been found between the experimental data and the 
calculations. In medium space-charge conditions not many 
experiments have been done so far, since the test bed has 
not yet reached its full performance. Therefore, although 
reasonable agreement has been found between the 
calculations and the experimental data, the data available 
from SINGAP is as yet insufficient to say that the codes 
correctly predict the beam behaviour under all foreseen 
conditions.  
 
The sensitivity study for the ITER SINGAP accelerator [4] 
shows that the beam transmission is not very sensitive to 
either the extraction voltage or the pre-acceleration voltage. 
The largest change occurs when the extraction voltage is 
increased by 10 %, a change in transmission of almost 
2.5 % results. In all other cases, the change in transmission 
is of the order of 1 % (for a 10 % change). It is also shown 
that the transmission is insensitive to a change in post-
acceleration voltage, provided the change is below 5 %. In 
that case the maximum drop in transmission is 1.6 %. If the 
post acceleration voltage is changed by 10 % the 
transmission can drop by as much as 5.6 %. 
 
The sensitivity of the beam transmission with respect to the 
extracted current is quite strong, about a 7 % fall in ion 
transmission occurs for a 10 % change in current density. 
This emphasises the need for a uniform source. 
 
A 3D Monte Carlo code has been modified and used for 
calculating the gas density distribution in the accelerator  
for both the MAMuG and the SINGAP variant. The gas 
density distribution, gas flow, stripping losses, and electron 
generation have been analysed. The results are presented in 
[4]. Results from this code will serve as input data for the 
calculation of the electron trajectories in the accelerator and 
the subsequent calculations of the accelerator efficiency, as 
well as power density to the accelerator and downstream 
components. 

DESIGN AND PROCUREMENT FOR THE NEW ION 
SOURCE AND PRE-ACCELERATOR 
 
In order to demonstrate ITER SINGAP beam optics, a new 
actively cooled ion source and an ITER relevant pre-
accelerator will be build and operated. The design has been 
completed and the procurement of the various components 
is well underway.  
 
The drawings of the beam source and "ITER like" 
accelerator were started in March 2002. The grids will have 
an aperture pattern of 5 x 5. The extraction and pre-
acceleration grid are water-cooled and have permanent 
magnets for electron suppression and/or ion trajectory 
correction. For experiments at the highest current densities 
(~200 A/m2) only 3 of the 25 apertures in various 
configurations (centre, edge etc.) will be used for beam 
extraction (100 mA limitation of the HV power supply). 
The various aperture configurations will be provided by 
different (uncooled) plasma grids. 
 
The ion source design is based on the Drift Source 
("Sourcette") presently being used on SINGAP, thoroughly 
revised to operate at elevated power levels, which should 
guarantee >200 A/m2 in deuterium. The existing source end 
flange (2 m diameter) of the SINGAP beam tank cannot be 
modified for the envisaged application and has to be 
replaced. 
 
The entrance opening of the SINGAP electrode will be 
moveable (perpendicular to the beam axis) to allow global 
beam steering to be demonstrated. 
 
The source, extractor and pre-accelerator are mounted on 
one common 1 m diameter flange, which bolts onto the 2 m 
diameter end flange. This will simplify transport of the 
SINGAP concept for testing elsewhere (e.g. at JAERI in 
Japan up to 1 A) leaving the fairly simple post-accelerator 
as the only major component to be re-built. 
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CEFDA01-646 
 
Task Title: SUPPORT TO NEUTRAL BEAM PHYSICS AND TESTING 2 
 
 
INTRODUCTION 
 
 
In Cadarache, development on negative ion sources is being 
carried out on the KAMABOKO ion source on MANTIS. 
The target performance for the KAMABOKO ion source to 
comply with the ITER R&D task description is to 
accelerate a D- beam, with a current density of 200 A/m2 
and <1 electron extracted per accelerated D- ion, at an 
injected power ranging between 1 and 2 kW per litre of 
source volume, and a source pressure of 0.3 Pa. For ITER a 
continuous ion beam must be assured for pulse lengths of 
1000 s, but beams of up to 3,600 s are also envisaged. 
 
 
2002 ACTIVITIES 
 
 
- The primary modification to the ion source was the 

installation of the “Frame Cooled Grid” (FCG), which is 
made of a copper chrome zirconium alloy, replacing the 
“Actively Cooled Grid” (ACG), which is made of 
molybdenum, that was used in previous long pulse 
campaigns. It has been suggested that the efficiency of 
the source, i.e. that the negative ion yield per unit 
discharge power, could depend on the material of the 
plasma grid, and that the yield could be higher when 
operating with a Cu/Cr/Zr grid than with the Mo grid. 
An experimental campaign was proposed in order to 
determine the efficiency when using the FCG the grid 
w.r.t. data collected with the ACG. No difference in 
source efficiency was observed with the different grid 
material. 

 
- Limitation of the water cooling system used during the 

previous campaign restricted the total discharge power 
in the KAMABOKO source to ≈ 45 kW. It has been 
shown that up to this power the total extracted ion 
current density increases linearly with the discharge 
power. Modifications have been made to the water 
cooling system on MANTIS, which allow operation of 
the source at powers up to 90 kW. It was hoped to 
demonstrate the linearly of the negative ion yield up to 
higher power levels, and, possibly to extract a current 
density double that achieved in the past. The highest 
current densities extracted were 140 A/m2 when 
operating for long pulses, of over 200 s. 

 
- Investigation into the temperature effect of the plasma 

grid on the negative ion yield was also carried out. The 
JAERI team have reported increases of > 100 % in 
accelerated currents with operation of the plasma grid at 
elevated temperatures. However from previous long 
pulse campaigns on MANTIS increase of only 40 % 
were observed. It has been demonstrated that the source 
wall temperature is an important parameter, and  
 

 operation of the source with cool walls (≤ 36°C) and 
increasing grid temperature allowed increases of 60 % 
in the accelerated current. 

 
- A very high Cs consumption was found during long 

pulse operation on MANTIS. It has been demonstrated 
that the increased loss does not arise from the flow of 
Cs+ from the source. 

 
- Set up and installation of the Cavity Ringdown 

Spectroscopy (CRDS) diagnostic has been initiated on 
MANTIS. It is proposed to use this technique to make a 
quantitative determination of the (line integrated) 
negative ion density in front of the plasma grid. Formed. 
Due to technical problems experienced with the 
NdYAG laser the complete alignment of this diagnostic 
was not achieved. 

 
- Investigation in to the effect of Ar seeding on the 

KAMABOKO ion source was carried out to determine 
the overall effect on the negative ion yield. Small 
increases in ion densities were observed but only at a 
source filling pressures, 0.5 Pa.[3], greater than that 
acceptable for the ITER ion source. 

 
RESULTS AND DISCUSSION 
 
Temperature Effect with the “Frame Cooled” Plasma 
Grid 
 
Investigation into the discrepancy between the short pulse 
measurements made in Japan (>100 %) and the long pulse 
measurement made on Mantis (40 %) of the effect of the 
plasma grid temperature was carried out. 
 
The observed enhancement in ion yield with Cs is thought 
to be due to the creation of an optimum layer of Cs on the 
plasma grid. Therefore it was hypothesized that this 
discrepancy was due to the difference in the flux of Cs to 
the grid because the different source wall temperatures in 
the two situations would change the flow of Cs into the 
plasma from the source wall. In the Kamaboko source, both 
the plasma grid and the source walls are heated by the 
discharge. It was proposed to de-couple the temperature of 
the source walls from that of the plasma grid in the hope of 
finding the balance that allowed the best conditions. In 
order to achieve this very short pulses of 25 s with a 
discharge power of 40 kW were run without water-cooling 
on the plasma grid edge. In this situation the temperature of 
the grid increased from shot to shot while the temperature 
of the source walls stayed relatively cold, being effectively 
cooled between pulses. 
 
Figure 1 shows the results obtained. It can be seen for a 
source wall temperature of ≤ 36°C and an increasing 
plasma grid temperature from 60°C to 260°C that an 
increase of 63 % could be seen in the overall extracted 
current. 
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This increase is much larger than anything seen before ) 
with the KAMABOKO source on the MANTIS test bed 
with these conditions (0.3 Pa source filling pressure, 
discharge power of 40 kW). Unfortunately this mode of 
operation is quite restrictive, and further optimisation 
requires either a change in the water cooling of either the 
source or the plasma grid, or a Cs flux into the plasma that 
is independent of the source wall temperature. 
 

Temp effect of PG on Idrain, 40 kW H2 discharge, 0.3 Pa, 1.2g Cs injected.

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

0 50 100 150 200 250 300

Plasma Grid Temperature C

Id
ra

in
 (A

)

Temp source 36 °
 

 
Figure 1 : Near linear increase in negative ion yield 

with plasma grid temperature, when source walls are at 36 
 
Power dependence of the accelerated negative ion 
current 
 
The source performance required for the ITER source has 
not yet been achieved in the long pulse operation of the 
Kamaboko source, at the equivalent expected discharge 
power. 
 
If the source efficiency expected for the ITER source 
cannot be achieved in long pulse operation, this could be 
compensated for by increasing the power into the source, if 
the accelerated negative ion current increases with the 
discharge power. A linear increase with arc power has been 
observed during short pulse operation, and in long pulse 
operation up to 40 kW discharge power on MANTIS. 
 
The new cooling system on MANTIS has allowed the 
accelerated current/discharge power dependence to be 
investigated during long pulse operation a levels >40 kW. 
A linear dependence is found up to the power levels so far 
investigated, almost 80 kW. This is shown in figure 2 
below. Ical is the negative ion current that gets to the target 
determined by calorimetric methods. 
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Figure 2 : Linear increase in negation ion current density 
observed with inserted arc power 

A current density of 140 A/m2 is determined for an inserted 
arc power of 78 kW, during long pulse operation, this is 
achieved with < 30 % increase in the accelerated current 
with the plasma grid temperature. The results discussed 
above show that if the correct Cs flux into the plasma can 
be achieved at high discharge powers, the extraction and 
acceleration of 200 A/m2 of D-, as required for ITER, is 
feasible. 
 
Cs CONSUMPTION IN KAMABOKO 
 
Previously we have reported a very high consumption rate 
of Caesium during long pulse operation of the source on 
MANTIS, up to 557 times the amount of Cs that is 
calculated to be consumed on the source on ITER. Possible 
reasons for this high consumption rate were proposed: 
Firstly it was noted that during the previous campaign the 
discharge was operated without bias applied between the 
plasma grid and the plasma. (The bias is applied between 
the plasma grid and the anode, the potential of which is 
close to the plasma potential.). 
 
This was done to allow stable conditions of the discharge 
before applying the bias voltage (≈5 V) and extracting and 
accelerating the negative ions. However the bias prevents 
the exit of the Cs+ from the source. As the Cs is ≈ 98 % 
ionized, the operation without bias prior to beam extraction 
and accleration could have been an important loss of Cs 
from the source. The second hypothysis was that during the 
operation of long pulses > 100 s, the temperature of the 
source walls is substantially higher than during short pulses. 
The increase in source wall temperature increases the 
vapour pressure of the Cs on the walls, hence thz flow from 
the walls into the discharge, by up to a factor of 60. 
 
During this campaign the bias voltage was always applied 
as soon as the arc voltage, thus limiting the exit of the 
ionized Cs from the source. During long pulse operation, 
the temperature of the source walls was measured as 80°C 
with a discharge power of 40 kW. Between 80°C and 30°C 
the vapour pressure of CS increases by a factor 60 times. 
This can be seen in figure 3 below.  
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Figure 3 : Vapour Pressure of Cs increases as a function 
of the temperature 
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The Cs consumption per plasma grid aperture measured 
during this campaign is almost 1500 times that expected for 
the ITER source, an even greater factor than measured in 
the previous campaign. The reason for the difference 
between the two campaigns is unclear, but it could be due 
to the different range of source operating conditions used. 
In this campaign there was more operation at higher 
powers, and the average pulse length was shorter than in the 
previous campaign. However, it is clear that the Cs 
consumption per aperture in the plasma grid in long pulse 
operation is significantly above that assumed for the ITER 
source. 
 
This does not reduce substantially with the application of 
the plasma grid bias. One reason is almost certainly the 
higher wall temperature obtaining during the long pulses, 
which results in a higher vapour pressure of the Cs on the 
walls, and hence a higher flow of Cs into the source plasma. 
Further investigation of the Cs consumption during long 
pulse operation is necessary. 
 
 
CONCLUSION 
 
 
Control of the plasma grid temperature to obtain efficient 
negative ion production is of established interest. It has 
been investigated and reported in the past that increases of 
≤ 40 % are seen in the accelerated current with increased 
plasma grid temperature during long pulse operation. This 
falls short of the required increases of > 100 % needed to 
achieve the ITER source design parameters. However, it 
has been shown during the present campaign that better 
source cooling could change this as increases of > 70 % can 
be achieved if the source walls were adequately cooled.  
 
It is hypothesised that maintaining a lower temperature on 
the source walls could also reduce the consumption of Cs. 
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TW1-TPH-ICRANT 
 
Task Title: ICRF ANTENNA AND VACUUM TRANSMISSION LINE 

DEVELOPMENT 
 Design and manufacturing of a cw ICRF high power test rig and testing 

of next step antenna prototype components 
 
 
INTRODUCTION 
 
 
Although it is generally recognized that the principles of 
current Ion Cyclotron Radio Frequency (ICRF) technology 
are applicable to Next Step devices, a number of key 
components, e.g. matching unit or vacuum window, require 
tests and qualification of presently foreseen design options. 
 
Progress on these antenna and vacuum transmission line 
components issue requires the availability of a high power 
Continuous Wave (CW) ICRF test rig. 
 
The development of such a test rig is necessary to validate 
under fully representative conditions a number of next step 
antenna components. The test rig facility shall be able to set 
up a sufficiently high level of RF voltage (about 60 kV) and 
current (about 2 kA) under vacuum. It must be provided 
with pumping and water cooling, and equipped with all the 
measurements means required. 
 
 
2002 ACTIVITIES 
 
 
The design of the high power CW ICRF test rig was done in 
2001 and already reported. A general design view is given 
in figure 1. 
 
The key idea –in order to carefully delimit the area where 
high RF voltages and currents are generated not to end with 
testing other components that the ones pursued- is to build 
up a T resonator. It consists of: 
 
- a T junction part (see figure 1), connected to the input 

power pressurized feed line through a short vacuum line, 
a Tore Supra type vacuum window, and a 
quaterwavelength stub (for the internal conductors 
cooling). An elbow is provided on one side to reduce the 
space requirements around the test rig. 

 
- Short-circuited transmission line (not represented in 

figure 1) at both end of the T junction, including on one 
side the prototype component to be tested. The lengths 
of these 2 parts have to be such that the whole circuit is 
resonant (very little reflected power in the feed line). 

 
The electrical and mechanical detailed design of the test rig, 
including cooling and pumping, was completed according  
to the agreed requirements in 2001. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Design view of the CW ICRF test rig 
 
Manufacturing drawings of the sub-components were 
available: 

- in the end of year 2001 for the T junction part, 
- in June 2002 for the short-circuited transmission lines. 
 
Manufacturing has been under way since then. The main 
industrial sub-contracts are summarized in table 1., along 
with time schedule and comments for the delay 
encountered. Associated equipment for the test rig (in 
particular the cooling network) are ready for assembly. 
 

Table 1 : Main industrial sub-contracts 
for the manufacturing of the test rig 

 
Sub-

component 
Stub and vacuum 

window 
T junction 

Short 
circuited lines 

Manufactu-
ring contract 
Order date 
of placement 

20/11/01 21/11/01 22/07/02 

Initially 
foreseen 
delivery date 

04/02/02 04/02/02 21/12/02 

Actual 
delivery date 

29/07/02 23/01/03 
01/04/03 
(foreseen) 

Comments 

Manufacturing 
difficulties 
encountered during 
the brazing of the 
inner components 
of the structure; 
problems in 
addition during the 
silver coating. 

Manufacturing 
difficulties 
encountered during 
the realisation of 
the elbow (3 
components where 
refused for non 
conformity); 
problems in 
addition during the 
silver coating. 

Delay mainly 
due problems 
in the 
management 
of the 
different sub-
tasks by the 
industrial 
during the 
manufacture.  

Shorted line including 
component  to be tested 
Interface 

Internal conductors  
cooling inlet/outlet 

Input power 
(9” 30 Ohms) 
Feed line)  

Vacuum window 

λ/4 stub 

External conductors 
cooling circuits  
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Two of the three component packages have now been 
delivered. Pictures of them are given in figure 2. The last 
package is foreseen to be delivered in year 2003. 
 

 
 

 
 

Figure 2 : Picture of the sub-components delivered: body 
of the resonator (up) & stub and vacuum window (down) 

 
 
CONCLUSIONS 
 
 
The missing component package of the high power CW 
ICRF test rig should be delivered in the beginning of year 
2003. After the commissioning of the test rig (sensors, 
controls, data acquisition), RF power tests on short pulses 
shall be performed to check the baseline configuration of 
the test rig. Once this configuration qualified, the final long 
duration tests will be performed. 
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CEFDA01-647 
 
Task Title: SUPPORT TO REMOTE PARTICIPATION IN EFDA 
 RP technical infrastructure assistant 
 
 
INTRODUCTION 
 
 
European Fusion is strategically held together by the 
Euratom Treaty of 1957, which created the “European 
Fusion Associations”. These currently number 
approximately 28 Associations in 35 laboratories, including 
CEA-DRFC. Physicists within this programme have 
traditionally high mobility and many inter-Association links 
exist. However pre-1998 most contact was maintained by 
personal visit. This was limited by both local politics and 
technology restrictions. In 1999 the Joint European Torus 
legal status was re-organised around the new European 
Fusion Development Agreement (EFDA), whereby the JET 
machine was operated by the UKAEA as a facility and 
physicists from the Associations developed the scientific 
programme. Coupled with this new structure, EFDA-JET 
released contracts for the technical infrastructure for 
“Remote Participation” (RP), for which the CEA was one 
of the primary interlocutors. 
 
This structure was very successful, and hence an effort was 
made to enlarge the work to the wider base, to include the 
many inter-Association collaborations, and to take into 
account the future needs of the ITER machine 
(International Thermonuclear Experimental Reactor, for 
which Cadarache is one of the proposed sites). The present 
EFDA-Technology Contract for two Coordinators was 
hence conceived. 
 
STATED CONTRACT TASK OBJECTIVES 
 
This task is part of a coordinated approach to widen the 
scope of the Remote Participation Infrastructure activities 
for the Scientific Exploitation of the JET Facilities to cover 
the other programmatic activities of EFDA: 
 
- Design and Implementation of JET-EP. 
- ITER Home Team. 
- Other experiment-based or other scientific collaboration 

between Associations. 
 
The overall aim is to broaden the scope of the Remote 
Participation activity from prototype installation to 
production system. Priority will initially be given to the 
JET-related RP activities: The scientific exploitation of JET 
under EFDA is at the same time the largest test bed and the 
largest real application of RP technology for the foreseeable 
future. 
 
The RP Infrastructure measures are being organised as a 
single, co-ordinated activity, implemented through the 
EFDA Technology Work-programme. The co-ordination of 
the activities will be provided by Remote Participation Co-
ordinators and supervised by a Remote Participation Users 
Group that defines the measures to be implemented and 

assigns priorities. This Task comprises all activities that are 
expected to be implemented by Dec 2002 The 
implementation of this Task will involve close interaction 
with the RP Users Group and the RP Technical Contact 
Persons in the Associations. 
 
The implementation of this task involves a collaboration 
between the EU Fusion associations, in particular 
ENEA/CNR-Padua and CEA-DRFC. 
 
ORGANISATION 
 
The aim of the RP project is for Fusion staff to be able to 
work and collaborate irrespective of their physical location. 
Although the technical needs of Fusion are relatively 
modest; we have to cover a very broad spectrum of needs. 
It should be noted that other non-fusion laboratories did not 
have as much experience as we expected and no ready-to-
use solutions to all requirements existed. 
 
The subject has been organised around five pole subjects: 
 
- Remote Data Access. 
- Remote Computer Acces. 
- Telecommunications. 
- Network Connectivity. 
- Support and Documentation. 
 
These were handled by four working methods: 
 
- Feasibility Studies. 
- Specifications. 
- Purchase and Commissioning. 
- Organisation of Support. 
 
A comprehensive Data Base of “desires” was established 
and lines of communication developed to all participating 
laboratories. The wishes of the “User” have been the 
paramount driving force of this programme, and a high-
level “Users Group” was formed. Each Association has also 
nominated an “RP Technical Contact Person” to channel 
requests and information in both directions. 
 
 
2000-2001 ACTIVITIES 
 
 
The RP project is well established, so the work in 2000-
2001 has focussed on two aims. Firstly the existing work 
has to be supported and continued. There are approximately 
300 physicists around Europe who rely on daily 
communications with the JET programme. Secondly the 
project has started to expand to other non-JET Fusion topics 
– Inter-Association links, the needs of ITER, and the 
contracts and collaborations with industry and other outside 
organisations. 
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TECHNICAL ACHIEVEMENTS SUMMARY 
 
1. Remote Data Access: Data from many fusion machines 

world-wide are now available on-line. In the effort to 
standardise on data access methods the CEA-DRFC has 
also installed a data “sandwich layer” to make Tore-
Supra data available within the common plot libraries of 
Fusion. Work to simplify the user interfaces, and in 
particular to extend to the long-pulse needs of Tore 
Supra and ITER are currently being considered. 

 
2. Remote Computer Access: All the laboratories of the 

Fusion Community have techniques to allow remote 
computer log-on to their computers. One significant step 
that has been organised by the Coordinators in 2001 was 
a meeting of the computer security representatives of all 
the Associations (including the CEA). Discussion 
included the relative security methods:- Inter-
Association network depends relies heavily on the 
security methods at each site and is rendered extremely 
complex by the different approaches used. 

 
3. Telecommunications: The JET programme has adopted 

mainly open-source telecommunications techniques – 
Videoconferencing using VRVS-Mbone, Screen-
Sharing using VNC and text chat with Yahoo-
Messenger, and Conference telephones for interactive 
meetings. In 2001 we have started looking in detail at 
the inter-operability with other teleconferencing 
methods (H.323 and ISDN), and the extension of the 
teleconferencing tools to engineering use. 

 
4. Network Connectivity: The Association Networks rely 

on good interconnectivity and rapid fault and bottleneck 
tracing. This has continued routinely during 2001-2002 
but is not yet sufficiently well developed. Further 
investigation in coming years will include automatic 
monitoring, transparent shared file areas and the uses of 
Virtual Private networks (VPNs). 

 
5. Support and Documentation: The Coordinators have 

remained in contact with the “Contact Persons” and 
“Support Teams” in all the EFDA Laboratories, and 
have ensured a constant flow of information. All central 
documentation has been placed on the JET “Users Web 
Site” accessible to all European fusion members. 

 
 
CONCLUSIONS AND FUTURE 
 
 
The present contract was for 15months, starting in Dec 
2001, and consequently will terminate in March 2003. The 
final report is consequently in preparation. In addition, the 
Coordinators have formulated the work programme for the 
period 2003/2004 for presentation and discussion by the 
EFDA-technology and EFDA-JET Leaders. EFDA has 
indicated that it would like to continue the work of 
technical coordination in the European Fusion Programme, 
and a call for “expression of interest” will shortly be sent to 
all the Association laboratories. 

REPORTS AND PUBLICATIONS 
 
 
(Note : The Reference Numbers relate to the RP Project 
Documentation Library available on the Fusion Users Web 
site). 
 
RPTC 0120 Task Report M1/M3 “Remote Participation 
Technical Infrastructure for the European Fusion 
Programme” “Workplan 2002-2003” V. Schmidt, J. How. 
 
RPTC 0123 Task Milestone Report M2 : “Progress Report 
by the Coordinators for the Remote Participation 
Infrastructure for EFDA July 2002: J. How, V. Schmidt. 
 
RPTC 0121 “Report on EFDA Remote Participation 
Working Group on Standards for Teleconferencing” May 
2002. 
 
RPTC 0134 “Executive Summary of EFDA Meeting on 
Computer Security” Garching, Germany Dec 2002 K. 
Thomsen. 
 
RP Project Workplan 2003-2004 in preparation : 
V. Schmidt, J. How. 
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TW1-TP/RPINF 
 
Task Title: DEVELOPMENT OF REMOTE PARTICIPATION 

INFRASTRUCTURE 
 Local support to remote participation in the CEA-DRFC 
 
 
INTRODUCTION 
 
 
The purpose of this task is the development of the “Remote 
Participation” (RP) infrastructure in the Associations. In 
particular, this task deals about the development of user 
support at CEA-DRFC, including Remote Data Access 
(RDA), Remote Computer Access (RCA) and local 
teleconferencing. 
 
 
2002 ACTIVITIES 
 
 
2002 has been the year of security and heavy investments 
have been made to be in conformity with CEA’s security 
rules, still keeping the Remote Participation active and 
compatible with other Associations. Once field experience 
on various RP scenarios is satisfied, permanent installations 
are built, which is the key to get stable and reliable results. 
 
CONFERENCE ROOM (SALLE R. GRAVIER) 
 
This conference room can host 150 participants and is used 
to broadcast or receive conferences. 
 
Equipment and functionalities installed 
 
Computers: 
 
Three 1 GHz 256 Mb PCs/ Win2000 are installed , the third 
one is a dual boot Win2000/Linux Mandrake. The lecturer’s 
station is installed on a rolling installation to fit individual 
preferences, it is the VNC server (or client) for the 
presentation slides. The VRVS unit is used to transmit 
VRVS audio/video. The third, as spare unit and text-
message “chat” between conference operators, is also used 
to monitor video-conferences, and for various tests and 
developments under Linux. All three are totally compatible 
and interchangeable with minimum intervention. 
 
Video: 
 
Two video cameras are installed, one showing the lecturer 
and the other the screen. One powerful and silent video 
projector is now mounted permanently on the ceiling and is 
fed both with computer SVGA and composite VRVS video. 
It is then possible to enclose a small picture of received 
VRVS video on main screen. 
 
Audio: 
 
The conference room is equipped with 6 spherical 
loudspeakers and an industrial amplifier. 

An eight channels stereo mixer is installed in order to allow 
a  complete interchangeability between the three computers. 
 
Each right and left stereo channel is used separately and 
differently  to manage in a first hand sound from the 
internal sources (microphones, videotape, test music) to the 
input of computers and amplifiers , and in a second hand 
sound from the computers to the amplifiers of the theatre , 
saving the cost of a heavier professional installation. Two 
wireless double channels microphones systems with a total 
of 2 lapel microphones and 4 handheld ones are installed, 
allowing the simultaneous use of four microphones. 
 
Great care and study have been taken to protect the 
installation from all kind of background noises, 
environmental and especially electrical, hum and buzzes via 
-among other things- a very strong grounding system, 
external power supplies , isolation transformers etc… . 
Video and audio are also sent to our “espace part
on next floor for future needs. 
 
Telephone backup and conference services: 
 
A polycom SoundStation with two extra microphones is 
permanently installed allowing also audio conferences with 
approx 15 people. We subscribe to a “Telephone 
conference service” easy to use  and equivalent to the 
Genesys system at JET. 
 
Compatibility with H.323 standard: 
 
This is planned for 2003, the benefit will be double :  both 
to be compatible with some other sites (notably IPP and the 
European Commission) and to be also compatible with 
other services of CEA. 
 
SIPP MEETING ROOM 
 
The SIPP meeting room is mainly designed to be used by 
default as a telephone conference room associated with 
SmartBoard/VNC screen sharing, for interactive technical 
discussions for the Drawing Office , or for meetings. It can 
host 12 people maximum and is for immediate and 
spontaneous use. It can also be easily used for VRVS 
audio/video conferences, although this is not its main goal. 
It is proving very successful, and the DRFC plans to 
demonstrate its use to other sites. 
 
Equipment and functionalities: 
 
- A single 2.4 GHz computer used as screen sharing 

server under Win2000. 
 
- A Smart-Board 1,5 x 1 m used to draw, annotate discuss 

the photographs, figures,  parts or drawings shown. 
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- A table webcam, mainly installed to take snapshots of 
mechanical parts put on a table, which will be showed 
via screen sharing, this webcam can also be used for 
classical VRVS conferences. 

 
- A Polycom SoundStation with 2 extra microphones 

associated with a “video interconnect” box for 
telephone or computer-IP audio transmission, complete 
with anti-echo sound suppression. 

 
- A (very!) silent roof-mounted video-projector. 
 
- Facilities to connect external laptops. 
 
REMOTE DATA ACCESS: 
 
The DRFC has recognised the growing trend for access to 
machine data via the MDSplus universal system, and all our 
Unix servers are now equipped with MdsPlus clients. 
Windows clients are installed on request. This facility is 
mainly used to access JET data, but potentially we can now 
access many of the worlds fusion machine archives. 
 
For Tore-Supra we have installed and programmed an 
MDSPlus server via the computer host “merope.cad.cea.fr”. 
At present MDSplus access to Tore-Supra data is at the 
primitive level of returning a signal on a specific request. 
MDSplus data access has been investigated via Matlab, 
Scilab and Fortran. A MDS beginner’s guide has been 
written, with step by step examples. 
 
Enhancements and further features will be guided both by 
the explicit needs of users and by the available resources in 
this time consuming area of work. 
 
REMOTE COMPUTER ACCESS 
 
Our previous Citrix server (“Zephyr”) has been replaced by 
a new Citrix ICA server “Joran”. 
 
It gives full interactive access to our Unix installation, our 
private intranets, the local mail and the shared windows 
areas, giving a as “on site” way of working. 
 
It provides also an easy and secure way to transfer files, 
with an antivirus check on the fly. 
 
As the JET system of secure-ID cards do not conform to 
CEA regulations, strict selection of users, client IP address 
filtering and ICA protocol encryption are used. 
 
TELNET AND FTP 
 
Classical remote-login and file-transfer has also recently 
been scrutinised and security improved, such that allowed 
clients (IP filtered) can only connect through the firewall 
via a one-time password. 
 
X11 protocol is not allowed, limiting the use of telnet. 
 
SSH will be used middle 2003 in conformity with CEA 
rules. 

SCREEN SHARING 
 
The DRFC has installed, for the RP project, a solid screen 
sharing facility that is both secure and capable of handling 
many clients. The VNC screen share protocol is 
implemented via our unix server “Rigel”, used to guarantee 
that connections are purely passive (no remote control) and 
allowing many clients to connect to a single target host. 
 
Work has been done especially to ease administration for 
reliability, and add functionalities. However at present the 
management of channels is still via a command line 
interface, although we hope to upgrade this to a “self-serve” 
web interface in the future. 
 
Three permanent screen share relay channels are kept in 
operation, and can therefore be controlled from the source 
work stations: 
 
- The “Salle Gravier” conference room.  
- The “SIPP meeting room”(self service channel which 

can be initiated from both sides).  
- The JET “HOW” seminar room.  
 
In addition, various other VNC channels are now available 
for screen broadcast. Everything is now ready for real-time 
display of the screens of the Tore-Supra Control Room, and 
we are consulting  physicists to satisfy their needs on this 
subject. 
 
Feasibility Studies 
 
- Sound Broadcast Streaming: Sound broadcast using 

MP3, combined with the Multicast IP protocol has 
given excellent quality results, with a low bandwidth 
independent of the number of listening participants. 
This project is nearing completion and the utility will 
shortly be made available to our European partners. 

 
- Screen Broadcast Streaming: This could be coupled 

with an efficient screen multicast using VNC if 
required, and if manpower can be allocated. The 
ultimate aim would be to equip all meeting-rooms with 
a “switch-on-the-wall” which turns on band-width-
efficient sound and screen broadcast. 

 
- Conference Recording: Initial studies have shown that 

a conference-recorder can be easily implemented with 
data rates of 1Mbyte/min. Re-broadcast streaming via 
an internet explorer could be possible. This subject is of 
interest to the CEA-“Direction des Technologies de 
l’Information” both for training courses and for seminar 
and conference use. The DRFC will collaborate with 
this effort at a level depending of available resources). 

 
- Remote Control Room: The DRFC had one of the first 

pilot “Remote Participation Areas” in Europe for our 
JET Collaboration. This experience is now being used 
to allow external physicists to participate in real time to 
Tore Supra at the DRFC, with the help of a local 
physicist. The real field-experience is very important 
and is now almost sufficient to design a permanent 
installation. 
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CONCLUSIONS 
 
 
Work performed in the frame of this task has enabled 
considerable progress and expertise in the areas relevant to 
the remote participation as remote data access, remote 
computer access and local teleconferencing. These 
techniques and expertise are fully relevant for the future 
operation of ITER. 
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13108 Saint Paul Lez Durance Cedex 
 
Tél. : 33 4 42 25 77 21 
Fax : 33 4 42 25 77 26 
 
E-mail : jean-marie.theis@cea.fr 
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T216-GB8 
 
Task Title: SMALL SCALE TESTING OF FW/BS MODULES 
 
 
INTRODUCTION 
 
 
The goal of the end of this task is to fabricate a mock-up so 
as to test the brazed joint between beryllium and the 
Dispersion Strengthening Cu alloy (DS-Cu) during high 
heat flux test. The brazing alloy for the DS-Cu/Be joint is a 
Cu base alloy (STEMET 1108) (see references in [1]). 
 
The scheme of the mock-up is given in figure 1: there are 4 
Be tiles 2mm apart from each other. 
 

 
 
Figure 1 : Scheme of the DS-17J mock-up (Be/DS-Cu/SS) 

 
 
2002 ACTIVITIES 
 
 
The 2002 activities were focused on the preparation and 
realization of the brazing operation of the mock-up DS-17J. 
 
The general brazing operations were divided in two steps 
(described completely in [2]): 
 
- validation of the brazing parameters with a dummy 

mock-up; temperature cycle regarding the furnace 
dynamic, test of the tools necessary for the placement 
and maintain of the beryllium plates during the brazing 
operation, weight on top of the tools, … 

 
- brazing of the DS-17J mock-up using the special Be-

plate maintaining tools tested with the dummy mock-up. 
 
The different steps of the brazing of the mock-up were: 
 
- the starting point is described in figure 2 (mock-up 

before brazing operation), 
 
- cleaning of the different parts, 

 
 

Figure 2 : Mock-up before the brazing operation 
 
- placement of the brazing foils onto copper plate (see 

figure 3), 
 

 
 

Figure 3 : View of the mock-up with the brazing foils 
 
- figure 4 gives a general view of the mock-up with the 

maintaining tools onto the supporting plate of the 
furnace. 

 
The brazing cycle was [2]: 
 
- heating to 515°C in 45 minutes, under vacuum,  

- plateau at 520°C during 30minutes, under vacuum,  

- final heating to 780°C in 30 minutes, under vacuum,  

- plateau at 785°C during 2 minutes, under vacuum,  

- active cooling to 500°C under nitrogen in 30 minutes 
and then active cooling under nitrogen to room 
temperature in about 3 hours. 
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Figure 4 : Mock-up with maintaining tools 
onto the supporting plate of the furnace 

 
Figure 5 gives a view of the mock-up after the brazing 
operation. 
 

 
 

Figure 5 : The DS-17J mock-up after brazing 
 
 
CONCLUSIONS 
 
 
The mock-up was delivered by summer 2002 to EFDA for 
Heat Flux test at Jülich. 
 
 
REPORTS AND PUBLICATIONS 
 
 
[1] F. Saint-Antonin, "Small scale testing of First 

Wall/Shield Modules. Task T216-GB8", in Fusion 
Technology, Annual Report of the Association 
EURATOM/CEA 2001, Compiled by Ph. Magaud and 
F. Le Vagueres, p 91-92. 

 
[2] F. Saint-Antonin, G. Bourgeois, "Final report on the 

fabrication of a brazed Be/DS-Cu/SS mock-up", 
Deliverable 8of the Task GB8-T216, Note Technique 
DTEN n°43/2002, 29/04/2002. 
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b) 

TW0-T420/06 
 
Task Title: FABRICATION OF A FIRST WALL PANEL WITH HIPped 

BERYLLIUM ARMOR 
 
 
INTRODUCTION 
 
 
The aim of this work was to demonstrate the applicability of 
the Hot Isostatic Pressing (HIP) technologies for 
manufacturing advanced ITER internal components, a 
Primary First Wall panel (PFW) made from a combination 
of copper alloy (as heat sink material) a stainless steel (as 
structural material) and beryllium tiles (as an armour 
material). 
 
In 2000, the exact design, the assembly and cleaning 
procedures used for the assembly of the PFW panel were 
defined. To validate this concept of fabrication route, we 
manufactured two small mock-ups. 
 
The first one aimed at validating the drilling of the coolant 
channels while the second one aimed at demonstrating the 
manufacturing of the water boxes, the machining of the 
cylindrical grooves, bending and setting up of the coolant 
channels. 
 
To recover the major part of its good mechanical properties 
after hipping, CuCrZr necessitates a high cooling rate. In 
the framework of this task, it has been asked to TCS 
company to develop and to equip their HIP furnace with a 
specific tooling. 
 
The results of the HIP quenching performed in TCS vessel, 
with a special tooling are given in this report. The HIP cycle 
retained to join the copper onto the stainless steel has been 
optimised in the framework of the task TW0-427/03. To 
define the diffusion welding procedure between beryllium 
tiles and CuCrZr, a small mock-up was manufactured. 
Mechanical testing results, metallographic examination of 
the various joints and ultrasonic testing are also given. 
 
For manufacturing the primary first wall, three steps of 
machining and two Hip cycles were necessary. The first 
step of machining was performed in 2000 to get all the parts 
needed to fabricate the PFW panel by solid HIP. After 
machining all the parts were cleaned and inserted in a 
canister to perform the first HIP cycle : diffusion welding 
between 316LN and CuCrZr. 
 
The second step of machining was realised in 2001 to 
remove the canister and to obtain the shape needed to 
realise the junction between the CuCrZr and the beryllium 
tiles. 
 
After machining, all the parts were cleaned and inserted in a 
special canister to performed the second HIP cycle : 
diffusion welding between CuCrZr and beryllium tiles. The 
last step of machining was performed to obtain the final 
shape of the PFW panel. 

2002 ACTIVITIES 
 
 
MATERIAL DESCRIPTION 
 
The structural material and the copper alloy which are used 
for the fabrication of the primary first wall are respectively 
an austenitic stainless steel provided by Tecphy and CuCrZr 
supplied by KME under the standard reference Elbrodur 
type G. 
 
PRIMARY FIRST WALL: LAST STEP OF MACHI-
NING 
 
In December 2001 the canister of PFW panel was machined 
and an ultra sonic testing were performed on the whole 
beryllium copper junction by VTT. Only small indications 
were visible. After this test, the PFW was machined to the 
final shape. Figure 1 shows a front view of the panel 
showing the beryllium tiles joined onto the CuCrZr layer, 
and the rear side view of the panel showing the keys 
machined at the required tolerances for the PFW panel 
attachment system. In particular flatness of 0.05 mm 
between keys and the contact pads and the tolerance of 
0.02 mm of the central key were achieved. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Figure 1 : a) front side and b) rear side of the PFW panel 
 
Helium leak test and pressure test were performed on the 
panel once all manufacturing operations were completed. 
No leak was detected. 

a) 
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CONCLUSION 
 
 
The mains conclusions of this study are the following: 
 
- In 2000, a small mock-up was manufactured to validate 

the fabrication concept of the PFW panel. The various 
observations carried out in 2001 demonstrate a good 
quality of the joints. 

 
- A special tooling has been developed in collaboration 

with TCS company, to increase the quenching rate in 
their HIP furnace. The cooling rates measured between 
1040°C and 500°C onto the PWF panel during the HIP 
quenching are about 74°C/min for the top, 43°C/min for 
the medium and 45°C/min for the bottom. These cooling 
rates are fast enough to get appropriate mechanical 
properties after hipping for CuCrZr. 

 
- Hardness and tensile tests have been performed on the 

CuCrZr part of the block T420-06-1 inserted in the 
vessel to confirm the cooling rate seen by the PFW 
panel. A decrease of 30% concerning the Vickers 
hardness was founded. In terms of yield and ultimate 
tensile stress, the properties are 30% lower than the as 
received material. By contrast, uniform elongation as 
well as total elongation are 50% greater for the over 
aged blocks at 200 and 300°C. 

 
- The beryllium/CuCrZr junction realised without any 

interlayer seems to be the best one. The observations 
carried out on this junction did not reveal residual 
porosities nor cracks in the middle part of the beryllium 
tiles. We can find only some defects on the edge of the 
tile. However, this junction is not identical in any point 
and it can be defined by a succession of three different 
zones. A first one with a great diffusion and an 
alignment of precipitates in the medium part of the 
junction, a second one without any defects and finally a 
third one where no diffusion is visible. To confirm all 
these observations and to consolidate some hypothesis, a 
thoroughly study will have to be done. 

 
- The assembly of the PFW panel was done with the 

procedures developed during this work. HIP cycles 
performed on the PFW panel are acceptable. 

 
- The results of ultrasonic examinations performed on 

both junctions are satisfactory. No defect was found in 
the Cu/SS interfaces and small indications were 
observed at the Be/Cu interfaces of the PFW panel. 

 
- Dimensional measurements showed that PFW panel 

prototype was manufactured within the required 
tolerances. 

 
This achievement demonstrates so far the manufacturing 
feasibility of PFW panel by solid hipping, performance of 
which must be confirmed by thermal fatigue testing. 
 

REPORTS AND PUBLICATIONS 
 
 
[1] Ph. Bucci, J.M. Leibold, T. Portra : Manufacture of a 

Be/CuCrZ/SS Primary First Wall first wall panel by 
solid HIP. Final report. EFDA TW0-T420/06. ITER 
TASK T420-03. Note technique DEM 63/2002. 
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TW0-T420/08 
 
Task Title: DEVELOPMENT OF HIP FABRICATION TECHNIQUE 
 
 
INTRODUCTION 
 
 
Hot Isostatic Pressing (HIP) techniques are being 
considered in the European Home Team as one possible 
fabrication route to produce ITER Primary First Wall 
panels (PFW). HIP techniques have been identified as 
promising as they overcome drawbacks associated with cast 
products, enhance the properties of foundry parts and lower 
the fabrication cost through a strong reduction of the 
machining and the number of welds. 
 
To demonstrate the potential and the availability of such 
techniques, material development, innovative mock-ups 
fabrication and numerical modeling for the production of 
near-net shape components are currently being studied by 
CEA/CEREM in collaboration with the EFDA-CSU 
Garching. 
 
The aim of this work is to investigate the manufacturing 
feasibility of advanced PFW panel concepts, without 
Copper heat sink but with reduced pitch between FW 
cooling channels and reduced material thickness between 
the FW cooling channels and the front surface, in order to 
improve the thermal fatigue performance of these concepts. 
 
During the development work, two different manufacturing 
routes were investigated. The first one consisted in the 
manufacturing of the PFW panel by HIP forming technique. 
Mock-ups have been made of a serpentine tube expanded 
into a proper solid matrix. The second manufacturing route 
was based on the powder HIP technique. Mock-ups have 
been made of a serpentine embedded into SS powder. 
 
In both cases, the objective was to obtain the minimum 
pitch between the Stainless Steel (SS) tubes and between 
the SS tubes and the front face. The main conclusion of this 
development work was that solid/powder forming route, 
consisting in a combination of the two methods presented 
above, appeared to be the best method, and was therefore 
selected for the manufacture of the 316L SS panel prototype 
identified P-SS/P-1. The dimensions of the PFW panel are 
908 mm long, 254 mm wide and 88 mm thick. 
 
 
2002 ACTIVITIES 
 
 
MATERIAL DESCRIPTION 
 
Plates, tubes and powder which are used for the 
manufacturing of the primary first wall are respectively : a 
316L stainless steel provided by Acroni, a 316L stainless 
steel provided by Sandvik-steel and a 316LN stainless steel 
powder provided by Anval. 

HIP CYCLE 
 
Due to the results obtained in the first trial, it was decided 
to modify the HIP cycle.  
 
The primary PWF panel produced within the framework of 
this study was manufactured with the following HIP cycle: 
 
- from 20°C (resp. 10 MPa) to 900°C (resp. 10 MPa) in 

2 hours, 
 
- from 900°C (resp. 10 MPa) to 1100°C (resp. 30 MPa) in 

0.5 hour, 
 
- from 30 MPa (resp. 1100°C) to 140 MPa 

in 2.5 hour, 
 
- 1100°C and 140 MPa dwell during 2 hours, 
 
- cooling and depressurizing in 2 hours. 
 
PRIMARY FIRST WALL PANEL ASSEMBLY : 
SECOND TRIAL 
 
Due to rejection of the first trial, a new PFW panel was 
launched by the end of the year 2001 [1]. 
 
The second PFW panel assembled during the year 2002 was 
composed from sixteen serpentines (fourteen long and two 
short), a plate with cylindrical grooves, a plate where 
elongated holes were drilled to form the manifolds, inserts, 
one front plate and one rear plate. 
 
The roughness of the faces supporting the junction is equal 
or lower than 0.8 µm. 
 
The different parts constituting the PFW panel are 
presented on the figures hereafter. 
 

 
 

Figure 1 : View of the serpentines before welding 
 

 
 

Figure 2 : Inserts situated in the middle of the serpentines 
 

In the first step, serpentines were welded onto the plate with 
cylindrical grooves figure 3. 
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Figure 3 : Welding of the serpentines 
onto the plate with grooves 

 
In a second step, the above assembly is placed onto the 
front milled and little plates with the inlet and outlet tubes 
are welded (figure 4). 
 

 
 

Figure 4 : Welding of the manifolds 
 
As can be seen in figure 5, a great deformation of the plate 
where elongated holes were drilled occurred after welding. 
 

 
 

Figure 5 : Deformed plate 

To avoid a crack during the HIP cycle it was decided, in 
agreement with the EFDA CSU Responsible Officer, to 
keep a clearance of two millimetres between the plate where 
elongated holes were drilled and the rear plate. 
 
This clearance was filled with powder (figure 6). 
 

 
 

Figure 6 : Clearance between plates 
 
After hipping the PFW was machined to the final shape. 
 
In figure 7 one can see a front view of the panel showing the 
penetration holes machined on the lateral side of the panel, 
and the rear side view of the panel showing the keys 
machined at the required tolerances for the PFW panel 
attachment system. 
 
In particular flatness of 0.05 mm between keys and the 
contact pads and the tolerance of 0.02 mm of the central key 
were achieved. 
 

 
 

 
 

Figure 7 : Front side and rear side of the PFW panel 
 
Helium leak test and pressure test were performed on the 
panel once the manufacturing operations have been 
completed. 
 
No leak has been detected. Ultra sonic testing will be 
performed by VTT on the whole PFW panel to locate the 
position of the coolant channels after HIPping and to 
quantify the deformation of the coolant circuit. 

welding 

deformation 

front plate 

clearance (2 mm) 
rear plate 
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CONCLUSION 
 
 
Two manufacturing routes based on the HIP process have 
been studied to manufacture the stainless steel PFW panel. 
The mains conclusions of this study are the following: 
 
- Manufacturing a PFW panel from solid parts welded 

between them by diffusion bonding is not the most 
suitable solution. A too important distortion of the tubes 
can lead to a rupture of the component. A large 
deformation of the tube during the HIP cycle leads to 
large spinning defects. Manufacturing a PFW panel with 
this method is also very expensive.  

 
- Manufacturing a PFW panel using only powder HIPping 

gives large deformations. A solid/powder forming route 
appears easier. The price of machining is lower and 
tubes are less mechanically loaded compared to solid 
HIPping. Two different routes were proposed in this 
study. The first one consists in arranging in a container 
of low thickness, a serpentine, powder and a metallic 
insert to control distortions in the central part of the 
mock-up. The second route consists in using a thicker 
container than for the first route in order to get 
serpentine expansion onto the container. This allows to 
increase the surface of heat exchange in the front zone at 
the tube/plate interface. This latter route was selected for 
the manufacture of the stainless steel PFW panel. 

 
- The design chosen for the manufacture of the PFW 

panel was applied to a mock-up at a reduced scale. Due 
to the great deformation that occurred on the manifolds 
of this mock-up during HIPping, the design of the PWF 
panel has been changed. 

 
- The various observations carried out on the mock-up at 

a reduced scale show that the quality of the different 
joints is satisfactory. Only few inclusions were detected 
at the interfaces showing that the cleaning procedure 
was efficient. 

 
- The assembly of the PFW panel was done with a 

procedure developed during this work. The HIP cycle 
performed on the PFW panel was successful. 

 
- Dimensional measurements showed that the PFW panel 

prototype, which has been identified P-SS/P-1, was 
manufactured within the required tolerances. 

 
This achievement demonstrates so far the manufacturing 
feasibility of a 316L stainless steel PFW panel by 
solid/powder HIPping, which must be confirmed by thermal 
fatigue testing. 
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TW0-T508/04 
 
Task Title: DEVELOPMENT OF Be/CuCrZr HIPping TECHNIQUE 
 
 
INTRODUCTION 
 
 
This task is devoted to the fabrication of two mock-ups with 
the help of Hot Isostatic Pressure Diffusion Bonding 
(HIPDB) [1] and [2]: 
 
- DS-16J (with Dispersed Strengthened Copper, Glidcop 

Al-25): high temperature HIPDB, at 820°C, 
 
- PH/S-7J (with CuCrZr): low temperature HIPDB so as 

to prevent a degradation of the mechanical properties of 
the CuCrZr that occurs when overheated. 

 
 
2002 ACTIVITIES 
 
 
During this year, a new HIPDB was tested: 3 hours at 
550°C and under 150 MPa. These parameters were chosen 
as the CuCrZr mechanical properties after such cycle are 
still acceptable for the final application. Moreover, the 
maximum temperature at about 550°C favoured the 
interface interdiffusion and thus, the homogeneity of the 
interface structure and the strength: the shear tests results 
were about 82MPa at room temperature and about 33MPa 
at 250°C [2]. 
 
The Be/copper-alloy joint of the two mock-ups were 
performed. 
 
MOCK-UP DS-16J: 
DS-Cu/BERYLLIUM HIPDB JOINING 
 
The process for the preparation of the mock-up for the 
HIPDB cycle is described in [2]: figure 1 gives a view of 
the mock-up within its canister before the HIPDB. 
 
The joining was performed at 820°C and 1400 bars 
(2 hours) followed by a controlled temperature cooling and 
release of the pressure cycle. 
 

 
 

Figure 1 : Mock-up before the HIPDB 

Figure 2 gives a view of the mock-up as it was delivered to 
EFDA. 
 

 
 

Figure 2 : Mock-up DS-16J 
 
MOCK-UP PH/S-7J: 
CuCrZr/BERYLLIUM HIPDB JOINING 
 
The mock-up PH/S-7J is made of 316LN HIPped onto 
CuCrZr alloy and beryllium tiles: an OFHC copper 
interlayer is placed between beryllium tiles and CuCrZr. 
 
It has been demonstrated previously that the use of an 
OFHC copper interlayer can improve the bonding quality 
and accommodate thermal stresses during heat flux testing. 
The thickness of the OFHC copper interlayer was 0.3 mm. 
 
It was used for only two of the 4 beryllium tiles as described 
in figure 3 so as to check the real efficiency of the OFHC 
copper foil for the Be/CuCrZr assembly.  
 
This OFHC copper foil was plated onto the copper alloy of 
the mock-up with nickel in between so as to favor a good 
bonding. The canister was made of steel. 
 
The joining was performed at 550°C and 1500 bars 
(2 hours) followed by a controlled temperature cooling and 
release of the pressure cycle. 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3 

OFHC  
copper foil 

316LN/CuCrZr base 

Anti 
diffusion 
material 

canister 

Be tile Graphite insert 



 - 30 - EFDA technology / Vessel/In-Vessel / Vessel/Blanket 
 

Figure 4 gives a view of the mock-up as it was delivered to 
EFDA. 
 

 
 

Figure 4 
 
 
CONCLUSIONS 
 
 
Regarding the initial drawing, there was a modification 
concerning the connection between the tubes and the central 
part of the mock-up: some of the container material 
(stainless steel) has been left and machined with a square 
section (see the different figures of the final state of the two 
mock-ups). The tubes were welded onto these remaining 
container material. 
 
Moreover, there was a change in the Be plate geometry. The 
DS-16J mock-up was fabricated with one Be plate. On the 
contrary, there were 4 beryllium tiles for the PH/S-7J mock-
up. 
 
These mock-ups were sent to VTT for Ultra-Sonic non-
destructive testing. Then, they were delivered to Jülich for 
high heat flux testing. 
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TW0-T508/05 
 
Task Title: DEVELOPMENT OF Be/CuCrZr BRAZING TECHNIQUE 
 
 
INTRODUCTION 
 
 
This task is devoted to the fabrication of the PH/S-6J mock-
up. In previous work [1], the induction brazing cycle has 
been optimized with the help of small samples so as to 
prevent large melting of the base materials that was 
observed at the edge and to control the final interface 
thickness. 
 
 
2002 ACTIVITIES 
 
 
The main activities of the year was focused onto further 
validations: 1) interface structure, 2) fabrication of samples 
so as to evaluate them with a mechanical shear tests. 
 
The optimized induction brazing cycle is described in 
figure 1, several Be/CuCrZr samples have been brazed for 
mechanical test purposes. 
 
 
 

Homogenisation temperature 
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Rapid cooling 
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A few minutes at 
maximum temperature 

Rapid heating to 
T < 500°C 

Final cooling 

Time 
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Figure 1 : Typical induction brazing cycle 
 
The brazing alloy used is STEMET 1108 with the following 
composition in wt%: 12Sn-9In-2Ni-0.4Mn-0.4Cr-0.5P 
balance is obtained with copper. The melting point is about 
730°C. The maximum brazing temperature is 780°C. 
 
Figure 2 gives a view of two samples brazed. 
 
A detail of the typical interface structure is reported in 
figure 3: the interface structure is homogeneous. 
 
The results of the shear tests show that this process has a 
good potential as values about and higher than 100 MPa 
have been obtained at room temperature and 250°C.  

 
 

Figure 2 : View of the some samples 
 
 

 
 200 µm 

 
Figure 3 : Typical microstructure 

 
There may be a need for complementary shear tests so as to 
improve the statistics of the results. 
 
The hardness test onto CuCrZr gives average value of about 
120 (Hv-500grs): it is may be necessary to perform further 
heat-treatments so as to obtain the desired properties. 
 
 
CONCLUSIONS 
 
 
The induction brazing apparatus will be adapted with the 
help of the Company CELES and with DAM/Valduc so as 
to braze the PH/S-6J mock-up. 
 
Before the brazing of the mock-up, it is planned to braze 
two dummy mock-ups with a design close to the final mock-
up so as to validate the brazing procedure and cycle. 
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TW1-TVV-HIP 
 
Task Title: IMPROVEMENT OF HIP FABRICATION TECHNIQUES 
 
 
INTRODUCTION 
 
 
In 2001, during the feasibility study of the task 
TW0-T420/08 which we undertook for the manufacture of a 
Primary First Wall panel [1], we thought that it would be 
difficult to carry out a PFW panel by HIP forming. Indeed 
during this study, the tolerances of manufacture of the 
serpentines recommended by the manufacturers were about 
± 2 mm. 
 
For this reason all the studies undertaken on the 
manufacture were made by taking into account these 
recommendations. However when we received the parts, we 
noted that the variations of the internal dimensions of the 
serpentines were relatively low. For this reason we decided 
to continue, in collaboration with EFDA-CSU Garching, the 
action carried out on the manufacture of a PFW panel by 
HIP forming. 
 
In 2001 we defined the fabrication route of a PFW panel 
and we manufactured a first mock-up. This elaboration 
failed in the sense that a crack appeared in the tube which 
prevents the bonding of the parts. 
 
In 2002 modification of the fabrication routes have been 
proposed and tested. Small mock-ups were produced to 
validate the manufacturing feasibility of a serpentine SS 
tube expended within a proper matrix to obtain the 
minimum achievable pitch between the SS tubes. In 
parallel, numerical simulations have been done to 
understand the deformation mechanism of the serpentine 
during the HIP cycle. 
 
 
2002 ACTIVITIES 
 
 
HIP CYCLE APPLIED 
 
Mock-ups at reduced scale have been HIPped according to 
the following HIP cycle: 
 
- from 20°C (resp. 14 MPa) to 1100°C (resp. 14 MPa) in 

3 hours, 
 
- from 14 MPa (resp. 1100°C) to 140 MPa (resp. 1100°C) 

in 3 hours, 
 
- 1100°C and 140 MPa step during 2 hours, 
 
- cooling without any specifications. 
 
The HIP temperature was a little bit increased compared to 
the cycle used in 2001 to confer better mechanical 
properties at the 316LN/316LN junction. 

MOCK-UP MANUFACTURED IN 2002 
 
Due to the results obtained on the mock-up performed in 
2001, it was decided to manufacture the same mock-up but 
using an anti diffusion material, in this case Boron Nitride 
(BN) spray. As for the first mock-up, the coil is inserted in 
two holes machined in a SS plate. This serpentine was then 
welded onto this plate. In the second step, all the SS plates 
and the SS coil were sprayed with Boron Nitride (BN). On 
figure 1, one can see all the parts where NB were deposited. 
 

 
 
Figure 1 : Mock-up manufactured in 2002 before hipping 

 
After the HIP cycle, the mock-up has been decanned. The 
SS coil inserted between SS plates was withdrawn without 
any difficulties. As can be seen in figure 2, the cylindrical 
coil is deformed in a regular way until obtaining a perfectly 
square shape, no remaining voids can be seen in the corners. 
 

 
 

 
 

Figure 2 : Cylindrical coil of the mock-up 
TW1-TVV-HIP-01b after HIP 

clearance 

150 mm 

50 mm 

12.5 mm 
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Figure 3  : Cut of the dummy mock-up before hipping 

 
DUMMY MOCK-UP 
 
For the assembly of the dummy mock-up various plates and 
inserts were machined by milling in 316L forged blocks.  
 
The serpentines were obtained by bending 10/12 mm 
diameter 316L tube at a radius of 15 mm. On figure 3, a cut 
of the dummy mock-up named TW1-TVV-HIP-02 is 
presented. This mock-up is representative of the most 
delicate parts of the PFW panel to be manufactured. 
 
The dummy mock-up is composed of stainless steel plates, 
stainless steel inserts and stainless steel serpentines. In the 
first step, the front plate, serpentines with central inserts 
introduced and lateral plates are assembled. 
 
In the second step, plates in which special grooves were 
milled are placed (figure 4). Parts are attached between 
them using small welding spots. To close the canister a rear 
thick plate is added. 
 

 
 

Figure 4 : Plates with milled grooves inserted 

Unfortunately, as for the mock-up TW1-TVV-HIP-01a 
manufactured in 2001, during the HIP cycle, one of the 
coils constituting the serpentine failed (figure 5) preventing 
diffusion bonding welding between the parts. 
 
In the framework of the feasibility study of the task TW0-
T420/08 cracks appeared during the HIP cycle onto the 
mock-up and the crack observed was located in the same 
zone. Investigations undertook during this task, have shown 
that : 
 
- during bending tubes undergo a thinning of about 30 or 

40% and when we applied the HIP cycle this 
phenomenon is emphasized, 

 
- the maximum of deformation occurs perpendicular to 

the axis of the tube during expansion, whereas during 
bending the maximum of deformation is axial. 

 
- the deformations that occur during the HIP cycle 

accentuate the microscopic cracks due to the spinning. 
 
From the above results, it seems that it is not possible to 
obtain square shape for serpentine coils without using an 
anti-diffusing material allowing to decrease friction 
coefficient between the parts. Due to these results, it was 
decided, in accordance with the responsible officer of 
EFDA-CSU Garching, not to stop this task but to realize in 
2003 two other mock-ups. 
 
The first one, named TW1-TVV-HIP-03, will be 
manufactured by HIPping forming with serpentines bended 
starting from square tubes. 
 
The second mock-up, named TW1-TVV-HIP-04, will be 
manufactured by using HIPping forming for the straight 
parts of the serpentines and by using powder/solid HIPping 
forming for the curved parts of the serpentines. 
 

Serpentine bended starting from cylindrical tubes 

plates  
with milled 
special 
grooves 

Water 
boxes 
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Figure 5 : Location of the crack onto the dummy mock-up 
 
NUMERICAL SIMULATION 
 
2D and 3D numerical simulations have been done to 
understand why cracks appeared in the serpentines elbows. 
 
3D simulation 
 
3D numerical simulations have been conducted on only one 
fourth or one height of the serpentine to quantify its 
expansion in the straight part and in the curved part. 
 
Taking account the high level of deformations expected in 
the tube, we have meshed it with a high density of elements 
(figure 6). 
 
Consequently, the size of the problem arose rapidly as well 
as the number of equations dealing with the contacts. We 
have been confronted to a dilemma: 
 
- either the mesh is poor and we get troubles with the 

convergence of the calculation, 
 
- either the mesh is correct and the duration of the 

calculation is very long. 
 
Unfortunately, we have not been able to complete the 
modeling up to its end because of the size of the problem.  
 

 
 

Figure 6 : Mesh used for the numerical simulation 

2D simulation 
 
Two dimensional calculations have been performed to 
understand the elementary behaviour of the tube under 
internal pressure. The main difference between 2D 
calculations conducted in 2001 and those conducted in 
2002, is that in 2002 we are interesting in the behaviour of 
the tube in its bending part. To simplify the calculations we 
have described a tore and not one fourth or one height of 
the serpentine. With such a geometry, we are able to test 
different hypothesis in order to understand why the leaking 
part of the tube is located on the outer area. 
 
The first calculations have been conducted with the 
assumption that the different parts may slide freely (pure 
sliding), and just a point of the serpentine is kept in contact 
with the rigid matrix. 
 
The results of this simulation shows that during the rise in 
pressure at high temperature, a necking appears in the 
internal side of the tore (figure 7). 
 
On can see that the mesh is sliding along the walls. This 
movement does not seem to be realistic. 
 

 
 

Figure 7 : Deformed mesh 
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When the tube is coming in contact with a wall, it should 
stick to it or at least developed some friction unless anti-
diffusion is used as it was the case for the mock-up TW1-
TVV-HIP-02. This necking has not been observed on the 
coil indicating that the hypothesis introduced in the 
calculations are incorrect. 
 
Thus a second calculation has been performed taking into 
account the effect of the bending process. Two possible 
consequences of this operation have been investigated. 
First, the high strains developed during the bending imply 
an evolution of the thickness of the serpentine. Second, 
residual stresses can affect the beginning of the plastic 
behaviour and modify the necking location. 
 
To estimate both the geometry and the residual stresses 
level developed in a coil before HIPping, we made the 
hypothesis that the tube is bended by a simple rotation of 
each section and that the neutral fiber remains on the axis of 
symmetry. To define the level of rotation, we consider the 
remaining level of deformations necessary to respect the 
final geometry. Of course, we have to suppose that the 
geometry is not buckling. A numerical application lead to a 
plastic deformation of about 40 %. As we have performed 
some rough hypothesis, we will only simulate deformations 
about 25 % which sounds more reasonable. Figure 8 shows 
the deformed mesh obtained with this level of deformation. 
 

 
 

Figure 8 : Evolution of the mesh 
for only 25 % of deformation 

 
Figure 9 shows the distribution of the deformations in the 
section at the end of the bending process. 
 
After the previous remarks, we have tested the effect of a 
geometrical variation. The default of concentricity is 
0.1 mm, so the thickness of the tube is 1.1 mm for the inner 
side of the tore and is 0.9 mm for the outer side. The result 
is given in figure 10. 
 
As we can see the necking is still present in the left side, but 
some thickness reduction begins to appear close to the 
corner on the external side. 

 

 
 

Figure 9 : Distribution of the deformations 
in the section of the tube 

 

 
 

Figure 10 : Inelastic deformation of the tube 
 
 
CONCLUSION 
 
 
During the year 2002, we mainly worked on the HIPping 
forming techniques which will be used for the manufacture 
of a PWF. The main conclusions of this work are the 
following ones: 
 
- During the HIP cycle, one of the coils constituting the 

serpentine failed preventing diffusion bonding welding 
between the parts. 

 
- HIP cycle increased the thinning of the tubes that occurs 

during bending. 
 
- The maximum of deformation occurs perpendicular to 

the axis of the tube during expansion, whereas during 
bending the maximum of deformation is axial. 
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- HIP cycle accentuated the microscopic cracks that are 
related to spinning. 

 
- It seems that it is not possible to obtain square shape for 

serpentine coils without using an anti-diffusing material 
allowing a decrease of the friction coefficient. 

 
- Some other techniques must be investigated. In the 2003 

we would consider the possibility of manufacturing a 
dummy mock-up with serpentines bended starting from 
square tubes and a mock-up using a powder/solid 
forming route for the curved part of the PFW panel. 

 
- The results of calculations show that to predict crack 

initiation we need to take into account at least, the 
geometrical variations due to the bending process and 
the friction with the contacts. This is a difficult 
condition to implement especially in 3D. Moreover, we 
will have to define a friction parameter. 

 
- The next step in the calculation is to simulate in 2D the 

effect of friction and try to estimate a coefficient. We 
will conduct 3D modeling only if 2D results are 
promising. 
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TW1-TVV-LWELD 
 
Task Title: VV INTERSECTOR JOINING 
 Further development of high power Nd-YAG laser welding with 

multipass filler wire 
 
 
INTRODUCTION 
 
 
The first part of this study was dedicated to the validation of 
the 60 mm thickness welding of 316L by continuous 
Nd:YAG laser on symmetric grooves. This result was 
demonstrated on plate with 8 kW and 11 kW on parts.  
 
The work of this task is now to validate welding on an 
asymmetric groove, to predefine welding procedures on 
each part of the vacuum vessel, and also to set up the 
required system to realize this assembly. 
 
 
2002 ACTIVITIES 
 
 
An important conclusion of 2001’work was the major 
interest of the uses of 11 kW on part, compared to 8 kW, in 
terms of productivity and final quality of the assembly. 
Figure 1 presents the spot configuration obtain with a Tri- 
fiber components. 
 

 

 
 
 

Welding direction

 

 
Figure 1 : 3-beams configuration 

 

 
 

Figure 2 : Cylindrical experimental part 

The uses of 11 kW with a long focal length (low power 
density), combined with a beam oscillation technique, gives 
good results in terms of metallurgical aspect and process 
parameters. 
 
60 mm thickness laser welding is now achievable with 15 
passes, a welding speed of 0.6 m/mn for every passes, an 
energy deposition of 11 kilojoules/cm and metal deposition 
up to 95 g/mn. 
 
The beam oscillation presents the major advantages of 
widening the metallic pool (avoiding the lack of fusion on 
groove edges), without reducing the welding speed. This 
system minimizes the energy deposition and will be a 
critical improvement for the welding in position. Figure 5 
presents a metallurgical cut of the seam obtained at 11 kW. 
 

 

10 mm,4°

5 mm

3 mm

2 mm

 
Figure 3 : 60 mm thickness welding with 11 kW laser 

(symmetric groove) 
 
 Further developments, using asymmetric groove in order to 
suppress the machining of one groove edge, were realized 
with the same optical configuration on a cylindrical 
geometry. Results obtained with this interesting 
configuration are presented figure 4. 
 
A limit of this welding configuration (use of long focal 
length : 500 mm) appears for welding in position. Vertical 
up position (root pass, see figure 6) is rather difficult to 
achieve and over head position is quite impossible. The use 
of a shorter focal length (300 mm), giving a higher power 
density becomes necessary to get a correct result.  
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10 mm

30 mm

8 mm

2 mm

3 mm

20 mm,9°

 
 

Figure 4 : 60 mm thickness welding with 11 kW laser 
(asymmetric groove). 

 
With such a configuration, we have to change the power 
density between root pass welding and filling pass welding. 
A defocusing of the spot allows to reduce this power density 
in order to reach the same power density as used with long 
focal length (500 mm). Results obtained with such a 
configuration are presented figure 5, for vertical up position 
and over head position. 
 

 
Verical Up 
position. 

 
 
 

 
Over head position. 

Root pass 

 
Figure 5 : Metallurgical cut on asymmetric groove 

 

60°

• Over-head position

•Vertical-Up Position

•Flat (normal) Position

 
 

Figure 6 : Definition of the different welding positions 
for the vacuum vessel 

CONCLUSION 
 
 
Laser welding of high thickness up to 60 mm is now 
demonstrated. The advantages of this solution, compared to 
the conventional TIG technique, are: 
 
- a higher welding speed, 
- a higher metal deposition rate, 
- a lower energy deposition, 
- the possibility of welding with an asymmetric groove 

(repairing). 
 
These points allow to expect a significant reduction of time 
needed to the assembly of the vacuum vessel. The lower  
energy deposition will also let expect a reduction of the 
deformations due to welding operations, and a reduction of 
internal constraints near the seam. Welding parameters, 
(laser power, welding speed) are now quite defined for flat 
and vertical up positions. A good estimation of these 
parameters is also available for the over head position, but a  
more complete validation should be done. 
 
Concerning the laser welding materials required to achieve 
the assembly of the vacuum vessel, this study allowed to 
define quite precisely the following points: 
 
- focusing head, size and characteristics, 
 
- beam oscillating device, 
 
- seam tracking, 
 
- filler wire device. 
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TW1-TVV-ONE 
 
Task Title: OPTIMISATION OF ONE STEP SS/SS AND SS/CuCrZr HIP JOINTS 

FOR RETAINMENT OF CuCrZr PROPERTIES 
 
 
INTRODUCTION 
 
 
Within the TW0-T427/03 task [1], a high temperature HIP 
cycle has been proposed to bond stainless steel to stainless 
steel and stainless steel to CuCrZr in a row. This HIP cycle 
has been optimised based on tensile and Vickers hardness 
properties of the SS/SS joint and of the CuCrZr 
monomaterial. The aim of the present task is to investigate 
the influence of such a high temperature on the mechanical 
properties of the CuCrZr/SS joint and CuCrZr 
monomaterial. Thus, low cycle fatigue, creep and fracture 
toughness tests have been considered. Moreover, three 
types of CuCrZr materials (Zollern, KME and PM Osprey) 
have been investigated. 
 
 
2002 ACTIVITIES 
 
 
The three copper alloys as well as the CuCrZr/SS junction 
have been submitted to the following HIP cycle : 
1040°C/140MPa/2 hours + HIP quenching + 560°C/2 hours 
 
After the complete cycle (HIP + ageing) the forged and 
rolled materials exhibit a very large grain size (about 0.8 
mm). By contrast, the powder material keeps a small grain 
size. However, the microstructure is heterogeneous 
(figure 1) for the three materials. 

 
 

Figure 1 : KME CuCrZr microstructure 
after complete heat treatment 

 
The tensile tests at room temperature lead to the following 
conclusions (figure 2). 
 
The yield stress of the powder material is below that of the 
other materials, while its Ultimate Tensile Stress is similar. 
The powder material presents the largest tensile elongation 
to rupture. The quality of the CuCrZr/316LN joint 
(perpendicular to the ST direction of the copper plate) looks 
satisfactory since rupture occurred in the copper material. 
 

 
Figure 2 : Stress/strain curves at room temperature 

 

CuCrZr Zollern as received 
CuCrZr Zollern 
CuCrZr Zollern mono material from block CuCrZr/316 
CuCrZr Zollern / 316 
CuCrZr KME 
CuCrZr PM Osprey 
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Figure 3 : LCF at RT results and Manson-Coffin approximation 

 
Figure 4 : Creep rupture life of the CuCrZr materials at 300°C under vacuum 

 
Low cycle fatigue tests at room temperature have been 
performed on the three materials. The comparison between 
the Manson-Coffin approximations and the experimental 
results is plotted in figure 3. The scattering of the results 
increases with decreasing imposed strain ranges. The 
Zollern material shows better (resp. lower) properties at low 
(resp. large) strain range than the KME material. At a given 
strain range, the stress amplitude is lower for the powder 
material, consistent with the lower yield stress, but its life in 
terms of number of cycles to failure is larger than that of the 
two other materials. This discrepancy increases when the 
imposed strain range decreases. 
 
Creep tests at constant load have been carried out on the 
three materials at 300°C under vacuum. A large scatter in 
the results is observed for the two non powder materials. 

This scatter is less pronounced in the PM material. This is 
due to the grain size of the non powder materials which is of 
the same order of magnitude than the diameter of the 
specimen (4 mm). The PM material has the shortest life 
time whatever the load applied (figure 4). This can be 
explained by the smallest yield stress and the smallest grain 
size of this material. 
 
The KME material shows the highest creep resistance. At 
small creep life the surface of fracture of the two large 
grains material is similar to that of a tensile test with 
dimples, whereas for long creep life intergranular rupture is 
the main mechanism of damage (figure 5). Compare to the 
data from literature (black line in the figure), the three 
alloys analysed in this study have a shorter creep rupture 
life at high stresses. 
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By contrast, the observed trend is that at low stresses they 
should have a larger creep rupture life. This may be 
explained by the influence of grain boundary sliding 
becoming predominant at low creep rates. 
 
Fracture toughness tests at room temperature have been 
carried out on Zollern monomaterial and 316LN/Zollern 
specimens. The fracture toughness tests at room temperature 
shows that, despite the large grain size, the crack propagate 
in the CuCrZr side. Due to the high ductility of the material 
and to the geometry of the specimens, an intrinsic value of J 
can not be derived from these experiments. The fracture 
toughness tests at 300°C under vacuum will be completed in 
February 2003. 
 

 
 

Figure 5 : KME CuCrZr – Creep test – 
230 MPa – 300°C under vacuum 

 
 
CONCLUSIONS 
 
 
Three CuCrZr materials, one forged, one hot rolled and a 
powder metallurgy one, have been investigated in terms of 
creep, low cycle fatigue and fracture toughness properties 
after a high temperature HIP cycle. The PM material has a 
higher ductility, lower yield stress, higher low cycle fatigue 
life under imposed strain range, and lower creep life at 
300°C. By contrast, the two non powder materials have a 
similar mechanical behaviour for the testing conditions that 
have been investigated. 
 
The 316LN/CuCrZr joint performed at 1040°C exhibits 
good properties under tensile conditions at room 
temperature. Moreover, it is found that at room temperature 
a crack propagates in the CuCrZr side. Although a critical J 
value can not be derived from the fracture toughness tests, 
the joint is found qualitatively better than a Glidcop/316LN 
joint with regard to crack propagation. 
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TW2-TVB-HYDCON 
 
Task Title: PROCUREMENT AND TESTING OF CUTTING/WELDING AND 

INSPECTION TOOL FOR THE BLANKET MODULE HYDRAULIC 
CONNECTOR 

 
 
INTRODUCTION 
 
 
The aim of this study is the demonstration of the fabrication 
feasibility of the hydraulic connector part of the blanket 
module. It consists in the development of a tool, and then 
its test on a demonstrator. 
 
The work to be done is the welding, by the inside part, of a 
tube 100 mm in diameter, and 3.75 mm in thickness, using 
a continuous Nd:YAG laser with optical fibre beam 
transportation. The access for welding this part is through 
another tube, 30 mm in diameter (see figure 1). 
 
Then a “cap” has to be moved and then welded on the 
diameter 30 mm tube to insulate the inner part of the 
30 mm in diameter tube. This concerns the fabrication of 
ITER. But, our tool has also to be able to cut the diameter 
30 mm and then 100 mm in order to change a blanket 
module in case of trouble. 
 

 
Figure 1 : View of the part to be weld on the connector 

(blue/yellow : φ 30 mm, and blue/red : φ 100 mm) 
 
 
2002 ACTIVITIES 
 
 
A previous work on the same subject has determined the 
welding  parameters to cut and re-weld a tube 3.75 mm in 
thickness. 

An industrial tool has now to be realised including the main 
following evolutions: 
 
- use of standard industrial optical fibre connector on the 

tool, 
 
- integration of on-line monitoring during welding and 

cutting operations, 
 
- integration of photo-thermal  NDT after welding. 
 
In the new device, all connecting parts, motorization, on-
line control are exported outside the diameter 30 mm tube 
to be weld. The laser beam is collimated (50 mm focal 
length lens) parallel and transported on about 500 mm to 
the focusing lenses.  
 
Two set of lenses are needed to reach the surface of the 
tube. A short focus length lens (40 mm) is used for 
diameter 30 mm and a longer one (75 mm) is used for 
diameter 100 mm. Figure 5 shows a global view (CAO 
drawings) of the tool. 
 
The design of the tool (optical characteristics and positions) 
was studied using an optic calculation software: OPTIS. 
 
Due to the magnification introduced by the focal length 
ratio between collimation and focalisation one, it is 
necessary to get a correct power density on the surface of 
diameter 100 mm, in order to use the smallest optical fibre 
diameter as possible.  
 
The better industrial solution found, is using a diode 
pumped Nd:YAG laser, delivering a 3.5 kW mean power in 
an 400 microns in diameter fibre. 
 
Some beam analyses realised with the lenses planed to be 
used (but not integrated in the final mechanical device) 
have given the following results concerning the spot size 
dimension and the Rayleight lens (beam analyses are 
presented figure 2). 
 
The results of these analyses show that we can get a correct 
power density on both 30 mm and 100 mm tube diameters, 
using a standard  industrial laser, and with a long focal 
length for diameter 100 mm, which avoids a solution with 
moving optics. The welding and cutting parameters, due to 
the difference of power density will have to be adapted on 
each configuration. 
 
A special development has to be done, regarding the cutting 
of diameter 100 mm. Laser cutting requires the use of a 
nozzle as close as possible at the surface to be cut, in order 
to obtain a good cutting quality.  
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Tube 
Diameter 

Focal length Spot diameter 
Rayleight 

length 

30 mm 40 mm 300 microns 1.5 mm 

100 mm 75 mm 600 microns 3 mm 

 

 

Figure 2a : Beam analyses (focal length 40 mm) 
 

 

Figure 2b : Beam analyses (focal length 75 mm) 
 
A retractable nozzle, moving from horizontal position in 
order to pass through the diameter 30 mm, to vertical 
position (cutting position) is developed. This concerns only 
mechanical parts to be moved. 
 
The second major evolution on the design on the 
cutting/welding tool concerns the on-line monitoring. 
 
The localisation of the connecting part outside the tube 
allows an access through the optical path to “on-axe 
monitoring”. 
 

 
 

Figure 3 : Principle of the tool with on-line monitoring 

A mirror, 100 % transmission at 1.06 microns (Nd:YAG 
wave length) and partially reflective in the visible spectral 
range gives an image of the interaction area during cutting 
and welding (figure 3). 
 
The second aspect concerns NDT testing with photo- 
thermal camera. This system, developed by FRAMATOME 
ANP, allows a control of the presence of surface cracks, 
using a laser for a local heating of the surface, and a 
thermal sensor to measure the local temperature elevation. 
 

 
 

Figure 4 : Example of on-line control 
 
This will give the opportunity to control full penetration 
welding. The presence of the open hole guarantee a 
complete welding of the tube (full penetration). 
 
The compatibility of this principle with our tool has to be 
tested. The critical point is mainly the spectral response in 
transmission of our system, in the wavelength range used 
by the thermal sensor (PbSe). 
 
The use of special optics, with adapted coating, may be 
necessary to guarantee the use of the same tool for cutting, 
welding and finally NDT control. 
 
MOCK-UP 
 
The complete validation of the tool has to be tested on a 
mock-up, representative of the real Hydraulic connector. In 
order to achieve this demonstration, we have design a frame 
able to represent the support of our tool on a blanket 
module, and able to receive parts representative of the 
hydraulic connector, with the real stiffness of the connector, 
to validate the centering of the blanket on this connector.  
 
Figure 5 shows a global view of the frame designed, with 
its support of the tool and the tool itself. 
 

 
 

Figure 5 : Global view of the mock-up and the tool 
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CONCLUSION 
 
 
2002’work was mainly devoted to design the different parts 
of the tool and the mock-up. Completion and integration of 
the different parts of this study are planned to be achieved 
end of June 2003. 
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TW2-TVV-DISMIT 
 
Task Title: EVALUATION OF METHODS FOR THE MITIGATION 
 OF WELDING DISTORSIONS AND RESIDUAL STRESSES 
 IN THICK SECTION WELDING 
 
 
INTRODUCTION 
 
 
During welding process, production of residual stresses are 
produced that can cause distortion of a component, crack 
initiation or problems in the lifetime of the component 
through enhanced fatigue or corrosion. As these effects are 
undesirable control and minimisation of the welding 
stresses would be a great benefit. The purpose of this task is 
to investigate, develop and implement techniques for 
achieving control in the application of welding technology. 
This induces a reduction of such magnitude from the 
unregulated welding application that the distortion and 
residual stresses are effectively reduced to zero. In 
particular this would have a very positive impact on the 
assembly feasibility of the ITER VV for the present 
reference method of welding, NGTIG. 
 
The programme will involve designing and construction of 
suitable systems for the control of stresses/distortions 
relevant to the thick-section welding situation of the ITER 
VV. These systems will then be evaluated and compared 
with work carried out in different configurations, materials 
and thicknesses. Following successful results from this 
work, it may be possible to develop practical systems for 
ITER VV implementation with zero or tiny 
distortion/residual stress. 
 
 
2002 ACTIVITIES 
 
 
The previous work has been carried out by the Process 
Team of British Aerospace (conducted by Stewart 
Williams), in Bristol (Great Britiain). The original 
technology and facilities of cryogenic rapid cooling during 
the welding, developed by BAE Systems has to be adapted 
to the vacuum vessel welding requirements. 
 
The first step has been the construction of a weld and 
residual stress mitigation system suitable for thick section 
welds in Narrow Gap TIG welding process on thin 316L 
stainless steel sheets (around 10 millimeters thickness) 
(figure 1). 
 
Experimental work has been carried out in Bristol plant to 
evaluate performance of stress mitigation system in NGTIG 
process. Calculation and design of the system, compatible 
to narrow gap welding process in first stage and adaptation 
to laser technology in a second step are yet in major 
progress. Application to Narrow Gap Laser process will be 
tried and evaluated in 2003 for futher developments 
(figure 2). 

 
 

Figure 1a : Partial view of the experimental device 
 

 
 

Figure 1b : Details of the experimental device 

 

 
 

Figure 2 : Workplan. 
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CONCLUSION 
 
 
2002’work was mainly devoted to design the different parts 
of the tool to be adapted to laser technology. Completion 
and integration of the different parts of this study are 
planned to be achieved end of June 2003, with the final 
report. 
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TW2-TVV-UTINSP 
 
Task Title: FURTHER DEVELOPMENT OF ULTRASONIC INSPECTION 

PROCESS 
 
 
INTRODUCTION 
 
 
The objective of this task is to investigate ultrasonic 
inspection techniques which should be applied in order to 
ensure detection, location and characterization of defects in 
Vacuum Vessel intersector welds. This work is related to 
previous tasks performed by CEA in 2001 in the frame of 
the contract: 
 
- CEFDA00-556: “Simulation of ultrasonic inspection 

process” (CEA) and by Phoenix ISS in frame of the task 
“Assessment of defect detectability γ inspectability of 
welds in the ITER vacuum vessel”. 

 
RECALL OF PREVIOUS STUDIES 
 
In 2001, studies have been made to investigate ultrasonic 
techniques skills to detect flaws along different kind welds 
(EB weld or TIG weld), especially the ability to detect 
planar defects, which may be located in the whole thickness 
of the weld. 
 
New techniques were needed to improve the whole 
inspection coverage of the weld thickness. Two mock-ups 
have been made : an EB Weld mock-up and a TIG weld 
mock-up (weld roots were machined to obtain a smooth 
state of surface around the weld). These specimen contain 
surface breaking and embedded notches, as well as side 
drilled holes for calibration purposes. 
 
Experimental studies (Phoenix ISL) and related simulations 
(CEA) had been carried out to investigate and to select the 
most relevant UT techniques for defect detection. 
Additional configuration simulations have also been 
achieved by CEA in order to investigate an optimised 
phased array design that could be used to perform all the 
most relevant UT techniques. 
 
 
2002 ACTIVITIES 
 
 
Experimental investigation of different inspection 
techniques have been made, in relation to the major 
conclusions pointed out by the 2001 tasks: 
 
- For the EB weld, beam-steering using a high frequency 

phased array probe (up to 5 MHz) shall allow a 
complete coverage of the weld. However, the array 
probe used in 2001 only enabled to inspect the lower 
part of the plate (approximately, from 20 mm to 60 mm 
depth). 

- For the TIG weld, lower frequency shall be required 
(1 or 2 MHz), because of highest attenuation losses and 
structural noise due to the coarse grained structure of the 
weld. Tandem modes or twin-crystal probes were part of 
the most promising techniques. 

 
Experimental trials achieved at CEA in 2002 relied on the 
ability to perform such techniques using phased array 
probes, in order to offer a high flexibility and adaptability to 
various configurations. 
 
BEAM-STEERING OVER THE EB WELD 
 
Beam-steering techniques have been applied over the EB 
weld to ensure the coverage of the whole thickness of the 
weld. 
 
This inspection technique relies on a fixed phased array 
probe which is used to sweep the beam thanks to successive 
delay laws, which allows to give a so-called “sectorial 
scanning image” of the specimen. 
 
Experiments were carried out using a 5 MHz, 48 elements 
(of 0.6 x 15 mm² sizes) probe. 
 
Figure 1 shows the application of this technique to detect 
and size different defects of the EB weld : two side drilled 
holes, located at 15 and 30 mm depth in the middle of the 
weld, as well as a planar defect of 4 mm height, located 
along the opposite side of the weld (with respect to the 
position of the probe). 
 
The sectorial scanning image was obtained using 
longitudinal waves, from 0° to 76°, and show that one can 
clearly detect, locate and size those different defects, even 
when the inspection is performed through the weld. 
 
The related simulated result is also displayed, which shows 
a good agreement with the experimental image (although 
some spurious echoes are observed for low incidence 
angles, probably due to internal reflections in the wedge). 
 
Additional tests were also carried out using highest 
refraction angles (up to 80°) and showed that all the defects 
of the EB weld, embedded or surface breaking defects at the 
upper and lower wall were detected using this technique. 
 
INSPECTIONS OVER THE TIG WELD 
 
Phased arrays techniques have also been investigated over 
the TIG weld, which contained artificial lack of fusion 
defects (inserted during the welding process) as well as 
embedded and surface breaking electro-eroded notches and 
side drilled holes. 
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Figure 1 : Experimental (top) and Simulated (bottom) 
beam-steering inspection over the EB weld : detection 

of side drilled holes and planar defect through the weld 
 
Beam-steering techniques performed with the 5 MHz probe 
showed a high level of noise which did not allow to detect 
any defect with a relevant signal-to-noise ratio (indeed, 
defect echoes – even side drilled holes – were equal or even 
lower than the structural noise due to the weld). Figure 2 
below shows the application of the 5 MHz probe used to 
radiate 45° L-waves to detect surface breaking defects 
before and through the weld. It can be readily seen that the 
propagation through the weld drastically attenuates the 
ultrasonic beam. Only the largest defect (of 10 mm height) 
can be detected through the weld. 
 
For this mock-up, specific techniques have therefore been 
used, with lower frequency probes. Phased array probes of 
1 and 2 MHz central frequency were used to assess surface 
breaking and embedded defects. 
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Figure 2 : Assessment of the surface breaking defects using 
the 5 MHz probe used to radiate 45° L-Waves : inspections 

performed before (left) and through (right) the TIG weld 

Among the different probes tested, the following probes had 
shown the optimised signal-to-noise ratio and defect 
detection ability: 
 
- twin-crystal array probe (matrix array design), 800 kHz 

central frequency, (2)x 60 x 50 mm² aperture size 
(54 elements), 

 
- contact linear array, 1 MHz central frequency, 

32 elements of 2.5 x 25 mm² element size. 
 
Figure 3 below shows the inspection result obtained using 
the 1 MHz contact probe, before and through the weld, 
generating 60° L-waves beam focused at 30 mm (mid-wall 
of the weld). On this figure the location of the defects is 
also reported. 
 
In spite of the permanent echo due to the root weld, it can 
be pointed out that, when the inspection is performed before 
the weld, almost all the defects are detected and located in 
the specimen. The smallest lack of fusion defect, of 5 x 
5 mm² area, is detected (it may be recalled that this defect 
was not seen on radiographs by the weld manufacturer). 
However, the smallest surface breaking defects (of 2 and 
1 mm height) are not detected, because their echoes are 
merged with the permanent root weld echo which is seen 
through the whole inspection. 
 
If the inspection is performed through the weld, the 
inspection performances are altered, however most lack of 
fusion defects are still detected. For such a configuration, 
the weld root echo is larger and even more unfavourable to 
defect detection for surface breaking defects at the 
backwall. 
 
Another specific trouble to overcome with this mock-up is 
the complex entry profile, due to the welding process : the 
upper wall of this specimen shows that in the vicinity of the 
weld, a slight slope does not permits the probe to be 
perfectly matched over the mock-up, which also leads to 
beam deviation and attenuation. 
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Figure 1 : Assessment of all defects of the TIG weld using 

the 1 MHz contact array probe used to radiate 
60° L-Waves : inspections performed before (left) 

and through (right) the weld 
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CONCLUSIONS 
 
 
Experimental investigations have been carried out to check 
the ability of phased array techniques as defined in 2001 
tasks to detect and size defects located along a weld, in 
order to assess the controllability of the ITER vacuum 
vessel intersector welds. Two mock-ups containing artificial 
defects, the first one along a TIG weld, and the second one 
along an EB weld, have been inspected using a wide range 
of phased array probes, which offer a wide range of 
inspection configurations. 
 
Sectorial scanning inspection of the EB weld (beam 
deflection using thanks to laws, the transducer being fixed) , 
using a 5 MHz frequency, shows that such a technique 
allows to cover the whole weld. 
 
Raster scanning inspections (the probe being moved over 
two directions) using low frequency probe (1 MHz) allowed 
to detect most defects of the TIG weld, if the inspection is 
performed before the weld. For this weld, studies are still 
requested to quantitatively size the detected defects, and to 
improve the signal-to-noise ratio if the inspection is 
performed through the weld. 
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CEFDA99-501 

 
Task Title: CRITICAL HEAT FLUX TESTING AND FATIGUE TESTING OF 

CFC MONOBLOCKS 
 200 kW electron beam gun test 
 
 
INTRODUCTION 
 
 
In ITER, the vertical target (VT) of the divertor consists in 
an assembly of 18 units. These units have a poloidal, 
toroidal and radial length of about 1400, 23 and 140 mm, 
respectively. The lower part consists in a straight CFC 
monoblock. 
 
Both thermal fatigue and critical heat flux (CHF) limits are 
key issues as far as design of the element is concerned. 
 
Therefore an experimental assessment of the thermal 
behaviour under cycling loads and under critical heat flux 
experiments of such component is an essential key to 
demonstrate the validity of the selected design solution. 
 
Finally the need to reduce the cost of ITER - then of the 
divertor component- requires to investigate the possibility to 
increase the width of the VT from the present 23 mm to the 
highest possible value in order to reduce the overall number 
of toroidal VT units. 
 
 
2002 ACTIVITIES 
 
 
A high heat flux testing campaign dedicated to such issues, 
based on fatigue cycling and critical heat flux detection on 
straight monoblocks was performed on FE200 in the period 
july/august 2002 [1], [2], [3]. 

TEST SECTIONS 
 
A total of 10 straight CFC NB31 monoblocks with 3 
different width (23, 28, 33 mm) was manufactured to 
investigate width effect on fatigue behaviour and critical 
heat flux limits. 
 
All of them have the following common features: 
 
- one cooling channel of a CuCrZr Copper alloy tube; 
- a twisted tape insert (twist ratio 2) made of OFHC 

Copper; 
- 3 thermocouples implemented into the NB31 armour. 
 
Table 1, left column summarizes the main features of the 
monoblocks. Note that AL28 has a 8mm thick NB31 
armour instead of 3 mm for the 9 other monoblocks, this is 
aimed at investigating the possible effect of the armour 
thickness on the critical heat flux limit. AA33 is equipped 
with a CuCrZr tube of 12 mm internal diameter instead of 
10 mm for the 9 other monoblocks, this is aimed at 
investigating the effect of the tube diameter on the critical 
heat flux limit for the largest tubes. 
 
INFRARED EXAMINATION 
 
The 10 samples were characterized on SATIR test bed, 
huge defects with DTref higher than 15°C were detected. 
Compilation of the measurements is given on figure 1 
Nevertheless, due to the different width of the components, 
choice of reference has a great impact on the measurements 
an interpretation of the DTref values has to be moderated. 
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Figure 1 : Compilation of measured DTref on SATIR test bed for the 10 monoblocks 
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Table 1 : Summary of CHF tests results 
 

Geometry and 
transversal incident 

flux profile 

Longitudinal 
incident flux 

profile 

Lh 
 

(m) 

P 
 

(Mpa) 

Tin 
 

(°C) 

Tsat-Tout 
 

(°C) 

V 
 

(m/s) 

Power 
 

(kW) 

Max.AHF 
 

(MW/m²) 

FE 
WCHF 

(MW/m²) 

FE 
Peaking 
Factor 

Shot 
Number 

0,1 34,3 119,7 102,9 11,9 51,8 22,5 38,4 1,55 2601 
0,1 34,2 119,8 103,0 11,9 50,9 22,1 38,1 1,55 2602 

07/02 : A23/B23 
Material : 

NB31 + CuCrZr 
 
 
 
 
 
 
 

ID/OD 10/12 
Eng. Pf = 2.3 

 

 
 
 
 

Lh 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

0,2 

 
 
 
 
 
 
 
 

34,1 

 
 
 
 
 
 
 
 

114,3 

 
 
 
 
 
 
 
 

121,0 

 
 
 
 
 
 
 
 

6,0 

 
 
 
 
 
 
 
 

57,5 

 
 
 
 
 
 
 
 

34,3 

 
 
 
 
 
 
 
 

29,3 

 
 
 
 
 
 
 
 

1,55 

 
 
 
 
 
 
 
 

2627 

0,1 34,1 119,7 95,9 11,8 69,6 24,9 36,1 1,6 2605 
0,1 34,3 119,8 101,2 11,7 55,8 19,9 37,3 1,6 2609 

07/02 : A28/B28/C28 
Material : 

NB31 + CuCrZr 
 
 
 
 
 
 
 

ID/OD 10/12 
Eng. Pf = 2.8 

 

 
 
 
 
 
 

Lh 
 
 
 

0,1 34,3 119,7 98,0 11,8 67,7 24,2 36,6 1,6 2611 

0,1 33,7 119,8 98,0 5,1 54,1 19,3 23,3 1,75 2625 07/02 : AL28 
Material : 

NB31 + CuCrZr 
 
 
 
 
 
 
 
 

ID/OD 10/12 
Eng. Pf = 2.8 

 
 
 
 
 
 

Lh 
 
 
 
 

0,1 33,5 109,9 98,8 3,3 50,0 17,9 18,7 1,75 2626 

0,1 34,3 119,9 98,7 11,8 64,3 19,5 36,8 1,64 2606 
0,1 34,2 119,7 101,6 11,8 55,6 16,8 37,5 1,64 2621 

07/02 : A33/B33/C33 
Material : 

NB31 + CuCrZr 
 
 
 
 
 
 
 
 

ID/OD 10/12 
Eng. Pf = 3.3 

 
 
 
 
 
 

Lh 
 
 
 
 

0,1 34,1 119,7 97,8 11,8 66,5 20,2 36,6 1,64 2620 

07/02 : AA33 
Material : 

NB31 + CuCrZr 
 
 
 
 
 
 
 
 

ID/OD 12/15 
Eng. Pf = 2.75 

 

 
 
 
 
 
 

Lh 
 
 
 
 

0,1 34,0 119,8 103,3 12,1 76,9 23,3 37,7 1,5 2623 
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FATIGUE TESTS RESULTS 
 
Fatigue tests experiments were performed at ITER relevant 
hydraulic conditions (i.e. 35 bar, 12 m/s, 140°C) with the 
following parameters: 
 
- uniform heat flux profile; 
- 110 mm length heated surface; 
- pulse duration and dwell time : 10s ON / 10s OFF; 
- ~20 MW/m² heat flux absorbed in the water. 
 
Four mock-ups were fatigue tested : 2 mock-ups of  
23 mm width (A23 and B23) an 2 others of 28 mm width 
(B28 and C28). 
 
It was not possible to fatigue at 20 MW/m² a 33 mm width 
mock-up due to too high temperature reached during 
increase power (more than 2500°C for 17 MW/m²). 
 
A view of the 4 mock-ups fatigue tested after 1000 cycles at 
20 MW/m² is proposed figure 2. 
 
Even if the screening cross checked with non destructive 
examination have shown that the bonding interfaces present 
some defects (specially on B28 with DTref > 15°C on 
SATIR and Tsurf on the edges up to more than 2400°C 
under 20 MW/m²), the cycling step was well sustained by 
the four mock-ups (see figure 2). 
 
CRITICAL HEAT FLUX TESTING RESULTS 
 
Following the usual procedure on FE200, 12 values of 
Critical Heat Flux (noted Max. AHF in table 1 for 
Maximum Absorbed Heat Flux) were measured on the 10 
prototypes. 

Results for the 23 mm width mock-ups: 
 
The 2 CHF obtained with uniform incident heat flux 
confirm the previous results measured on a prototype tested 
in 1999 (PRODIV1), i.e. 22 MW/m² for representative 
ITER thermal hydraulics conditions (~12 m/s, 35 bar, 
140°C). TONG75 modified correlation gives a good 
prediction of such a value ( the error range being +/- 20 %). 
In case of peaked heat flux, a higher CHF of 35.4 MW/m² is 
found, giving a comfortable margin with regards to ITER 
nominal conditions. 
 
Results for the 28 mm width mock-ups: 
 
Three CHF were measured on the 28 mm width, 3 mm 
thickness mock-ups with some discrepancies : width effect 
is not evident, two values being higher than in 23 mm case 
(24.2 and 24.9 MW/m², see table 1), the third one being 
lower (19.9 MW/m²) but may be attributed to a bonding 
defect. Two CHF were measured on the 28 mm width, 8 
mm thickness mock-ups. This mock-up was tested at 
moderate thermo hydraulic conditions because of the 
expected limitations on surface temperature : low velocities 
were chosen (5.1 and 3.3 m/s) and led to CHF as high as 
19.3 and 17.9 MW/m² explained by a post-CHF regime 
when low velocities are used. 
 
Results for the 33 mm width mock-ups: 
 
Three CHF were measured on the 33 mm width, cooling 
tube ID/0D 10/12mm mock ups : 20 MW/m² was not 
systematically attained even at velocities as high as 12 m/s, 
moreover, surface temperature reach up to 2500°C at ICHF. 
One CHF of 23 MW/m² was measured on the 33 mm width, 
cooling tube ID/0D 12/15mm, such geometry appearing 
finally as performing as 23 mm width, ID/0D 10/12mm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : The 4 fatigue tested mock-ups after 1000 cycles at 20 MW/m² 
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CONCLUSIONS 
 
 
Ten CFC NB31 monoblock with 3 different widths (23, 28 
an 33 mm) were fatigue tested and Critical Heat Flux (CHF) 
tested on the FE200 facility in the frame of this contract.  
 
Both the 23 and 28 mm width mock-up meet the design 
requirements (1000 cycles at 20 MW/m² + CHF higher than 
20 MW/m²).  
 
As regards the 33 mm width monoblock, too high surface 
temperature did not allowed fatigue testing to be done. 
Moreover, it was found that it is necessary to increase the 
tube diameter from 10/12 mm to 12/15 mm ID/OD in order 
to obtain the same CHF performance than with the 23 mm 
width monoblock. 
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CEFDA01-581 
 
Task Title: CRITICAL HEAT FLUX TESTING OF HYPERVAPOTRONS 
 200 kW electron beam gun test 
 
 
INTRODUCTION 
 
 
Heat fluxes (5-20 MW/m2) to be removed by specific 
plasma facing components (PFC) in ITER are in the same 
range than observed in the klystron of electronic tubes. Fin 
enhancement cooling concepts with boiling/condensation 
effect, named vapotron® (1950) and then hypervapotron® 
(1973), were developed by Thomson CSF Company [1]. As 
far as ITER PFC are concerned, the hypervapotron® 
concept with flat tile armour is an interesting alternative to 
tubes with swirl insert armoured with monoblocks [2] 
because: 
 
- bonding of flat tiles is easier; 
- volume of armour material attached to the heat sink is 

lower and the concept is expected to be cheaper; 
- the Critical Heat Flux (CHF) is higher for 

hypervapotron® than for swirl tubes for the same width 
of compared elements [3][4]. 

 
In addition of the possible use in the divertor vertical target, 
the hypervapotron® cooling is also envisaged in the 
divertor dome component. 
 
Hence, it is necessary to measure and analyze CHF limit of 
different hypervapotron® (HV) metallic mock-ups in order 
to consolidate and enlarge the critical heat flux database on 
this type of geometry including cooling conditions foreseen 
for the dome. 
 
 
2002 ACTIVITIES 
 
 
TEST SECTIONS 
 
Nine metallic prototypes with 3 different widths of 27; 40 
and 50 mm were manufactured by CEA. To allow the 
repetition of CHF tests, samples are identical 3 by 3, 
respectively identified HV27-i, HV40-i and HV50-i; i being 
a number varying from 1 to 3. The cross section geometry is 
given figure 1: a slot of 1 mm is machined on the edges of 
the channel. 
 
Practically, useful length of each component is 300 mm, 
overall length being 555 mm including inlet and outlet 
parts. Each prototype is made of Glidcop Al 25 (dispersion 
strengthened copper 0.25 % Al2O3 manufactured by SCM, 
USA). Although it is not relevant for ITER this material has 
a good behaviour at temperature higher than 600°C 
expected during CHF experiments and simulates well the 
thermal conductivity of CuCrZr alloy that would be used for 
ITER. 

After milling of the grooves on the rectangular bars, rear 
plates were electron beam welded to close the channel (see 
figure 2). During final machining, inlet and outlet were 
turned to obtain a transition for circular tube connection.  
 

 
 
 
 
 
 
 
 
 

Figure 1 : Schematic drawing of tests samples 
 

 
 
 
 
 
 
 

Figure 2 : Rear view of HV40-1 before EB welding 
 
EXPERIMENTS AND TEST MATRIX 
 
CHF experiments were performed using the European high 
heat flux facility FE200 [5][6]. Incident power on the 
heated mock-up was increased step by step for a set of 
parameters: heated length (100-200 mm), inlet water 
temperature (65-103°C), pressure (32-34 bar) and flow rate 
(0.3-1.1 kg/s) up to the detection of abnormal variation on 
surface temperature measured by infrared thermography and 
pyrometers and marking a burn-out. Maximum absorbed 
power at steady-state before this abnormal variation was 
computed and allowed the calculation of the so-called 
Incident Critical Heat Flux (ICHF), the radiative power 
being negligible. 
 
Following this procedure, 54 values of ICHF were 
measured on the 9 prototypes, they were systematically 
detected at the outlet section where the subcooling is the 
lowest (cf. figure 3). 
 
Several values of parameters were investigated during the 
testing campaign : flow rate (3 values between 2 and 6 m/s), 
incident heat flux profile (uniform 100 mm or peaked 200 
mm length, see figure 4) and width of the prototypes (27, 40 
and 50 mm). The inlet temperature was adjusted with 
pressure to tentatively obtain a constant outlet subcooling. 
Low axial velocities values were chosen for possible 
application in the ITER divertor dome cooling. 
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Figure 3 : Detection of burn-out 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 : FE200 peaked profile 
 
RESULTS AND DISCUSSION 
 
ICHF values for the 9 mock-ups as a function of axial 
velocity, both for uniform and peaked heat flux are 
presented figure 5. 
 
For the same set of parameters, each ICHF detection was 
repeated 3 times in order to increase the reliability of the 
measurements (however the accuracy of ICHF, calculated 
from calorimetry, is 8 %). 
 
The data match the value obtained during 1996 testing 
campaign [3]. It is further confirmed that an incident 
uniform heat flux of 28 MW/m² can be reached without 
burn-out for a 27 mm width hypervapotron®, 5 m/s axial 
velocity and ~120°C subcooling, as considered for the 
ITER dome and possibly for the vertical targets. 
 
An important result of the campaign is the negative effect of 
the width on the ICHF (figure 7): from 27 mm to 50 mm 
width, ICHF decreases more than 30 % in case of uniform 
profile and of 10-20% for peaked profile. 
 
One can assume that water enters better the slots from the 
lateral 1.5 mm groove if the mock-up is narrow, this effect 
being less important with peaked heat flux. 
 
The measured surface temperature during the tests 
correspond to the joint temperature of an armored flat tile 
component. This temperature at 20 MW/m² depends on the 
water velocity and on the shape of the flux, varying from 
450°C to 700°C in case of 27 mm width hypervapotron (cf. 
figure 6), it may be the limitation of such a concept. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 : ICHF vs velocity 
(32-34 bar, 113 –127°C subcooling) 

 
 

 
 
 
 
 
 
 
 
 
 

Figure 6 : Pyrometers temperature vs incident heat flux 
in MW/m² (HV27-2) 

 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 7 : ICHF vs width (mm) 
 
Pressure drop of the mock-ups were carefully measured 
after CHF experiments at ambient temperature in the range 
0.1-5 bar, 0.1 – 1.5 kg/s with an accuracy of less than 3 % 
on the high velocity pressure drop test bed of CEA 
Cadarache. Small holes for pressure gauges connections 
were machined directly upon the fins avoiding inlet and 
outlet perturbations. Results are reported figure 8 as a 
function of velocity for each prototype and compared with 
Baxi’s correlation for HV27 [7]. 
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For a given velocity, pressure drop per unit length is 
increasing when the width of the mock-up decreases but still 
lower than for swirl tube, shown for comparison. 
 
On the other hand, for given axial velocity, flow rate 
decreases when prototype width increases. Pumping power - 
defined as pressure drop times volumic flow rate - is a well 
adapted parameter for comparison between various tubes: it 
indicates the power needed to feed a tube with the required 
flow rate and pressure drop (Figure 9). The hypervapotron 
concept needs a lower pumping power than swirl tube. For 
example to remove a uniform heat flux of 25 MW/m², 
HV50, HV40 and HV27 requires respectively ~40, 100 and 
150 W/m of pumping power whereas a 27 mm double swirl 
tube with two channels of 10 mm diameter needs 300 W/m 
[4]. 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 8 : Pressure drop vs flow rate 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 : ICHF vs pumping power 
 
 
CONCLUSION 
 
 
Nine metallic hypervapotron® tubes with 3 different widths 
were CHF tested. The 54 points of measurements obtained 
at 120°C constant subcooling have shown that for the 27 
mm width, heat flux up to 25-30 MW/m² can be removed 
with an axial velocity as low as 4-6 m/s. However surface 
temperature at 20 MW/m² may be the limit for the 
hypervapotron® concept as far as flat tile armour is 
concerned. ICHF was also found depending on 
hypervapotron® width. These conclusions enlarge the 
previous data base, confirms the good performances of 
hypervapotron compared to swirl tube concept.  
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CEFDA02-583 
 
Task Title: DESTRUCTIVE EXAMINATION OF PRIMARY FIRST WALL 

PANELS AND MOCK-UPS 
 
 
INTRODUCTION 
 
 
The aim of this work is to perform Destructive Examination 
of Primary First Wall (PFW) panels and mock-ups with and 
without beryllium tiles to analyze the behaviour of the 
components and in particular all the material interfaces after 
thermal fatigue testing and high flux testing. 
 
The material interfaces to examine are Be/Cu alloy, Cu 
alloy/Cu alloy (if any), Cu alloy/SS tubes, and Cu alloy/SS 
substrate. 
 
 
2002 ACTIVITIES 
 
 
PRIMARY FIRST WALL PANELS 
 
Four PFW panels of dimensions 900x250x80 mm with 10 
mm thick beryllium tiles joined onto DS-Cu or CuCrZr 
alloy by brazing or Hot Isostatic Pressing diffusion bonding 
will be examined within this task. They have been 
fabricated during years 2001 and 2002 in the frame of the 
Contracts 97/913B, TW0-T420/06, T420/07 and T420/10. 
These panels will be tested in 2003 at Brasimone facilities. 
Their examination is thus postponed to 2003. 
 
MOCK-UPS WITH BERYLLIUM TILES 
 
Seven PFW mock-ups of different dimensions with 10 mm 
thick beryllium tiles joined onto the CuCrZr or DS-Cu alloy 
by brazing or Hot Isostatic Pressing diffusion bonding will 
be examined within this task. These mock-ups have been 
fabricated during years 2001 and 2002 and were tested in 
2002 at Julich and Brasimone facilities. Mock-ups DS-20J, 
DS-13I, PHS-10J, DS-19J, DS-16J and DS-17J have been 
sent to Atmostat company where they will be cut off in 
2003. In 2002 the exact number and locations of the 
different samples to be observed from the different mock-
ups have been defined in accordance with the EFDA 
responsible officer. The first mock-up to be analysed in 
2003 is the mock-up DS-20J. 
 
MOCK-UP WITHOUT BERYLLIUM TILES 
 
Five Cu alloy/SS mock-ups of different dimensions have 
been fabricated during years 2001 and 2002. Four mock-ups 
have been already high heat flux tested in 2002 at Le 
Creusot facilities. In 2002 the locations of the samples to be 
observed on the different mock-ups have been defined in 
accordance with the EFDA responsible officer. Mock-ups 
PH-6F, PS-15F, DS-5Ka and PHS-4K will be cut off at the 
beginning of 2003. 
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DV4.3 
 
Task Title:  OPTIMISATION AND MANUFACTURE OF HHF COMPONENTS 
 Study of flat tile cascade failure possibility for high heat flux 

components 
 
 
INTRODUCTION 
 
 
The object of this task is to evaluate the possibility of 
failure in cascade of flat tiles under convective heat flux 
with a glancing incidence. 
 
Calculations and tests on the high heat flux (HHF) facility 
FE200 are planned. 
 
Preliminary works in 1999 consisted in the definition of the 
geometry, the study of the feasibility of the tests by finite 
elements calculations and the definition of foreseen tests 
and mock-ups to be prepared. 
 
In 2002 the mock-ups were delivered by Plansee: 2 of them 
armoured with NB31 CFC flat tiles and 2 of them with 
pure-W castellated flat tiles. 
 
The tests were defined [1] and launched on the FE200. 
Only the mock-ups with CFC tiles were tested in 2002. The 
tests gave very good results with no evidence of cascade 
failure. 
 
 
2002 ACTIVITIES 
 
 
RECALL OF THE OBJECTIVES 
 
The flat tile with hypervapotron (HV) cooling has the 
following advantages: 

- It is cheaper than the corresponding monoblock 
geometry by about 25 % (excluding the armour cost). 

- The armour cost is reduced by about 50 %. 

- The width of the VT unit can be increased appreciably. 

- The surface temperature is more uniform. 

- It has a higher critical heat flux limit and a lower 
pumping power with respect to the “swirl tube” with a 
twisted tape having a twist ratio of 2. 

- A curved component can be manufactured without 
adding significant manufacturing issues. 

- The thickness of the cooling tubes is not intrinsically 
limited to 1 mm as for the monoblock geometry. It is 
worth noting that the cooling tubes represent the only 
boundary between the pressurised water coolant and the 
plasma vacuum chambers. 

- It is a more mature technology and is already foreseen 
in existing tokamaks. 

 

However the following issues needs to be investigated: 

- It generates significantly higher cyclic thermal stresses 
than monoblock geometry; therefore the thermal fatigue 
lifetime is lower (19 MW/m2 x 1000 cycles vs. 24 
MW/m2 x 1000 cycle for a flat tile and monoblock 
geometry, respectively). This is particularly important in 
the bottom part of the VT where the highest heat flux 
will occur. 

- In the case of a convective heat flux, as for the lower 
part of the VT, one should also take into account that if 
one tile falls off, the adjacent tile receives an extremely 
high heat flux localised on its edge as a consequence of 
the glancing incidence. As a result a rapid temperature 
rise occurs in the armour - heat sink joint, which might 
seriously damage the joint. The heat flux to the coolant 
also increases significantly thus causing possible critical 
heat flux problems. 

 
This last point is the objective of this task. 
 
MOCK UPS DELIVERY  
 
Four mock-ups were delivered by Plansee Company 
(figure 1). Two of them were made of NB31 CFC flat tiles 
bonded to a hypervapotron CuCrZr heat sink 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1 : The 4 mock-ups as delivered by Plansee 
 
The amour is composed of 25 19.2x27 mm2 tiles each of 
them being 6 mm thick except some tiles which are 
machined to 5 mm: tiles 6, 10, 13, 21 on the whole surface, 
15 on the second half and tile 18 on the first half (figure 2). 
 
SATIR TESTS AND FE200 SCREENING 
 
SATIR tests did not give good results due to the lack of 
reference elements (figure 3). In these conditions it is very 
difficult to find correlations between SATIR testing and 
screening. The screening show rather good mock-ups with 
temperature at 6.4 MW/m2 between 450 and 550 °C, the 
machined parts with lower temperature are well visible 
(figure 4). 
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Figure 2 : Tile machining on the NB31 CFC mock-up 
 

 
 
 
 
 
 
 
 
 
 

Figure 3 : Tile machining on the NB31 CFC mock-up 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 : Screening at 6.4 MW/m2 showing well the machined parts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 : Comparison of heat flux profile at the CFC-Cu interface 
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TESTS WITH NORMAL INCIDENCE 
 
It was shown by calculation (figure 5) that it can be 
possible to have almost the same heat flux at the CFC-Cu 
interface with a normal incidence profile than with a 
glancing incidence of 3°. As normal incidence tests are 
routinely operated in the FE200 it was decided to perform 
first a normal incidence testing. 
 
Only one mock-up (CFC-5) was tested on 2 zones 
(figure 6). The incidence was 95° in order to avoid CHF 
between the tiles. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 : View of the 2 NB31 CFC mock-ups 
in the vacuum chamber 

 
The results obtained were rather in agreement with initial 
calculations with a surface temperature of 3015°C and a 
high erosion of the tile. Three hundred cycles were 
performed with the profile 10s on a zone and 10s on the 
other. The detail of the cycles is given table 1. The CFC/Cu 
bond was not damaged at the end of the tests but an 
important erosion of the CFC was observed (1.3 mm) 
(figure 7). 
 

Table 1 : Cycling with normal incidence 
 

 
 
 
 
 
 
 
 
 
 
 
 
TESTS WITH GLANCING INCIDENCE 
 
The principle layout of this test is given figure 8. The two 
mock-ups are positioned in the vacuum chamber so that an 
angle of about 3° with the beam is obtained (figure 9 and 
figure 10). The CCD camera was moved to the lateral 
window so that to obtain a front view of the mock-ups 
during the test (figure 10). A total of 500 cycles were 
performed at 190 MW/m2 (equivalent to 10 MW/m2 in 
normal incidence). The tile leading edges erosion occurred 
in 1 or 2 cycles only, and both IR and CCD views showed a 
stable situation for the rest of the cycles (figure 11). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure  7 : Calculation, profile, IR view during the tests, 
and eroded surface at the end 

 
 

 
 
 
 
 
 

Figure 8 : Principle lay out of the glancing incidence test 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 9 : The two mock-ups installed in the vacuum 
chamber for glancing incidence tests 

20

190 MW/m²

alpha ~ 3°

P 2 x P

20

190 MW/m²

alpha ~ 3°

P 2 x P

10 MW/m2 

90 MW/m2 



 - 70 - EFDA technology / Vessel/In-Vessel / Plasma Facing Components 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10 : Lay out of the glancing incidence test 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 : IR view, CCD view and photograph 
of the mock-up at the end of the test 

 
After the 500 cycles a shot of 1000 s was performed in 
order to check the stability of the IR image (table 2). After 
the test the mock-up showed an important shaping of the 
leading edges, but no damage of the CFC/Cu bond could be 
seen. The cascade failure did not occur. 
 

Table 2 : Cycling with glancing incidence 
 
 
 
 
 
 
 
 
 
 
 

CONCLUSION  
 
 
The expected phenomenon of cascade failure did not occur 
during the tests, showing that the hypervapotron cooling is 
probably more efficient than calculated. This concept of 
hypervapotron heat sink armoured with CFC flat tiles 
becomes then an attractive alternative design for the 
vertical targets of ITER. 
 
The task will continue in 2003 with the tests on the 
Tungsten mock-ups. 
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TW0-T438-01 
 
Task Title: DEVELOPMENT AND TESTING OF TIME RESOLVED EROSION 

DETECTING TECHNIQUES 
 
 
INTRODUCTION 
 
 
Carbon based material is widely used as plasma facing 
component in present fusion device due to its good 
thermophysical properties. This is also the material selected 
for the ITER divertor. Nevertheless, physical and chemical 
sputtering yield of carbon are important and this lead to 
high erosion rate. As a consequence, the large carbon 
source reacts with the plasma and creates a very complex 
Plasma Wall Interaction physic. In particular, carbon 
redeposition may occur when carbon atoms or ion return to 
the wall. Because of the reactivity of carbon with hydrogen, 
carbon layers are built up with a large  hydrogen isotope 
content. In the case of ITER, the tritium retention in these 
carbon redeposited layers may limit the operation for safety 
reason. 
 
So far, only basic erosion and redeposition measurements 
have been undertaken in present tokamak and none of them 
can provide in situ a time resolved erosion/redeposition 
measurement. 
 
In the framework of the CIEL program [1], it is planed to 
obtain in Tore Supra high performances long time 
discharges (up to 1000 s). For such a duration, erosion of 
plasma facing components may become very significant. 
Therefore, Tore Supra being the only tokamak where 
erosion/redeposition for a single shot is similar to that 
expected in ITER, in situ diagnostic should be developed 
and tested in order to demonstrate our capability to monitor 
the codeposition process in ITER. 
 
PREVIOUS RESULTS 
 
For a 1000 seconds discharge, the resulting gross erosion 
on the LPT in CIEL was estimated to be in the range of 
1020C per cm2 or 10 µm. Previous measurements performed 
on actively cooled carbon limitor on inner wall [2] have 
shown that the net erosion rate can be reduced, due to local 
redeposition, by 2 orders of magnitude. As a consequence, 
the erosion and redeposition process to measure should be 
in the range from 0.1 to 10 µm for a single discharge. From 
bibliography analysis [3], Speckle interferometry has been 
retained as the most promising technique. 
 
Preliminary experiments [4] showed the feasibility of such 
technique on a carbon fibre material and provided 
qualitative and quantitative information on surface 
displacement. It was also shown that 2 wavelengths are 
required for a tokamak application. By using a second laser, 
it is possible to measure the relative displacement and to 
perform a shape measurement of the object to analyse. 
According to the proposal made last year [3], 2-wavelength 
speckle interferometry has been investigated. 

2002 ACTIVITIES 
 
 
The main objectives of the work performed in 2002 was to 
define the specifications of the lasers (wavelength, 
linewidth, power, pulse duration, frequency…) required for 
the speckle interferometer. For that purpose, different lasers 
source have been tested. Experiments have been performed 
in CEA Saclay by using a continuous and accordable Dye 
laser pumped with an Argon laser. The argon laser has an 
output power of 10 W at 514 nm and the Dye laser about 
400 mW at 570 nm. 
 
The laser beam was transmitted to the speckle 
interferometer through a 50 m optical fibre. The coherence 
length of such a laser is very large (~ 300 m) due to the 
very small linewidth of this laser (Ring CR-699 from 
Coherent). Depending of the values of the wavelengths, the 

synthetic wavelength, 
θ⋅λ−λ

λ⋅λ=Λ
cos21
21  could be varied of 

several order of magnitude, in order to be adjusted to the 
range of the measurement to perform. Temporal Phase 
shifting technique with 4 phases has been used for each 
wavelength. 
 
From the eight pictures acquired, we calculated two phase 
images (one for each wavelength). By differentiation of 
these two phase images, we obtain a 3D measurement of 
the object. 
 
First experiments have been conducted on a 1 € coin, by 
using laser wavelength of 572,250 and 573,000 nm, 
resulting in a synthetic wavelength, Λ of 438 nm. The 
figure 1 shows the contour plot of a 3D view of 1€ coin as 
well as a line profile across the coin, showing a relief value 
in the range of 200 µm. 
 
Nevertheless, the device is very sensitive to vibrations, 
which caused great difficulties to get correct measurements. 
Therefore, a pulsed laser with a short pulse length (few ns) 
is required in order to “freeze” the vibrations. Following 
these experiments, a Call for Tender has been launched for 
the procurement of a pulsed and accordable laser with a 
large coherence length. 
 
The system which has been retained consists of a dye laser 
pumped by a pulsed Yag laser from Continuum. The lasers 
have been delivered at Cadarache in December. The 
installation in a clean room and commissioning are under 
progress. 
 
In May, a paper has been presented at the PSI conference in 
Gifu, Japan and in November, an oral presentation has been 
done at a conference hold by the Societe Francaise 
d’Optique in Bordeaux 
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Figure 1 : Contour plot of a 3D measurement of 1 €uro coin performed 
with continuous dye laser and horizontal line profile across the coin 

 
CONCLUSIONS 
 
 
Two-wavelength speckle interferometry measurements 
were conducted by using an argon and a dye laser. First 
experiments performed in CEA Saclay with a continuous 
laser using two wavelengths at 572.250 and 573.000 nm has 
provided 3D measurements in the range of 200 µm on a 1 € 
coin. This device was found to be very sensitive to 
vibrations. On the basis of these experiments, a new device 
based on pulsed and accordable laser was defined and 
specifications of the lasers required for a speckle 
interferometer were issued accordingly. 
 
The lasers have been delivered at Cadarache, installation in 
a clean room and commissioning are under progress. 
Further experiments with 2-wavelength Speckle 
interferometry are planed in a CEA laboratory to validate 
the proposed design prior to a possible installation on Tore 
Supra. In particular we will investigate methods to increase 
the dynamic range and the resolution of the depth 
measurements and we will study the behaviour of the 
speckle interferometry measurements as function of the 
surface  roughness of the material. 
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TW1-TVP-CFC1 
 
Task Title: NEUTRON EFFECTS ON DIMENSIONAL STABILITY AND 

THERMAL PROPERTIES OF CFCs 
 
 
INTRODUCTION 
 
 
Carbon Fiber Composites (CFCs) are considered as an 
attractive choice for high heat flux components in existing 
and forthcoming tokamaks such as ITER. Two CFCs are 
particularly interesting for fusion devices: NB31 from SEP 
which is a 3D CFC constituted by a NOVOLTEX preform, 
with P55 ex-pitch fibers in the high thermal conductivity 
direction and NS31 which is a Si doped 3D N31 CFC [1]. 
 
The aim of this report is to give specific heat capacity and 
thermal conductivity changes of NB31 CFC and NS31 CFC 
irradiated at low temperature (250°C/260°C) in the 
PARIDE (PlAsma facing mateRIals for ITER and DEMO) 
irradiations. These irradiations take place in the High Flux 
Reactor for two neutron damage levels: 0.24 dpa.g 
(PARIDE 3) and 0.83 dpa.g (PARIDE 4). Moreover the γ 
activity of the different radionucleides contained in these 
two CFCs have been measured. 
 
Initially the thermal conductivity of these two irradiated 
CFCs had to be measured ; unfortunately, the γ dose rate of 
irradiated NS31 thermal diffusivity samples was too high, 
and their thermal conductivity could not be measured in our 
glove-box facility. So, only the NB31 thermal conductivity 
was measured. 
 
A second irradiation with the same CFCs was carried out in 
SINTEZ reactor (Russia) at 100°C and at low neutron 
damage levels (0.001 dpa, 0.003 dpa, 0.01 dpa, 0.03 dpa, 
0.1 dpa). But irradiated samples are not yet available. 
 
 
2002 ACTIVITIES 
 
 
POST-IRRADIATION RESULTS OF HIGH 
THERMAL CONDUCTIVITIES CFCs [2] 
 
The density measurements of the NB31 samples were 
carried out in the ForschungsZentrum Juelich (FZJ, 
Germany). The NB31 density changes were 0.05 % in the 
PARIDE 3 irradiation, and 0.52 % in the PARIDE 4 
irradiation. The density changes in both irradiations are 
negligible. 
 
NB31 heat capacities after irradiation in PARIDE 3 and 
PARIDE 4 were measured with a SETARAM DSC 111G 
calorimeter. The results show that there is no change in 
NB31 heat capacity (according to the fact that uncertainty 
on the Cp measurement is ± 2.5 %) whatever are the 
irradiation conditions 260°C/0.24 dpa.g or 250°C/ 
0.83 dpa.g. 

After irradiation at 250°C/0.83 dpa.g, the NS31 heat 
capacity increases of 3-4% at 25°C and 50°C; for higher 
measurement temperatures, there is no change in NS31 heat 
capacity. 
 
NB31 thermal conductivities (Ki) were calculated using 
results of average irradiated thermal diffusivities (Dirr) 
measured by laser flash method, average irradiated heat 
capacities (Cpirr) and average densities of irradiated 
materials (ρirr). Thermal expansion coefficients of the 
unirradiated materials were used for ρirr calculations at high 
temperature : 
 

[ ])C25CT())z()y()x((1
)C25(

)CT(
irr

irr
°−°×α+α+α+

°ρ=°ρ  

 
with : α(x) : average thermal expansion coefficient (20°C-

800°C) of the unirradiated material in the x 
direction 

 α(y) : average thermal expansion coefficient (20°C-
800°C) of the unirradiated material in the y 
direction 

 α(z) : average thermal expansion coefficient (20°C-
800°C) of the unirradiated material in the z 
direction. 

 
The irradiated NB31 thermal conductivity is given by the 
relation: 
 

Ki = Dirr ×× Cpirr ×× ρρirr 

 
The NB31 thermal conductivity results in the high thermal 
conductivity direction show a large decrease after 
irradiation in PARIDE 3 and PARIDE 4 (table 1). 
 

Table 1 
 

THERMAL CONDUCTIVITY OF NB31 IN X DIRECTION 

 Unirradiated 
PARIDE 3 

(260°C/ 0.24 dpa.g) 
PARIDE 4 

(250°C/ 0.83 dpa.g) 

Measurement 
temperature 

(°C) 

K0 

(W.m-1.K-1) 
Ki 

(W.m-1.K-1) 
Ki / K0 

Ki 

(W.m-1.K-1) 
Ki / K0 

25 352.3 56.3 0.160 35.7 0.101 

50 337.6 58.0 0.172 36.9 0.109 

100 325.0 61.4 0.189 39.5 0.122 

150 313.9 64.2 0.204 41.4 0.132 

200 300.0 66.2 0.221 43.0 0.143 

250 284.4 67.6 0.238 44.1 0.155 



 - 74 - EFDA technology / Vessel/In-Vessel / Plasma Facing Components 
 

Moreover, we noticed that before irradiation, the NB31 
thermal conductivity at 250°C was 3.1 times higher in the X 
direction than in the Z direction ((K0X/K0Z)250°C = 3.1). After 
irradiation at 260°C/0.24 dpa.g, this ratio ((KiX/KiZ)250°C) 
decreases to 2.7; and after irradiation at 250°C/0.83 dpa.g, 
to 2.6. 
 
This means, that the thermal conductivity in the X direction 
(high thermal conductivity direction) degrades a little more 
under irradiation than in the Z direction (low thermal 
conductivity direction). 
 
In PARIDE 3 and PARIDE 4 experiments, irradiation 
temperatures are the same; even though the damage is 3.5 
times higher in PARIDE 4 than in PARIDE 3. So, it is 
interesting to compare the neutron damage effect on the 
normalized thermal conductivity (Ki/K0) in the three 
directions (table 2). When the neutron damage increases by 
a factor 3.5, the NB31 normalized thermal conductivity at 
250°C decreases of 35 % in the X direction, 39 % in the Y 
direction and 31 % in the Z direction. 
 

Table 2 
 

 
(Ki/K0)250°C 

X direction 
(Ki/K0)250°C 

Y direction 
(Ki/K0)250°C 

Z direction 

PARIDE 3 
260°C / 0.24 dpa.g 

0.238 0.289 0.269 

PARIDE 4 
250°C / 0.83 dpa.g 

0.155 0.177 0.186 

 
In previous works, we have shown that A05 CFC 
normalized thermal conductivity at 400°C and at 600°C is a 
logarithmic function of neutron damage, in a wide range of 
neutron damage (from 9.10−4 to 1.8 dpa.g) [3]. 
 
In previous works, we have shown that the normalized 
thermal conductivity at the irradiation temperature 
((Ki/K0)Tirr ) of all investigated CFCs increases with 
increasing irradiation temperature between 400°C and 
1500°C [4] (table 3).The NB31 normalized thermal 
conductivitiy (Ki/K0)250°C  is 0.16, after irradiation at 250°C/ 
0.83dpa.g (almost 1 dpa.g). So it is clear that a low 
irradiation temperature avoids the annealing of the defects 
created by the neutron irradiation, therefore the propagation 
of the phonons along the graphitic planes is slowed down 
inducing a decrease of the thermal conductivity. 
 

Table 3 
 

Irradiation 
temperature 

(°C) 

High K0 CFCs 
(K0 > 300 W.m-1. 

K-1 at 25°C) 
(Ki/K0)Tirr  at 1 dpa.g 

Low K0 CFCs 
(K0 > 100 W.m-1. 

K-1 at 25°C) 
(Ki/K0)Tirr  at 1 dpa.g 

400 0.30 - 0.35 0.30 - 0.35 

600 0.55 - 0.60 0.60 - 0.65 

800 0.75 - 0.80 0.85 - 0.90 

1000 0.80 - 0.85 0.95 – 1 

1500 1 1 

 

γ spectrometry measurements were carried out in order to 
get an estimated value of the samples activity. The total 
average specific activities are: 
 
- NB31 irradiated at 260°C/0.24 dpa.g : 4300 Bq/g 

(december 2002). 
 
- NB31 irradiated at 250°C/0.83 dpa.g : 11400 Bq/g 

(december 2002). 
 
- NS31 irradiated at 250°C/0.83 dpa.g : 280 kBq/g 

(december 2002). 
 
The distribution of the total activity according to the main 
different radio-isotopes shows that the γ activity is mainly 
due to 60Co. 
 
CONCLUSION 
 
The main conclusions which can be drawn are: 
 
- The thermal conductivity changes are mainly determined 

by the thermal diffusivity changes. There is no density 
and heat capacity changes after irradiation.  

 
- The thermal conductivity in the high thermal 

conductivity direction (X direction) degrades a little 
more under neutron irradiation than in the two others 
directions (Y and Z direction).  

 
- At low irrradiation temperature (250°C/260°C), for a 

neutron damage increase of 3.5, the ratio (Ki/K0)250°C 
decreases of 31-39% according to the different 
directions.  

 
- For high thermal conductivity CFCs, irradiadiated at 

250°C/0.83 dpa.g, the ratio (Ki/K0)Tirr is as low as 0.16. 
So it is obvious that the normalized thermal conductivity 
decreases with decreasing irradiation temperature. 

 
- The NB31 and NS31 γ activities after irradiation at 

250°C/0.83 dpa.g are 11.4 kBq/g and 280 kBq/g 
respectively. In both cases, the γ activity is mainly due 
to 60Co. 

 
 
REPORTS AND PUBLICATIONS 
 
 
[1] Simulation experimental investigation of plasma off-

normal events on advanced silicon doped CFC-NS31. 
 J.P. BONAL, C.H. WU, D. GOSSET. 
 Journal of Nuclear Materials 307-311 (2002) p. 100-

105. 
 
[2] Therrnal properties changes of carbon fiber 

composites irradiated at low temperature. PARIDE 3/4 
experiment. 

 J.P. BONAL. 
 Rapport DMN SEMI/LM2E/RT/03-009/A. 



 - 75 - EFDA technology / Vessel/In-Vessel / Plasma Facing Components 
 

[3] Neutron induced thermal properties changes in carbon 
fiber composites irradiated from 600 to 1000°C. 

 J.P. BONAL, C.H. WU. 
 Journal of Nuclear Materials 230 (1996) 271-279. 
 
[4] Overview of EU CFCs development for plasma facing 

materials. 
 C.H. WU, C. ALESSANDRINI, J.P. BONAL, H. 

GROTE, R. MOORMANN, M. RODIG, J. ROTH, H. 
WERLE, G. VIEIDER. 

 Journal of Nuclear Materials 258-263 (1998) 833-838. 
 
 
TASK LEADER 
 
 
Jean-Pierre BONAL 
 
DEN/DMN/SEMI/LM2E 
CEA Saclay 
91191 Gif-sur-Yvette Cedex 
 
Tél. : 33 1 69 08 50 58 
Fax : 33 1 69 08 90 82 
 
E-mail : jean-pierre.bonal@cea.fr 



- 76 - EFDA technology / Vessel/ln-Vessel / Plasma Facing Components



 - 77 - EFDA technology / Vessel/In-Vessel / Remote Handling 
 

T329-5 
 
Task Title: IN-VESSEL RH DEXTEROUS OPERATIONS 
 
 
INTRODUCTION 
 
 
The T329-5 project aims at demonstrating the feasibility of 
effective remote handling dexterous operations for the 
Divertor maintenance. 
 
A derived goal is the development of the missing 
technology required to achieve the primary objective. 
 
A major difficulty that must be overcome is the lack of 
useful video feedback due to the level of radiation 
encountered inside the reactor vessel.  
 
The remote handling operations have thus to rely on a 
supervisory control scheme based on augmented reality. 
Under this approach, a virtual computer model duplicating 
the real environment is used both to provide visual 
feedback and to support high-level target-oriented motions. 
From a robotics point of view, the key points are: 
 
- the use of a supervision interface implementing a robot 

graphical control language, 
 
- the calibration of the prototype manipulator arm, 
 
- the registration of the environment objects wrt. the robot 

reference frame. 
 
The previous year has seen the performing of a 
representative maintenance operation with the full benefit 
of a virtual environment model. For this purpose, a 
MAESTRO master-slave hydraulic manipulator having a 
load capacity of 100 kg (equivalent to its weight) has been 
integrated inside the DTP (Divertor Test Platform) located 
at the ENEA Brasimone site. 
 
This robot system has been used to lock and unlock 
Cassettes that are laid on two rails at the bottom of the 
toroidal vessel. 
 
With the achievement of a long distance teleoperation 
demonstration and the evaluation of a water hydraulic one-
axis mock-up, the main part of task T329-5 has been 
successfully completed. 
 
After a number of problems impairing the use of the 
MAESTRO system for "blind" nuclear maintenance have 
been revealed during preliminary tests, the development of 
a new generation MAESTRO has been started.  
 
The updated design has been completed and approved in 
mid-2001 and the 2002 activity (actually the final 
workpackage of task T329-5) consisted in the 
commissioning of the new and more reliable hydraulic arm 
better suited to the operational needs than the prototype. 

2002 ACTIVITIES 
 
 
The new MAESTRO hydraulic manipulator has been 
designed in order to ease maintenance and 
decontamination, as well as to increase its performances. 
The main modifications are: 
 
- Revision of the position sensor (resolver) assemblies : 

the sensors are now more linear and they can be 
dismantled for calibration on a test-bed. 

 
- Optimisation of the resolver cabling coupled with new 

processing boards in order to reduce noise. 
 
- Significant reduction of the number of turning seals 

resulting in less friction and better performances. 
 
- Increased modularity : axis nos 4 and 5 are now 

identical, while axis nos 2 and 3 are almost the same. 
 
- Enhanced quality of the utilized seals leading to the 

disappearance of oil leaks. 
 
- Enlarged cable holes and maintenance access panels. 
 
- All the servo-valves are presently located inside axis no. 

4 and can be easily maintained. 
 
- More robust and more efficient mechanical design of 

both the gripper and the tool fixing device. 
 
- Provision for using pressure-servos in place of flow-

servos ; the former being simpler with better 
performances from a control point of view. 

 

 
 

Figure 1 : The new Maestro manipulator commissioned 
at Fontenay-aux-Roses 
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Figures 2 and 3 : Servo-valves located inside axis no. 4 
 
The manipulator and its control cabinet has been developed 
by CYBERNETIX (Marseilles) and both components were 
available at the beginning of 2002. Our activity in 2002 was 
fully related with the validation of the arm. As far as 
factory receipt is concern, the only notable event is the 
initial refusal of the manipulator collection due to an 
important oil leak. The trouble were corrected and the arm 
was accepted later. In a second step the arm has been 
commissioned in Fontenay-aux-Roses without significant 
difficulties. 
 
 
CONCLUSIONS 
 
 
2002 thus concludes task T329-5. The MAESTRO system 
has been developed and prepared for the DTP remote 
handling test campaign. It has then been shipped to 
Brasimone and integrated inside the existing installation. At 
the end, the Cassette locking/unlocking task was 
successfully demonstrated. Beyond this technical 
achievement, the experiments made in Brasimone have 
provided worthwhile feedbacks about the system itself and 
"blind" remote handling in general: 
 
- The TAO2000 system has proved its capability as a 

reliable advanced telerobotics controller. 

- As far as "blind" remote handling is concerned, it has 
been proved that all the tool displacement motions could 
be reasonably performed based on the 3D model. On the 
other hand, it is clear that the accuracy of the modelled 
environment and the arm calibration errors (about 
1-2 cm) preclude any "blind" operation of the current 
tools, especially since these tools were not designed 
having in mind comfortable positioning tolerances. 
Moreover, because the manipulator often operates close 
to its singular positions and mechanical limits, it is not 
considered safe for the time being to dispense with large 
field of view cameras. 

 
Two realistic goals may thus be expressed : 
 
- suppress the large-view video by a better management 

of the singular and joint limit positions using dedicated 
simulation tools during the mission preparation phase, 

 
- decrease the need for close-view video through a better 

design of the tools. 
 
Additionally, a number of drawbacks have been identified 
on the prototype MAESTRO hydraulic arm. 
 
These were rectified on a new design that was validated 
during this year. 
 
These experiments have shown that we now have available 
a hydraulic manipulator that is quite efficient in terms of 
accuracy (the prototype was mainly impaired by defective 
resolver assemblies), calibration (the new position sensors 
can be calibrated on a test-bed), smooth control and 
operability (absence of oil leaks, maintenance, …). 
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TW0-DTP/1.2 
TW0-DTP/1.4 

TW1-TVA-IVP 
TW2-TVR-IVP 

 
Task Title: IN-VESSEL PENETRATOR (IVP) 
 PROTOTYPICAL MANIPULATOR FOR ACCESS THROUGH IVVS 

PENETRATIONS 
 
 
INTRODUCTION 
 
 
This project takes place in the Remote Handling (RH) 
activities for the next step of the fusion reactor ITER. The 
aim of the R&D program is to demonstrate the feasibility of 
close inspection of the Divertor cassettes and the Vacuum 
Vessel first wall of ITER. 
 
We assumed that a long reach and limited payload carrier 
penetrates the first wall using the 6 penetrations evenly 
distributed around the machine and foreseen for the In-
Vessel Viewing System (IVVS). 
 
The need to access closer than the IVVS to the Vacuum 
Vessel first wall and the Divertor cassettes had been 
identified. This is required when considering inspection 
with other processes as camera or leak detection. 
 
The objective of this task is to demonstrate the feasibility of 
such operations along the vacuum vessel wall with access 
from existing IVVS penetrations. This carrier will be called 
In Vessel Penetrator (IVP). 
 
This task began in 2000 includes design activities, 
manufacture and testing of a demonstrator of an articulated 
manipulator. First scope of the work concerned the analysis 
of the requirements to perform a realistic operation inside 
the Vacuum Vessel with access through the IVVS 
penetrations. 
 
This phase had end up with a conceptual design of the IVP 
manipulator with 5 modules, 11 degrees of freedom and a 
parallelogram structure. 
 
A scale one mock up of representative this segment was 
manufactured, focusing first on proof of performances in 
scope of mechanical structure resistance. This mock up was 
tested in 2001 and gave good results, static parameters have 
been measured and introduced in the design, the 
calculations of the complete robot are validated. The 
module structure has a good mechanical behaviour. 
 
In parallel, a study technologies able to be used for the IVP 
design under vacuum and temperature was started. Some 
were validated to design an IVP able to cop with ITER 
environment conditions but an effort should be done to 
cover all the problem. 

The next step of this study was the design of a completely 
integrated vacuum prototype to be tested under ITER 
relevant conditions. This was the main task performed 
during 2002. 
 
 
2002 ACTIVITIES 
 
 
VACUUM AND TEMPERATURE TECHNOLOGIES 
FOR THE IVP 
 
A feasibility study of intervention operation under vacuum 
made in 2000-2001 and provided recommendations to 
modify the design for intervention under vacuum and 
temperature, some technologies were selected and tested in 
2001. 
 
The test of these suitable technologies were pursued in 
2002, focussed on the critical ones : the thermal treatment 
to use bearings without lubrication and the electronics. 
 
Tests of dry lubricated bearing was performed with a 
thermal treatment of Teflon (Nuflon) coating. 
 
The results show that this could be used as dry lubrication 
of the IVP bearings under temperature and vacuum (Teflon 
has a good outgassing rate). 
 
But the relatively short life of the coating will imposed 
some preventive and regular maintenance of the IVP 
modules to replace the needles of the bearings. 
 
These tests of thermal treatment on bearings could be 
pursued in the next phase to improve the life time of 
lubricant. 
 
The selected components to be used in the IVP electronics 
are HCMOS military components with ceramic case. 
 
As many components are available in HCMOS, it is 
possible to use a Neurobot architecture, which is a serial 
data network, which main advantage is to limit the wiring 
between two modules and was already used in robotic 
nuclear environment. 
 
A board was manufactured (see figure 1) and tested under 
temperature. 
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Figure 1 : Prototype Neurobot board 
 
After several hundred hours of test, we have proved that the 
HCMOS non-power electronics is very reliable. All the 
electronics function as well at 20°C as at 160°C. The baking 
temperature test is also a success, as the whole Neurobot 
board has withstood temperatures has high as 240°C for 5 
hours. 
 
The power electronics is a more complex problem, because 
of the important dissipation of heat which raises the 
temperature of the junctions. Many solutions exist, cooling, 
specific electronics, and would be reliable. They will be 
compared during the next phase of the project. 
 
DESIGN OF A VACUUM AND TEMPERATURE 
HARDENED DEMONSTRATOR MODULE 
 
The design of the vacuum and temperature prototype 
module was focused, as for the electromechanical 
demonstrator, on the base module (the most heavily loaded 
of an IVP robot) with 2 degrees of freedom. 
 
The requirements for the prototype demonstrator robot are: 
 
- 8 meter length and 10 kg payload, 

- 5 modules with rotation and elevation axis, 

- to be ITER relevant for use conditions of vacuum and 
temperature, 

- to be tested on an existing Fusion reactor. 
 
The results of the geometric study used as basic data’s for 
the design and the calculations of the IVP are: 
 
- The IVP is made of 5 identical modules, with jaw an 

pitch joints each and an external diameter of 160 mm. 
 
- A parallelogram structure (four bars mechanism) keeps 

the jaw joint axis always vertical. 
 
- The IVP is powered by electrical motors. 

- The electronics and the actuators are embedded in 
sealed box to permit the use of grease and non hardened 
components. 

 
- The bearings are treated with dry lubricant to insure no 

pollution of the vacuum.  
 
The assembly drawing of one module of the IVP is 
presented in the figure 2: 
 

 
Figure 2 : IVP vacuum module design 

 
MECHANICAL MODELLING OF THE DYNAMICS 
OF THE IVP DEMONSTRATOR MODULE 
 

 

Figure 3 
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The IVP is a poly articulated robot characterized by a high 
length/section ratio. In order to improve its endpoint’s 
position accuracy, a realistic mechanical model of the robot 
has to be built. The quasi static model of the structure will 
take into account the flexibilities of the different parts of the 
robot but also the geometrical parameters of the structure. 
 
The final objective is to built a dynamic model of the full 
IVP robot 
 
A flexible model of a similar smaller robot already existing 
in CEA was previously identified. 
 
The model had to be adapted to the IVP. The main 
modifications were focused on the motorization. 
 
A test campaign on the first module was performed with the 
support of ENEA Frascati. The survey consisted to measure 
the static positions and continuous motions of the robot by a 
laser process. 
 
The data analysis from the static measurements shows the 
position of structure’s flexibilities and enables the 
identification of the geometrical parameters. The results 
point out that the main deformation is situated at the base in 
bending loading and divided in the tube and the 
parallelogram in torsion loading. 
 
This first qualitative analysis will be used as inputs for the 
next IVP design phase. 
 
The continuous tests allow us to identify the stiffness 
parameters of the structure. 
 
Further works will consist in developing a non linear and 
multivariable optimisation algorithm in order to match the 
position of the endpoint Cartesian coordinates from model 
to the measures. The identified stiffness parameters will be 
used as the first step for the optimisation. 
 
By assembling the model for the five segments, we will be 
able to collect information on the full robot, essential as 
input to the next design phase. 
 
 
CONCLUSIONS 
 
 
The IVP feasibility study performed in 2000 - 2001 was 
continued with the design of a prototype module. 
 
The needed vacuum and temperature technologies are 
validated to design an IVP able to cop with ITER 
environment conditions and had been integrated in the 
design of the prototype module.  
 
A mechanical flexible model of the IVP demonstrator 
module was identified with the support of ENEA and by 
assembling the model for the five segments, we will be able 
to collect information on the full robot, essential as input to 
the next design phase. 

The next step of this study is the manufacture and testing of 
a completely integrated vacuum prototype to be tested 
under ITER relevant conditions. 
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TW1-TVA-BTS 
 
Task Title: BORE TOOL SYSTEMS (BTS) 
 CARRIER AND BORE TOOLS FOR 4" BENT PIPES 
 
 
INTRODUCTION 
 
 
This project is an R&D program in remote handling 
activities for Fusion reactor In Vessel maintenance. The 
removal/installation of Vacuum Vessel components often 
requires cutting, welding and inspection of cooling pipes. 
To allow the replacement of these components while 
minimising the space requirements, bore tools are preferred 
to orbital tools for these operations. 
 
Following the latest ITER developments, an effort to 
standardise the pipes inside the cryostat is underway. One of 
these standards could be 4" pipes (100 mm ID). These pipes 
will be bent with a bending radius greater than 400 mm and 
cutting / welding will be required up to 10 meters away 
from the tool insertion point. 
 
The objective of this task is to demonstrate the feasibility to 
operate with bore tools in 100 mm bend pipes and to study 
the associated mechanism required. This task includes 
design activities, manufacture and testing of a demonstrator 
of the basic steps of 100 mm bend pipes maintenance. A 
modular carrier design was proposed to fit the requirements: 
 
- Set up tools from pipe entry point to working zone 

(10 meters). 
- Position tools at the correct location. 
- Generate stress in pipe: 

* clamping on pipe, 
* compensate internal pipe stress after cutting 

(100 daN), 
* align two faces of pipe before welding (20 mm axial, 

10 mm radial 100 daN). 
- Provide necessary rescue functions. 
 
Process tools required for pipe repair are : 
 
- Milling, to cut 80 % of the pipe.  
- Final cutting with a swaging tool.  
- Tack welding.  
- Butt welding with filler metal.  
- Non destructive testing to check the quality of the 

operation. 
 
Feasibility of such a concept was studied during 1998. 
Manufacturing of a prototype carrier was made during 1999 
focusing on the most critical functions needed by the 
carrier. Clamping modules, an alignment module, a tack 
welding tool and a swaging tool were designed, 
manufactured and tested separately. Integrated tests on a 
swaging operation were made during 2001. The swaging 
tool was set into the carrier and operated under real 
conditions in order to make a validation of the final cutting 
sequence. 

Another answer to the cutting and welding operations by 
conventional means was studied. A laser tool was designed 
(see figure 1) and manufactured in order to achieve these 
two operations with a single tool and tested during 2002. 
 

 
 

Figure 1 : CAD model of the laser tool 
 
 
2002 ACTIVITIES 
 
 
TESTS OF THE LASER TOOL ON TEST BENCH 
 
Tests were performed during 2002 with the laser tool (see 
figure 2 and figure 3). 
 

 
 

Figure 2 : Laser tool after test on the bench 
 
Tuning of the process was fine but was finally successful. 
The integration of the tool in the carrier is just being started 
(see figure 4 and figure 5). 
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Figure 3 : Samples of weld and cut performed during the tests on the test bed 
 

 
 

Figure 4 : Integration  of the laser tool in the carrier 
 

 
 

Figure 5 : Laser tool in the carrier 
 
CONCLUSIONS 
 
 
An innovative modular system of carrier was proposed and 
designed. A prototype  dedicated to a single machining 
operation was manufactured. During a test campaign, final 
cutting of the pipe with a swaging tool was successfully 
performed under operating conditions very close to the 
initial requirements.  An alternative answer to the standard 
cutting and welding operations is currently being assessed 
with help of a laser tool.  
 
This work will be completed by a state of the art of all the 
existing solutions for Bore Tooling maintenance work 
developed for fusion or an other industry. 

This work will try to define the amount of R&D work that 
still lays ahead to satisfy ITER’s  requirements. 
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TW1-TVA-MANIP 
 
Task Title: IN-VESSEL DEXTEROUS MANIPULATOR 
 
 
INTRODUCTION 
 
 
Some operations involved in Fusion reactors require the use 
of a robotic manipulator. Within T329-5 Fusion task, some 
checks in the use of remote handling systems had been led 
at ENEA Research Centre of Brasimone (Italy) : a 
MAESTRO dexterous robotic manipulator (provided by 
CEA) and an advanced computer aided teleoperation system 
were involved to perform the in-vessel removal and 
installation of ITER Divertor cassettes from the CTM 
(Cassette Toroidal Mover) of the DTP (Divertor Test 
Platform). 
 
As such kind of interventions assume blind conditions, it 
will prove much relevant to take advantage of on-line 
dynamic simulations of the robotic system inside its 
environment, notably to bring condition monitoring 
information. This task intends to design and develop a 
demonstrator for Maestro manipulator system, answering 
this functionality. 
 
During 2001 activities, one reflected about the ways to 
perform on-line and real-time dynamic simulations of the 
system, considerating thus all subsequent parts of the 
trouble: modelization, ways of implementation, dynamic 
calculation for the mechanical part, link to the actuators 
model developed by IHA. 
 
Analyses on advantages and drawbacks of the potential 
ways to answer these parts had led to some preliminary 
choices: 
 
- modelization: 

 
* stressing the distinctive features of the geometric and 

inertial parameters of the Maestro arm. Assessment 
of the dynamic parameters (mass, inertia) thanks to a 
dedicated calibration campaign, 

 
* possible reviewing  of some of the servo-control 

loops one way, and of the IHA modelizations for the 
actuators the other way, 

 
- ways of implementation: 

 
* real-time dynamic simulation of the system at a 

upper level, which lets the simulation part 
independent from the low level real-time control 
loops,  

 
- simulation of the dynamic mechanical system: 

 
* developments based on Vortex real-time multi-

bodies system simulation engine,  

- link to the actuators model: 

 

* either use of the complete original model for the 
actuators or use of an equivalent reduced model 
(transfer function) calibrated upon IHA models and 
simulations, depending on preliminary checks with 
the dynamic simulator.  

 
 
2002 ACTIVITIES 
 
 
REAL-TIME DYNAMIC SIMULATION OF THE 
ARM 
 
First step consisted in designing and developing the virtual 
model of the Maestro manipulator, to check the feasibility 
of simulating in real-time the dynamics of the robotic arm 
inside a constrained  environment. 
 
The manipulator is depicted (using Vortex engine), as a 
rigid multi-bodies system, respecting the kinematics of the 
real arm. One can apply forces or torques, either to any 
body, or to the joints (allowing for instance joint control 
simulation). 
 

 
 
 
 
 
When the virtual arm moves in the scene, all constraints 
coming form the kinematics and the collisions with 
obstacles are answered in real-time, inducing a proper 
behaviour of the arm in the constraint environment : on the 
3D scene of Petrus room at CEA – Fontenay (including 
tubs, bent pipes and hoses) used as a study-case,  each 
simulation step could run within 3ms, warranting the real-
time requirement we need for monitoring ability. 
 
DRIVING OF THE VIRTUAL MANIPULATOR 
WITH A REAL MASTER CONTROL 
 
One then made the link between the simulation mock-up (of 
the virtual Maestro inside an environment) and a real master 
arm, in order to check a master-slave configuration, which 
respects what we are interested in for a monitoring task. 
 
The picture below brings the operational demonstration of 
driving in real-time the dynamic virtual model of the 
Maestro inside the Petrus environment, thanks to an 
Haption Virtuose 6D RV haptic device, while taking 
advantage of force feedback as the virtual arm meets the 
environment. 

« mechanical » dynamic 
model 

(C code + Vortex library) 

ττ  θθ  

θθ  
• 
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IDENTIFICATION OF THE MODEL PARAMETERS 
 
Last, a measurement campaign was led on CEA Maestro 
manipulator, using the Leica laser-tracker system of ENEA, 
in order to get back all required real geometric data of the 
arm.  
 
 
CONCLUSION 
 
 
Most of the software and architecture developments of the 
demonstrator have been performed, and the ability of 
simulating the dynamics of the mechanical system in real-
time is achieved.  
 
As the arm availability could not meet a more thorough 
measurement campaign (to identify the missing parameters) 
by the end of 2002, the task was extended to September 
2003. Further steps for global achievement will consist in: 
 
- dynamic identification of the mass, inertia tensors and 

friction parameters, 
 
- integration of these calibration parameters inside the 

simulator of the Maestro, and check for the realism: one 
will compare the torques, given by the TAO controller 
one way, and the simulator the other way, for some 
identical given joint and cartesian paths, asked 
separately the real arm and the virtual arm to follow, 

 
- off-line checks of the simulator behaviour, in two 

distinct configurations: motions in free space then 
collisions with obstacles. This will express how the 
simulator can monitor the system, and for instance 
detect a collision; it will rely on comparisons of  the 
torques and positions given by both real and virtual 
systems, in same configurations. Getting orders of 
magnitude on these values and also information about 
the dynamics of the simulation, will help assessing how 
fast and accurate events are given back, 

- reflections/developments to integrate the IHA model of 
the oil flow actuators: the use of the complete model or 
the implementation of an equivalent reduced one will be 
subjected to the results of the off-line behaviour of the 
simulator, 

 
- final analyses of the results and recommendations to 

implement on-line real-time condition monitoring. 
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TW1-TVA-RADTOL 
 
Task Title: RADIATION TOLERANCE ASSESSMENT OF REMOTE 

HANDLING COMPONENTS 
 
 
INTRODUCTION 
 
 
Works engaged on 2001 concerning the feasibility of a 
combined link (optic and electronic) between analog data 
(as simulation of a sensing information) and control room 
have been achieved by validation to ITER constraints of a 
prototype. 
 
According to synoptic and results given on [1], the expected 
components, VFC and PWM converters have been 
irradiated to ITER environments. 
 
In such conditions, only the PWM has achieved 
successfully the validating tests. Associated with 
optoelectronic components qualified by SCK, a full link has 
been designed. 
 
A state of the art concerning useful remote functions and 
sensors for embedded electronic for future ITER machines 
sensing has been also achieved. Then, lastly, evaluation of 
line drivers components able to enter in a bifilar or optical 
link have been done. 
 
FUNCTIONAL SYNOPTIC 
 
Synoptic represented on figure 1 summarises work engaged 
on this year. Upper sensors, connected with serialise 
framers, are integrated are common parts of embedded 
digital multiplexers. 

Framer function, mainly designed with logic components 
has been engaged. 
 
The full link; starting with analog to digital PWM 
conversion and directly connected to amplification and 
optoelectronic conversion (white box) has been designed, 
realised and validated for ITER constraints. 
 
Line drivers and receivers have been tested alone. 
 
Lastly, design of serialise framer has been started with 
recent CMOS technology components. 
 
The evaluation of these technologies have been done during 
T252 developments [2] [3]. Results on main functions 
(latches, serialiser, flip-flop) should be available on mid-
2003. 
 
 
2002 ACTIVITIES 
 
 
Works have started with the evaluation of the analog to 
digital converters, VFC and PWM functions. Control 
algorithm is very similar to those used during the previous 
evaluation campaign [4]. 
 
VFC components, ADVFC32 manufactured by Analog 
Devices, have been implemented on a new test bed (see 
figure 2). 
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Figure 1 : Synoptic concerning functions useful for ITER 
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Card has been submitted at a dose rate of 20-30 kGy/h of 
Gamma Rays at SCK/CEN facilities as shown on figure 2 
during April 2002. 
 
After few hours of correct comportment, total failure has 
occurred for each component. No exchange of components 
has been done because the access to the bottle was no so 
easy. The components have been kept under irradiation up 
to the level of 10 MGy. 
 
The curve shown on figure 3 (do not take into account the 
lack of X axe) gives frequency conversion with an 
appreciable linearity for both up and down voltage scale. 
After about two hours, drifts are observable for high voltage 
conversion. This state increases during the last control 
period. No more conversion was possible until this point. 
 

 
 

Figure 2 : Test card for SCK-CEN facilities 
 
No recovery has been observed few days after end of 
irradiation during and after the post-irradiated heated week 
at 150°C. Conditions of control were the same than during 
irradiation. 
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Figure 3 : Curve representative of ADVFC32 
before failure 

 
Next function to be studied is PWM conversion. 
 
The test card used for ADVFC32 components has been 
completed by two new NE555, manufactured by Texas-
Instrument, components. 

The test protocol was the same than for previous 
experiments with input voltage varying from 1,5 V to 5 V, 
by up and down 0,5 V step and a permanent state at 3 V. 
Control was done every 50 minutes. 
 
The experiment lasted up to 500 hours to reach 
approximately a total dose of 10 MGy with a temperature 
inside the bottle regulated around 50°C which correspond to 
the heating introduced by radiation. 
 
New experiment has been scheduled with NE555 and 
TLC551, both from Texas-Instrument, with common 
characteristics. One of the advantages is the conversion of 
input voltage triggered with an external clock. As timing 
curves from figure 5, it should be possible, with a duty 
cycle upper 90 % for the clock signal, to convert an input 
voltage from 0 to 5 V in a pulse with width varying from 
60 µs to 400 µs at clock frequency. 
 

 
 

Figure 4 : Test card on bottle before irradiation 
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Figure 5 : Evolution of NE555 Vmean 
(irradiation and post irradiation) 

 
At the end of the irradiation, the components were still alive 
and did not show lot dispersion for any of the converted 
voltage. Figure 5 represents behaviour of one of these 
components for input voltages from 5V to 1,5V by 0,5V 
step. 
 
The rebound phenomenon observed during the first hundred 
hours has been already seen on previous experiments in the 
case of T252 developments. 
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Often, it is followed by a quasi-permanent state, balance 
between radiation effects and overheating due the important 
dose rate of Gamma rays. 
 
A partial recovery has been taken place during the two 
weeks rest period. A heated week period at 150°C have 
achieved recovery and a plain dynamic of input voltage. 
 
The next evaluation concerning this component was 
combined irradiation with temperature around 120°C. Once 
again, no failures were observed and results have shown 
curves in the same order than those of figure 5. 
 
In any case, the components have passed with success these 
two particular tests. 
 
An other function to be evaluated is the AD534 analog 
multiplier. 
 
The test card (see figure 2) has been completed by two 
AD534 components. 
 
Chronograms of parameters have been registered directly on 
oscilloscope 3,5’’ storage disk, after adapted triggering 
from PC (every six hours) in order to avoid overflow of 
memory disk. Control algorithm is very similar to those 
used during the previous evaluation campaign [4] in order 
to reach NEUROBOT working conditions. 
 
An overview of results, given on [4] shows a continuous 
degradation of both AD534 components, leading to a 
probable lost of functionality. However, no fatal destruction 
seems to be arrived. The very similar comportments of the 
components during most of the irradiation let to think to a 
lack of lot dispersion. 
 
Two failures caused by irradiation can be proposed: 
modifications of translinear electronic multiplier function or 
modification of the bias conditions mainly regulated by a 
zener diode. 
 
Few days after end of the irradiation, a recovery period with 
heating at 150°C has allowed a quasi-full recovery of 
functionality after only one hour. 
 
Survey concerning main embedded electronic functions for 
remote handling machines developed by CEA for ITER 
modules has been done [5]. 
 
The key interest is focused on a new concept of electronic 
network chaining elementary cells placed as near as 
possible actuators or sensors they drive, in order to reduce 
umbilical and achieved mechatronic goals. 
 
An hybrid component has been developed to realise this 
function. Designed for low radiation level environment, the 
integration to ITER development needs to review main of 
the basic functions in order to respect radiation and 
temperature level. Most of the results issued of T252 
experiments could be used. Complementary studies are 
going on, especially with logic components. 
 

Finally, line drivers from LVDS latest technology have been 
experimented. Previous results, shown on [6] have given 
interesting results concerning the opportunity to use them at 
higher cumulated dose. 
 
Three emitters typed LVDS31 and three receivers typed 
LVDS32 from both Texas-Instrument and Pericom 
manufacturers have been used. In order to evaluate lot 
dispersion, only one element of each sample has been 
evaluated. 
 
Each hour, a clock signal at 100 kHz is sent to the 
embedded emitters in order to be converted on differential 
signals at LVDS level and transmitted out of irradiated area 
to reference receivers in control room. 
 
Then, the same clock signal is sent to reference emitter in 
control room in order to be converted. The differential 
signals are sent to embedded receivers. The logic signal is 
transmitted out of irradiated area in order to be measured 
and compared to the clock signal. Figure 6 represents the 
electronic schematic of the implantation. 
 

 
 
Figure 6 : Electronic schematic of embedded test functions 
 
The parameters followed during the experiment are the 
mean value and the frequency of receivers, irradiated and 
reference. 
 
During the irradiation at SCK facility, dose rate has been 
around 20 kGy/h for a temperature between 100 and 120°C 
(see figure 7). 
 
Even if some difficulties have perturbed the expected 
values, mainly due to noise in wires and connecting boxes, 
deficiency of components from TI was clearly shown in the 
first hours of irradiation. 
 
At the end of the campaign, most of Pericom components 
remained functional. It was notified that one of the emitters 
gave wrong mean value after 8,6 MGy. 
 
The post irradiation control has confirmed the deficiency of 
TI components. 

Irradiated part 
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Figure 7 : Test card of LVDS components (SCK facility) 
 
Concerning the Pericom emitters, the registered 
chronograms of figure 8 let to show the weakening of 
differential signals between left side at 0 Gy and right side 
at 12 MGy of total dose acceptance (less than 250 mV). 
Even if the post irradiation measures with a reference 
receiver have always allowed a correct conversion, it should 
be probably one of the reasons conducting to the deficiency 
observed during irradiation. 
 

  
 

Figure 8 : Post-irradiation chronogram 
of Pericom LVDS31 emitters 

 
Concerning the Pericom receivers, no failures have been 
observed on post irradiation measures with the reference 
emitter. 
 
Nevertheless, sensitivity has been affected for a few of 
them. The three curves of figure 9 resume some of the 
converted signals coming from clock (upper 3,6 V square 
signal), through irradiated emitters (differential signals) to 
receivers (lower 3,6 V square signal). First curve shows a 
correct conversion while errors appear on the others. This 
point must be taken into account by end users in the design 
of their final applications in order to assume correct levels 
through connections (bifilar or optical) for differential 
received signals. 
 
Last work engaged concerns a prototype of a serialise 
framer. The function has been designed with logic 
component able to replace shaft registers not available on 
CMOS recent technologies. Moreover, this component 
could be used to realise deframer. Couple of it is integrated 
on the testcard (see figure 10). 
 
In the same time, couples of latches and flip-flop from both 
recent and oldest CMOS technologies have been 
implemented on the testcard. 

  
 

 
 

Figure 9 : Post-irradiation chronogram 
of Pericom LVDS31 receivers 

 

 
 

Figure 10 : Logic test card used for validation 
under ITER constraints 

 
 
CONCLUSIONS 
 
 
The full link designed and validated by the end of 2002 has 
allowed a direct reading of an analog data simulating a 
value given by a sensor. Combination of electronic and 
optoelectronic has been proved. An interpretation of the 
results must improve the adjustments necessary to reach the 
real sensor data. This could be done at room control by 
adaptive software. Concept of embedded network like 
NEUROBOT, even if today, dose acceptance is not 
achieved for elementary cells, should be kept for arm 
robotic developments. 
 
Then, concerning recent LVDS data transmission protocol, 
it seems clear that important dispersion has been notified 
between manufacturers. Nevertheless, results obtained on 
Pericom family have kept functionality, even if a drift has 
limited differential voltage acceptance. 
 
Work engaged on logic functions should normally lead to 
the availability of serialiser which is a main part of 
embedded multiplexer. 

AVC 
Serialiser 

ACMOS latches 
and flip-flops 

AVC latches and 
flip-flops 
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CEFDA00-541 
 
Task Title: MAGNET DESIGN ON PF AND CORRECTION COILS: 

CONCEPTUAL DESIGN AND ANALYSIS 
 
 
INTRODUCTION 
 
 
CEA Cadarache is requested to assist the EFDA Close 
Support Unit of Garching in the detailed design of the 
Poloidal Field Coils of the ITER machine, the design of the 
Central Solenoid cooling inlets and the development of 
some conductor analysis tools. In 2002 the task initiated in 
2001 was completed by two studies on CS cooling inlets 
and conductor tails. 
 
 
2002 ACTIVITIES 
 
 
CS COOLING INLETS 
 
Introduction 
 
The Central Solenoid (CS) designed in the framework of 
ITER relies on pancake winding so as to allow flexibility in 
plasma shaping. The CS coil is divided into six modules 
made of seven hexapancakes. A single unit length of Cable-
In-Conduit Conductor (CICC) is adequate for winding one 
hexapancake. To optimise the cooling, the six pancakes are 
cooled in parallel with supercritical helium. 
 
The hydraulic scheme consists of 3 cooling inlets 
implemented on the inner bore, where the magnetic 
induction (13.5 T) is maximum, and 2 helium outlets on the 
outer radius of the coil at the cross-over between adjacent 
pancakes (figure 1). 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1 : CS hexapancakes hydraulic layout 
 
Prototype design 
 
In the framework of activity in 2001, a prototype design of 
the Central Solenoid cooling inlets has been proposed taking 
into account the feasibility and assuring the mechanical 
optimisation, with a local reinforcement to avoid excessive 
stress intensification. 

However, the Central Solenoid CICC has a stainless steel 
jacket externally square. For these hydraulic tests, we use a 
mock-up implemented on the available ITER Toroidal Field 
Model Coil (TFMC) CICC (figure 2), with a externally 
circular stainless steel jacket (thickness = 1.6 mm and cable 
twist pitch length = 450 mm). 
 

 
 

Figure 2 : TFMC CICC Cross section 
 
The opening of the window is performed on the half 
perimeter of the circular jacket and on a length of 180 mm 
(figure 3). 
 
A cover with the same distribution grooves as the CS cover is 
realised and an elliptical helium hole (7 x 51 mm) is 
performed in this cover. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : TFMC Full Size Cooling Inlet 
mock-up components 

 
This cover is welded on the jacket ; it constitutes the cooling 
inlet and represents a middle point for the symmetrical 
hydraulic circuit and test facility (figure 4). 
 
The inlet must provide a good distribution of the helium in 
the 6 CICC subcables (petals) to assure uniform cooling of all 
the superconducting strands.  
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Figure 4 : TFMC Full Size Cooling inlet 
mock up assembled 

 
Hydraulic tests 
 
The hydraulic tests performed in the OTHELLO facility 
with pressurized nitrogen at room temperature aim at 
characterizing the cooling inlet that means the associated 
pressure drop and the distribution of mass flows in each 
petal of the CICC [1].  
 
The mass flow rate is measured in each petal of the CICC, 
at three different specific lengths of the conductor (at L = 
2.16, 0.58 and 0.27 m). We observe  that at a length of 
2.16 m far from the cooling inlet, the mass flow rate in one 
petal vary between 7 % and 8 % of the total conductor mass 
flow rate which confirms previous calculations of mass flow 
distribution in CICC. 
 
The ratio of mass flow in petal compared with the total 
mass flow then increases when the length from the cooling 
inlet is reduced reaching a maximum value of 10 % when 
the conductor length is 0.27 m (figure 5). Petal mass flow is 
influenced by the different flow regimes observed in the 
different conductor cross section locations. The dispersion 
of the petal mass flow is acceptable even very near to the 
cooling inlet (at L = 0.27 m). In this critical region, no petal 
has a mass flow lower than the maximum value observed far 
from the cooling inlet ; the diffusion of cooling fluid 
through petal region is therefore more efficient. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5 : Petal mass flow as a function of conductor mass 

flow at L= 0.58 and 0.27 m 

Conclusion 
 
In the framework of ITER, a prototype of the Central 
Solenoid cooling inlet has been manufactured and 
characterised with tests at pressurised nitrogen at room 
temperature. The mass flow rate measurements in all the 6 
CICC subcables at different conductor cross sections 
confirms this cooling inlet provides an uniform distribution 
of the helium and assures correct cooling of all the 
superconducting strands. The petal mass flow being greater 
near the cooling inlet, the diffusion of cooling fluid through 
petal region will be more efficient at this critical point. The 
hydraulic tests leads to an estimation of 22 kPa pressure 
drop in normal operating conditions which represents an 
acceptable value considering the external cryogenic system. 
The total pressure drop in a CS pancake is therefore 
estimated 92 kPa. 
 
PF CONDUCTOR TAIL MECHANICAL ANALYSIS 
 
Introduction 
 
The Poloidal Field (PF) coils of the International 
Thermonuclear Experimental Reactor (ITER) are designed 
with NbTi cable-in-conduit conductors wound in double 
pancakes which are connected in series by joints.  These 
joints have to operate in the poloidal magnetic field which 
generate large varying forces. The conceptual design of the 
joints is based on the overlap concept with twin-boxes. A 
first mechanical proposal for these joints was to include a 
tie-bar to carry the tensile load and a clamping support to 
resist the radial and vertical loads. The mechanical analysis 
performed with several finite-element models of the joint 
area has shown that this design allows to keep both the 
tensile stress in the conductor and the shear stress in the 
insulation within acceptable limits. 
 
However, this design is not applicable to the final coil 
connections to the leads where only one conductor is 
leaving the coil and then no linkage is possible between two 
facing outgoing conductors. The other solution is to transfer 
the tensile load by shear through the bond between a 
profiled tail welded on to the outgoing conductor and the 
adjacent conductors (inner and side turns). The tail has to 
be profiled in order to avoid a shear stress concentration 
higher to the acceptable limit of a bond between epoxy resin 
and steel. This report presents the mechanical study and 
optimisation of such a solution. 
 
Design 
 
A first tail design optimised by simple 1D analytic design 
was proposed by ITER Team. A hollowed profiled steel tail 
is welded to extend the outgoing conductor jacket and a 
corresponding steel filler is welded in regard of the tail on 
the outer turn of the adjacent pancake. The mechanical 
behaviour under the tensile load (hoop force) is insured by 
the bond of insulation between the lower face of the tail and 
the filler and also by the bond between the inner face of the 
tail and the inner turn of the pancake. Then there is only two 
active parts of the tail which are the lower and the inner 
faces. 
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This allows to use this design as well for the coil joints as 
for the two connections of the coil to the leads where only 
one adjacent pancake exists. 
 
Model and analysis 
 
The mechanical F.E. analysis is performed using the CEA 
code CAST3M.  
 
The calculations are performed with the ITER PF1-PF6 
conductor using a steel jacket. In all the calculations, the 
contribution of the cable is neglected. The calculations are 
based on a model of the tail region at the current lead 
conductor outgoing. For simplification, and because only 
the tensile load has to be transmitted, the tail area is 
considered to be straight. 
 
The complete analysis is presented in [2]. 
 
After careful optimisation of the tail design, one main result 
is presented in figure 6 and concerns the shear stress level 
Sx in the insulation for the four bonding lines L1, L2, L3, 
L4 along which the tail is glued against the adjacent turns. It 
can be seen that the design value of 20 MPa is never 
exceeded. 
 
Conclusion 
 
A solution to carry the hoop force on any kind of joint was 
to use a classical bonded tail. So, a hollowed tail design 
with only two bonded faces according to the coil current 
lead joints layout is proposed and modelled. The F.E. 
calculation allowed to adjust the dimensional parameters of 
the tail in order to reduce the stresses at acceptable level. 
For an average tensile stress on the conductor of 200 MPa, 
the Von Mises peak stress reach 301 MPa in the steel and 
the shear peak stresses in the bonded insulation is 13 MPa. 
An important point for this design is that no steel wedge is 
needed facing the tail, then the manufacture is highly 
simplified during the winding operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6 : Optimised design n° 2 
Shear stresses along the bonding lines 

CONCLUSION 
 
 
The work to be performed in the framework of the Contract 
00/541 is now completed and the final report has been 
issued [3]. The electromagnetic and thermohydraulic 
analyses of the conductor have shown that the conductors 
designed for the ITER PF Coils meet the design criteria 
during the reference scenario. It has been shown that the 
twin-box design is applicable to the PF coil joints. A design 
has been proposed for the ITER CS cooling inlets, 
mechanically analysed and hydraulically tested. The electric 
model of the cable-in-conduit conductors has been 
improved to take into account the annular temperature of 
helium, which enables to derive the local superconducting 
properties of the conductor from the temperature profile 
along the conductor length.  
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M40 
 
Task Title: DESIGN WORK ON MAGNET R&D 
 
 
INTRODUCTION 
 
 
This task, started in 1995, included design, participation to 
the follow-up of the manufacture of the ITER TF Model 
Coil (TFMC) and preparation of the tests of this coil. 
 
The conceptual design of the TFMC was issued in 1995 [1] 
and the manufacture was carried out by the AGAN 
consortium (Ansaldo, Alstom, ACCEL, Babcock Noell 
Nuclear), selected after a call for tender, under a contract 
with EFDA [2]. 
 
The joints connecting the pancakes use the twin-box 
concept, developed by CEA [3],[4]. The coil was delivered 
in Karlsruhe, installed inside the TOSKA facility at FZK 
and tested in single coil mode in 2001[5].  

2002 ACTIVITIES 
 
 
ASSEMBLY AND COOLDOWN OF THE TF MODEL 
COIL WITH THE LCT COIL 
 
After completion of the Phase I tests, the TFMC was 
disconnected and removed from the TOSKA vessel on 14 
February 2002 to be assembled with the LCT Coil. After 
assembly, the TFMC and the LCT Coil were installed inside 
the TOSKA vacuum vessel on 03 April 2002 and connected 
hydraulically and electrically to the facility as well as to the 
instrumentation system by 26 July 2002. After closing the 
vacuum vessel and final checks at room temperature of 
helium tightness and dielectric strength, the cooldown was 
started on 20 August 2002 and completed on 03 September 
2003. 
 

 

 
 

Figure 1 : Insertion of the TFMC with the LCT Coil inside the TOSKA facility  at FZK (courtesy of FZK) 
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TESTS OF THE TF MODEL COIL IN DUAL COIL 
MODE 
 
After final checks at low temperature, the coils were tested 
separately in single mode and the TFMC tested alone up to 
80 kA, as in phase I. Both coils were then tested in dual coil 
test by ramping them simultaneously in current. The rated 
currents (70 kA in TFMC and 16 kA in LCT) were reached 
for the first time on 30 October 2002. After Tcs 
measurements and cycling tests during which the TFMC 
was ramped up from 0 to 70 kA, while the current was kept 
constant at 16 kA in the LCT Coil, a final test was 
performed on 21 November with 80 kA in the TFMC and 
16 kA in the LCT Coil. 
 
Results of the test analyses are reported in the report on the 
TOSKA Task activities. 
 

 
 

Figure 2 : Final test of the TFMC at 80 kA 
with the LCT Coil at 16 kA on 21 November 2002 

(courtesy of FZK) 
 
WARMING UP OF THE TFMC  
 
After completion of the dual coil tests, tightness and 
electrical checks were carried out by FZK at low 
temperature and the warming up to room temperature was 
started on 05 December 2002 and completed on 19 
December 2002. After final investigations at room 
temperature the vacuum vessel could be opened on 30 
January 2003. 
 
 
CONCLUSION 
 
 
The assembly of the TFMC with the LCT Coil and their 
installation inside the TOSKA facility allowed to perform 
the Phase II tests of the TFMC, where the TFMC was 
extensively tested in dual coil mode. CEA followed-up the 
assembly and participated to the tests. The final test was 
performed with 80 kA in the TFMC and 16 kA in the LCT 
Coil. After completion of the tests, both coils were warmed 
up to room temperature. 
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M50 
 
Task Title: CONDUCTOR R&D 
 Development of NbTi conductors for ITER PF coils 
 
 
INTRODUCTION 
 
 
The development of NbTi conductors for ITER PF coils has 
to address several questions: 
 
- Characterisation of NbTi strands in a range of 

temperature between 4 K and 7 K and in magnetic field 
up to 10 T. 

 
- Control of the conductance between strands by strand 

surface coating or by a CuNi internal barrier at the 
proper level in the range 107 (Ωm)-1. The solution has to 
take into account the temperature of the curing step. 

 
- Connections : design and fabrication procedures have to 

be confirmed and tested on subsize conductors in the 
connection test facility JOSEFA. The strand-copper sole 
contact cannot be treated as for Nb3Sn due to the 
absence of high temperature heat treatment. 

 
 The removal of the coating if any has to be specifically 

addressed. 
 
 The impregnation heat treatment occurring after the 

connection fabrication of real coils and the final joint 
soldering has to be considered. 

 
- Conductor behaviour : The operation margin can be 

assessed on subsize conductors in JOSEFA and the final 
conductor and joint check can be performed on a full 
size joint sample in the SULTAN facility at Villigen. 

 
The development can be led on cable and jacket dimensions 
compatible with the existing fabrication tools (cabling + 
jacketing) and the existing test facilities. 
 
This activity is performed in collaboration with ENEA. 
 
 
2002 ACTIVITIES 
 
 
CRITICAL PROPERTIES CHARACTERISATION OF 
THE TWO CANDIDATE STRANDS FOR THE ITER 
PF COILS [1] 
 
Two ITER PF-candidate NbTi strands were characterized 
through DC tests: JC measurements at various magnetic 
fields and temperatures (see figure 1). All tests were 
achieved at Grenoble High Magnetic Field Laboratory 
(CNRS, Grenoble) in a Variable Temperature Cryostat 
developed in CEA Cadarache. 

Finally, the main strand performances parameters 
determined through a classical fitting for NbTi (C0, TC0, 
BC20) were evaluated. All these results will then be used as a 
reference for future samples analysis. 
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Figure 1 : Critical current density results 
for the Alstom strand at various B and T 

 
MANUFACTURE AND TEST OF TWO SUBSIZE 
CONNECTIONS AND CONDUCTORS RELEVANT 
TO PF OPERATION [2] 
 
From the two selected strands: Europa Metalli (EM) Ni 
coated strand and Alstom strand with CuNi barrier, two 
subsize joint samples (respectively PF1 and PF2) were 
manufactured in 2001 using the 108 strands conductor 
lengths. 
 
In 2002 the Joint part of each sample was characterized in 
the JOSEFA facility:  
 
- DC tests : Temperature of current sharing (TCS), quench 

temperature (TQ) and Joint Resistance (RJ) at various 
fields and temperatures. 

 
- AC losses tests : trapezoidal magnetic field variations 

with various ramp rates.. Time constant were deduced 
consistently with RJ. Note that the transverse field 
orientation is here along the worst direction with respect 
to joint losses and induced currents, thus simulating the 
radial field component (i.e. the most demanding 
component) in the ITER PF coils. 

 
- Stability tests : trapezoidal B pulse at different current, 

temperature and mass flow rate. 
 
In DC tests, we found  joint Current Sharing Temperatures 
(TCS) consistent with strand ones as well as joint resistances 
that meet ITER criteria. 
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However the PF1 sample showed a higher resistance than 
expected (8 nΩ instead of less than 3 nΩ) which is thought 
to be due to a incomplete Ni coating removal (with 
mechanical brushing). 
 
In AC losses tests, the main contribution comes from 
intercable currents crossing the joint plane (since B is in 
joint plane, normal to conductors), the results confirmed the 
RJ tests and led to time constants of 11 and 6 s for PF1 and 
PF2, respectively. 
 
In stability tests we showed that in the range of mass flow 
rate studied, we can reach the so-called “quasi-static” 
regime, in which the global flow is choked. Classic thermo-
hydraulic models can thus be used to analyse those tests. 
 
To summarize, all joint tests were achieved and analysed in 
2002. Conductor tests are planned for year 2003. 
 
UPGRADING OF THE EXISTING JOSEFA TEST 
FACILITY FOR THE TEST OF TWO SUBSIZE 
CONNECTIONS 
 
The facility was upgraded in 1999. The tests of the first 
subsize NbTi joint sample were performed within year 2001 
at various temperature under magnetic field up to 3.4 T and 
with a transport current through the samples up to 10 kA. 
The first tests started in the joint position (upper position) in 
2001 were successfully completed by tests in the lower 
position for conductor test during year 2002. The new 
control command of the test facility was used for the test of 
both samples. An upgrading of the sample heating system 
was launched to avoid temperature oscillations and should 
be fully operational in the beginning of year 2003. 
 
MANUFACTURE OF THE PF FULL SIZE JOINT 
SAMPLE [4] 
 
The CEA proposal for the conception of the first NbTi full 
size joint sample was to use the so called twin box concept 
successfully developed for Nb3Sn joint samples. A 
conceptual design of the PF-FSJS was developed by CEA, 
and technical specifications were issued for the call for 
tender to industry [3]. The manufacture of the sample was 
entrusted by ENEA to Alstom (Belfort, France), and CEA 
performed the monitoring of the manufacture. 
 
After cabling of the cable lengths by Europa Metalli (Italy), 
two 11 m long conductors lengths were finally jacketed by 
Ansaldo (Genoa, Italy) and delivered to Alstom in March 
2002. One length was manufactured using the Europa 
Metalli nickel coated strand and the other one using the 
Alstom internal copper-nickel barrier strand. 
 
Due to variations of the cable twist pitch along each full 
length, the two 4 m conductor lengths needed for the PF-
FSJS manufacture were chosen in the best part. The 
remaining cable twist pitches were 390 mm for the Alstom 
strands leg and 410 mm for the Europa Metalli strands one. 
In parallel, a copper-steel (CuC1-316LN) plate bonded by 
the explosive technique was manufactured by Nobelclad 
(Rivesaltes, France). 

A termination box mock-up was first manufactured for 
validation of the procedures and check of the real final joint 
cross section. The PF-FSJS manufacture was then 
performed taking into account the experience gained during 
the previous samples manufacture (SS, TFMC and TF Full 
Size Joint Samples) in the QA procedures. The result was 
that no problem of deformation of the terminations nor 
misalignment appeared. The manufacture of the sample and 
its instrumentation were performed in a short time of about 
3 months. 
 
The sample was delivered to CRPP for tests on  July 10, 
2002. 
 
TESTS OF THE PF FULL SIZE JOINT SAMPLE 
 
The PF-FSJS was extensively tested in the SULTAN 
facility in summer 2002. CEA and ENEA both participate 
in the tests of the sample at CRPP (Villigen, Switzerland). 
CEA wrote the testing programme in agreement with ENEA 
[5]. Critical current (and current sharing temperature), 
pulsed field loss, and stability were measured on both 
conductor legs within a wide range of operating conditions 
including the ones foreseen in the ITER PF coils. Moreover, 
conductors were tested before and after 500 cycles between 
0 and 50 kA under 6 T. 
 
The lower joint was also tested by lifting up the sample in 
the facility : voltage drop (i.e. joint resistance), quench 
temperature, pulsed field loss, and stability were measured 
under operating conditions around the ones foreseen in the 
ITER PF coils. It should be mentioned here that, because of 
the facility limits (I < 100 kA), the PF-FSJS tests could be 
relevant only to the ITER PF1 & PF6 coils, which are 
among the main demanding coils. 
 
Also, at variance with the JOSEFA facility, the orientation 
of the pulsed field in the SULTAN facility allowed testing 
only against the best field orientation with regard of the 
joint, and not against the worst field orientation 
(corresponding to the radial component in the coils) which 
is by far the most demanding situation in the ITER PF coils. 
 
The analysis of the test results by CEA (in parallel to the 
one performed by ENEA) has shown a lot of interesting 
results. Regarding the conductor legs, the main results are 
the rather high critical currents (equal or even larger than 
the scaled values from single strands) obtained at low 
current (below 20 kA on EM leg and below 30 kA on 
Alstom leg), while at higher currents, instabilities prevent 
from reaching the electric field criterion (i.e. 10 µV/m). The 
reducing effect of these instabilities was more pronounced 
on the EM leg than on the Alstom leg (see figure 2) and, in 
a general way, the EM leg was found less stable than the 
Alstom leg. 
 
A global study on the reconstruction of current distribution 
through segmented Rogowski coils signal analysis showed 
that this difference is likely to be due to uneven current 
repartition between petals in the left leg (one petal 
underloaded, one overloaded). 
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Figure 2 : PF-FSJS DC typical tests results : Left leg at B=6T (left) and Right Leg at B=4T (right) 
Note the slope change for the EM leg in the unstable region 

 
As mentioned above for the subsize samples, this is thought 
to be due to uneven strand-to-sole contact resistance 
distribution in the left part of the joint (possibly, Ni coating 
removal was not uniform).The pulsed field losses have 
shown the expected behaviour, i.e. decreasing with cycling 
on both legs (twice faster for the right leg, but with 
comparable final values). 
 
As usually, the final losses measured at high frequency 
(> 1 Hz) were found close (or even slightly lower) to the 
ones measured on the single strands (nτ ∼ 4 – 5 ms) but with 
“apparent” hysteresis losses 3 times higher than expected. 
However it was found that the low frequency losses, 
relevant to ITER PF coil operation, remained rather high 
(nτ ∼ 70-80 ms) but with the expected hysteresis losses (see 
figure 3). Though this behaviour is not completely 
understood, those parameters are to be taken into account 
for future ITER design previsions. 
 
The joint DC resistance was found at the expected level 
(∼ 1.5 nΩ), with also the expected magneto-resistance effect 
(0.11 nΩ/T, see figure 4), although a high scattering along 
the half left (EM) joint was observed. This latter is thought 
to be created by the previously mentioned widely spread 
contact resistance spectrum in the left part of the joint. 
 
Using a conservative model developed at CEA it was shown 
that the joint pulsed field losses also met the expectations 
under trapezoidal pulses relevant to the ITER PF coils with 
obviously the restriction mentioned above. 
 
Worth to be noted is the odd behaviour of the conductor 
(both legs) under heating (e.g. pulsed field losses) at low 
mass flow rate (i.e. 4 g/s). This phenomenon was 
characterized by an increase of the upstream temperature 
above a given steady state power (∼ 3 W), which was 
attributed to a chocking of the helium flow in the annular 
area of the conductor. A thermohydraulic analysis 
performed by CEA has shown that this phenomenon was 
due to the gravity effect (the sample is tested vertically) 
creating a thermo-siphon which tends to decrease and then 
to reverse the annular helium flow as the power increases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : PF-FSJS AC Losses tests on Right Leg 
after 500 cycles. Note differences between low 

and high frequencies, regarding both slopes (nτ) 
and extrapolations at F = 0 (hysteresis losses) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 : PF-FSJS Joint resistance vs. 
applied magnetic field at 60 kA 

 
This phenomenon, which anyway appeared in operating 
conditions far away from those foreseen in the ITER PF 
coils, looks therefore not relevant to these coils which are 
mainly horizontal (maximum slope of 5 %). 
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CONCLUSIONS 
 
 
During year 2002, two full size PF conductors, each of them 
using one of the previously selected strands were 
manufactured by industry. A PF Full Size Joint Sample was 
manufactured by industry under CEA monitoring, and 
delivered to CRPP for tests. The tests were performed by 
CEA and ENEA in the SULTAN facility. The results 
obtained on the right (Alstom) leg were quite satisfactory, 
while the left (EM) leg showed a significant degradation of 
the maximum transport current due to instabilities. The 
reason of this limitation is not yet understood although a 
non-uniform current distribution among petals has been 
found, but its effect is not fully assessed. The joint 
resistance and pulsed field losses have been found to be at 
the expected levels, but the PF-FSJS should be tested in the 
PTF facility (MIT, USA) to measure the joint behaviour 
against the most severe pulse field orientation. 
 
The upgraded JOSEFA test facility was successfully used 
for subsize joint as well as for subsize conductor testing.  
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TW0-T400-1 
 
Task Title: CSMC AND TFMC INSTALLATION AND TEST 
 
 
INTRODUCTION 
 
 
This task covers the participation of CEA to the tests of the 
Central Solenoid Model Coil (CSMC) at Naka (Japan) and 
to the tests of the Toroidal Field Model Coil (TFMC) at 
Karlsruhe (Germany). This task is a continuation of the 
work carried out by CEA in the framework of the Task 
M40. The tests of the CSMC covers the tests of the main 
coil itself and the tests of the CS and TF Inserts. The tests of 
the TFMC have been performed in two steps : in phase I 
tests, the TFMC has been tested as a single coil and in 
phase II tests, the TFMC has been tested in a dual coil test, 
together with the EU-LCT Coil . 
 
 
2002 ACTIVITIES 
 
 
TESTS OF THE TF INSERT 
 
In the framework of the ITER EDA phase, the Toroidal 
Field Coil Insert (TFCI), a single layer coil (figure 1), using 
45 m of conductor, has been manufactured by the Russian 
Home Team. It was tested in October 2001 in the CSMC at 
JAERI under various field and temperature conditions. The 
TFCI conductor (figure 2) is a dual channel cable-in-
conduit conductor, made of a 1152 Nb3Sn strand cable, 
jacketed with a thin circular titanium jacket, whereas the 
ITER TF conductor is designed with a stainless steel jacket. 
 

Upper terminal

Lower terminal

Mandrel

Conductor

Overview of the RF Toroidal Field Conductor Insert (TFCI)

 
 

Figure 1 : The ITER TF Insert 

 
 

Figure 2 : The TF Insert Conductor 
 
The TF Insert was tested up to 46 kA under 12 T. The work 
performed by CEA in 2002 [1] has been dedicated to the 
analysis of the Tcs measurements with an electrical model 
using the ENSIC code, developed by CEA. 
 
When assuming a uniform current distribution among 
subcables, the model allowed to determine an equivalent 
intrinsic strain inside the strands (figure 3). 
 
The average found value (-0.66 %) is much higher than 
expected with a titanium jacket, which has a thermal 
contraction coefficient close to that of the strands. 
 

 
 

Figure 3 : Equivalent intrinsic strain as a function 
of the electromagnetic load 

 
An analysis with unbalanced current distribution among 
subcables led to a better fitting of the evolution of the 
electrical field versus temperature in the current sharing 
area (figure 4) when assuming that 2 subcables are not 
connected in the upper joint to the CSMC busbars. 
 
It was further discovered that a repair performed on a joint 
termination could explain this phenomenon. 



 - 108 - EFDA technology / Magnet Structure 
 

 
 

Figure 4 : Electrical field evolution with temperature 
in the central turn of the TF Insert 

 
PHASE II TESTS OF THE TF MODEL COIL 
 
The phase II tests of the TF Model Coil have been 
performed in Karlsruhe from September to November 2002. 
CEA was actively involved in these tests, as well by on-site 
as by remote participation and by performing analyses of 
the electromagnetic, thermohydraulic and mechanical 
properties of the coil. This work is reported in the 
framework of the TOSKA Task activities. 
 
 
CONCLUSION 
 
 
The ITER TF Insert coil, manufactured by Russia, was 
tested in Naka in Autumn 2001 and CEA participated to the 
analysis of the results. The electromagnetic analysis carried 
out at CEA showed that the intrinsic strain in the conductor 
is found much higher than expected with a titanium jacket 
and that a strong unbalance occurred in the current 
distribution, further explained as a consequence of a repair 
performed on one joint. The ITER TFMC was tested in a 
dual coil configuration in Karlsruhe in autumn 2002 and 
CEA participated to the tests and to the analysis of the 
results. 
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TW1-TMC-CODES 
 
Task Title: DESIGN AND INTERPRETATION CODES 
 Determination of thermohydraulic properties 

of cable-in-conduit conductors with a central channel 
 
 
INTRODUCTION 
 
 
The thermohydraulics of cable-in-conduit conductors has to 
be well described, to allow proper design of the cryogenic 
system of ITER. The pressure drop of central channels 
representative of ITER-FEAT has to be characterised. The 
recooling time of forced flow coils and the quench 
behaviour are driven by the heat transfer coefficient 
between the annular area and the central channel. This 
coefficient can hardly be theoretically evaluated; only 
experiments, possible at room temperature, can bring 
information about this coefficient. 
 
These experimental activities are led at CEA Cadarache on 
dedicated facilities in collaboration with Politecnico di 
Torino. 
 
 
2002 ACTIVITIES 
 
 
PROCUREMENT OF SPIRALS AND MEASU-
REMENT OF HYDRAULIC RESISTANCE IN THE 
OTHELLO FACILITY 
 
To characterise the thermal and hydraulic behaviour of the 
Cable In Conduit Conductor (CICC), the friction factor for 
the channel  have to be determined, specially for the central 
channel in order to define a useful correlation and predict 
pressure drop as well as heat exchange coefficient 
influence. 
 
From previous work and tests performed on the Toroidal 
Field Model Coil central spirals provided by Showa and 
Cortaillod [1], we first defined a certain number of spirals 
representative of the ITER-FEAT Coil design. These spirals 
have different parameters values : the hydraulic external 
diameter being 7.6, 8 and 10 mm, the  turn length is 6.5 mm 
and the twist pitch length varies between 8.65, 11.8 and 
12.5 mm (figure 1). 
 
After a call for tender, the company Mécaressorts was 
selected to provide us with the central spiral samples. 
Unfortunately, delivery of these spirals was delayed by 
some months due to manufacturing problems. 
 
When received, these samples were installed in the Othello 
Test Facility at Cadarache, to be tested with pressurised 
nitrogen at room temperature. The measurements, 
performed in early 2003 should lead to the characterisation 
of the central spirals hydraulic behaviour. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Central spiral samples 
 
EXPERIMENTAL EVALUATION OF THE HEAT 
TRANSFER COEFFICIENT BETWEEN ANNULAR 
CHANNEL AND CENTRAL HOLE OF ITER 
CONDUCTORS 
 
An important parameter of the ITER magnets cryogenic 
cooling system is the recooling time. 
 
The cable-in-conduit conductor being cooled by a high 
speed flow (1 m/s) in the central channel in parallel with a 
slow speed flow (0.1 m/s) in the annular area, the recooling 
time is depending on: 
 
- The heat transfer coefficient between the two parallel 

channels. 
- The fluid velocity in each channel. 
 
A numerical and analytical model was developed to predict 
the temperature evolution along a CICC after a temperature 
step at the inlet. This model relies on the heat transfer 
coefficient between the two parallel channels. 
 
To evaluate this heat transfer coefficient , an experimental 
facility operating in relevant Reynolds number at 100°C in 
pressurised water was defined [2]. 
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Figure 2 : HECOL facility scheme 

 
A call for tender showed that the cost of such an installation 
was not compatible with the allowable budget. A review of 
the project with reasonable limitations especially on the 
range of the reachable Reynolds number led to a revised 
design of the test facility (figure 2), with operation reduced 
to 60°C [3]. 
 
The loop allows a circulation of water at 50°C at nominal 
Reynolds number. Thanks to the 100 liters tank pre-heated 
up to 60°C and the 3 way valve V1, a temperature step is 
imposed through the conductor sample. The temperature 
variations recorded at the inlet and at the outlet allow to 
derive the conductor heat transfer coefficient. 
 
After the corresponding call for tender, the components and 
the assembly were ordered. The test loop named HECOL 
(Heat Exchange Coefficient Operational Loop) will be 
assembled and operational by March 2003. The relevant 
tests in water should be completed within 2003. 
 
 
CONCLUSION 
 
 
During the year 2002, seven central spiral samples relevant 
to ITER conductors with different geometrical parameters 
were defined and manufactured by industry. 
 
These spiral samples were installed in the Othello test 
facility to be tested in 2003. The hydraulic resistance 
measurements should lead to an hydraulic model of the 
central channel of the ITER conductors.  
 
For the evaluation of the heat transfer coefficient between 
annular area and central channel of ITER cable-in-conduit 
conductors, a new experimental facility operating in 
pressurized water at 60°C was defined and ordered. This 
facility should be operational for tests by March 2003. 
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TW1-TMC-SCABLE 
 
Task Title: CABLE AND CONDUCTOR CHARACTERISATION 
 Determination of critical properties and losses of superconducting 

strands and cables for fusion application 
 
 
INTRODUCTION 
 
 
In order to achieve efficient work on ITER magnet design, 
with help of previously developed models, reliable database 
on components performances are necessary to use. In this 
purpose, a task has been defined to evaluate all 
performances related to superconducting conductors at 
strand scale and subcable scale. The strands involved are 
those made of NbTi to be used for the Poloidal Field 
Conductor Insert (PFCI) and those made of Nb3Sn to be 
used for the Central Solenoid Hexapancake-Module 
(CSHM). 
 
The CEA participation in this project includes the following 
actions: 
 
- Heat treatment of the Nb3Sn strand. This treatment will 

take place at CEA Cadarache and is the one that will be 
used for the CSHM manufacture. 

 
- AC losses measurements on 36-strands subsize samples. 

Those samples will be procured to CEA and 
characterised in the JOSEFA Facility (Cadarache). 

 
- Critical Current tests at various magnetic fields and 

temperatures of Nb3Sn and NbTi strands will be 
performed in the Variable Temperature Cryostat (VTC) 
facility (GHMFL, CNRS Grenoble). 

 
The samples to be tested will be specified and delivred to 
CEA by EDFA. 
 
 
2002 ACTIVITIES 
 
 
PROCUREMENT OF THE NBTI STRAND FOR PFCI 
 
The strand has been manufactured by Bochvar Institute 
(Russia) and delivered to CEA in September 2002. A 
micrographic analysis of the cross-section has been 
launched. 
 
SAMPLE HOLDER PREPARATION AND STRAND 
INSTALLATION 
 
The strand has been prepared and installed on the VAMAS-
like sample holder to be used in GHMFL tests. This action 
was carried out according to a precise CEA procedure, 
adapted for NbTi strands. 

PROCUREMENT OF THE NB3SN STRAND FOR 
CSHM 
 
The decision to manufacture in Europe the CSHM is 
delayed. No Nb3Sn strand was delivered. 
 
PROCUREMENT OF THE 36-STRANDS SUBSIZE 
SAMPLES 
 
No samples were delivered to CEA. 
 
 
CONCLUSION 
 
 
During the year 2002, the NbTi strand procurement and the 
sample manufacture were achieved. Measurements are 
scheduled for the year 2003 in GHMFL (Grenoble). No 
Nb3Sn strand and no 36-strands samples were delivered to 
CEA. 
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TW1-TMS-PFCITE 
 
Task Title: POLOIDAL FIELD CONDUCTOR INSERT (PFCI) 
 
 
INTRODUCTION 
 
 
Within the framework of the ITER project, the EFDA CSU 
has been asked to manufacture a model coil, called Poloidal 
Field Conductor Insert (PFCI), to be tested in the JAERI 
test facility in Naka, Japan. The development, manufacture 
and testing of the PFCI coil shall support the design of the 
ITER PF conductors and coils. 
 
The main objective of the model coil tests is to get a 
complete knowledge and understanding of the behaviour of 
high current NbTi cable-in-conduit conductors and related 
joints under operating conditions as foreseen for the ITER 
Poloidal Field (PF) coils. A conductor representative of the 
ITER PF coils shall be wound in a single layer coil and 
equipped with a numerous instrumentation composed of 
inductive heaters, voltage taps, temperature and pressure 
sensors, strain gauges, etc. The coil shall be inserted inside 
the bore of the ITER CS Model Coil (CSMC) at the JAERI 
test facility in Naka (Japan) and tested in 2004. 
 
The coil winding features a square conductor with a NbTi 
superconducting cable inserted in a thick wall, stainless 
steel jacket. Superconducting joints are required to connect 
the coil to the current leads. Another joint is located at an 
intermediate location in the winding to test an ITER-
relevant joint under magnetic field operating conditions 
similar to the ones foreseen in the ITER tokamak. The 
upper and lower terminations shall connect the winding to 
the existing CSMC Insert busbar system of the Naka 
facility, as well as to the cryogen supplies. CEA has been 
deeply involved in the design and analysis of the ITER PF 
coils through EFDA contract 00/541, and task M50. The 
work of CEA within task TW1-TMS-PFCITE is as follows: 
 
- Definition and the review of the test procedure. 
- Participation to operational campaigns of the PFCI and 

reporting of the results. 
- Analysis of the results, including thermo-hydraulic, 

electro-magnetic, and structural simulations of the real 
operating conditions of the coil. 

- Analysis of impact of results on ITER PF coils design. 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 1 : PFCI NbTi conductor cross section 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : PFCI winding 
 
The NbTi cable for the PFCI was delivered in April 2002 
from Russian Federation, the jacketing is expected to be 
completed at Ansaldo in April 2003.  
 
Fabrication of the coil at Tesla (UK) is expected to be 
completed in February 2004.  
 
Final acceptance and shipment to the CSMC test facility is 
foreseen in March 2004, and start of installation and testing 
programme at JAERI in April 2004. 
 
 
2002 ACTIVITIES 
 
 
For 2002, our activities were confined to collect detailed 
information on the conductor and coil designs, as well as on 
the preliminary proposals for the testing programme already 
issued by EFDA, ITER IT, and JAERI. 
 
We will participate in the redaction of the final testing 
programme document which should be issued in 2003 
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Table 1 : PF Conductor Insert Coil Cable Parameters 
 

Conductor external dimensions 
(after compaction) 

50.3 x 50.3 mm2 

Jacket material Stainless Steel (Valinox) 

Cable outer diameter (before compaction) 38.7 mm 

Cable outer diameter (after compaction) ~ 38.0 mm 

Number of SC strands 1440 

Number of Cu strands 0 

Cabling pattern (3x4x4x5)x6 

Last cabling stage twist pitch length 490 mm 

Central tube (idxod) 12 x 10 mm 

Overall annular area ~ 1021 mm2 

Actual cable area in annulus ~ 974 mm2 

Wraps area + empty corners ~ 36 + 11 mm2 

Nominal local void fraction: ~ 34 % 

 
Table 2 : Major Operating Parameters 

of PF Conductor Insert Coil 
 

Electromagnetic Parameters 

- Testing conditions at 4.5 K 
(at JAERI test facility): 

 - maximum operating current, 

 - maximum operating field, 

 - maximum field change (disruption). 

- Maximum stress in Valinox conductor jacket. 

- Maximum operating voltage. 

- Maximum operating turn voltage. 

- Impulse test voltage (in-factory & at 4.5 K). 

 

 

 
50 kA 

6.3 T 

2 T/s 

110 MPa 

10 kV 

1 kV 

21 kV 

Geometrical Parameters 

- Main winding envelope: 

 - inner diameter, 

 - outer diameter, 

 - height. 

- Length of conductor. 

- Number of turns. 

- Number of layers. 

 

 

1393.4 mm 

1570 mm 

1400 mm 

49.5 m 

9 

1 

Thermohydraulic Parameters 

- Number of cooling paths: 

 - main winding 

 - support structure 

- Range of inlet temperatures for testing. 

- Inlet pressure. 

- Range of inlet pressure for testing. 

- Proof pressure. 

 

 

1 

1 

4.0 – 7.0 K 

0.6 MPa 

0.3 MPa – 1 MPa 

3 MPa 

CONCLUSIONS 
 
 
The Poloidal Field Conductor Insert is now under 
fabrication in industry and should be tested in the CSMC 
facility (Naka, Japan) in April 2004. The testing programme 
document should be issued in 2003 with the agreement of 
EFDA, ITER IT, and JAERI. 
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TW2-TMST-TOSKA 
 
Task Title: TFMC TESTING WITH THE LCT COIL 
 
 
INTRODUCTION 
 
 
In the framework of the TW2-TMST-TOSKA Task, CEA is 
asked by EFDA to participate to the testing of the ITER 
Toroidal Field Model Coil (TFMC) in the TOSKA facility 
at FZK in Karlsruhe and to the testing of the ITER Poloidal 
Field Conductor Insert Full Size Joint sample (PFCI-FSJS) 
in the SULTAN facility at CRPP in Villigen. Whereas the 
TFMC was tested in 2001 in phase I as a single coil, it was 
tested in 2002 in phase II in a dual coil test with the EU-
LCT Coil.  
 
 
2002 ACTIVITIES 
 
 
PHASE II TESTS OF THE TFMC 
 
In 2002 CEA was involved in the interpretation of TFMC 
Phase I experiment, issuing several publications at different 
conferences.  
 
The main subjects treated in these publications are the 
pressure drop analysis, the cold losses developed in the 
radial plates during transients and the estimation of the 
critical performances of the conductor [1], [2] [3], [4], [5], 
[6]. 
 
CEA participated then actively to TFMC Phase II 
experiment, which took place from September 2002 to 
November 2002. 5 people from CEA attended specific 
experiments of this TFMC phase II experiment. J.L 
Duchateau as the Deputy Testing group Leader for these 
tests spent 2 weeks at FZK. 
 
In addition two people from CEA participated to the 16th 
TFMC Test and Analysis meeting  which took place at FZK 
on the 28 May 2002. 
 
The main aspects of the CEA participation in 2002 are 
recalled in the following sections. 
 
Ac and eddy current losses analysis 
 
25 kA discharge analysis 
 
The radial plates TFMC (figure 1) in which the conductors 
are inserted, constitute a very representative and very 
specific component of ITER. 
 
These plates play a leading part in ITER to sustain the very 
important centring force in the system due to the magnetic 
load. Due to these plates, the insulation system is also very 
specific and was tested in the TFMC.  

 
 

Figure 1 : Cross-section of the TFMC with plates 
and conductors 

 
The heat transfer from plates to conductor during a fast 
discharge is now correctly modelled by gandalf coupled to 
a heat diffusion simulation. 
 
It was experimentally confirmed during 25 kA discharge 
analysis, that this process is driven by the conductor 
insulation conductivity. The observed heat transfer to 
helium is in addition slower than expected due to insulation 
thermal conductivity lower by a factor of 6 compared to the 
fiberglass thermal conductivity. 
 
This is not well understood and can be due to the multi 
layer arrangement of the insulation; this has important 
consequences for ITER, especially for the fast discharge, 
and deserves an experimental crosschecking on short 
insulation samples. 
 
Ripple losses due to power supply 
 
In the TFMC, due to the 600 Hz power supply voltage 
ripple, the plates constitute a secondary whose primary is 
the TFMC winding. 
 
It was difficult to electromagnetically model this ripple 
because the 600 Hz voltage component of the power 
supply, is not known precisely. In addition, the model is 
based on the leakage inductance between plates and 
winding which is impossible to estimate with precision. 
 
The thermohydraulic manifestation of the ripple was 
observed in particular during a long run at very low current 
(4 kA) to eliminate any contribution from the joints. It 
mainly consists in a global load of  40 W in the plates.  
 
The phenomenon was modelled by Gandalf. The helium 
outlet temperature increase is in this case, driven by the 
helium recooling time. A temperature gradient exists 
between plates and helium which is inversely proportional 
to the insulation conductivity. 
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The side pancakes which are less magnetically coupled to 
the winding experience apparently a less important power 
which can be estimated by calorimetry. 
 
Exploration of limits of the conductor 
 
This part was the most important part of the TFMC Phase II 
experiment. During these tests, the inlet temperature of  the 
P1.2 pancake is progressively  increased as presented in 
figure 2. During this process the total voltage across the 
pancake, starting from zero increases progressively as a 
function of temperature in the so-called current sharing 
temperature regime. It is to be noted that the stability of the 
pancake is so high that the voltage comes back to zero 
when the pancake heating is switched off. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Conductor limit exploration in TFMC P1.2 
 
In the test presented in figure 2, the TFMC has been pushed 
to the highest possible magnetic load acceptable by the 
mechanical structures of the coil, such as to create the 
highest field on the coil. 
 
In such a test, thanks to the field reinforcement due to the 
LCT coil energized at 16 kA, the maximum field on P1.2 
conductor has been pushed to a value in the range of 9.7 T 
to be compared to 11.8 T for ITER. 
 
This kind of test is an unique opportunity to learn about the 
critical properties of a conductor in conditions 
representative of ITER especially for the conductor current 
(80 kA in the TFMC and 69 kA in ITER). 
 
As a matter of fact Nb3Sn which is the TFMC 
superconducting material is very sensitive to strain, and the 
strain value is very difficult in practice to predict for this 
collection of twisted strands embedded in a stainless steel 
jacket. 
 
Thus, from the characteristics presented in figure 2 it is 
possible to deduce a value of strain in a range [-0.75 %, -
0.78 %],  a slightly higher value than the one expected from 
short sample measurements  (-0.70 %). This corresponds 
typically to a reduction of temperature margin by 0.3 K – 
0.4 K. 
 
CEA has studied the conductor behaviour for several runs 
corresponding to different magnetic loads. This strain 
seems also to be a linear decreasing function of the 
magnetic load. 

Using different tools such as the ENSIC code developed 
within an ITER task and the very refined magnetic field 
map produced by the code TRAPS, the influence of several 
parameters have been studied carefully [7] to characterize : 
 
- the exact temperature on the conductor in the current 

sharing regime, 
- the exact field map across the conductor, 
- the role of current distribution among the strands due to 

the proximity of the joint from the current sharing 
region (2 meters). 

 
Mechanical analysis 
 
This analysis was jointly carried out by FZK and CEA. A 
fairly good agreement is generally found between 
predictions given by the FEM model and results provided 
by the displacement sensors and by the rosettes. During 
single coil operation, the coil deformation is an in-plane 
deformation resulting under the radial load from the 
combination of an increase of its perimeter and a tendency 
to become circular. This results in a reduction of the 
vertical opening and an increase of the horizontal opening.  
 
As a consequence of the bending occurring in the straight 
legs, the inner joints are submitted to contraction whereas 
the outer joints are submitted to elongation. During two-coil 
operation, the same deformation is occurring, at an 
increased level, due to the higher average field on the 
winding-pack, and an out-of-plane bending is 
superimposed, due to the attraction between the two coils 
and the localised support at the four wedges. 
 
Consequently, the vertical opening and the elongation of 
the outer joints are higher on the LCT side than on the front 
side. In the single coil case, the measured horizontal 
displacements are under the predictions (-18 %), whereas in 
the two-coil case, they are  slightly under the predictions on 
the front side (5 %) and above the predictions on the LCT 
side (+14 %). 
 
This results probably from an underestimation by the model 
of the coil rigidity versus in-plane bending and an 
overestimation versus out-of-plane bending, although the 
model was improved with respect to that used for the 
analysis of the Phase I tests. The coil case is now modelled 
with two elements in the thickness and the thickness of the 
case has been  corrected in the joint area. 
 
Concerning the coil stiffness the deviations between 
predictions and measurements for the stresses show similar 
tendencies, e.g. the values are under predicted on the LCT 
side by ~ 30 % and over predicted on the front side.  
 
As far as the ICS is concerned, the displacement sensors 
indicate a higher rigidity versus in-plane loading. The ICS 
front leg shows more bending stiffness and the rear leg, 
which is hooked at the LCT case, less torsion stiffness as 
predicted by the model. The stress measurement at the 
highly loaded side wedge indicates a lower rigidity versus 
out-of-plane bending.  
 
Nevertheless, the allowable limit was never exceeded, even 
during the 80 kA-16 kA test.  

TFMC Tcs operation 
 (ITFMC=80 kA, ILCT=16 kA)
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The already available results demonstrate that the global 
mechanical behaviour of the coil assembly was fairly well 
predicted by the model, within error margins unavoidable 
due to the complexity of the structure. 
 
Joint resistances in Phase II experiment  
 
No evolution of TFMC inner joint resistances was observed 
between Phase I and Phase II experiments at 80 kA in 
TFMC without current in LCT. The slight increases of the 
TFMC inner joint resistance with current in LCT follow the 
expected magneto-resistance effects. In addition no 
significant evolution was also observed on the joints with 
the bus bars which have been dismantled and reassembled 
between Phase I and Phase II. 
 
TESTS OF THE PFCI-FSJS 
 
Unfortunately, these tests could not be performed in 2002, 
since the contract for manufacture of this prototype sample 
could be placed only in late 2002. The manufacture and 
tests of this sample are now planned for 2003. 
 
 
CONCLUSION 
 
 
The test of the TF model of  ITER was quite a success, due 
to a strong involvement of the EU Associations, 
demonstrating that the concept of this coil is sound for 
ITER. 
 
It was however confirmed thanks to these tests, that the 
filament strain in TF conductor is slightly higher than 
expected in the ITER design in a range which can 
correspond to a decrease of the temperature margin by 
0.3 K - 0.4 K . This decrease can be easily compensated, 
keeping the same size of conductor and a stainless steel 
jacket, by taking benefit of  the progress in superconducting 
materials critical properties during these last ten years. 
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TW1-TTBA-001-D01 
 
Task Title: TBM ADAPTATION TO NEXT STEP MACHINE 
 
 
INTRODUCTION 
 
 
The water-cooled lithium-lead (WCLL) breeding blanket 
[1] is based on the principle of using the well-established 
PWR-technology for the power conversion cycle (water 
coolant at 15.5 MPa, outlet temperature 325°C) and of 
slowly circulating a liquid tritium breeder, the PbLi, for 
extracting the tritium outside the reactor. A WCLL Test 
Blanket Module (TBM) to be tested in ITER is under 
development for few years, whose main body is quite 
similar to the equatorial part of an inboard segment of the 
corresponding DEMO blanket. 
 
It is expected to use all technologies required for that 
concept: martensitic steel as structural material, liquid PbLi 
as breeder and neutron multiplier, and light water at typical 
PWR conditions as coolant. 
 
Beside the optimization of the neutronic, thermal and 
mechanical behaviour of the TBM (previously reported in 
the 2001 report [2]), the integration of the related EU R&D 
results and the definition of the future R&D needs is also a 
key part of the activity. 

In that sense, a synthesis of the main 2001-02 R&D results 
obtained on the WCLL EU programme has been completed 
in 2002.  
 
In particular, key results obtained in the field have been 
reported and their impact on the blanket design analyzed. 
 
 
2002 ACTIVITIES 
 
 
The main WCLL R&D results obtained within the EU 
workprogramme, in particular in the field of blanket 
manufacturing, coating (tritium control) qualification and 
PbLi/water accidental interaction, have been synthesized for 
integration in the TBM design and fabrication sequence.  
 
They are summarized hereafter. Detailed references issued 
within the EU programme can be found in the activity 
report. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : 3D view of the WCLL TBM 
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BLANKET MANUFACTURING 
 
Double-Wall Tubes (DWT) 
 
Fabrication and qualification of Double Wall Tubes 
(DWT), used for reducing the probability of pressurized 
water leakage into the liquid PbLi, is a key part of the 
Blanket manufacturing R&D. 
 
R&D has demonstrated that DWT (consisting in two 
concentric Eurofer tubes – diameters 11/13.4 and 13.6/16.5 
mm – separated with a 0.1 mm Cu interlayer) can be 
fabricated by diffusion bonding through a HIP process 
(980°C, 100 MPa for 2 hours). The Cu layer is deposited 
before HIP on the inner tube by electroplating. Up to now, a 
0.1-0.2 µm Ni layer was applied before Cu deposition. 
 
Very recent optimization allowed to define suitable 
experimental conditions that provide Cu coating adherence 
without any Ni sub-layer. R&D has also shown that 
removing the initial gap between the inner and outer tubes 
by mechanical expansion before HIPing may reduce 
significantly the final DWT outer diameter variation after 
HIPing (from 0.4 mm variation without pre-expansion to 
0.05 mm). 
 
It has been also demonstrated that DWT bending after HIP 
provide better accuracy performances rather than bending 
before HIP. HIPed DWT have been bent up to a curvature 
radius near to the minimum specification (50 mm) and no 
visible damage was observed at the Eurofer/Cu interface. 
Although an ovalisation of the channel cross section is 
observed, a total surface decrease of only 4 % has been 
observed which within the range of the specification 
(< 15 %). 
 
The thermal cycling qualification of the Eurofer/Cu/Eurofer 
joint of DWT was initiated in DIADEMO with straight 
DWT (T91 instead of Eurofer) and continued on a curved 
Eurofer DWT. More than 3000 WCLL relevant thermal 
cycles were successfully applied and then, a leak appeared 
during endurance test. Post-test examination was performed 
on the DWT sample. Despite high temperature and high 
pressure He test, no evidence of tube damage could be 
found. Further examination or test will be necessary, but a 
leak somewhere else in the test section can now not be 
precluded. 
 
Crack propagation test on small-scale Eurofer sample 
submitted to 4-point bending cycles have been initiated and 
shall demonstrate the ability of DWT to stop – or at least 
deviate – cracks occurring on one of the tubes to the other. 
Encouraging screening tests have been carried-out in that 
sense. 
 
First Wall (FW) 
 
The FW consists in a 26 mm thick Eurofer cooled by 
internal channels. As for the breeder zone DWT, a thin 0.1 
mm Cu interlayer is foreseen between the steel cooling tube 
and the steel structure. 

Several fabrication options have been examined and it 
appears that the full solid-plates HIPing process may 
present drawbacks (local variation of the Cu thickness at the 
plate junction) that could be by-passed using a mixed 
powder/solid process. In this case, Eurofer (powder) / 
Eurofer (plate) joint presents similar properties compared to 
solid/solid joint. 
 
However, it has been noted that Eurofer grains deformed 
locally the soft Cu during HIPing. This could be optimized 
in the future by reducing the HIP pressure during the 
heating up phase. Other acceptable solutions could be to 
decrease the Eurofer grain size or slightly increase the Cu 
thickness up to ∼0.2 mm which would have limited impact 
on thermal behaviour of the DWT. 
 
An optimization of the groove design where tubes are 
inserted before HIPing has been carried out and a more 
complex mixed powder/solid demonstrator shall be 
fabricated for further validation. 
 
COATING (TRITIUM CONTROL) QUALIFICATION 
 
Up to now, the use of permeation barriers in the WCLL 
DEMO Blanket was imposed by the previously accepted 
tritium permeation limit of 1 g/d at a concentration level of 
1 Ci/kg of T in the primary cooling water. 
 
In the last few years, different studies were performed in 
parallel to minimize the development risk: on one hand, 
coatings were optimized and tested, and on the other hand, 
solutions were investigated on how to minimize the 
requirements of these coatings and thus to minimize the 
consequences of unsuccessful R&D. 
 
It has been demonstrated  in 2000-2001 that the WCLL 
concept can tolerate higher tritium permeation into the 
primary coolant (of the order of 10-20 g/d, thus assuming 
permeation barriers with low performance requirements) 
without prohibitive effects on safety and incremental capital 
and operative costs of the WDS (Water Detritiation 
System). 
 
This can be achieved by increasing the tritium concentration 
in the coolant to some 8 Ci/kg which keeps the cost for 
tritium extraction low while no safety concern is raised 
(classical LOCA release scenario) due to the increase in 
inventory. 
 
However, further R&D on permeation barriers was 
maintained because: i) safety studies need confirmation, 
ii) permeation barriers may remain a cost reduction factor 
which should not be precluded, iii) the potential benefits of 
a coating to minimize corrosion and activated corrosion 
product transport (worker and occupational safety) have to 
be further assessed. 
 
Tritium Permeation Barriers (TPB) – consisting of Al rich 
coatings, which forms Al2O3 at their surface – have been 
further tested in 2001 in the VIVALDI facility in gas and 
PbLi phases. The VIVALDI apparatus was successfully 
developed to eliminate parasitic effects in such experiments. 
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Eurofer samples coated by CVD (Chemical Vapor 
Deposition) and HD (Hot Dipping) were tested in 2001 and 
it appeared that the measured Permeation Reduction Factor 
(PRF) were lower than those found previously with 
MANET coated samples. This general trend is not related to 
the choice of coating or substrate but has been explained by 
the quality of coatings probably due to an insufficient 
surface preparation (which is especially important with 
Eurofer products). Further experiments on new samples has 
been launched and shall confirmed this conclusion. 
 
Preliminary in-pile testing of TPB within the EXOTIC-8/10 
experiment in HFR (T91 tubes – CVD) has been extended 
to about 2.5 dpa (steel) and no deterioration of the PRF was 
observed. 
 
PbLi/WATER ACCIDENTAL INTERACTION 
 
Both experimental and numerical modelling R&D activities 
were launched in parallel in the past years. On one hand, 
experimental activities previously carried out within the 
BLAST campaign have been extended more recently with 
the LIFUS-5 tests. On the other hand, based on 
experimental results, the SIMMER-III numerical code is 
under validation and promising results have been obtained. 
 
Significant experimental results have been obtained in 
2001-02 with the continuation of the LIFUS-5 campaign 
(injection of pressurized water in PbLi). In particular, runs 
n.3 to n.5 reached relevant WCLL conditions and the 
maximum pressure in the reaction vessel never exceeded the 
injected water pressure (15.5 MPa) for which the TBM is 
designed under faulted conditions. Analysis of the different 
phases of the interaction and sensitivity to the counter 
pressure in the expansion vessel allowed to give 
recommendation for the TBM System design. 
 
On the other hand, numerical modeling of the thermal 
interaction using the SIMMER-III code made some 
significant progress with, firstly, validation of the code on 
the simplified geometry BLAST experiment and, secondly 
with preliminary models of the more complex geometry 
experiment LIFUS-5. In particular, a 2D equivalent model 
has been developed and will be further validated and 
compared to last LIFUS experimental results. In case a 2D 
approach would be too limited, 3D capabilities should be 
implemented in the SIMMER-III code. 
 
 
CONCLUSION 
 
 
The R&D performed in the framework of the EFDA 
Technology 2001-02 workprograme on the WCLL 
Breeding Blanket has reached major goals which have been 
synthesized and analyzed in the 2002 activity. Most of them 
have been already integrated in the detailed design and 
manufacturing sequence of the WCLL Test Blanket Module 
[2, 3]. Others, more recent, will be integrated later, but do 
not question, in any case, the feasibility or performances of 
the WCLL concept. 
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TW1-TTBA-001-D03 
 
Task Title: TBM ADAPTATION TO NEXT STEP MACHINE 
 Adaptation of mechanical performances to ITER specifications 
 
 
INTRODUCTION 
 
 
The objective of the deliverable was initially to assess 
innovative design solutions aiming at reducing the amount 
of steel in the WCLL Blanket and, by consequence, in the 
TBM in order to optimise their neutronic performance. This 
activity was then strongly linked to the shape and 
segmentation of WCLL Blankets. 
 
Considering that Power Plant Conceptual Studies launched 
in 2001 were questioning the WCLL banana–shape of 
modules, it appeared more appropriate to delay this activity 
until the achievement of the PPCS studies. This would have 
allowed to perform the analysis on the basis of an updated 
and relevant module segmentation. 
 
However due to the re-organization of the liquid breeder 
concept towards He cooling, it has been agreed to perform 
this activity in the frame of the new Helium Cooled Lithium 
Lead (HCLL) project, keeping the same initial objective to 
optimise the amount of steel in the blanket. 
 
In that sense, internal accidental pressurization (in-box 
accidental He leaks) has been carefully analysed, since it 
appeared to be the leading issue for steel structure 
optimisation in a HCLL blanket module. 
 
 
2002 ACTIVITIES 
 
 
2002 activities focused on the assessment of the mechanical 
behaviour of the module box for an accidental internal 
pressure of 8 MPa (in-box He leaks). Parametric analyses 
have been performed on a model representative of a design 
based on the use of horizontal cooling plates reinforced by 
vertical plates [1]. 
 
The goal was to identify the expected stresses level, the 
maxima localizations and to optimise the amount of steel 
needed to reinforce the structure. 
 
GEOMETRY MAIN DATA 
 
Complete information on the HCLL blanket module can be 
found in [1]. Table 1 lists the main data used for the 
structure definition of the module. Some key dimensions 
(indicated as “param” in table 1) have been submitted to a 
parametric study around the reference value given in 
table 1, in order to point out some optimisation trends in the 
structure behaviour. The different studied cases can be 
found later in the document (table 3). 

DESIGN CRITERIA AND MATERIAL DATA 
 
The design criteria used in these analyses are based on 
documents [2] and [3]. Accidental pressurization of the 
blanket module is classified under faulted conditions, and 
the level D criteria are used (the possibility to return to 
service a component subjected to a loading limited by level 
D criteria is not guaranteed). 
 
The Eurofer mechanical properties summarized in the 
table 2 have been used in the analyses [3]. The Young's 
modulus was considered constant, as its low variation range 
had no consequence on the results. 
 

Table 1 : HCLL blanket module geometry main data 
(dimensions in mm) 

 
MODULE INNER DIMENSIONS 

Radial depth  870 

Poloidal length  2000 

Toroidal length (param.)  4000 

First wall (FW) / Side walls (SW) 

Channel section  16 x 16 

Channel pitch  22 

Channel direction  FW : toroidal; SW : radial 

Inner & outer thicknesses  FW:5 & 4; SW:5 to 15 & 4 

Cooling plates (CP) 

Pitch  44 

Channel section 3 x 3 

Channel pitch 5 

Channel direction radial 

Overall thickness (param.) 5 

Back plate (BP) 

Thickness  50 

Vertical plates (VP) 

Equivalent thickness  6 

Pitch (param.)  400 

Module caps 

Thickness (param.)  40 

 
Table 2 : Mechanical characteristics for Eurofer 

 
Young's modulus at 350 °C (MPa) 200000 

Poisson's ratio 0.3 

T (°C) MPa 

350  341 

400 324 

450 304 

500 278 

min(0.7Su ; 2.4Sm )  

550 246 
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MODELLING 
 
The whole analysis (pre-processing, calculations, post-
processing) has been performed with the CASTEM 
computer code, developed at CEA/Saclay. 
 
In order to avoid the modelling of the whole module, the 
analysis rely on two local three-dimensional models: 
 
- a radial-toroidal slice (figure 1), 
- a radial-poloidal slice (figure 2). 
 
The models have been simplified in order to limit 
calculation time: 
 
- Use of symmetry and repetition planes as cutting planes; 

in various cases, representing the whole length of the 
slices was too costly, and tests have shown that the 
models could be reduced to take into account only some 
stiffening plates, i.e. CP or VP, near the module 
boundaries, for the same results. Typically, for the 
radial-toroidal slice with VP, only the first four VP near 
the SW have been represented, and, for the radial-
poloidal slice, only the first two CP near the cap have 
been represented. The cutting planes were then 
considered as symmetry planes. 

 
- Simplified BP. 
 
- Homogenized CP with equivalent orthotropic properties 

to take the cooling channels into account. 
 
- Homogenized VP with assumed equivalent thickness, as 

the cooling channels distribution is not completely 
identified. 

 
Several cases have been analysed for this study, 
corresponding to different design parameters. The table 3 
gives the specific characteristics of each geometric case. 
 
All the calculations have been made with linear 
formulations for the finite elements; a test with quadratic 
formulation has been performed to ensure that the resulting 
loss when using linear elements was acceptable. Mesh 
examples are given in figures 1 and 2. 
 

 
 

Figure 1 : RT01 model, mesh 

 

 
 

Figure 2 : RP01 model, mesh 
 
For all the models, the boundary conditions were the 
followings: 
 
- normal displacement locked for the symmetry planes; 
 
- other cutting planes stay parallel to themselves; effects 

of pressure in enclosed volume (pressure on caps or 
SW) uniformly reported on these sections; 

 
- one point fixed to avoid rigid body motion. 
 
The only loading is due to internal pressure, assumed to be 
8 MPa in all the cooling channels, and accidentally, in the 
module. 
 

Table 3 : Characteristics and design parameters 
of the studied cases 

 

Model  Specific characteristics 

RT01 
Radial-toroidal slice without VP, CP welded on 
all edges 

RT02 
Radial-toroidal slice without VP, toroidal inner 
length 2 m, CP welded on all edges 

RT03 
Radial-toroidal slice with VP (200 mm pitch), CP 
welded on all edges 

RT04 
Radial-toroidal slice with VP (200 mm pitch), CP 
disconnected from BP 

RT05 
Radial-toroidal slice with VP (200 mm pitch), CP 
alternatively disconnected from BP or FW 

RP01 
Radial-poloidal slice with 200 mm pitch between 
VP, 20 mm thickness for caps 

RP02 
Radial-poloidal slice with 400 mm pitch between 
VP, 40 mm thickness for caps 

 
ORTHOTROPIC EQUIVALENT PROPERTIES FOR 
CP 
 
CPs (in reality featuring internal cooling channels [1]) have 
been represented as filled plates with orthotropic equivalent 
mechanical properties, so that the mesh is lighter and 
simple, and the 'global' displacements are respected on 
tension loads. These equivalent properties have been 
calculated using a local finite elements model of the CP. 

FW 

CP

BP 

BP 
VCP 

 Cup 

HCPs 

FW  
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For an isotropic Young's modulus of 200000 MPa (assumed 
to be constant, and with the "reference" dimensions of the 
channels, the values summarized in the table 4 were found: 
 

 
 

Figure 3 : Model used for evaluate the CP orthotropic 
equivalent properties 

 
Table 4 : Orthotropic equivalent mechanical properties 

for CP (1: radial; 2: toroidal; 3: poloidal) 
 

E1 (MPa) 128000 

E2 (MPa) 87900 

E3 (MPa) 87900 

ν12 0.3 

ν23 0.137 

ν13 0.3 

G12 (MPa) 49200 

G23 (MPa) 38700 

G13 (MPa) 49200 

 
ANALYSES AND RESULTS 
 

 
In all studied cases, the maximum value of the Von Mises 
stress in the FW is the consequence of local bending of the 
channels walls. This value never exceeds about 200 MPa, 
showing the good withstanding of the FW according to the 
criteria. In particular, the disconnection of one CP of two 
(case RT05) – representative of a design necessity to allow 
PbLi passing from one stage to the stage below [1] - is 
acceptable. 
 
The SW shows the same kind of local bending as the FW, 
and the stress level is comparable, thus acceptable. The 
round corner of the module joining the FW and the SW, 
leads in general to the same stress level. In some cases, 
mainly when the CP is disconnected from the BP, a stress 
peak appears in the BP to SW junction, actually modelled 
with a sharp (90°) corner. It can be assumed that an 
appropriate shape can be found in order to reduce this peak 
under allowable limits. A precise local stress analysis of the 
CP could not be done because of their simplified modelling. 
However, the tensile stress in the radial direction (channel 
direction), in the worst case, i.e. without VP stiffening, has 
been calculated (RT01, RT02) and is around 150 MPa, 
which is in the range of acceptable values. A refined local 
calculation has to be performed to ensure that the criteria 
are met in the whole CP. 

As for the CPs, the VPs have not been precisely modelled. 
An equivalent thickness has been assumed that respects the 
real cross section perpendicular to the internal channels. 
 
As the VP are mainly loaded in the channel direction 
(consequence of the pressure on the cap), the equivalent 
Von Mises stresses in the VP are therefore relevant, and are 
nearly equivalent to the primary membrane stresses. 
 
Performed analyses showed that the stress level in the VPs 
is not acceptable for a pitch over 200 mm (this value does 
not depend on the cap thickness). 
 
As far as the cups and the BP are concerned, on the basis of 
the chosen thicknesses, the stress level reached in the 
models is acceptable. 
 
However, it has to be outlined that stress values are only a 
rough estimation, since these regions are modelled as 
simple thick plates. 

 
 

Figure 4 : RT02 model, deformation 
 
 

 
 
Figure 5 : RT02 model, Von Mises equivalent stresses, FW 
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Figure 6 : RT02 model, Von Mises equivalent stresses, SW 

 

 
 

Figure 7 : RT03 model, deformation 
 

 
Figure 8 : RT03 model, Von Mises equivalent stresses, FW 

 

 
 
Figure 9 : RT03 model, Von Mises equivalent stresses, SW 

 

 
 

Figure 10 : RP01 model, deformation 
 

 
 

Figure 11 : RP01 model, Von Mises equivalent stresses 
 

 
 

Figure 12 : RP01 model, Von Mises equivalent stresses, 
FW and VCP 
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CONCLUSION 
 
 
At this step of the design of the HCLL breeding blanket, 
where only the main dimensions are defined, the accidental 
internal pressurization of 8 MPa has been simulated and 
analysed for several geometrical parameters to allow a first 
optimisation of the needed amount of steel. The results 
show a good withstanding of the SW and FW, even if CP 
are disconnected from FW or BP (to allow flowing of the 
lithium lead). But a vertical stiffening is needed to ensure 
the cap resistance. The optimised pitch of this stiffening has 
been defined according to the stiffeners cross section 
(typically, for an equivalent thickness of the VP of 6 mm, 
the pitch can not overreach 200 mm). 
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TW2-TTBA-001a-D04 
 
Task Title: COMPLETION OF DESIGN ACTIVITIES ON WCLL AND FINAL 

REPORT 
 
 
INTRODUCTION 
 
 
The Water-Cooled Lithium-Lead (WCLL) Blanket is one of 
the two European Breeding Blanket lines selected by EU in 
1995 [1] with the aim of developing a Fusion DEMO 
reactor blanket offering suitable tritium breeding, power 
extraction, neutron shielding, safety and reliability. 
 
Over the years since that time, emphasis has been put on 
detailed design and R&D of the WCLL Test Blanket 
Module (TBM) for ITER [2, 3, 4]. The level of design and 
R&D reached in 2002 [5] constitutes a strong and coherent 
basis for the insertion of a TBM in ITER since its first day 
of operation. 
 
However, in 2002, under the constraint of reduction of 
financial commitments, EU has endorsed the decision [6] to 
concentrate the work on blanket modules for testing in 
ITER on a single coolant, Helium. Up to that time, two 
different coolants were envisaged for the EU Breeding 
Blankets: i) pressurized water for the WCLL concept and ii) 
pressurized He for the HCPB concept (Helium-Cooled 
Pebble-Bed). In order to maintain open the possibility of 
adopting both types of breeder – lithium-lead and ceramic – 
the choice of high pressure He coolant has been made, 
water appearing indeed incompatible with the solid breeder 
solution (accidental Be/water interaction). Another 
argument was given for the choice of He: the advantage of 
higher potential thermodynamic efficiency (expected outlet 
He temperature: 500°C instead of 325°C for pressurized 
water at 15.5 MPa). 
 
This, of course, shall be also precisely investigated with 
regard to design and material (Eurofer) limits under high 
thermal and neutron loading in a future fusion power plant. 
 
On the other hand, pressurized water technologies requires 
a lower technological extrapolation from present day state-
of-the-art. This offers an advantage within the long term 
blanket development strategy that should not be definitively 
precluded. 
 
In that sense, EU indicated [7] that WCLL blanket could be 
reconsidered in the EU strategy if major problems might be 
encountered in the development of Helium-cooled PbLi and 
ceramic concepts. 
 
It appeared then important to close the WCLL activities 
with a clear list of the reference documents that constitute 
the status of development of the WCLL concept (in 
particular of the TBM) and to analyze the major R&D steps 
that still have to be achieved for the insertion of a WCLL 
TBM in ITER.  

2002 ACTIVITIES 
 
 
The 2002 activity was aimed at answering to this double 
objective. The list and main scope of reference WCLL 
documents can be found in the task report. Hereafter are 
summarized the major R&D steps that remain to fully 
qualify a WCLL TBM in ITER 
 
BLANKET MANUFACTURING TECHNOLOGIES 
 
Double-wall-tubes (DWT) 
 
In order to reduce the probability of water leakage in the 
PbLi, DWT are used for the heat extraction. A ductile 
interlayer (Cu) is foreseen between two concentric steel 
tubes with the double objective of i) preventing a potential 
crack propagation from one tube to the other and ii) 
maintain a good thermal contact to ensure suitable power 
extraction. The related technology and its qualification have 
reached a promising level (quality of joint, dimensional 
accuracy, bending) [5], but they shall be completed in the 
future with the following points: 
 
- Reproducibility of satisfactory results obtained on DWT 

fabrication (with removal of initial gap between tubes 
before HIP) and DWT bending after HIP. Dimensional 
accuracy and characterization of joint. 

 
- Bending of more complex 3D shapes (multiple 2D 

bending in several directions). Dimensional accuracy. 
 
- Confirmation of preliminary results obtained on tube 

conical expansion at its edges for stiff connection to 
backplate. 

 
- Development of a double weld scheme for DWT 

attachment to the back-plate. 
 
- Thermal cycling and endurance tests under relevant 

WCLL conditions of a C-shape DWT (scale 1:1). 
Verification of local and global thermal behaviour. 

 
- Thermal cycling and endurance tests under relevant 

WCLL conditions of a DWT sample (few tens cm) 
under irradiation. Verification of local thermal 
behaviour PIE. 

 
- Stress corrosion cracking tests under irradiation. (no 

PbLi needed). 
 
- Fabrication of a relevant DWT bundle with fixing grid 

(to be used for tests in a Large-scale Mock-up). 
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First Wall (FW) 
 
Last R&D results [5] tend to show that the use of mixed 
solid/powder HIP process for FW fabrication would be the 
preferred option to avoid damaging of the Cu interlayer 
around internal cooling tubes. They shall be further 
completed with the following points. 
 
- Reproducibility of mixed powder/solid HIP FW 

fabrication. Dimensional accuracy. Optimization of the 
HIP cycle (temperature, pressure) to avoid local Cu 
deformation by steel grains. Optimization of grooves 
design for tube positioning before HIP.  

 
- Fabrication of straight and bent FW.  
 
- Thermal cycling and endurance tests of FW under 

surface heat flux (same conditions as tests of ITER 
components).  

 
Segment box (SB) 
 
For the Segment Box, the following activities shall be 
carried-out: 
 
- Fabrication, with the help of Industry, of a medium-scale 

demonstrator integrating all selected fabrication and 
assembly techniques (available industrial technologies), 
following the reference manufacturing sequence. 
Verification of the feasibility, optimization and impact 
of residual stress on global structure. Compatibility of 
the design and fabrication sequence with the 1% 
variation in volume due to the martensitic 
transformation.  

 
- Development of Non Destructive Examination (NDE). 

Compatibility with fabrication sequence.  
 
- Fabrication of a Large-scale Mock-up (LSMU) 

produced on the basis of the previous point and 
integrating instrumentation and electrical heating for 
testing with Pb-17Li, pressurized water cooling and 
surface heat flux.  

 
- Testing of the LSMU under relevant conditions 

(electrical heating simulating neutron power deposition): 
thermohydraulics, thermal stress, cycling tests.  

 
COATING QUALIFICATION 
 
Al-based coating on outer side of DWT and inner side of 
SB are envisaged to limit tritium permeation to coolant. 
Although last studies have shown [5] that low performances 
of Tritium Permeation Barriers (TPB) would not lead to 
prohibitive safety effects or incremental capital/operational 
costs of the WDS (Water Detritiation System), it is 
necessary to maintain R&D on TPB because: i) safety 
studies need some confirmation, ii) TPB may remain a cost 
reduction factor that shall not be precluded, iii) potential 
benefits of a coating to minimize corrosion and activated 
corrosion product transport. Two Al-based coating 
techniques can be envisaged for the WCLL: the CVD 
(Chemical Vapor Deposition) and the HD (Hot Dipping). 

The followings R&D activities should be further carried-out 
for allowing the use of TPB technology in TBM. 
 
- Definition of a suitable coating procedure for Eurofer 

substrate (especially surface state preparation before 
coating). Reproducibility of CVD and HD coating 
performances in gas and PbLi phases. Evaluation of 
self-healing.  

 
- Tritium Permeation Reduction Factor (PRF) 

measurement on Eurofer tube samples (single, DWT) 
under irradiation.  

 
- Applicability of the CVD and HD process to more 

complex shapes (plates, corners, etc.). Micrography 
characterization of coating (uniformity).  

 
- Selection, with the help of Industry, of the most suitable 

reference coating technique compatible with the 
reference manufacturing procedure.  

 
- Coating of the LSMU for H/D control testing out-of-

tokamak.  
 
PROCESSES AND COMPONENTS 
 
- Instrumentation development: D/T concentration 

measurement in H2O Development of a D/T 
concentration measurement to be used in a Multipurpose 
Testing Facility (MTF) for T-process testing. If 
necessary, R&D with limited extrapolation to current 
technology shall be developed for D concentration 
measurement in the Multipurpose Testing Facility and, 
in parallel, T concentration measurement systems in 
water will be explored in view of TBM testing in ITER.  

 
- Design and fabrication of a MTF for testing of LSMU 

(thermal-hydraulics, cycling, thermomechanics, 
permeation, instrumentation) and TBM prior to insertion 
in ITER.  

 
- LSMU testing in the Multipurpose testing facility.  
 
SAFETY AND LICENSING 
 
One of the main safety issues of the WCLL concept is the 
interaction between water and PbLi. Both experimental and 
numerical modeling R&D activities on this subject were 
launched in parallel in the past years [5]. Significant 
experimental results have been obtained in 2001-02 with the 
continuation of the LIFUS-5 campaign (injection of 
pressurized water in PbLi). 
 
On the other hand, numerical modeling of the thermal 
interaction using the SIMMER-III code made some 
significant progress, first, with the preliminary validation of 
the code on the simplified geometry BLAST experiment 
and, second with first models of the more complex 
geometry experiment LIFUS-5. In particular, 2D equivalent 
model has been developed and shall be further validated 
and compared to last LIFUS experimental results. 
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In future years, the following R&D activities should be 
carried out to validate: 
 
- Effect of large water leak in PbLi. Additional 

experimental campaign on LIFUS-5 (if required) on the 
basis of operating parameters defined in collaboration 
with modelling. 

 
- Development of modelling. Definition of LIFUS 

experimental parameters. Interpretation of the 
performed LIFUS experiments. Development and 
qualification of the geometry modelling and meshing, 
qualification of physical models including range of 
relevancy, limitation and sensitivity study. In case a 2D 
approach would be too limited, 3D capabilities should 
be implemented in the SIMMER-III code. 

 
- TBM and TBM system safety. Definition of sensors to 

be used, location in TBM and loops, definition of trip 
set-points for emergency stop. 

 
- Preliminary Safety Assessment Report. 
 
In addition to this list, detailed R&D priorities that would 
be required for first 3 years of a re-launched 
workprogramme on WCLL TBM are given in the activity 
report. 
 
 
CONCLUSION 
 
 
The WCLL Breeding Blanket development activities have 
been completed and closed with a review of reference 
documents and analysis of remaining R&D issues up to full 
qualification of WCLL TBM in ITER. This review shall be 
used as an entrance point in case of a potential re-launching 
of WCLL TBM design and R&D activities. 
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TTBA-2.2 
 
Task Title: BLANKET MANUFACTURING TECHNIQUES 
 Solid HIP demonstrator for fabrication and coating 
 
 
INTRODUCTION 
 
 
The Water Cooled Lithium Lead blanket (WCLL) is one of 
the blanket options for a fusion reactor. The first wall is 
cooled by curved inner channels separated from the blanket 
box by a copper compliant layer. The fabrication of the 
modules relies on Hot Isostatic Pressing (HIP) : this 
technique allows obtaining such complex shapes from 
relatively simple massive components and/or powder. The 
fabrication of a mock-up with first wall cooling tubes 
embedded at a solid/powder interface is described in the 
following. 
 
 
2002 ACTIVITIES 
 
 
MOCK-UP DESCRIPTION 
 
The mock-up was designed in 2000 according to the U-
shape WCLL blanket design. It contained two LiPb 
containers and a bend. It thereby represented a part of a 
WCLL module as described in the WCLL design 
description document [1]. Two attempts to manufacture the 
first wall (FW) of the mock-up using the solid HIP process, 
i.e. diffusion welding the FW plate on the bock with the 
tubes in-between, have failed due to cracking of the weld 
beads. It was then decided to move the fabrication process 
from “solid HIP” to “mixed solid/powder HIP”, i.e. to 
replace the curved FW plate by compacted powder. 
 
Preliminary experiments aiming at defining a suitable block 
groove design as well as checking the mechanical 
properties of the solid/powder joints have been made in the 
frame of subtask TW1-TTBA2.5 [2]. The groove design 
shown in figure 1 was selected. Such grooves were 
machined on the surface of the block. 
 

 
 

Figure 1 : Suitable FW groove design for the mixed 
solid/powder HIP process 

 
Additional tools were designed in order to minimise risks of 
failure of the welds and to avoid unacceptable deformation 
of the mock-up during the densification of the powder. 

These tools are the following : two drilled plates with 
welded tube pieces used to maintain the FW tubes, one 
plate to avoid tearing of the canister at the top of the mock-
up, one curved bar to avoid tearing of the canister at the 
bottom of the powder layer and finally the canister sheet. 
The mock-up and the tools are shown in figure 2. 
 

 
 

Figure 2 : Mock-up and tools 
 
MOCK-UP FABRICATION 
 
The Eurofer tubes were inserted in the grooves and 
maintained using clamps and stainless steel plates. The 
drilled plates as well as the top and bottom tools were put in 
place and welded in some places. The FW tubes ends were 
then welded, the clamps removed and the weld beads were 
completed. 
 
The welding process was GTAW with ER316L as filler 
metal. Great care was taken to avoid too high dilution of the 
block base metal because this could lead to brittle welds. A 
9%Cr-1%Mo steel powder was used to fill the canister. 
 
The canister was outgassed at room temperature. The HIP 
cycle for the mock-up was as follow: heating to 950°C 
under low pressure (100 bar), then heating and pressurising 
to (1050°C, 1400 bar), 3 h dwell, cooling (> 8°C/min) and 
depressurising. A view of the mock-up after HIP is shown 
in figure 3. No evidence of leakage was visible. 
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Figure 3 : View of the mock-up after HIP 

MOCK-UP CHARACTERISATION 
 
A part of the mock-up was cut by electro-discharge 
machining as shown in figure 4. Samples of the FW cooling 
channels were cut (figure 5). 
 
It can be seen from figure 5 that the Eurofer tube got 
flattened on the powder side, as expected. 
 
As a result, the channel cross section is reduced. A 
significant quantity of powder has infiltrated the groove 
during powder filling. 
 
The shifting of the channel is about 1mm towards the 
plasma and 0.5mm in the lateral direction. 
 
As already noticed in [2], powder particles penetrate the 
copper layer during HIP. 
 
The solid/powder joint and the powder material 
microstructures are satisfactory (figure 6). 
 
 

 
 

Figure 4 : Mock-up after cut 
 
 
 

 
 

Figure 5 : Detailed view of the FW channel cross-section 
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Figure 6 : Microstructure of solid/powder joints 
 
 
CONCLUSIONS 
 
 
A WCLL mock-up was successfully manufactured through 
the solid/powder HIP process using a 11%Cr steel block 
and a 9%Cr-1%Mo steel powder. Metallographic 
observations lead to the following conclusions: 
 
- difficulties in keeping the tubes at the bottom of the 

grooves and infiltration of the powder between the tubes 
and the grooves resulted in a shifting of the cooling 
channels. In the worst case the measured discrepancy 
was +1mm towards the plasma and 0.5mm in the 
toroidal direction, 

 
- the channels are flattened on the powder side (the cross 

section is reduced), 
 
- steel powder particles penetrate the compliant layer but 

no discontinuity is noticed, 
 
- the groove design is adequate since it prevents damage 

of the copper by the groove angles, 
 
- the surface preparation and the HIP cycle applied lead 

to satisfactory solid/powder interface and powder 
material microstructures. 
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TW1-TTBA-002-D05 
 
Task Title: BLANKET MANUFACTURING TECHNIQUES 
 Integrated mixed-powder HIP fabrication route for TBM with DWT 
 
 
INTRODUCTION 
 
 
Water Cooled Lithium Lead blanket modules (WCLL) have 
complex shapes and geometries with double curvature and 
embedded cooling channels. Conventional techniques such 
as forging, bending and welding result in very complex 
fabrication routes. 
 
Hot Isostatic Pressing (HIP) techniques appear to be one of 
the most suitable route for the manufacturing of such 
complex shape components. The aim of this task was 
devoted to the fabrication route of the WCLL blanket 
modules. 
 
In 2001 we were interested in optimizing the inside 
geometry of the WCLL module using 2D and 3D numerical 
simulations [1]. In 2002 our work was devoted to the 
fabrication route of the WCLL blanket module at a reduced 
scale. 
 
In a first part, small mock-ups were produced to validate 
some manufacturing routes. In a second part, a WCLL 
blanket module at a reduced scale was manufactured to 
validate the flow-process grid. A solid/powder forming 
route was applied for the manufacturing of the module 
composed of 56T5 milled plates and 9 % Cr powder. To 
control the deformation during the HIP cycle, steel tools 
were inserted in the inner part of the module. 
 
 
2002 ACTIVITIES 
 
 
WCLL BLANKET MODULE 
 
In this concept, the WCLL blanket module is entirely 
manufactured with Eurofer plates and Eurofer powder. The 
first wall module is made of coolant channels embedded in 
a Eurofer structure.  
 
These tubes are copper coated to avoid crack propagations, 
it is thus not possible to realize a HIP cycle at a too high 
temperature. A drawing of the blanket module is given in 
figure 1. 
 
MATERIAL DESCRIPTION 
 
Plates and powder which are used for the manufacturing of 
the mock-ups and the WCLL blanket module at a reduced 
scale are respectively: a 9 % Cr steel powder provided by 
Anval and 56T5 as forged and annealed plates provided by 
Aubert & Duval (56T5 is a martensitic steel). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Drawing of the WCLL blanket module 
 
HIP CYCLE APPLIED 
 
The mock-ups and the WCLL blanket module at a reduced 
scale produced within the framework of this study were 
manufactured with the following HIP cycle: 
 
- from 20°C (resp. 10 MPa) to 900°C (resp. 10 MPa) in 

2 hours, 
 
- from 900°C (resp. 10 MPa) to 1050°C (resp. 140 MPa) 

in 3 hours, 
 
- 1050°C and 140 MPa dwell during 3 hours, 
 
- fast cooling. 
 
MOCK-UPS FOR VALIDATION 
 
In order to clearly be able to define the most suitable 
manufacturing method, small mock-ups were produced.  
 
They are representative of the most difficult part of the 
WCLL blanket module. In 2001, a small mock-up 
representative of the WCLL blanket module without 
cooling tubes, was manufactured [R1]. 
 
Eurofer plates and powder were used. To avoid diffusion 
welding between the stainless steel canister and Eurofer 
plates, an anti-diffusion material was used. In the same time 
to check that no damage occurred on the copper layer 
during the HIP cycle, a small mock-up was manufactured. 
On this mock-up different geometries of grooves were 
machined. Results of this work are given in [1] and [R2]. 

Coolant circuit manifold  Oulet coolant circuit 

Inlet LiPb 

Fixing screw 

Fixing screw 

Outlet LiPb 

Inlet coolant circuit 

Internal coolant circuit 



 - 138 - EFDA technology / Tritium Breeding and Materials / 
  Breeding Blanket / WCLL blanket 

ASSEMBLY OF A WCLL BLANKET MODULE AT A 
REDUCED SCALE 
 
To manufacture a WCLL blanket module using 
solid/powder HIP forming technique, several stages of 
manufacture and assembly are required. This elaboration 
needs also several different processes of fabrication. For the 
assembly of the WCLL blanket module at a reduced scale 
plates were machined by milling in 56T5 forged blocks. 
The canister was obtained by bending and welding 304L 
plates. No grooves have been machined in 56T5 plates and 
no copper coated tubes have been inserted in the module 
since this step of the fabrication route has been improved 
and tested in the frame of subtask TW0-TTBA2.2. Figure 2 
shows a cut of the WCLL blanket module at a reduced scale 
with steel tools inserted inside. 
 

 
 

Figure 2 : Cut of the WCLL blanket module 
with steel tools inserted 

 
The WCLL blanket module at a reduced scale is composed 
from stiffeners, a front plate, a top plug and a bottom plug. 
All these parts were machined in 56T5 plates. It is also 
composed of steel tools to avoid a too important 
deformation during diffusion bonding and powder 
consolidation. The different parts constituting the WCLL 
blanket module at a reduced scale are presented in figure 3. 
 

 
 

Figure 3 : Different parts constituting the WCLL blanket 
module at a reduced scale 

 
In the first step of assembly, all the steel tools and the inner 
part of the canister were sprayed with Boron Nitride (BN). 
The boron nitride was used to avoid diffusion bonding 
between steel tools and the canister and between the steel 
tools and 56T5 milled plates. 

In a second step, steel tools were inserted in the inner part 
of the canister. 
 
The unit was then turned over on the workbench and steel 
tools placed on each side of the central stiffener. 
 
The central stiffener was inserted in the middle part of the 
canister. 
 
Finally, side tools, front tools, and plug tools were stacked. 
 
All these tools were maintained with the help of one plug 
(figure 4). 
 

 
 

Figure 4 : Steel tools and canister 
with boron nitride sprayed 

 
To give the final shape to the WCLL blanket module 
(figure 5) the lateral stiffeners, the front plate and the last 
plug were pilled up. 
 
All the parts were then attached using small welding spots. 
 
Finally the last bended plate was assembled to close the 
canister (figure 6). After a leak test, the part was filled with 
powder. 
 

 
 

Figure 5 : Assembly of the WCLL blanket module 
at a reduced scale 
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Figure 6 : Canister assembly 
 
DECANNING OF THE WCLL BLANKET MODULE 
 
After machining of the canister, a special tool was screwed 
in the steel inserts in order to extract them. Steel tools 
inserted in the inner part of the canister were withdrawn 
without any difficulties. However it should be noted that the 
steel inserts were partially welded onto the container and it 
was not possible to extract the inserts in three parts as it was 
initially foreseen. Figures 7 and 8 show the module after 
machining of the canister and the module without tools in 
the segment box. The other inserts pilled up in segment 
boxes were withdrawn without any difficulties. 
 

 
 

Figure 7 : Canister after machining 
 
METALLURGICAL STUDY OF THE WCLL 
MODULE JUNCTIONS 
 
After decanning the module was cut by electro discharge 
machining and samples were cut in order to check the joint 
quality between 56T5 plates and between 56T5 plates and 
powder. 
 
On the figure 9, one can see a cross section of the module at 
the reduced scale on which are indicated the junctions to be 
examined. 

 
 

Figure 8 : Segment box without tools 
 

 
 

Figure 9 : Cross section of the module 
 
The solid/solid joint and the solid/powder joint are 
respectively shown in figures 10 and 11. 
 
As can be noted, a lot of inclusions are present at the 
interface of the solid/solid joint. 
 
These inclusions are probably boron nitrides. 
 
This means that when we pilled up the parts to form the 
skeleton of the module some boron nitride particles polluted 
the interface. 
 
To avoid this kind of pollution it will be necessary either to 
change the design of the parts or to use an other anti-
diffusion material. 
 
On the contrary, the junction solid/powder is clean. 

solid/solid 
jonction 

solid/powder 
jonction 
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Figure 10 : Microstructure of the solid/solid junction 
 

 
 

Figure 11 : Microstructure of the solid/powder junction 
 
DIMENSIONAL CHECK 
 
On the cut out section, we carried out a dimensional check 
in order to be able to compare the actual size with  the 
expected one. The cut was realised at 100mm from the plug. 
It can be noted on this section that the deformation of the 
skeleton of the module is not so important and it is quite 
symmetrical. The maximum of distortion measured between 
the two channels is about 1 mm. 
 
 
CONCLUSION 
 
 
During this year we mainly worked on the manufacturing 
techniques which will be used for the manufacture of the 
TBM. The main conclusions of this work are the following 
ones:  
 
- The various observations carried on the WCLL module 

at the reduced scale show that the quality of the 
solid/powder joints is satisfactory. Only few inclusions 
are present at the interfaces proving that the cleaning 
procedure is efficient. On the contrary, at the solid/solid 
interface a lot of inclusions are present. 

 It means that the boron nitride is not adapted and 
another anti-diffusion material must be used (either 
alumina or zirconia clothes). 

 
- Dimensional accuracy of the skeleton of WCLL at the 

reduced scale is satisfactory showing that the 
solid/powder forming route is promising. Moreover this 
fabrication route appeared less costly compared to 
machining of a large steel block as envisaged previously 
in [2] and it requires less welding operations which 
complicates the fabrication sequence as described in [3]. 
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TW2-TTBA-002a-D02 
 
Task Title: CRACK PROPAGATION TEST AND INTERPRETATION ON 

UNIRRADIATED DWT 
 
 
INTRODUCTION 
 
 
In the Water Cooled Lithium Lead (WCLL) concept, the 
use of Double Wall Tubes (DWT) was foreseen. 
 
The DWT are made of two tubes of Reduced Activation 
Ferritic Martensitic Steel separated with a thin copper layer. 
The copper layer is introduced to act as a compliant layer to 
stop the crack propagation towards the two tubes of RAFM. 
To verify the role of this compliant layer, a mechanical test 
has been defined in 2001 to study the crack propagation in 
DWT. 
 
In 2001 the stress distribution in DWT under service 
conditions has been calculated for both cracked and 
uncracked DWT [1]. 
 
Similarities have been detected between DWT and four 
points bending test. Thus this test has been selected to study 
the crack propagation in DWT. 
 
In 2002, a campaign has been launched at 310°C on non-
irradiated specimen, this temperature corresponds to the 
temperature in a DWT close to the copper layer [1]. The 
crack propagation has been monitored by an electric 
potential technique. 
 
The influence of the load amplitude to propagate the crack 
was studied to assess the influence of the copper layer on 
the crack propagation. 
 
 
2002 ACTIVITIES 
 
 
GEOMETRY OF THE SPECIMENS 
 
As defined in 2001, two types of specimen were used. 
Specimens B with a total thickness of 4 mm (1.2 mm 
Eurofer / 0.1 mm copper / 2.7 mm Eurofer) and specimens 
A with a total thickness of 2.75 mm (1.2 mm Eurofer / 0.1 
mm copper / 1.45 mm Eurofer). 
 
Specimen B is more representative of the stress distribution 
generated in a DWT, and the thickness of Eurofer in the 
specimen A corresponds to the size of a DWT [1]. The 
specimens were machined in two sandwich assemblies 
which have been manufactured in 2001 [1]. 
 
One sandwich assembly was elaborated using a 0.1mm pure 
copper layer and for the second assembly a 0.1mm 
electrolytic copper has been deposited on a Eurofer plate.  

MEASUREMENT OF THE CRACK PROPAGATION 
 
The tests were performed at 310°C, and since the specimen 
and the four points bending apparatus were placed in a 
furnace under air, it has been decided that the crack 
propagation should be measured by the electric potential 
technique [2, 3]. 
 
The voltage difference was measured between two points 
near the crack from two spots welded wire of stainless steel. 
An increase of the potential difference is related to a crack 
propagation. A photography of the specimen on the device 
of four points bending is shown in figure 1. A MTS 
servohydraulic test machine of 25 KN was used for this 
study. 
 

 
 
Figure 1 : A specimen on the device of four points bending 

 
TESTING PROCEDURES 
 
Due to the unusual small thickness of the specimen and 
since we are just interested in the crack path and in the 
interaction of the crack with the copper layer a simplified 
and unusual testing procedure has been used. The initial 
crack length is 0.3 mm. A precracking step must be first 
carried out to obtain a sharp crack tip before to launch the 
crack test itself. The total crack path is limited to 0.9 mm 
before interacting with the copper layer. Both the 
precracking and the crack propagation steps are conducted 
during a unique test. The specimen is first heated to 310°C. 
 
Then the specimen is subjected to cyclic loading. Once the 
crack has initiated as indicated by the potential difference 
curve, the loading conditions are modified to conduct the 
fatigue crack growth test. The tests are carried out at a 
frequency of 30 Hz. 
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RESULTS OF THE TESTS 
 
Sandwich plate elaborated using a sheet of 0.1 mm pure 
copper 
 
A typical curve of the evolution of the potential difference 
is presented in figure 2. 
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Figure 2 : Evolution of the potential difference 

(sheet of 0.1 mm of pure copper) 
 
During the heating of the specimen, an evolution of the 
potential is recorded due to the evolution of the resistivity  
of the specimen in function of the temperature. Once the 
potential is stabilized, the precraking conditions were 
applied to the specimen. After the precraking, the test of 
crack propagation was continued. For the different 
specimens machined in the sandwich assembly, the 
metallographic observations have shown that the crack 
deviated in the copper layer (figure 3). 
 

 
 

Figure 3 : Metallographic observation, specimen 
with a copper sheet 

 
Sandwich plate elaborated using a coating of 0.1 mm of 
pure copper 
 
Five tests have been conducted on specimens machined in 
the sandwich assembly elaborated using a coating of 
0.1 mm electrolytic copper and for each test a jump in the 
potential occurred (figure 4). 

This quick evolution has lasted 20 seconds. Before this 
jump a slow crack propagation was detected. 
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Figure 4 : Evolution of the potential difference 

(coating of 0.1 mm electrolytic copper) 
 
The post-mortem examinations of the specimens have 
revealed a crack propagation along the interface copper-
Eurofer (figure 5) which reveals a weak strength of this 
bond (cf figure 6). 
 

 
 

Figure 5 : View of the failed specimen 
 

 
 

Figure 6 : Metallographic observation, specimen 
with a copper coating 
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CONCLUSION 
 
 
Several tests have been performed on specimens machined 
from two sandwich blocks. For all the tests the crack 
deviated in the copper layer indicating that the compliant 
layer of copper acts as expected : it is a barrier with regard 
to the crack propagation. A difference of behaviour has 
been detected between the two sandwich blocks. The 
copper coating presents a very low strength of the copper-
Eurofer bond, and the crack grows very quickly along this 
interface whereas the crack deviates in the copper itself in 
the case of the interlayer sheet. 
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TW1-TTBA-005-D02 
 
Task Title: SAFETY AND LICENSING: Pb-17Li/WATER INTERACTIONS 
 
 
INTRODUCTION 
 
 
The general objective of this action is to validate the code 
models in order to be able to perform safety analyses for 
licensing. 
 
In that frame, safety studies are specifically devoted to the 
transient behaviour of a liquid metal breeder blanket 
module under accidental conditions. 
 
The accident scenario considers the complete failure of a 
water tube (coolant) into the lithium/lead (Li/Pb) blanket 
which was previously investigated through the experimental 
BLAST tests and which is under analysing through the new 
and more detailed experimental LIFUS programme at 
Brasimone. 
 
During the first part of the accident scenario the violent 
thermal interaction between “hot” Li/Pb and injected “cold” 
water leads to a pressure transient, due to a rapid water 
vaporization, which is analysed using the Simmer-III code 
(multi-phase and multi-component thermalhydraulics in a 
2D geometry). 
 
In a first study, code physical models and code options are 
widely investigated upon the BLAST experiments 
numerical simulation in order to select the most appropriate 
code parameters to correctly reproduce the involved key 
phenomena ; in a second study, the selected code 
parameters are applied to the LIFUS 5 test numerical 
simulation. 
 
The general experimental device provides for: 
 
- a cylindrical reaction vessel containing or not tube 

bundles and filled with liquid Li/Pb, 
 
-  a pressurised water injector into the reaction tank at the 

bottom of the vessel, 
 
- an expansion tube joining the top of the reaction vessel 

to a cylindrical expansion tank partially filled with 
liquid Li/Pb. 

 
The main experimental parameters concern the water 
injection conditions (temperature and pressure), the Li/Pb 
temperature and the presence of obstacles inside the 
reaction vessel, the expansion tube diameter. 
 
The pressure evolution in the reaction tank is recorded 
during the test. 

2002 ACTIVITIES 
 
 
A scheme of the LIFUS 5 experiment is shown in figure 1. 
 
The main elements of the LIFUS experiment, modeled with 
SIMMER-III are: 
 
- the interaction tank (S1) ; 
- the expansion tubes ; 
- the expansion tank (S5). 
 
The additional components of the experiment, which are not 
represented, are: 
 
- the liquid water tank and the feeding pipe (S2) ; they are 

modeled using a boundary condition ; the problem is 
treated assuming an instantaneous contact between water 
and lithium/lead ; this will be improved in a later 
approach, 

 
- the safety tank (S3) connected to the expansion tank 

which allows to collect the gaseous and aerosol products 
at the end of the test. 

 
The experiment is represented in Cartesian coordinates in 
order to better represent dissymmetrical phenomena such as 
turbulence. 
 
In view of the complexity of the 3D geometry of the 
experiment, the main difficulties were, on the one hand, to 
find a representative section view of the interaction tank, 
and on the other hand, to take into account the effect of the 
3rd dimension, so as to correctly represent the 
tank/expansion tube junctions. 
 
The proposed representation models: 
 
- the 3D position of the ‘U’ tubes versus the injector ; 
 
- the four interaction tank compartments separated by 

walls ; 
 
- the free space between the walls and the lateral wall of 

the interaction tank ;  
 
- the expansion tubes associated to each of the four 

compartments ; 
 
- the free volume of the expansion tank. 
 
The injection conditions (liquid water, pressure, 
temperature) are imposed on the upper boundary of the first 
mesh of the injector. 
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Figure 1 : LFUS 5 facility 

 
For test n°4 the initial conditions are the following: 
 
- LiPb temperature: 330°C, 
 
- temperature/pressure of injected water: 325°C/ 

15.5 Mpa, 
 
- length of the injector: 120 mm. 
 
The meshing is defined mainly in the interaction tank by 
square meshes so as to not favor one of the two directions 
during the formation and evolution of the jet. The 
discretization chosen is sufficiently fine for the 
experimental dimensions of the tanks and tubes. 
 
Fine meshing around the specificities of the domain 
(injector/interaction tank, tank/expansion tube connection) 
was not possible as it would have affected the numerical 
current condition and significantly increased the calculation 
time. 
 
A design basis factor is calculated so as to ensure a good 
agreement between the experiment geometry and that 
modeled in the Cartesian representation. This factor is 
deduced from the proportionality between the value of the 
main compartment of the modeling, adjusted to that of the 
experiment (25 liters). 
 
This choice indirectly supposes that during the thermal 
interaction phase between water and lithium/lead, the steam 
bubble mostly stays confined in the main interaction tank 
compartment until the system is pressurized. 
 
This is confirmed by the calculations as shown on the 
figure 2. 

In the Cartesian representation, this factor mainly affects the 
hydraulic characteristics of the tubes (hydraulic diameter, 
flow through section, friction surface), as well as the free 
volume of the expansion tank. Singular pressure drop 
coefficients were introduced in the calculation. In the 
modeling, this concerns the injector, the obstacle tube 
bundle, the porous wall and the expansion tubes. 

 
 

Figure 2 : SIMMER-III calculation, LIFUS-5 test n°4, 
steam repartition at 200 ms 



 - 147 - EFDA technology / Tritium Breeding and Materials / 
  Breeding Blanket / WCLL blanket 

CONCLUSIONS 
 
 
This calculation shows that: 
 
- the water injected in the interaction tank nearly 

instantaneously vaporizes until the end of the transient 
(1000 ms) ; 

 
- the general behaviour of pressure waves in the 

interaction and expansion tanks is comparable to that of 
the test ; when the pressure level in the expansion tank 
becomes significant, an increase in pressure is seen in 
the interaction tank ; 

 
- the delay needed to pressurize the system is of the same 

order of magnitude as that of the test ; 
 
- the hypothesis of changing to a Cartesian representation 

is verified ; the steam bubbles mostly stays confined in 
the main compartment of the interaction tank. 
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TW1-TTBB-002-D02 
 
Task Title: BLANKET MANUFACTURING TECHNIQUES 
 Mock-up of FW manufactured with alternative reduced cost fabrication 

technique 
 
 
INTRODUCTION 
 
 
The Helium Cooled Pebble Bed (HCPB) blanket concept is 
one of the two European breeding blanket concepts. This 
task is devoted to a preliminary assessment of the HCPB 
first wall feasibility using HIP diffusion welding and 
starting from simple raw components like rectangular tubes 
and thin plates (figure 1). 
 
 

 
 

Figure 1 : Principle of the rectangular tube process 
(HIP joints are red lines) 

 
 
2002 ACTIVITIES 
 
 
PREVIOUS RESULTS 
 
A small straight HCPB FW mock-up was manufactured 
using welded rectangular tubes. The dimensional accuracy 
of the mock-up was satisfactory, but the joints presented 
numerous inclusions due to oxidation of the surfaces of the 
tubes during EB welding. As a result, the impact toughness 
of the joints was low. 
 
In view of the fabrication of a bent mock-up from which 
more conclusive results can be drawn, a set of 400mm long 
Eurofer channels (14 x 18 mm² inside, 20 x 24 mm² 
outside) was manufactured by deep drilling and electro-
discharge machining. 
 
BENDING OF THE CHANNELS 
 
Before machining, the material was soft annealed in 
vacuum in order to decrease its hardness down to the 
minimum achievable. This facilitates bending because it 
decreases the yield strength of the material, increases its 
ductility and reduces springback. Then, the channels were 
bent at 90° following a 53mm radius. 
 
Figure 2 shows the cross section of the bent zone. 
 
Figure 3 shows that a satisfactory stacking can be obtained 
on the pebble bed side, while the bending deformation 
results in gaps on the plasma side. 

 

 
 

Figure 2 : Cross section of the tubes in the bent 
(plasma side on the left) 

 

 
 

 
 

Figure 3 : View of the tubes stack 
(top : pebble bed side, bottom : plasma side) 

 
MOCK-UP FABRICATION (HIP) 
 
The width of the gaps is of the same order of magnitude 
than the thickness of the plate to be diffusion welded on the 
tube stack (figure 1). 

 
5 mm 
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Therefore it has been necessary to use a thick tool to 
prevent intrusion of the plate in the gaps during HIP. The 
scheme of the tooling system is shown in figure 4. The 
mock-up before and after HIP at 1100°C, 140MPa for 3h is 
shown in figure 5. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 : Arrangement of tooling and mock-up 
 

 
 

Figure 5 : Views of the parts before seal welding 
and of the mock-up after HIP 

 
MOCK-UP CHARACTERISATION 
 
Specimens were cut from the mock-up as shown in figure 6. 
Figure 7 shows that the gaps have been completely 
removed and that the channels are almost perfectly 
rectangular, the bending deformation was recovered. The 
channel dimensions in the bent zone vary from 
13.2 x 19 mm² to 13.5 x 18.5 mm² (14 x 18 initial), which 
leads to cross section values very close to the desired one. 
 
Unfortunately, the joint microstructure is not satisfactory 
since the interfaces show evidences of pollution. 
 

 
 
Figure 6 : Mock-up after tool removing and sample cutting 

 

 
 

Figure 7 : View of the channels in the bent zone 
(plasma side on the top) 

 
 
CONCLUSIONS 
 
 
The first results obtained with the rectangular tube process 
are very promising since the cross section in the bent zone 
is very close to the design cross section. 
 
The following points deserve improvements: 
 
- the tube manufacturing process: EB welds micro-

structure must be improved to avoid delta ferrite or 
another process must be found, 

 
- the bending process : the deformation in the bent zones 

must be reduced in order to avoid the use of tools during 
the HIP step, 

 
- to improve the cleanliness of the joints it would be 

advisable to use thicker tubes and “dry mill” their 
surface before stacking. A further advantage of this 
solution is to provide tubes with parallel surfaces after 
dry milling. 
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TW2-TTBB-002a-D04 
 
Task Title: BLANKET MANUFACTURING TECHNIQUES 
 Assessment of first wall fabrication techniques and first wall to 

stiffening plates joining techniques 
 
 
INTRODUCTION 
 
 
Several processes have been developed for the fabrication 
of the HCPB first wall (FW) and its connection to the 
cooling/stiffening plates (CP). The objective of this study is 
to analyse the advantages and the drawbacks of the 
different processes in order to better define future research 
& development needs. This analysis has been made on the 
basis of many available reports from FZK and CEA 
associations (references are not detailed here). 
 

 
 

Figure 1 : Schematic view of the HCPB first wall 
and cooling plates 

 
 
2002 ACTIVITIES 
 
 
FIRST WALL FABRICATION PROCESSES 
 
Four different processes can be used for the fabrication of 
FW structures. All rely on Hot Isostatic Pressing - diffusion 
welding (figure 2). They differ from one another in the joint 
location and in the fabrication sequence. 
 
In the two steps HIP process, grooved steel plates are put 
one on each other, inserted in a tight canister together with 
thick molybdenum alloy plates and HIPped at low pressure 
in such a way that the deformation of the channels is 
controlled. Then, the canister and the Mo plates are 
removed and the structure is HIPped again at high pressure 
to complete the diffusion welding process. In the first HIP 
cycle, the channels are closed while in the second one they 
are opened to see the gas pressure. The FW is bent 
afterwards. 

 

 
 

 

 
 

 

 
 

 

 
 

Figure 2 : Scheme of joint location (in red) 
for FW fabrication processes. From top to bottom : 
the two-step HIP process, HIP forming, rectangular 

tube process and weld + HIP process 
 
This process has numerous interesting advantages that arise 
mainly from the joint design : it results in a minimum joint 
area, it is located in a moderately loaded area and is suitable 
for non destructive testing. Its industrial relevance is good 
since sufficiently large HIP equipments and sufficiently 
powerful presses (for bending) exist, at least for a TBM. 
 
The main drawback of the process is that an area not tightly 
bonded during the first HIP cycle will not be bonded during 
the second one (figure 3). 
 
So, in principle, unbonded areas may still be present at the 
end of this process route (no experimental evidence of this 
problem has been reported).  
 
 

 
 

Figure 3 : Two steps HIP process :view of the diffusion 
welded joint (green) and unbonded area (red) 

FW 

CP 
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A modified joint design is suggested to avoid this problem 
(figure 4) : the two small ribs get plastically deformed 
during the first HIP cycle, thereby insuring tightness. If the 
pressure is low enough during the first HIP cycle, a gap 
remains between the two plates that can be detected by 
NDT, as well as its disappearance after the second HIP 
cycle. 
 

 

 
 

Figure 4 : Two steps HIP process : 
improved joint design 

 
The HIP forming process consists in inserting round or 
elliptic tubes between the plates and applying a single high 
pressure HIP cycle. The tubes expand, which results in a 
joint sketch as shown in figure 2. There is no such risk of 
unbonded areas like with the two steps HIP process. The 
diffusion welded joint does not emerge in the channels, but 
the joint area is much larger than in the case of the two 
steps HIP and joints are present in highly stresses zones 
(i.e. corners). The applicability of NDT techniques to such 
complex joint design has not been checked. The main 
drawback of the process is that the tube deformation is very 
high : tube failure may occur during HIP, especially when 
defects are present in the material. In other words, the tube 
quality is critical and the larger the structure, the higher the 
tube failure probability. The reliability of the process is thus 
design-dependent, in the sense that it is hardly applicable 
for large flat channels and should be reasonably reliable for 
square channels. 
 
The HIP forming process is actually intermediate between 
the two steps HIP process and the rectangular tube process : 
in the latter, the tube themselves form the structure and 
there is no more need for grooved plates. The rectangular 
tubes are bent, stacked one on each other, covered with a 
bent sheet on both sides, and finally HIP diffusion welded. 
Reliability problems associated with tube expansion are 
avoided. Accurate cross section can be achieved in straight 
zones since it does not change during HIP. Only small, easy 
to handle parts are bent : there is no need for powerful 
presses. This process is at its early stage of development.  
 
The weld+HIP process consists in insuring the rib tightness 
thanks to welding with a bore TIG torch before completing 
the bond by HIP diffusion welding. It requires also a single 
HIP cycle and, as with the two steps HIP cycle, bending is 
made after HIP. The main issue of this process is the weld 
feasibility on large structures (which is not demonstrated) 
and the weld tightness.  
 
FIRST WALL / COOLING PLATES ATTACHMENT 
 
Two basic designs are in principle possible for the FW/CP 
attachment. The butt weld configuration is shown in 
figure 5. 

With this configuration, welds are under tensile condition in 
case of accidental conditions (segment box pressurisation). 
 
This situation is unfavourable but may unfortunately be the 
only feasible solution, since the more favourable T-shape 
attachment by diffusion welding (figure 6) requires larger 
space that could be incompatible with the gas supplying 
system. 
 

 
 

Figure 5 : Butt weld attachment 
 
 

EB seal weld 

HIP diffusion weld 

 
 

Figure 6 : T-shape attachment 
 
Both attachments require welding from inside the box, 
which is technically difficult for accessibility reasons.  
 
INTEGRATED PROCESS  
 
An integrated process that mixes the rectangular tube 
process and the T-shape attachment is proposed (figure 7). 
 
First, the segment box is built by joining CPs and bent 
strips. 
 
The process is TIG welding with filler material, and the 
welds are made from the plasma side, contrarily to figure 6. 
 
Welds are more easily checked. 
 
Second, rectangular tubes are put on the segment box, 
covered with a cover sheet and the whole is HIPped to get a 
module skeleton on which the top and bottom plates as well 
as fluid connection remain to be welded. 
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CP 

TIG weld 

FW tubes 

Strip 

 
 

Figure 7 : Integrated process 
 
 
CONCLUSIONS 
 
 
Advantages and drawbacks of available processes for the 
FW fabrication have been listed. A similar assessment for 
the FW/CP attachment has been made. The main 
conclusions are as follows : the two steps HIP process 
requires joint design modification, the HIP forming process 
is design dependent and suffers from poor reliability, the 
rectangular tube process requires further R&D development 
and the applicability of the welding+HIP process to large 
structure requires the development of bore welding tools.  
 
As far as the FW/CP connection is concerned, the 
conclusions are that the acceptability of butt welding must 
be checked with regards to accidental situations while 
connection by HIP diffusion welding is very promising and 
can be coupled with the FW fabrication in an integrated 
process. 
 
A balance between fusion welding and diffusion welding 
processes must be found on the basis of properties of 
relevant fusion welds. From one hand, if fusion welds prove 
to be totally satisfactory, then it should be possible to define 
a “low” cost process without any HIP (with the exception 
of CP fabrication). From the other hand, if diffusion welds 
were preferred and fusion welds were to be minimised, 
emphasis should be put on the (two-steps HIP + diffusion 
welded CP) process as well as on the integrated 
(rectangular tube + diffusion welded CP) process.  
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TW2-TTBB-005a-D03 
 
Task Title: DEVELOPMENT OF CERAMIC BREEDER PEBBLE BEDS 
 Characterization of Li2TiO3 pebbles 
 
 
INTRODUCTION 
 
 
The characterization of Li2TiO3 pebbles, in support of both 
their fabrication technology and the investigation of the 
performance of Li2TiO3 pebbles and pebble beds, plays a 
major role in the development of Li2TiO3 pebbles for the 
HCPB blanket. 
 
The work in 2002 addresses essentially two items: 
 
- Detailed characterization of the Li2TiO3 pebbles of the 

6 kg-batch produced in 2001. 
 
- Pre-test and post test examinations of Li2TiO3 pebbles. 
 
 
2002 ACTIVITIES 
 
 
Focus in 2002 was placed on the determination of: 
 
CHARACTERISTICS OF THE Li2TiO3 PEBBLES OF 
THE 6 kg BATCH PRODUCED IN 2001 AT 
CERAMIQUES TECHNIQUES ET INDUSTRIELLES 
 
It is recalled that one of the deliverables of the 2001 
program activity was the production by pre-industrial 
means of a 6 kg-batch of Li2TiO3 pebbles at the end of the 
year. The goal of this production was a dual one: 
 
- produce an amount of Li2TiO3 pebbles sufficient to 

control the fabrication process parameters, 
 
- produce an amount of Li2TiO3 pebbles necessary and 

sufficient to supply the campaign of the functional tests 
of Li2TiO3 pebble beds foreseen in 2002. Among others, 
3 kg of Li2TiO3 pebbles were delivered in February for 
the HE-FUS 3 mock-up tests at ENEA. 

 
Thus, a batch of 6 kg of 1 mm Li2TiO3 pebbles, reference 
"CTI 9A1 Ti 1100 CTI" comprising 6 sub-batches has been 
produced in December 2001, following the procedure 
described in [1]. This batch of Li2TiO3 pebbles was sintered 
at 1100°C. Relevant characteristics, i.e., pebble bed density, 
pebble open/closed porosity, grain size, specific surface 
area, and average crush load of the sub-batches have been 
determined. 
 
One can observe that the uniformity of the sub-batches is 
relatively satisfactory showing that temperature conditions 
throughout the industrial furnace are quite uniform. 
However, the density of the sub-batches is lower than the 
goal value (∼ 90 % of  theoretical density). 

A cross section of Li2TiO3 pebbles observed by optical 
microscopy shows that there are large holes in the pebbles. 
 
Investigations at CTI have shown that there has been a 
problem with the extrusion apparatus during the fabrication 
of this batch. 
 
The level of vacuum in the extrusion chamber was poor and 
air bubbles were introduced in the paste resulting for the 
pebbles in a low density. After repair of the extrusion 
apparatus, a new batch of Li2TiO3 pebbles, reference “CTI 
1532 Ti 1100 CEA” has been produced in March. 
 
The density of pebbles, around 89 % of theoretical density, 
is in agreement with the objective.  
 
PRE-TEST AND POST-TEST EXAMINATIONS OF 
Li2TiO3 PEBBLES 
 
In order to evaluate the performance of the Li2TiO3 pebbles 
and, as a consequence, to improve it, if needed, relevant 
functional tests of pebble beds both out-of-pile and in-pile 
are carried out in collaboration with FZK and NRG.  
 
Checking the characteristics of the Li2TiO3 pebbles before 
and after the out-of-pile tests is carried out at CEA in order 
to identify any changes and, thereby, help interpretation of 
test results. 
 
Characteristics of Li2TiO3 pebbles for the HICU 
experiment 
 
Among the criteria for the selection of the ceramic breeder 
for the HCPB blanket is the behaviour of the pebble beds 
under EOL lithium burn-up and dpa conditions. The 
behaviour of the two ceramic breeder options (Li4SiO4 and 
Li2TiO3) will be studied in the HICU experiment to be 
started in 2003 in HFR. 
 
For the Li2TiO3 pebbles specimens, three 6Li enrichments 
are necessary to cover the objectives of the experiment. 
Adjustments of the process were necessary because of the 
slightly different characteristics of the 6Li-enriched lithium 
precursors. Characteristics of the specimens are given in 
table 1. 
 
In addition, three samples were prepared for the HICU 
experiment: a) smaller pebbles developed in 2002, b) same 
pebbles as in the submodule experiment (started in 2002), 
and c) pebbles representative of industrial fabrication.  
 
These three samples have a natural 6Li enrichment. 
Characteristics of the samples are also given in Table 1. 
These six samples were delivered in June to NRG for the 
HICU experiment. 
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Table 1 : Characteristics Li2TiO3 pebbles 
for HICU experiment 

 

Porosity (%) 
Reference  Pebble size 

(mm) Open Closed 

Bed density 
(g/cm3) 

Grain 
size 

(µm) 

Average 
crush load 

(N) 
Remarks 

CTI 1890 Ti 
1100 CEA 

0.8 - 1.2 12.5 4.4 1.68 1 - 3 34 
0.06 % 6Li-
enrichment 

CTI 2090 Ti 
1140 CEA 

0.8 - 1.2 13.2 5.1 1.68 1.5 - 4 41 11 % 6Li-enrichment 

CTI 2590 Ti 
1100 CEA 

0.8 – 1.2 7.5 5.9 1.73 1 – 3 51 
29.5 % 6Li-
enrichment 

CTI 942 Ti 
1100 CEA 

0.6 – 0.8 2.0 4.9 1.91 1 - 4 31 
Smaller pebbles and 
natural enrichment 

CTI 1271 Ti 
1100 CEA 

0.8 – 1.2 4.2 5.5 1.85 1.5 – 5 40 
In submodule 

experiment and 
natural enrichment 

CTI 1532 Ti 
1100 CEA 

0.8 – 1.2 6.0 5.3 1.82 1.5 - 5 31 
Industrial fabrication 

and natural 
enrichment 

 
In 2002, tests were carried out at CEA on the Li2TiO3 
pebbles: 
 
Annealing test at 970°C in air at CEA during three 
months 
 
One important issue for the HCPB blanket is the maximum 
temperature allowable for the ceramic breeder. Among 
phenomena, which can limit the upper operating 
temperature, are phase changes occurring with large density 
changes, lithium vaporization, and change of microstructure 
(grain growth) on annealing. For sintered Li2TiO3 pebbles, 
the third phenomenon is likely to be the limiting one. It is 
investigated with annealing tests. 
 
This test was made at CEA within the framework of the 
pebbles optimisation. It aimed at comparing the behaviour 
of the Li2TiO3  pebbles as a function of their sintering 
temperature, in other words, as a function of their 
microstructure. The temperature and time conditions of this 
test (970°C, 3 months) are representative of DEMO end-of-
life conditions at the higher temperature of the breeder in 
the HCPB blanket. In view of the results obtained with the 
Li2TiO3 pebbles sintered at 1050°C in 2001, this new 
annealing test at 970°C with the pebbles sintered at 1100°C 
was decided. 
 
Characteristics of the specimens (weight loss, open and 
closed porosity, crush load, and grain size) were checked on 
the initial pebbles and on pebbles annealed in air at 970°C 
during 1 month, 2 months, and 3 months, respectively. 
After the annealing test, a significant reduction of the 
closed porosity was observed. The average crush load 
decreases slightly from 34 N to 28 N. During the aging 
there was an increase in the grain size. After 3 months, it 
grew up to about 18 µm. X-ray diffraction analysis on the 
annealed pebbles shows only the monoclinic Li2TiO3 phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1 : Weight gain of Li2TiO3 pebbles on air exposure 

 
In conclusion of these different tests, grain growth observed 
for the Li2TiO3 pebbles sintered at 1100°C is very similar to 
that for the Li2TiO3 pebbles sintered at 1050°C, but is less 
important than for the Li2TiO3 pebbles sintered at 950°C. 
 
Sensitivity to moisture of Li2TiO3 pebbles in air during 
twelve months 
 
Lithium ceramics are hygroscopic materials. It was 
previously shown that hygroscopy increases with the 
Li2O/MO ratio in the composition (M=Al, Zr, Ti, Si) [2]. 
Further, hygroscopy increases with increasing specific 
surface area of the material. Previous studies also showed 
that moisture adsorption and subsequent CO2 reaction have 
a deleterious effect on ceramic breeder materials relevant 
properties. 
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Precautions against moisture may therefore be necessary 
during materials fabrication, storage, and loading of the 
ceramics in the reactor, which makes these operations very 
heavy. 
 
Moisture sensitivity of Li2TiO3 pebbles has been studied at 
CEA by measuring at room temperature the weight gain of 
pebbles as a function of time on air exposure (relative 
humidity in the 40 %-60 % range). Figure 1 shows weight 
gain as a function of time for Li2TiO3 pebbles with different 
specific surface areas. A weight gain of less than 1 % after 
one year is measured for Li2TiO3 pebbles with the higher 
specific surface area and of 0.2 % for the reference pebbles. 
It can be concluded that Li2TiO3 pebbles do not practically 
react with air at room temperature. 
 
The unsensitivity of Li2TiO3 pebbles to moisture seems to 
be a specific feature of the Li2TiO3 ceramic. This is a 
significant advantage with respect to fabrication and storage 
of industrial scale as well as with respect to blanket loading 
in the reactor. 
 
 
CONCLUSION 
 
 
The CEA activity regarding the characterization of the 
Li2TiO3 pebbles was achieved in accordance with the 
foreseen time schedule. Specimens for the functional tests 
of pebble beds, and for the irradiation experiments were 
delivered in due time to the European partners. In addition, 
comparing the characteristics of the Li2TiO3 pebbles before 
and after the out-of-pile tests of pebble beds, performed so 
as to evaluate the performance of the  Li2TiO3 pebbles 
option, was very useful to help understanding any 
phenomena occurring during the tests. 
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TW2-TTBB-005a-D04 
 
Task Title: DEVELOPMENT OF CERAMIC BREEDER PEBBLE BEDS 
 Mastering and optimising of process parameters for the preparation of 

Li2TiO3 powder and for the fabrication of Li2TiO3 pebbles 
 
 
INTRODUCTION 
 
 
Li2TiO3 pebbles are developed at CEA as candidate ceramic 
breeder option for the Helium-Cooled-Pebble-Bed (HCPB) 
blanket investigated in Europe. The extrusion-
spheronisation-sintering process was selected in 1996 in 
order to produce Li2TiO3 pebbles fulfilling the HCPB 
blanket requirements, and was developed with the 
collaboration of the industrial firm Céramiques Techniques 
et Industrielles. 
 
From 1996 to 2001, the investigation was mainly focused 
on: 
 
- The optimisation of the Li2TiO3 pebbles and their 

characterisation with the study of the fabrication process 
parameters which control the characteristics (shape, 
size, density, specific surface area, grain size, strength, 
crystal phases and purity level) of the pebbles. Indeed, 
these characteristics govern the performance of the 
Li2TiO3 pebbles and of the Li2TiO3 pebble beds. 

 
- The finalisation of the fabrication facility. 
 
The work in 2002 addresses essentially four items: 
 
- Investigation of the lower limit of pebble diameter using 

the extrusion process. 

- Enhancement of production yield of Li2TiO3. 

- Investigation with ENEA of the feasibility of lithium 
recycling. 

- Production of a 6 kg-batch of Li2TiO3 pebbles with the 
improved 2002 process. 

 
 
2002 ACTIVITIES 
 
 
INVESTIGATION OF THE LOWER LIMIT OF 
PEBBLE DIAMETER USING THE EXTRUSION 
PROCESS 
 
The current sintered Li2TiO3 pebbles have diameters in the 
range 0.8 mm to 1.2 mm. Investigation was started in 2001 
[1] to determine the lower limit of Li2TiO3 pebble diameter 
achievable with the extrusion process with a view to find 
out any benefit of smaller pebbles for the design of the 
Helium-Cooled-Pebble-Bed blanket. Indeed, smaller 
pebbles can be advantageous to better fill the ceramic 
breeder space and to increase pebble bed density and 
thermal conductivity. In 2002, an attempt was made to 

obtain a better sphericity of the pebbles and to decrease, if 
possible, the pebble diameter down to 0.5 mm. A new 
revision of the formulation of the extrusion paste in order to 
improve the sphericity was decided. The amount of binder 
and plasticizer was twice higher than for the current 
extrusion paste. The fabrication process parameters were 
once more adjusted in order to obtain Li2TiO3 pebbles with 
a smaller diameter. First, a nozzle of 0.8 mm instead of 
1 mm was used during the extrusion step and the cutting 
system was revised for the cutting step of the smaller 
granules. However, the same extrusion machine and the 
same spheronization device as for the preparation of the 
current pebbles were used for these trials. A batch of 300 g 
of smaller Li2TiO3 pebbles was produced in April 2002. 
The pebbles of this batch were sintered at 1100°C at CEA 
and characterized at CEA. The size, the shape and the 
microstructure of the smaller Li2TiO3 pebbles were 
observed using scanning electron microscopy and optical 
microscopy. As shown in figure 1, the shape is close to 
spherical, and the pebble size distribution is 0.6 to 0.8 mm. 
 
The microstructure is homogeneous, and grain size is 1 to 
4 µm. A comparison of the characteristics of the 0.8-
1.2 mm Li2TiO3 pebbles with the characteristics of the 0.6-
0.8 mm Li2TiO3 pebbles shows that open porosity decreases 
significantly and closed porosity decreases slightly for the 
smaller pebbles. Pebble bed density increases significantly 
which is advantageous. Grain sizes are very similar for both 
diameter pebbles sintered at 1100°C. 
 
The feasibility to produce small Li2TiO3 pebbles in the 
range 0.6 mm to 0.8 mm with the extrusion process was 
shown in this study and pebbles characteristics are very 
promising. It is expected that this diameter range is the 
lowest one achievable using the extrusion-spheronisation-
sintering process. In any case, going to even smaller 
pebbles does not seem desirable. 
 

 
 

Figure 1 : Shape of smaller Li2TiO3 pebbles 
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ENHANCEMENT OF PRODUCTION YIELD OF 
Li2TiO3 
 
The cutting step is the rate limiting step of the fabrication 
process in term of capacity for the mass production of 
Li2TiO3 pebbles. A redesign of the cutting device to obtain 
the cylindrical granules was decided in order to improve the 
production rate. 
 
The new apparatus is shown in figure 2. A batch of 
300 grams of smaller Li2TiO3 pebbles was produced in 
September 2002 in order to validate the process with the 
new cutting device. The pebbles of this batch were sintered 
at 1100°C at CEA and characterized at CEA. The 
characteristics of these pebbles are very similar to the 
characteristics of the smaller pebbles presented in above 
section. 
 
The size, the shape and the microstructure of the Li2TiO3 
pebbles were observed using scanning electron microscopy 
and optical microscopy. The shape is close to spherical, and 
the pebble size distribution is 0.6 to 0.8 mm. It will be 
possible in the future to produce a larger quantity of 
granules with this new cutting device (set of gear wheels) 
than with the old system (several knifes in parallel) during 
the same time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Old cutting system (on the left) 
and new cutting device (on the right) 

 to produce the Li2TiO3 granules 
 
INVESTIGATION WITH ENEA OF THE 
FEASIBILITY OF LITHIUM RECYCLING 
 
A wet chemistry process is developed at ENEA [2] for 
extracting lithium from Li2TiO3 in the form of Li2CO3 
powder. This process will be used for the recovery of 6Li 
from a lithium titanate breeder burned up to its end of life 
in the European HCPB blanket. 

The process was optimised at ENEA with respect to the 
chemical attack of lithium titanate and with respect to the 
precipitation of carbonate from aqueous solutions to get a 
Li2CO3 powder, with the suitable chemical and 
morphological characteristics specified by CEA. Next, the 
Li2CO3 powder will be used in the extrusion process of 
fabrication of Li2TiO3 pebbles by CTI. 
 
In order to simulate a real reprocessing of Li2TiO3 breeder, 
the procedures, first set up at ENEA with Li2TiO3 powder, 
have been confirmed by using sintered Li2TiO3 pebbles 
delivered by CEA. A batch of 400 grams of Li2CO3 powder 
was produced by ENEA in 2001. It was used at CEA to 
fabricate fresh Li2TiO3 powder in order to demonstrate the 
feasibility of 6Li recycling, a must in the future. The 
following procedure was used for the preparation of the 
Li2TiO3 powder at CEA. 
 
A mixture of titanium oxide powder freshly passed through 
a 400 µm screen and lithium carbonate powder freshly 
passed through a 200 µm screen is prepared to obtain a 
material with a slight lithium deficiency (5 %). The first 
reaction takes place at 700°C for 3 hours resulting in a 
weight loss of around 27 % corresponding to a reaction 
yield of 90 %. After passing through a 200 µm screen, the 
powder is once again heated to 800°C for 3 hours to 
complete the reaction. A weight loss of 3 % is then 
observed. Comparison of characteristics of the current 
Li2TiO3 powder and of the Li2TiO3 powder from 
reprocessed Li are presented in table 1. Characteristics 
include X-ray diffraction analysis, weight loss on Li2TiO3 
formation, powder apparent density, specific surface area, 
and particle diameter. As can be seen in table 1, all results 
are close one to the other, which is satisfactory. According 
to expectations, X-ray diffraction analysis shows 
monoclinic Li2TiO3 as major phase, and traces of Li4Ti5O12 
due to the lithium substoïchiometry being aimed at. 
 
Elemental impurities contents were measured by Spark 
Source Mass Spectrometry. An increase to 430 ppm in 
Sodium is observed in the Li2TiO3 powder from 
reprocessed Li. The origin of Sodium is due to the process 
developed at ENEA. In fact, the precipitation of carbonate 
from the aqueous solution to get a Li2CO3 powder is 
obtained with an excess of sodium carbonate. An attempt is 
necessary at ENEA to decrease the sodium content in the 
Li2CO3 powder. 
 

Table 1 : Characteristics of Li2TiO3 powders 
 

 
Current Li2TiO3 

powder  
Li2TiO3 powder  

from reprocessed Li 

X-ray diffraction 
Monoclinic Li2TiO3 

+ traces of 
Li4Ti5O12 

Monoclinic Li2TiO3 

+ traces of Li4Ti5O12 

Total weight loss 29.8 % 29.5 % 

Specific surface 
area 

4.0 m2/g 2.9 m2/g 

Mean particle size 0.6 µm 0.61 µm 

Apparent density 0.38 kg/l 0.49 kg/l 
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FABRICATION OF A 6 kg BATCH OF Li2TiO3 
PEBBLES 
 
In order to master the fabrication process parameters as 
improved in 2002, as well as to dispose of the amount of 
Li2TiO3 pebbles necessary to supply the campaign of 
functional tests of Li2TiO3 pebble beds and HCPB mock-up 
tests foreseen in 2003, a 6 kg-batch of Li2TiO3 pebbles with 
the size distribution in the range 0.6 to 0.8 mm was 
produced at the end of 2002. 
 
 
CONCLUSION 
 
 
The activity at CEA regarding mastering and optimisation 
of the fabrication parameters of the extrusion-
spheronization-sintering process for the production of 
Li2TiO3 pebbles was achieved in accordance with the 
foreseen time schedule. 
 
To summarize the activity at CEA in the last few years, a 
fabrication process was finalized to produce Li2TiO3 
pebbles capable to fulfil the design requirements stated by 
the HCPB blanket design team. The work was mostly 
guided by the results of the out-of-pile testing of Li2TiO3 
pebble beds. The lack of tritium release and irradiation 
behaviour results was detrimental to the completeness of 
Li2TiO3 pebbles optimisation. The development of Li2TiO3 
pebbles has demonstrated that a wide range of pebbles 
characteristics can be obtained by the extrusion process, 
allowing to tailor the properties/performance of the Li2TiO3 
pebbles/pebble beds according to a variety of design 
requirements. With the present facility at CTI, a production 
of 150 kg/year can be obtained, and extrapolation of the 
production to industrial scale is not expected to raise any 
significant problem since the extrusion process makes use 
of conventional, well-proven techniques of ceramic 
industry. 
 
Based on the present HCPB blanket design requirements, 
and on the experimental results available to date, 
specifications for the Li2TiO3 powder and Li2TiO3 pebbles 
can be given for industrial scale fabrication. Possible 
modification of the design requirements could be 
accommodated owing to the flexibility of the process. 
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TW2-TTBC-001-D01 
 
Task Title: HELIUM-COOLED LITHIUM LEAD - 

TBM DESIGN, INTEGRATION AND ANALYSIS 
 Blanket system design and analysis - Integration and testing in ITER 
 
 
INTRODUCTION 
 
 
The objective of this task is to develop and optimize a 
HCLL blanket concept for DEMO and its Test Blanket 
Module (TBM) to be tested in ITER. 
 
The blanket concept should be optimized with regard to the 
following criteria: tritium breeding, heat removal and net 
efficiency in a power reactor configuration, shielding 
capability. The TBM System should be developed for 
DEMO relevancy under ITER operating conditions. 
Ongoing EU R&D (manufacturing, needs for 
corrosion/permeation barrier, MHD, etc) and Industry 
expertise (welding, mounting sequence, costs aspects, etc.) 
will be integrated and TBM operating conditions should be 
defined. 
 
The HCLL concept development should be carried out in 
close collaboration with the HCPB concept with the 
objective to share the maximum basic technologies 
(segment box, cooling plates, He technologies, etc.). The 
HCLL TBM development will be carried out with constant 
reference to ITER specifications (operation, safety, 
attachment, remote handling, etc.) with a special attention to 
safety concerns. 
 
In a second step, a detailed design of a TBM Prototypical 
mock-up to be tested out-of ITER will be performed. This 
mock-up design shall provide internal heating system, 
instrumentation and functional relevancy able to carry out 
tests and validate TBM design. 
 
 
2002 ACTIVITIES 
 
 
2002 activities were focused on the first assessment of 
HCLL performance for a DEMO blanket (neutronic, 
thermal-hydraulics). In particular, various He coolant flow 
schemes and internal layout have been investigated aiming 
at optimising them with regard to tritium breeding 
(maximize Pb-17Li content in the BZ), heat removal (high 
He outlet temperature) and shielding capability. 
 
DESIGN DESCRIPTION 
 
The HCLL design studied in 2002 is based on the 
Improved-Helium Cooled Pebble Bed concept, with some 
modifications aiming at adapting it to the new liquid 
breeder and reinforcing the box against pressurisation, 
which could occur in case of accident. 

Figures 1 to 3 show main vertical and horizontal sections of 
an HCLL breeder module. 
 

 
 

Figure 1 : HCLL Blanket : Equatorial cross section 
 

 
 
Figure 2 : HCLL Blanket : Poloidal-toroidal cross section 

 

 
 

Figure 3 : HCLL Blanket : Radial-poloidal cross section; 
zoom on FW/CP region 
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The studied HCLL concept is essentially formed by a 
directly He-cooled steel box having the function of PbLi 
container and by a series of horizontal cooling plates (CP) 
for heat extraction in the breeder zone. He is flowing inside 
those cooling plates in internal U-shape tubes (see later in 
document).  
 
The box structure is also reinforced by radial vertical He-
cooled stiffening plates allowing the box to resist to an 
accidental 8 MPa internal pressurization. Only one He 
cooling circuit is foreseen for the module. The He inlets 
first in the FW at 300°C and flows toroidally in internal 
channels. It exists then the FW at around 353°C and is then 
distributed from the back of the module to the breeder zone, 
flowing inside horizontal and vertical cooling plates. 
 
The He is then collected at the back again and exists at an 
optimised temperature of 470°C (the maximum acceptable 
value with regard to design limits, see below). The PbLi 
breeder is slowly flowing between horizontal cooling plates 
from the top of the module to the bottom. Some holes have 
been designed in cooling plates, alternatively in the front 
and back part to allow PbLi passing from one stage to the 
stage below. 
 
The He collector system of this concept appeared to be one 
of the main critical point of the design. Details can be found 
in the activity report, but it shall be noted here that some 
points appeared particularly difficult and could necessitate 
further design improvements or changes (see conclusion). 
 
Table 1 summarizes main geometrical data and operating 
parameters for this concept after iteration of analyses. 
 
THERMAL AND THERMO-MECHANICAL ASSES-
SMENT 
 
Thermal hydraulic evaluations have been performed 
coupled with thermo-mechanical FEM analyses. The 
CASTEM FE code has been used for these ones. 
 
Model description 
 
The assessment has been carried out on the basis of the 
reference HCPB geometry [1]. The FW and side walls are 
cooled by horizontal square channels, the section of which 
can vary as a function of the heat load. 16 × 16 mm2 being 
the nominal cross section, the dimensions of the channel 
should assume the value of 16 × 38 mm2 in the more 
solicited section (surface heat flux of 0.5 MWm-2 and 
neutron wall load of 2.4 MWm-2). The cooling of the BZ is 
ensured by horizontal coolant/stiffening 5 mm thick cooling 
plates, where are drilled square U-channels of section 3 × 
3 mm2. 
 
These channels are radially oriented, so the He enters from 
one leg and it is routed back from the other one in the rear 
of the module. Previous studies carried out on the I-HCPB 
concept [2] showed that, due to small pitch between the 
tubes, some heat transfer takes place from the hot leg to the 
cold leg of the same channel, so decreasing the efficiency of 
the cooling. 

Table 1 : Main design and operational parameter 
for the generic HCLL breeder blanket module 

 
Typical module dimensions Pol 2 m x Tor 4 m x Rad. 1 m 

Heat and neutron load 
HF = 0.5 MW/m2, NWL = 
2.4 MW/m2 

First Wall  

He cooling Toroidal – single direction 

Thickness 25 mm (4/16/5 mm) 

Cooling channels 
(16 x 38) mm2 

Pitch between tubes 22 mm 
90 tubes 

He flow velocity 78 m/s 

Qtot 47.8 kg/s  

Pin He 80 bars 

∆P He ~ 1 bar (derived from I-HCPB) 

T inlet/outlet FW He 300/353 °C 

FW He collectors (320 x 320) mm2 (for v = 40 m/s) 

Fabrication (preferred option) 
From square tubes (FW bending 
easier) 

Cooling plates  

Pitch between plates / number 44 mm / 900 (45 pol x 20 tor) 

Cooling channels (3 x 3) mm2 – pitch 5 mm 

thickness 5 mm (1/3/1 mm) 

He flow velocity 25 m/s 

Q VP ~ 90% Qtot 

T inlet/outlet He 353/470 °C 

∆P He ~ 0.1 bar (derived from I-HCPB) 

CP collectors 15 x 15 mm2 (v = 20 m/s) 

T max He in CP 500 °C 

Fabrication 2-steps HIP process 

Vertical plates  

Pitch between plates / number 200 mm / 19 

Cooling channels (3 x 3) mm2 – pitch 10 mm 

thickness 7 mm (2/3/2 mm) 

He flow velocity 28 m/s 

Q VP ~ 10% Qtot 

T inlet/outlet He 353/470 °C 

VP collectors 34 x 34 mm2 (v = 20 m/s) 

 
This effect could be reduced using bundles of more tubes, 
in particular, I-HCPB studies shown that a suitable solution 
could be to use bundles of three channels like shown in 
figure 4. 

 

Figure 4 : He circulation scheme 
in the BZ horizontal cooling plates 
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Materials and criteria 
 
The Pb-17Li physical properties used for the analyses are 
taken from [3]. The laws describing the physical properties, 
validated until to 600°C, have been extended to higher 
temperatures. 
 
Properties of the 9Cr-1Mo ferritic-martensitic steel as 
described in [4] have used for steel structures. 
 
Studies on Fe-(8-9)% Cr reduced activation steels showed 
that good creep resistance exists for temperatures up to 
~550°C, but poor creep resistance occurs at 600°C [5], thus 
the high temperature limits of about 550°C is generally 
accepted [6]. 
 
Thermal-hydraulic and thermal results 
 
In the thermal-hydraulic scheme, the He cools in series the 
FW and the BZ, where it flows in parallel in the horizontal 
and vertical plates. Then it is collected towards the steam 
generator. 
 
Once the power deposited on the module is known and He 
inlet and outlet temperatures are imposed, the gas mass flow 
in a module is determined by the enthalpy balance. The He 
average velocity in the channels is also found by a mass 
balance, once the cross sections and number of channels are 
fixed. 
 
Supposing that He flowing in the FW recovers the heat 
deposed in it (and 10 % of the one deposited on the BZ) the 
FW outlet temperature, that is also the CPs inlet 
temperature is fixed. Thermal-hydraulic data so obtained 
are used as boundary convection conditions in the thermal 
analyses.  
 
The model used for these ones is representative of the slice 
between two horizontal cooling plates, placed at the middle 
between two vertical plates, insofar the influence of these 
ones on thermal behaviour can be neglected. Three U-tubes 
are modeled as shown in the figure 5. 
 

 
 

Figure 5 : Model used for thermo-mechanical analyses 

In order to carry-out conservative study, it has been 
assumed that the He bulk temperature in the FW is equal to 
the maximum one (at FW outlet) and that in the BZ it 
follows the profile obtained with the FIDAP thermal - 
hydraulic code, adapted to the inlet and outlet temperature 
values previously estimated [2]. Although this profile is 
related to a model smaller in the radial direction and to the 
power density of the DEMO WCLL reactor, it can be 
preliminarily supposed that its trend should not change. In 
particular, it was assumed that the He temperature reaches 
its maximum value, which is almost 30 °C higher then the 
outlet one, at 15 cm from the FW. This is why, in this 
concept, the outlet He temperature was limited to 470°C 
instead of the foreseen 500°C target. As shown below, this 
reduction is mandatory to fulfill design limits. 
 
The considered thermal loads were a uniform surface heat 
flux on the FW of 0.5 MWm-2 and a nuclear heat deposition 
profile from [9], with a maximum power density of 
16.5 Wcm-3 on the Pb-17Li and 17 Wcm-3 in the Eurofer. 
Main optimized thermal-hydraulic parameters are 
summarized in the table 1. Maximum, average and 
minimum temperature values in various materials of the 
model region are summarized in table 2. 
 

Table 2 : Temperature ranges in the blanket materials 
 

 Tmax (°C) Tave (°C) Tmin (°C) 

FW steel 521 436 376 

BZ steel 542 457 367 

Pb-17Li 662 478 372 

Steel/Pb-17Li interf. 542   

 
In the FW, steel temperature reaches a maximum of 521°C, 
keeping a comfortable margin (35°C) to the assumed limit. 
As expected the maximum is located in the region in the 
front of the plasma. In the BZ, steel temperature reaches 
542°C, in the zone where the He bulk T is the highest. 
542°C is also the maximum temperature at the interface 
between the steel and the liquid metal. In previous WCLL 
studies, 480°C was considered as the limiting value due to 
corrosion. The choice to have high He outlet temperature 
(500°C) being not compatible with this limit, further R&D 
has been launched in order to assess the behaviour of this 
interface at higher temperatures. Sensibility studies showed 
that temperature profile in the steel strongly depends on the 
He bulk temperature profile. Further thermal-hydraulic 
detailed analyses (with appropriate codes) should be, thus, 
needed in order to better take into account this bridge 
phenomenon. 
 
Thermo-mechanical results 
 
Thermo-mechanical analyses have been performed in the 
above-described model, both in nominal and in faulted 
conditions. The procedure and the criteria used for the 
analyses relies on the RCCMR [7], DISDC [8] design rules. 
In this report, in accordance with the RCC-MR rules, elastic 
analysis was the method employed. Moreover, the 
octahedral shear stress (or Von Mises) method was used for 
determine the stress intensity. 

Pb-17Li 

Back Plate 

First wall 

Horizontal 
cooling plate 

P0 

 y 

 

 z 
 y 

 

x

O 
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The following loads and boundary conditions have been 
taken into account: 
 
- Thermal field obtained with thermal analysis. 

- Internal pressure on the FW and BZ channels (8 MPa). 

- Internal pressure on the box and CP surfaces in contact 
with the liquid metal. In nominal conditions, this 
pressure has been assumed equal to 1 MPa (hydrostatic 
pressure and pressure drops); in faulted conditions it has 
been assumed that all box will be pressurized at 8 MPa. 

- The plane Ox Oy is a symmetry plane. 

- The plane Ox Oz is a symmetry plane. 

- The point P0 is clamped. 

- The points on the other planes are assumed to have 
uniform displacements in the direction normal to their 
lying plane. 

 
Table 3 summarizes maximum Von Mises stress (split in 
primary and total) values (MPa) in normal and faulted 
conditions (NC/FC) and compares them with corresponding 
limits. 
 

Table 3 : Primary and total VM stresses and margin 
to the corresponding limits (MPa) in the FW and in the CPs 
 

 FW Cooling plates 

 VM Marg. VM Marg. 

Primary NC 55 80 55 70 

Total NC 269 90 300 100 

Primary FC 101 140 201 64 

 
As shown in the table, RCC-MR criteria are everywhere 
met, thus the limiting point of this concept remains the 
maximum temperature in the steel and at the interface 
between the steel and the liquid metal. 
 
 
CONCLUSION 
 
 
The main drawback of the concept using horizontal cooling 
of the BZ with U-tubes remains the bridge effect between 
hot and cold leg of the cooling channels. The He 
temperature reaches a value higher than the outlet one and 
this maximum is located in a region where the power 
density in the BZ is high. Due to this and in order to fulfill 
design criteria, the He outlet T must be reduced to 470°C 
instead of the 500°C initially foreseen to maximize the 
reactor conversion cycle efficiency. In addition, critical 
issues appeared on the design of the He 
collector/connection system that would require further 
improvement/modifications of the concepts. This will be the 
subject of the next design development activities. This 
further activity will also be intended to optimized the He 
flow layout to maximize the acceptable He outlet 
temperature. 
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TW1-TTMS-001-D02 
TW2-TTMS-001a-D02 

 
Task Title: RAFM STEELS - IRRADIATION PERFORMANCE 
 Neutron irradiation to 35 dpa at 325°C 
 
 
INTRODUCTION 
 
 
The main objective of this experiment is to study the 
irradiation behaviour of reduced activation martensitic 
steels at high doses and for irradiation temperatures lower 
than 400°C, where materials are susceptible to reach a high 
level of hardening and embrittlement. Previous 
experimental irradiations have been performed for RAFM 
steels in HFR and Osiris reactors in the range 250-450°C 
for relatively low dose levels (< 10 dpa). 
 
To complete these data at higher doses, an irradiation 
experiment was launched in the BOR60 reactor of the 
Research Institute of Atomic Reactors (RIAR, 
Dimitrovgrad, Russia) at 325°C and for a target dose of 
about 35 dpa.  
 
The European reference Eurofer 97 (9Cr-1WTaV) RAFM 
steel, experimental heats type 9Cr-2WTaV and ODS Fe-Cr 
alloys are included in this irradiation.  
 
 
2002 ACTIVITIES  
 
 
The irradiation experiment in the BOR60 reactor, continued 
in 2002 according to the initial schedule and successfully 
finished in October 2002. Specimens included in this 
experiment have reached a dose ranging from 31.2 dpa up 
to 40.7 dpa for the level corresponding to the maximum 
neutron flux. 
 
MATERIALS / SPECIMENS 
 
Materials irradiated in BOR60 are: Eurofer 97 
(9Cr1WTaV), 9Cr2WTaV, 9Cr2WTaVB and ODS alloys. 
Chemical composition are given in [1].  
 
The heat references and metallurgical conditions of these 
materials are presented on table 1.  RAFM steels, that is, 
Eurofer97, 9Cr-2WTaV and 9Cr-2WTaVB were produced 
as plates in the Normalized and Tempered (N&T) 
conditions. 
 
ODS-MA957 ferritic alloy (Fe-14Cr-1Ti-0.3Mo) was 
produced as rod bars (8 mm in diameter) with two different 
microstructures constituted by: a) fine grains (0.5 microns 
size) obtained after a stress-relieved treatment (SR); b) 
recrystallised (R) grain structure (20-50 microns size) 
obtained with a particular fabrication route and a final 
recrystallisation treatment at 1100°C for 45 minutes. 

Materials are irradiated as samples destined to mechanical 
tests. Three types of specimens are included: 
 
a) Tensile specimens of 2 mm in diameter and 12 mm of 

gauge length obtained in the transverse direction in the 
case of RAFM plates, along the axial direction for ODS 
alloys. 

 
b) Charpy subsize (KLST type) of 3 mm thick, 4 mm wide 

and 27 mm long machined with TL orientation for 
RAFM steels, LT for ODS. 

 
c) Pressurized tubes of Eurofer 97 and 9Cr2WTaV steels, 

for determination of in-pile creep. The dimensions of 
tubes are 6.55 mm and 5.65 mm respectively for the 
external and internal diameter and a total length of 
55 mm. Tubes were machined in the transverse 
direction of plates. The junctions plug-tube were made 
by EB welding. The argon pressure inside the 
pressurized capsules was adjusted to induce a hoop 
stress level of 150 and 220 MPa at the irradiation 
temperature. 

 
IRRADIATION EXPERIMENT  
 
The CEA irradiation experiment, named “Altair”, was 
shared with other material project of CEA. Specimens for 
the Fusion programme occupied 30 % of the rig volume. 
 
The rig of Altair was constituted of 7 levels or stages. The 
environment in the capsule was liquid sodium. The 
irradiation experiment was conducted over 12 irradiation 
cycles. The maximum neutron flux was reached at the level 
3 (see figure 1) and the instantaneous maximum flux of fast 
neutrons (E > 0.1 MeV) corresponding to this level was 
about 2.00 ±  0.05 x 1015 n.cm-2 s-1. 
 
Table 2 summarises the dose attained for each cycle as well 
as the cumulated one for the stages receiving the maximum 
and the minimum flux in the capsule. Figure 1 presents the 
distribution of dose and temperature along the axial 
direction of the irradiation rig. Tensile and Charpy 
specimens of Eurofer 97, 9Cr-2W and 9Cr2WB were 
located in stage 3, those of MA957 SR and MA957R in the 
stage 2 and 7 and the pressurized tubes in the level 1 as 
indicated in table 3.  
 
The required irradiation temperature was 325°C ±  5°C for 
all levels. According to RIAR’s irradiation reports all the 
levels reached the same temperature because of the 
important liquid sodium flux. The average temperature of 
irradiation changes from different cycles, but the average 
values were always within the requested range as shown in 
table 2.  
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Table 1 : References and metallurgical conditions of materials irradiated in Altair experiment 
 

Material Heat Number 
Product 

Reference Nb 
CEA 

reference 
Final Heat Treatments 

Eurofer 97 
E83698 

Böhler 
Plate - 8 mm n°66/5 931 

N : 980°C - 27 min. 

T : 760°C - 90 min. 

9Cr-2WTaV 
VS3104 

British Steels 
Rectangular bar - 
25 mm thick, n° 7 

919 
N : 1050C - 60 min. 

T : 750°C - 120 min. 

9Cr-2WTaVB 
VS3224 

British Steels 
Rectangular bar - 

25 mm thick, n° 1-2 
920 

N : 1050C - 60 min. 

T : 750°C - 120 min. 

ODS – MA957 SR 
CBB0108 

INCO Alloys 

Rod bar 8 mm diam. 

FGT 2467 
234i 

Stress-relieved treatment :  

920°C - 90 min. 

ODS – MA957 R 
JBB0151 

INCO Alloys 

Rod bar 8 mm diam. 

FGT 3941 
942 

Recrystallisation treatment : 

1100°C - 45 min. 

 
Table 2 : Doses and temperatures reached for each irradiation cycle 

 

Cycle N° 
Dose max. 
(level 3) 

dpa 

Dose max. 
Cumulated (level 3) 

(dpa) 

Dose min. 
(level 7) 

dpa 

Dose min. 
Cumulated (level 7) 

(dpa) 

Average 
Temperature 

(°C) 

71 3.1 3.1 2.2 2.2 327 

71A 3.4 6.5 2.4 4.7 327 

71B 3.3 9.8 2.3 7.0 323 

72 3.9 13.7 3.1 10.1 328 

72A 3.5 17.2 2.7 12.8 328 

72B 3.4 20.6 2.7 15.5 324 

73 3.0 23.6 2.3 17.8 326 

73A 4.0 27.6 3.1 20.9 327 

74 2.3 29.9 1.8 22.7 325 

74A 4.0 33.9 3.1 25.8 321 

75 2.5 36.4 2.0 27.8 326 

75A 4.3 40.7 3.4 31.2 328 
 

Table 3 : Final doses attained by different types of specimens 
 

Materials Specimens Level  Final dose 

Eurofer 97 – 9Cr2WTaV  Pressurized tubes 1 38.1 

ODS / MA957 (SR) Tensile & Charpy KLST 2 40.0 

Eurofer 97 – 9Cr2WTaV -  9Cr2WTaVB Tensile & Charpy KLST 3 40.7 

9Cr2WTaV – ODS / MA957 (R) Tensile & Charpy KLST 7 31.2 

 
 
As said before, the irradiation finished on October 2002. 
The capsule have been dismantled during November 2002 
and the specimens for post-irradiation examinations (PIE) 
and for re-irradiation have been selected. PIE are performed 
in the hot cells of RIAR and consist of profilometry and 
weight measurements of pressurised tubes to determine the 
 

 in-pile creep, tensile and Charpy tests, fractographic 
examinations and some microstructural studies. The 
profilometry of RAFM steels (Eurofer97 and 9Cr2WTaV) 
started on December 2002. Tensile tests will be performed 
on the first half of 2003 and the start of Charpy tests is 
scheduled in the second half of 2003. 
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Figure 1 : ALTAIR irradiation experiment in BOR60 - 
Axial distribution of the final dose and average temperature 

as a function of the position in the rig 
 
 
CONCLUSIONS / FUTURE WORK 
 
 
The irradiation experiment Altair performed in BOR60 fast 
reactor finished in October 2002. Materials reached a 
radiation damage ranging from 31.2 to 40.7 dpa. 
 
The dismantling of the irradiation rig was carried out on 
November 2002. The programme and schedule of PIE were 
defined and the first tests started in December 2002. 
 
A fraction of specimens irradiated in this experiment are re-
irradiated in the Arbor 2 experiment, also performed in 
BOR60 reactor. This one consists on a common experiment 
carried out by FZK and CEA for 40dpa more in order to 
reach in re-irradiated specimens a dose of about 70-80 dpa. 
This one started in January 2003. 
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TW2-TTMS-002a-D04 
 
Task Title: RAFM STEELS - METALLURGICAL AND MECHANICAL 

CHARACTERIZATION OF EUROFER 97 
 Thermal ageing behaviour 
 
 
INTRODUCTION 
 
 
EUROFER 97 is the first European RAFM steel produced 
at industrial scale. The main objective of this task is provide 
data concerning the tensile and impact properties of 
EUROFER 97 steel in different metallurgical conditions 
(as-received and thermal aged states). 
 
The main items that will be developed in the frame of this 
task are: 
 
a) The characterization of tensile and impact properties 

of Eurofer 97 in the as-received condition. 
 
b) The determination of tensile and impact properties of 

Eurofer 97 after ageing performed in the range 250-
550°C up to 10 000 hours. 

 
c) Comparison of the mechanical behaviour evolution of 

Eurofer 97 and other RAFM steels in particular after 
thermal ageing. 

 
Thermal ageing treatments are carried out to simulate the 
temperature contribution during service. For this purpose, 
specimens have been aged in the range 400-700°C up to 
10 000 h. 
 
Ageing performed at higher temperatures (T > 550°C) are 
intended to accelerate phenomena that should occur in 
longer time at the maximum service temperature (550°C). 
Thus, the objective is to study the susceptibility of Eurofer 
97 steel to promote the intermetallic phases precipitation 
and their effects on the mechanical behaviour.  
 
 
2002 ACTIVITIES 
 
 
Mechanical characterization has been performed on 
samples thermal aged during 12 000 h in the temperature 
range 400 to 700°C. 
 
Tensile and Charpy subsize specimens have been 
machined. The corresponding mechanical tests have been 
performed and results have been compared with as-received 
condition. Microstructural evolution with ageing has been 
observed by optical microscopy. 
 
TENSILE PROPERTIES 
 
Tensile properties were performed on cylindrical specimens 
of 2 mm of diameter and 12 mm of gauge length. 

Tensile specimens were machined perpendicularly to the 
rolling direction (transverse direction). The strain rate was 
7.10-4 s-1 and the test temperature ranged from 20 to 700°C. 
 
The evolution of the tensile properties of Eurofer 97 as a 
function of the test temperature after 12 000 h thermal 
ageing is reported on the figure 1 for ageing at 400 and 
550°C and on the figure 2 for 650°C and 700°C. 
 
The results obtained are compared with those of the as-
received condition. In the case of ageing at higher 
temperatures (650°C and 700°C), results are also compared 
to those obtained after 2 000 h aged condition. 
 
Tensile characteristics reach equivalent levels in the as-
received condition and for the thermal ageing at 400°C and 
550°C for all test temperature. 
 
A significant difference is observed for the thermal ageing 
at 650°C, that is accentuated at 700°C. A very important 
decrease of the tensile strength is observed in the whole 
range of test temperatures and specially from 20 to 500°C 
(about 80 MPa and 200 MPa for 0.2%P.S. and 75 MPa and 
160 MPa for UTS). 
 
About ductility, total and uniform elongation are much 
higher after thermal ageing at 700°C. No significant 
difference is noted in the reduction in area values for all the 
ageing conditions compared to the as-received state. 
 
A similar evolution of tensile properties after ageing at the 
same temperatures for 12 000 h was observed for the 
Japanese steels F82H and JLF-1. Nevertheless, the decrease 
of tensile strength of F82H for ageing at 700°C was more 
pronounced than the other materials. 
 
IMPACT PROPERTIES 
 
Impact tests were performed on Charpy V-notch subsize 
specimens (KLST: 27 mm long, 4 mm wide and 3 mm 
thick), machined with TL orientation. 
 
Tests were conducted over the temperature range –120 to 
+325°C to produce the full energy transition curves. The 
Ductile-Brittle Transition Temperature (DBTT) defined as 
the 50 % ductile-50 % cleavage fracture mode corresponds 
to the midway between the upper lower shelves of the 
transition curves. The accuracy of DBTT values is about 
± 10°C. 
 
Figure 3 presents the corresponding transition curves 
obtained after ageing in comparison with the transition 
curve in the as-received condition. Impact properties 
depend also on the ageing temperature. 
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Figure 1 : Effects of thermal ageing at 400 and 550°C for 12000h on the tensile properties of Eurofer 97 steel 
 
After ageing at 400°C and 550°C, the DBTT is relatively 
stable compared to as-received condition, a slight shift 
about 13°C is observed as well as a small increase of the 
USE. 
 
Ageing at 650°C and 700°C induce a shift of DBTT 
towards the higher temperatures more important for ageing 
at 700°C (DBTT shift= +78°C) than for ageing at 650°C 
(DBTT shift= +60°C). But also the Upper Shelf Energy 
(USE) level increases slightly with ageing (from 8.4J to 
9.1J at 700°C). 
 
For the Japanese steels F82H and JLF-1, it is important to 
note that the most significant embrittlement, that is, the 
most important DBTT shift (+54°C for JLF-1, +70°C for 
F82H) and USE decrease, were obtained after ageing at 
650°C. A higher ageing temperature induced less 
pronounced effects on impact properties. 
 
This behaviour looks quite different to that obtained for 
Eurofer 97 steel where the DBTT shift increased with the 
ageing temperature. 

Nevertheless, Eurofer 97 steel exhibits better impact 
properties compared to JLF-1 and F82H steels whatever the 
time and temperature of thermal ageing considered. 
 
The differences observed on the evolution of impact 
properties in the three RAFM steels considered indicate that 
different microstructural modifications (intermetallic phase 
precipitation, changes in the initial carbide distribution, 
recrystallisation, …) occur during thermal ageing of these 
materials. 
 
MICROSTRUCTURAL CHARACTERIZATION 
 
Optical microscopy observations were performed on 
samples mechanically polished with SiC paper and 
diamond paste of 8, 6 and 3 µm. 
 
The microstructure was revealed by means of the Villela 
reagent. 
 
The evolution of the microstructure of Eurofer 97 with 
thermal ageing is reported on the figure 4. 
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Figure 2 : Effects of thermal ageing at 650°C and 700°C on the tensile properties of Eurofer 97 steel 
 
 
After ageing at 550°C during 12 000 h, the microstructure 
of the sample remains similar to the one observed before 
ageing, i.e. homogeneous martensitic structure with 
precipitate distribution on the lath boundaries. 
 
After ageing at 650°C during 12 000 h, it seems that the 
lath structure has disappeared, but alignments of 
precipitates that decorated the laths are still locally 
observed. 
 
Some precipitates with more important size appear. 
 
After ageing at 700°C during 12 000 h, alignments of 
precipitates that decorated the laths are no more observed 
and a high density of coarse precipitates (several microns 
size) is detected. 
 
They are probably coalesced carbides of M23C6 type. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Evolution of impact properties of Eurofer 97 
steel with the temperature of ageing. 
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Figure 4 : Evolution of the microstructure of Eurofer 97 steel with the temperature of ageing 
 
CONCLUSIONS 
 
 
The behaviour of the low activation steel, Eurofer 97, was 
studied after thermal ageing treatments performed in the 
range 400°C-700°C during 12 000h. The main results could 
be summarised as follows: 

- The metallurgical and mechanical behaviour of this 
material depends of the ageing temperature. 

- Eurofer 97 displays a high stability of mechanical 
properties and microstructure after ageing performed in 
the range 400-550°C up to 12000h. No significant 
modifications of the tensile strength, ductility and 
impact properties are observed. 

- In the range of higher temperatures, that is at 650-700°C 
ageing, important modifications of mechanical 
properties and microstructure occur from 2000h ageing. 
Tensile strength decreases and DBTT increases. 
Compared to as-received condition, the variation is 
more important after ageing at 700°C than after ageing 
at 650°C. 

- The evolution of the microstructure at 650-700°C 
ageing, is characterized by the recrystallisation of the 
martensitic matrix and the coalescence of M23C6 
carbides. Precipitation of intermetallic phases should 
probably occur, but further investigations are needed to 
confirm this point. 

- The F82H and JLF-1 reduced activation martensitic 
steels exhibited some differences in the mechanical 
behaviour compared to Eurofer 97. 
 

 They present the same evolution of tensile properties 
with the ageing temperature, but concerning their 
impact properties the higher embrittlement, i.e. the 
higher DBTT shift, occurred at 650°C and not at 700°C. 
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TW2-TTMS-002a-D17 
 
Task Title: RAFM STEELS - TENSILE AND IMPACT TEST ON EUROFER 

WELDMENTS 
 
 
INTRODUCTION 
 
 
Within the framework of the international program 
"Fusion", firstable DECS/UTA (CEA Saclay) has to carry 
out welded joints in Eurofer 97 by process TIG, thickness 
25 mm. These last ones are in the second time characterized 
mechanically by tensile and impact tests. 
 
The present report collects and discusses the obtained 
results by welding joints in flat position, by means of the 
welding installations of the laboratory. 
 
From the optimised welding parameters in the report 2001 
[1], new joints in Eurofer 97 are carried out. This report 
talks about the operating parameters and discusses 
mechanical results. 
 
This last one are completed by a micro structural study 
before and after the post welding heat treatment (PWHT). 
 
 
2002 ACTIVITIES 
 
 
MATERIAL 
 
A steel grade is supplied for this study: a low activation 
martensitic steel (Eurofer 97, reference CEA 933). 
 
The thickness of plate is 25 mm. Theses plates have 
followed different heat treatments: 
 
- a normalisation at 980°C for 27-31 minutes, 
- an air cooling, 
- a tempering at 760°C for 1 h 30, 
 
OPERATING CONDITIONS 
 
Welding specimen 
 
Before welding the plates by TIG process with filler wire, a 
groove is machined (figure 1) and the pieces are cleaned. 

 

 
 

Figure 1 : Geometry of groove 

Welding and PWHT conditions 
 
In order to avoid the oxidation of welded joint, a shielding 
gas (Argon) is used. There are three kinds of shielding: 
coaxial nozzle (upper shielding), back and backside 
shielding. 
 
The welding parameters were optimised during the task 
2001 (TTMS-2.3.2). In order to improve the quality of 
joints, a few modifications are carried out: the welding 
intensity and the filler wire speed are modified. The 
welding speed is constant (4 cm/min). The parameters are 
summarised in table 1. The welding position is flat. 
 
The joints have followed a post welding heat treatment 
(PWHT) at 740°C for 2 h 30. 
 
The seam quality is controlled by Radiography X (RX) in 
order to machine the mechanical samples inside zones 
which are free of defects. 
 
Metallurgical and hardness measurement 
 
The welding trials are followed by metallurgical and 
hardness measurements. Cross sections of joints are carried 
out in order to see the microstructure and the quality. To 
evaluate the influence of post welding heat treatment, 
hardness measurements are carried out before and after the 
PWHT (740°C for 2 h 30). 
 
Tensile tests 
 
The tensile tests specimens (figure 2) are sampled 
transversally and longitudinally to the seam. The tests 
temperatures were 20°C and 400°C. For each temperature 
and geometry (transversal or longitudinal), we machined in 
the thickness of seam 3 samples. They are located in the 
root, middle and top of the seam. 
 

 
Figure 2 : Geometry of tensile test specimen 
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Each configuration (temperature, position in the thickness 
of seam, transversal or longitudinal) is characterised by two 
trials. Three parameters are determined: yield stress, max 
stress, reduction area and elongation. 
 
RESULTS 
 
Metallurgical aspect 
 
The microstructure of melted zone was shown to be mainly 
composed of martensite which laths are bordered with very 
fine carbides. The difference of melted zone microstructure 
between before and after PWHT is slight (figure 3). 
 

  
 before PWHT after PWHT 
 

Figure 3 : Eurofer 97 weldment of 25 mm of thickness 
in cross section – melted zone 

 

Hardness measurement 
 
Six transversal hardness profiles have been carried out. One 
in the vertical direction and five in the horizontal direction 
(at different level of thickness) (figure 4). 
 

 
 
 
 
 
 
 
 
 
 

Figure 4 : Localisation of hardness profile 
in cross section (represented by dot line) 

 
The hardness of profile 6 were shown in figure 5. The 
hardness difference between the top and root melted zone is 
slight. After the PWHT, we can notice a fall of average 
hardness about 125 HV1. 
 
The average hardness before PWHT is 400 HV1 and after 
PWHT 275 HV1. 
 
The other hardness measurements profiles (from 1 to 5) are 
nearly similar. A characteristic profile is shown figure 6 
(before and after PWHT). In the melted zone, the fall of 
hardness is due to the PWHT. These are shown in table 2 
for each profile (from 1 to 5). 
 

Table 1 : General welding conditions of Eurofer 97 plates of 25 mm of thickness 
 

Gas shielding (l/min) 
nb passes 

voltage 
(V) 

intensity (A) 
Welding 

speed 
(cm/min) 

Wire speed 
(cm/min) 

Scanning 
width (mm) 

upper back backside 

8 10 150-250 4 70-237 3,5-12 16 20 10 
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Figure 5 : Transverse hardness profile 6 (HV1 on Eurofer 97 weldment of 25 mm of thickness in cross section, 

before and after PWHT (740°C for 2 h 30)) 
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Figure 6 : Transverse hardness profile 1 (HV1 on Eurofer 97 weldment of 25 mm of thickness in cross section, 

before (a) and after (b) PWHT (740°C for 2 h 30)) 
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Figure 7 : Tensile tests results (Max and yield stress) on the melted zone of TIG welded Eurofer 97 

 
Table 2 : Average hardness in melted zone 

 
  Average hardness in melted zone 

  HV1 
Difference between as-

welded and PWHT 

As-welded 420 
Profile 1 

PWHT 290 
130 

As-welded 360 
profile 2 

PWHT 290 
70 

As-welded 375 
profile 3 

PWHT 280 
95 

As-welded 410 
profile 4 

PWHT 280 
130 

As-welded 370 
profile 5 

PWHT 270 
100 

 
Following the profile, the fall of hardness varies from 70 to 
130 HV1. The hardness in the base metal  was slightly 
affected by the PWHT: the hardness was about 190 ± 20 
HV1. 

Tensile tests 
 
The stress measured are shown in figure 7 (Max and Yield 
stress). The average hardness for each configuration are 
summarized in table 3 (max and yield stress) and 4 
(reduction area and elongation). 
 
- if you compare the tensile results (yield and max stress) 

in the transverse and longitudinal direction, we notice a 
slightly dispersion between the top and root parts of 
melted zone. The results in the thickness of seam are 
nearly similar, 

 
- the tensile results from transverse and longitudinal 

direction of mechanical sample are nearly similar,  
 
- by increasing the temperature (form 20°C to 400°C), the 

tensile values decreases about 19% for yield and max 
stress.  

 
Impact tests 
 
We are waiting for the results. 
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Table 3 : Average yield and max stress in melted zone 
at 20°C and 400°C 

 

Transverse 
sample 

Yield stress 
(average) 

(Mpa) 
at 20°C 

Yield stress 
(average) 

(Mpa) 
at 400°C 

Max stress 
(average) 

(Mpa) 
at 20°C 

Max stress 
(average) 

(Mpa) 
at 400°C 

root 716 568 787 591 

middle 726 577 794 600 

top 685 576 786 594 

average 709 574 789 595 

Axial 
sample 

Yield stress 
(average) 

(Mpa) 
at 20°C 

Yield stress 
(average) 

(Mpa) 
at 400°C 

Max stress 
(average) 

(Mpa) 
at 20°C 

Max stress 
(average) 

(Mpa) 
at 400°C 

root 643 566 749 589 

middle 710 553 803 575 

top 727 564 822 605 

average 693 561 791 590 

 
Table 4 : Average elongation and reduction area 

in melted zone at 20°C and 400°C 
 

Transverse 
sample 

Elongation 
(average) 
% at 20°C 

Elongation 
(average) 

% at 400°C 

Reduction 
area 

(average) 
% at 20°C 

Reduction 
area 

(average) 
% at 400°C 

root 14,6 12,1 50,8 12:00 

middle 14,6 8,3 53,6 32,7 

top 15,1 10,7 50,7 20,3 

average 14,8 10,4 51,7 29,5 

Axial 
sample 

Elongation 
(average) 
% at 20°C 

Elongation 
(average) 

% at 400°C 

Reduction 
area 

(average) 
% at 20°C 

Reduction 
area 

(average) 
% at 400°C 

root 14,7 13,9 54,4 44,0 

middle 14,8 16,6 53,3 35,2 

top 15,0 8,8 49,6 41,8 

average 14,8 13,1 52,4 40,3 

 
 
CONCLUSIONS 
 
 
A mechanical characterization has been carried out on 
weldments processed by TIG on Eurofer 97 plates of 
25 mm of thickness. Tensile tests have been carried out on 
melted zone in transverse and longitudinal direction at 20°C 
and 400°C. 
 
The results concerning the melted zone show a slightly 
dispersion of results between the top and root parts of seam. 
The difference between the tensile characteristics in 
transverse and longitudinal direction are low. A diminution 
of about 19 % is noticed for tensile characteristics (yield 
and max stress) when the temperature increases from 20°C 
to 400°C. 

The results from transverse and longitudinal samples show 
no difference for elongation but one for reduction area at 
400°C. 
 
The values from tensile test (yield and max stress) are 
lower than those in task 2001 (TTMS 2.3.2). This is due to 
higher  temperature and the time of post welding heat 
treatment. 
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TW2-TTMS-002a-D18 
 
Task Title: RAFM STEELS - TENSILE AND CHARPY PROPERTIES OF 

EUROFER POWDER HIP MATERIAL 
 
 
INTRODUCTION 
 
 
The fabrication of some DEMO blanket parts are foreseen 
by Powder metallurgy which offers several advantages 
compared to forged material. The development of Eurofer 
powder RAFM steel process is performed in task TW2-
TTMS-004a-D01 and the mechanical properties evaluation 
is investigated within this task in order to improve the 
manufacturing process and validate the potentiality of 
powder metallurgy  technique in fusion technology. 
 
The main objective of task TW2-TTMS-002a-D18 is to 
determine the mechanical properties of the powder HIPped 
RAFM material under relevant test Blanket Module 
operating conditions. Optimised Eurofer HIPped material 
specified in task TW2-TTMS-004a-D01 [1] has been used 
for this task.  Mechanical properties, such as creep at 550°C 
and fatigue properties at 20°C and 550°C have been 
measured in 2001 [2]. Mechanical properties have been 
completed in 2002 by  tensile and impact toughness tests at 
different temperatures. 
 
 
2002 ACTIVITIES  
 
 
The tensile properties  of powder HIPped Eurofer have 
been determined in the temperature range [20; 550°C] and 
the impact toughness properties are measured in the 
temperature range [-160°C; 20°C]. The Eurofer powder 
HIPped material tested in this study has been manufactured 
and purchased by task TTMS4.1 (CEA Grenoble). The 
powder consolidation is performed by Hot Isostatic 
Pressing at a temperature of 1080°C, the manufacturing 
parameters and control processes are detailed  in [2]. After 
HIPping, a post normalisation treatment 980°C/1 h air 
cooled is performed on the cut out bloc followed by a 
tempering at 750°C during 2 h. 

The microstructure was observed in the final state. The 
microstructure of tempered material (2 h at 750°C) after 
HIP at 1080°C and post normalisation treatment  exhibits 
martensite laths with carbides (figure 1). 
 
TENSILE PROPERTIES 
 
Tensile properties and impact toughness have been 
measured at different  temperatures. Tensile tests have been 
performed at 20°C, 450°C, and 550°C under air at a strain 
rate of 4.10-4 s-1. The tests results are reported in table 1. 
 
 

 
 

Figure 1 : Microstructure 
of Eurofer Powder HIPped  material 

 
The selected powder HIPped material presents high tensile 
properties. The tensile curves are illustrated in figure 2.  
 
The tensile properties show a monotonic decrease of 
strength (Yield and Ultimate) and uniform elongation with 
temperature whereas total elongation decreases at the 
intermediate temperature. 
 

 
Table 1 : Tensile properties at different temperatures of Eurofer HIPped material 

 

Test temperature 
°C 

Yield Stress 0.2% 
MPa 

U.T.S 
MPa 

Uniform Elongation 
% 

Total Elongation 
% 

Reduction of area 
% 

20 478 615 7.3 19.9 76 

20 491 626 7.1 19.4 76 

450 380 458 3.7 15.8 73 

450 401 459 3.5 15.1 75 

550 334 366 2.6 23.4 84 

550 339 365 1 19.8 80 
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Figure 2 : Tensile curves at different temperatures 
 
IMPACT TESTS RESULTS 
 
Standard  Charpy V notch specimens (55 mm long and 
10mm wide) were tested at room temperature. The impact 
tests results at 20°C of Eurofer powder HIPped material 
(bloc E26) are presented in table 2. The Impact properties 
at room temperature for the selected material reached high 
mean value : 271 J/cm2  
 

Table 2 : Impact test results at 20°C 
of Eurofer Powder HIPped materials 

 

Temperature Eurofer 
Bloc 

Post 
Normalisation 

Treatment 
Tempering 

Impact 
Toughness 

(J/cm2) 

20°C E26 
980°C 

1 h 
A.C.  

750°C 
2 h 

mean value 
271 

 
Due to the limited volume of powder material available, 
miniaturized impact specimens (sub-size specimens KLST : 
27 mmn long, 4 mm wide and 3 mm thick) have been used 
for the impact tests at different temperatures to build the 
DBTT curve. 
 
Impact tests were conducted over the temperature range –
165°C to 20°C to produce the energy transition curve. The 
Impact results are reported in figure 3. The upper shelf 
energy reached 10,2 J and this value is comparable with the 
value (USE =8,4 J) [3] obtained on  Eurofer forged material 
in the as received conditions.  
 
The ductile-brittle transition temperature defined as the 
50% ductile-50% cleavage fracture mode corresponds to 
the midway between the upper and lower shelf energy . The 
DBTT value is close to –115°C. This temperature value is 
close to the Eurofer 97 forged  DBTT [3]. 
 
FRACTURE SURFACE EXAMINATIONS  
 
The tensile and  impact specimens were observed by 
Scanning Electron Microscope. Observations of sub-size 
impact specimens tested at –163°C and –123°C reveal a 
smooth fracture surface. 
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Figure 3 : The ductile – brittle transition curve 

 
At higher magnification the brittle aspect of the rupture 
with the classical cleavage fracture morphology  is 
observed. The specimen tested at –110°C exhibit a mixed 
rupture mode with ductile area characterised by classical 
dimples and brittle area with cleavage morphology. The 
fracture surfaces of impact specimens tested at 20°C 
present dimples as shown in figure 4. 
 
All tensile specimens exhibit a ductile aspect at high  
magnification characterized by the presence of  dimples. 
Fracture surfaces of tensile specimens tested at 550°C 
reveal  dimples on the totality of the fracture surface. The 
feature of rupture area is coherent with the high  ductility 
measured on tensile curves. 
 

 
 

Figure 4 : Rupture surface 
of Impact specimen tested at 20°C 

 
 
CONCLUSION 
 
 
The mechanical tests performed on selected Eurofer 
powder HIPped material reveal the acceptable tensile and 
impact properties of this material in function of the 
temperature. Impact tests reveal high values at room 
temperature. The ductile brittle temperature transition is 
measured close to –115°C. This value is similar to the 
eurofer forged grade one. 

T=20°C 

T=450°C 

T=550°C 
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TW1-TTMS-003-D12 
 
Task Title: SCC BEHAVIOUR OF EUROFER 97 IN WATER WITH ADDITIVES 
 Materials compatibility in fusion environments 
 
 
INTRODUCTION 
 
 
The main objective of this study is to characterize the Stress 
Corrosion Cracking (SCC) susceptibility of EUROFER'97 
in aqueous environments. 
 
This study complements the results obtained in the 
framework of the task SM-3-3 "Aqueous Corrosion of low 
activation steels". 
 
 
2002 ACTIVITIES 
 
 
MATERIAL 
 
The material studied in the framework of this study is 
EUROFER97 (heat E83698). This material was supplied by 
BÖHLER as plates of 1.5 mm thick. 
 
The chemical composition of this material is given in 
table 1. 
 
Table 1 : Chemical composition of EUROFER97 (in wt %) 

 

Material Eurofer97 

C 0.11 

Cr 8.96 

Mn 0.49 

Si 0.04 

W 1.08 

V 0.20 

Ni 0.02 

Ta 0.14 

N 0.021 

P <0.005 

S 0.004 

Fe Bal. 

 
The material is tested as received: Normalized 
980°C/0.5 hour then Tempered 760°C/1.5 hour (N&T). 
During 2000, the microstructural properties and the 
mechanical properties of the material were characterized. 
 
The microstructure is martensitic without delta ferrite. The 
grain size of the high temperature austenitic phase is 
between 10 and 15 µm. 

The Vickers microhardness of the bulk metal is about 230 
HV(4.905N). 
 

 
 

Figure 1 : Microstructure of the EUROFER97 N&T 
(Magnification 200) 

Chemical etching HNO3 + HCl + glycerol 
 
The tensile properties of this material at 325°C are: 
 
- 0.2% yield stress: 550 MPa, 
 
- ultimate tensile stress: 675 MPa, 
 
- total elongation: 25%. 
 
EXPERIMENTAL 
 
Constant Extension Rate Tests (CERTs) were performed 
during 2001 and 2002 with the facility device given in 
figure 2. The autoclave is made of AISI 316L stainless steel 
and has a 1.23-litre inner volume. On the bottom of the 
autoclave is fixed a Pd/Ag membrane for measuring the 
hydrogen pressure in equilibrium with the dissolved 
hydrogen in the water. 
 
The autoclave heating is insured by 3 heating resistances 
rolled round the external surface of the autoclave. The 
design temperature and pressure of the autoclave have been 
respectively 400°C and 20 MPa. All the tests are performed 
at the same elongation rate: 5x10-8 s-1. 
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Figure 2 : View of the facility device for CERTs 
 
SCC tests were also performed with U-bends specimens 
(figure 3). These specimens are obtained by bending the 
coupons previously described. The bending of the 
specimens occurs in two steps: 
 

 
 
Figure 3 : Schematic representation of a U-Bend specimen 
 
The coupon is plastically strained in order to have an angle 
of about 45° between the two legs of the specimen. After 
this first stage, the two legs of the specimens are made 
parallel with a nut and a screw. The total strain ε on the 
outside of the bend is about 12.5%. The stress induced 
depends on the mechanical properties of this material. By 
taking into account the curves σ versus ε at 320°C , the 
stress level at the apex of the U-bends at 320°C are 
approximately 600 MPa. 
 
The test medium was prepared by adding to deionized water 
(resistivity 18 MΩ.cm) lithium as lithia (LiOH) in order to 
have a pH of 7 at the test temperature: 320°C. 2.40 10-5 mol 
of Li was added to 1 kg of deionized water ([Li] = 166 
ppb). A hydrogen overpressure, controlled with a Pd/Ag 
probe, was applied to maintain a hydrogen concentration in 
the liquid medium of about 35 mL(SPT).kg-1 at the test 
temperature (320°C). 
 
RESULTS 
 
During 2001, a CERT was performed with the test medium 
given above. The tensile specimen was then observed with a 
microscope. Some cracks were observed on the specimen 
surface (figure 4). The depth of the cracks seems in 
accordance with the depth of the cold worked layer induced 
by the machining of the tensile specimen.  

 
 

Figure 4 : Surface of the tensile specimen after the CERT 
 
The same test, but carried out in an inert medium, was 
performed during 2002 in order to determine the origin of 
these shallow defects: purely mechanical defects or SCC 
cracks. The same defects were observed (depth < 20 µm). 
The origin of these defects is thus purely mechanical. The 
reasons why these defects appear in the cold worked layer 
are both the "low" ductility of the material and mainly the 
high level of deformation at the surface of the cold worked 
layer. 
 
Before testing the U-Bends specimens, the outside of the 
bend was examined with a scanning electron microscope. 
The same kind of surface defects was observed. These 
defects can reach a length of 100 µm, but have a very small 
depth (< 20 µm). The depths of the surface defects are in 
accordance with the depth of the cold worked layer induced 
by the grinding machining. During the SCC test, of total 
duration 5000 hours, the surface defects were not 
propagated. No SCC occurs.  
 
 
CONCLUSION 
 
 
The tests performed in the framework of this study allow a 
better knowledge of the SCC resistance of EUROFER97 in 
a hydrogenated aqueous medium. This program 
complements the program performed in the framework of 
the task SM-3-3. Other tests must be performed to 
characterize completely the SCC behaviour of Eurofer'97. 
The effect of a pollution of the test medium should be 
studied. 
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TW2-TTMS-004a-D01 
 
Task Title: RAFM STEELS - EUROFER: POWDER HIP PROCESSING 

AND SPECIFICATION 
 
 
INTRODUCTION 
 
 
Eurofer is the European Reduced Activation 
Ferritic/Martensitic steel candidate material for the first 
wall of the thermonuclear fusion reactor and especially for 
the blanket. 
 
The production of solid Eurofer alloy by HIP (Hot Isostatic 
Pressing) consolidation of Eurofer  powder offers the great 
advantage of production near net-shape parts allowing 
complex design. In addition some manufacturing design are 
based on the ability to join Eurofer powder material onto 
Eurofer solid  material by HIPping. 
 
The objective of the task TW2-TTMS-004a-D01 is to 
develop the Eurofer powder HIP process in order to obtain 
a Reduced Activation Ferritic/Martensitic solid HIPped  
steel with mechanical properties similar to that of the 
forged grade. 
 
Task TW2-TTMS-004a-D01 is in charge of providing 
powder HIPped material for mechanical properties 
measurements (task TW2-TTMS-002a-D18). 
 
In order to qualify the global process with the specific 
feature of powder metallurgy fabrication route, different 
parameters have been studied in previous years and 
reported [1,2], mainly: 
 
- the powder fabrication and the powder characteristics 

(chemical composition, granulometry , homogeneity , 
cleanliness….), 

 
- the powder preparation  process  (powder storage, 

canister  preparation and filling, degassing), 
 
- the HIP parameters (temperature, time, gas pressure, 

cooling rate) in relation with  the obtained  
microstructure and mechanical properties of the Eurofer 
HIPped material. 

 
In year 2002 the elaboration process understanding and 
improvement has been focused on the control of grain size  
during the process regarding the influence of initial powder 
microstructure, the HIP conditions and the post HIP 
treatments. 
 
Some special thermomechanical treatments have been 
performed on the powder in order to produce RAFM 
powder HIPped steel with reduced grain size. 
 
The second activity performed in 2002 is more focused on 
the powder metallurgy process defects and their influence 
on mechanical properties. 

2002 ACTIVITIES 
 
 
IMPROVEMENT OF THE GRAIN SIZE CONTROL 
 
Two batches of powder have been used within this task: 
 
- a powder provided by Anval in the size range [50-

250 µm] called “Anval 9Cr”, 
 
- a batch of powder which has been obtained by 

atomisation under argon of a forged Eurofer 97 bar 
(heat E83699) called “Eurofer P2000”. 5 kg of powder 
Eurofer 2000 has been hardened by ball milling during 
80 hours under argon. 

 
The Eurofer 2000 and Anval 9Cr powders were gas 
atomised and present the same shape and size aspects. The 
morphology of the milled powder is strongly modified and 
looks like plates with a larger size distribution than the 
initial (< 45 µm) range, the mean value is now about 
100 µm. Mechanisms such as fracturing and cold welding 
of particles are operating during milling. 
 
Cross sections were performed on the different powders 
(figures 1 and 2): optical observations and scanning 
electron microscope observations show clearly the 
martensitic microstructure for all the initial powders and for 
all sizes. 
 
The micro hardness measurements performed on the 
different powders show a constant hardness value 
(420HV50g) for the medium and large sized powder and 
larger values for the finest powder,  these values are in goof 
agreement with a standard martensite hardness. The milled 
powder presents higher hardness values (figure 3) than that 
of the initial powder. 
 

 
 

Figure 1 : SEM observation of the cross section 
of Eurofer powder P2000 
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Figure 2 : Metallographic observation 
of the cross section of  Eurofer powder P2000 after milling 
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Figure 3 : Hardness evolution with Eurofer powder size 
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Figure 4 : FAG size evolution with Eurofer 

and Anval powder size. 
 
In addition to the martensitic microstructure, the 
metallographic observations (SEM) reveal clearly the 
Former Austenite Grains (FAG) boundaries or 
solidification cells borders (figure 1). 

Numerous powders have been observed and the FAG sizes 
have been measured and reported in figure 4. The FAG size 
is clearly a function of the initial powder size. Previous 
results of FAG’s measurements in the final product (solid 
HIPped Eurofer) [1] have shown that for a large range of 
HIP and process parameters, the final FAG size lies in the 
range [7 to 10 µm]. The analysis of these results shows that 
there is a very low evolution of FAG size during the HIP 
process and the limiting parameter (for small FAG) is the 
initial powder and the initial microstructure.  
 
Optical or SEM observations did not reveal any FAG 
boundaries in Eurofer milled powder and transmission 
electron microscopy has been used to determine them. The 
FAG size is smaller in the milled powder than in the initial 
powder and is close to 2 µm. Mechanical tests (tensile and 
impact toughness) performed on the consolidated milled 
powder show good tensile but poor impact properties 
(50 J/cm2). 
 
POWDER CONTAMINATION DURING STORAGE 
 
In order to assess more precisely some material 
specifications or process qualification, the influence of 
different kind of defects has been studied. Two process 
incidents have been tested: 
 
- The oxidation of the powder during its storing or 

handling. 
 
- The oxidation of the powder during the degassing stage. 
 
In 2001 a powder contamination has been observed after a 
storage over a six months period. Once atomized, the 
powder was stored in closed boxes. Nevertheless, an 
oxidation of some powder particles has been observed and 
is well recognizable by Optical macrograph (figure 5) due 
to the red color of some particles but is not detected by 
SEM. Chemical analysis did not reveal any chemical 
evolution of oxygen nor other element. 
 

 
 

Figure 5 : Optical macrograph of Eurofer powder 
 
After consolidation under standard HIP process parameters, 
tensile,  impact tests and microstructure observations have 
not shown any significant differences of mechanical 
properties of the final material compared to the standard 
eurofer Powder HIPped material properties. 
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POWDER CONTAMINATION DURING DEGAS-
SING  OF THE POWDER (T°= 250°C) 
 
A leak during degassing stage (T = 250°C) has been 
simulated. Oxidation of the powder particles has not  been 
detected on Eurofer Powder by Optical macrograph  nor by 
SEM + EDX analysis. After consolidation under standard 
HIP process parameters, tensile, impact tests and 
microstructure observations have shown differences in the 
mechanical properties of this final material compared to the 
standard eurofer Powder HIPped material properties. 
Impact toughness values and tensile ductility decrease 
significantly (-30 on KCV value).  
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Figure 6 : Tensile and impact results of Eurofer powder: 

degassing defects 
 
NICKEL CONTAMINATION DURING ATOMIZA-
TION OF THE POWDER 
 
Previous microstructure observations have shown that the 
final HIPped Eurofer present few nickel rich particles [1]. 
These particles are issued from the powder atomisation 
stage and only atomisation with a specific eurofer 
atomisation facility could guaranty no contamination at an 
industrial scale. A quantitative measurement of defects 
density has been performed by optical observations on 
numerous specimens. The volume ratio of spherical nickel 
particles has been evaluated to Vr = [0.017 to 0.014 %] for 
Eurofer HIPped  with small size powder (Ø < 50 µm) and 
Vr = [0.014 to 0.027 %] for Eurofer HIPped with medium 
size powder (50 µm < Ø < 250 µm). In order to evaluate the 
influence of concentration of such contamination on 
mechanical  properties, a special Eurofer material has been 
elaborated with a specific volume ratio of 0.2 % of nickel 
particles. Microstructure and mechanical tests on this 
material are in progress. 
 

CONCLUSION 
 
 
The microstructure and the former austenite grain sizes 
have been measured on different eurofer powders. The 
initial powder microstructure seems to be the main 
parameter of FAG size on solid HIPped material. 
 
The effect of different process defects on mechanical 
properties of the final Eurofer steel has been investigated. 
The oxidation of the powder due to an inappropriate storage 
does not alter the mechanical properties of the consolidated 
material whereas the oxidation due to a leak during 
degassing stage (250°C) would induce a strong decrease of 
properties on final material. 
 
The influence of the presence of foreign particles is still 
under evaluation. 
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TW2-TTMS-004a-D04 
 
Task Title: RAFM STEELS - EUROFER: FUSION WELDS OF STRUCTURAL 

PARTS (HOMOGENOUS WELDING) 
 
 
INTRODUCTION 
 
 
Within the framework of the international program 
"Fusion", DECS/UTA (CEA Saclay) has to carry out 
welded joints in Eurofer 97 with different welding defects 
by process TIG, in thickness 8 and 14 mm. After welding, 
these joints follow a HIP treatment. The influence of this 
treatment on welding defect is assessed with non 
destructive tests and metallurgical analysis. The objective 
of this study is to assess the feasibility of an improvement 
of the seam quality by means of post weld HIP cycle. 
 
The present report deals with the obtained results by 
welding joints in flat and inclined positions, by means of 
the laboratory facilities. 
 
 
2002 ACTIVITIES 
 
 
MATERIAL 
 
A steel grade is supplied for this study: a low activation 
martensitic steel (Eurofer 97, reference CEA 931 for 8 mm 
thickness plate and CEA 932 for 14 mm thickness plate). 
 
Theses plates have followed different heat treatments: 
 
- a normalisation at 980°C for 27-31 minutes, 
- an air cooling, 
- a tempering at 760°C for 1 h 30, 
- an air cooling. 
 
OPERATING CONDITIONS 
 
Welding specimen 
 
Before welding the plates by TIG process with filler wire, a 
appropriate groove is determined and machined for the two 
plates (8 and 14 mm thickness). Then, the pieces are 
cleaned before welding phase. 
 
Welding and HIP treatment conditions 
 
In order to avoid the oxidation of welded joint, a shielding 
gas (Argon) is used. There are three kinds of shielding: 
coaxial nozzle (upper shielding), back and backside 
shielding. 
 
Two kinds of welding representative defects are chosen: 
porosity and lack of fusion. For each defect, an optimisation 
phase is necessary to find the good welding parameters. 
The flat position is used for porosity defect and inclined 
position (45°) for lack of fusion defect. 

For each defect, two samples are carried out. The joints 
have followed a HIP treatment, two cycles in temperature 
and pressure are used. These are shown in table 1. 
 

Table 1 : HIP treatment parameters 

Temperature cycle Pressure cycle 

T(°C) Temps (min) P (bars) Temps (min) 

55 0 140 0 

1050 100 1000 120 

1100 20 1000 120 

1100 120 500 60 

55 3 0 480 
 
Then, a post HIP cycle is carried out. It is consisted by 
different heat treatments: 

- a normalisation at 950°C for 2 h, 
- an air cooling, 
- a tempering at 750°C for 2 h. 
 
In order to evaluate the influence of HIP treatment on 
welding defect, many non destructive tests are carried out 
by X-Rays (RX). For each welding defect, these tests are 
done before and after HIP treatment to characterise the 
evolution of dimensions of defect. 
 
Metallurgical and hardness measurement 
 
The welding trials are followed by metallurgical analysis 
and hardness measurements. Cross sections of joints are 
carried out in order to see the microstructure and the 
quality. To evaluate the influence of HIP treatment, 
hardness measurements are carried out before and after the 
HIP. 
 
RESULTS 
 
Welding procedure 
 
The welding study is divided in two parts: the first one 
consists to process lack of fusion in welded joint on 14 mm 
thickness plate. The second one concerns the realisation of  
porosity defect in 8 mm thickness plate. 
 
- The realisation of lack of fusion is composed by 3 

phases: 
 
Phase 1 (realisation of root passes): 5 passes are 
necessaries: 
 
- the welding position is flat, 
- the intensity range is 140-190A, 
- the welding speed range is 50-60 mm/min, 
- the wire speed range is 550-900 mm/min. 
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Phase 2 (realisation of welding defect): 3 passes are 
carried out: 
 
- the welding position is inclined (45°), 
- the intensity is 125A, 
- the welding speed range is 40-88 mm/min, 
- the wire speed is 600 mm/min, 
 
Phase 3 (realisation of filling passes): 5 passes are 
necessaries: 
 
- the welding position is flat, 
- the intensity range is 160-200A, 
- the welding speed range is 40-100 mm/min, 
- the wire speed range is 850-1200 mm/min. 
 

- The realisation of porosity defect is composed by 3 
phases: 
 
Phase 1: (realisation of root passes): 4 passes are 
necessaries: 
 
- the welding position is flat, 
- the intensity range is 120-140A, 
- the welding speed range is 70-100 mm/min, 
- the wire speed range is 250-450 mm/min. 
 
Phase 2 (realisation of welding defect): the porosities 
are carried out by drilling holes of different diameters. 
 
Phase 3 (realisation of filling passes): 4 passes are 
necessaries: 
 
- the welding position is flat, 
- the intensity range is 132-150A, 
- the welding speed range is 90-110 mm/min, 
- the wire speed range is 450-600 mm/min. 
 

Metallurgical aspect 
 
Two cross section of seam with lack of fusion defect are 
shown in figure 1 ((a) before HIP treatment, (b) after HIP 
treatment). 
 

  
 (a) (b) 
 

Figure 1 : Macroscopic aspect of Eurofer 97 weldment 
of 14 mm thickness in cross section before (a) 

and after (b) HIP treatment 
 
As we can see on figure 1, the defect (lack of fusion) 
disappears after the HIP treatment. The microstructure of 
defect after HIP is slightly different with this in melted 
zone (figure 2). 

 

   
 (a) (b) 

 
Figure 2 : Eurofer 97 weldment of 14 mm thickness 

in cross section, after HIP treatment ((a) 
melted zone/defect, (b) base material) 

 
The microstructure of defect after HIP is very similar to this 
in base material. 
 
The microstructure of each zone was mainly composed of 
martensite which laths are bordered with very fine carbides. 
The essential difference is the size of grain. The grain of 
austenite in melted zone are much smaller than in the base 
material and in the defect after HIP treatment. 
 
Hardness measurement 
 
Two transversal hardness profiles have been carried out 
(figure 3). 
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Figure 3 : Transverse hardness  (HV1) on Eurofer 97 
weldment of 14 mm of thickness in cross section, 
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LL  ==  8800  mmmm  

Before HIP treatment, there are three zones: 
 
- the base material (BM) with about 200 HV1, 
 
- the heat affected zone (HAZ) which is characterised by 

a hardening, the hardness increases from 200 to 400 
HV1, 

 
- the welded zone (WZ) with an average hardness of 438 

HV1. 
 
After HIP treatment, the hardness becomes homogeneous 
through each zone (WZ and BM), the average value is 440 
HV1. The hardness were shown to be very high, indicating 
that the HIP treatment is not sufficient to anneal the 
microstructure. 
 
Non destructive test 
 
This part is composed by two phases: the X-Rays analysis 
before and after HIP treatment. 
 
Results from seam before HIP: 
 
- the lack of fusion is characterised by X-Rays (RX). The 

results is shown in figure 4. 
 

 
 
 
 

Figure 4 : X-Rays (on Eurofer 97 weldment of 14 mm 
of thickness) of lack of fusion defect 

 
Two samples with lack of fusion defect are obtained. 
Their lengths are 80 and 60 mm. 
 

- the porosities is shown in figure 5. Their diameters 
ranged from 0.3 to 0.5 mm. 

 
 
 
 
 

Figure 5 : X-Rays (on Eurofer 97 weldment of 8 mm 
of thickness) of porosity defect 

 
Results from seam after HIP: 
 
- the lack of fusion defect disappears completely after the 

HIP cycle, 
 
- if the diameters of porosities are inferior to 0.5 mm, 

they disappear after HIP cycle else their diameters 
decrease. 

 

CONCLUSIONS 
 
 
The influence of HIP treatment has been evaluated on 
welded joint with defect by X-Rays. Two kinds of defect 
are assessed: 
 
- porosity, 
- lack of fusion. 
 
Both defects disappear after HIP cycle. The seam quality by 
HIP is improved. The metallurgical examinations have been 
carried out in cross section: the microstructure of defect 
zone after HIP is very similar to the microstructure in base 
material, the size of a formerly austenite grains is nearly 
equal. 
 
While there existed three zones of hardness in welded joint 
before HIP treatment, there was just one after HIP cycle. 
The hardness becomes homogeneous through each zone 
(welded zone and heat affected zone). This hardness was 
shown to be very high, indicating that the HIP treatment is 
not sufficient to anneal the microstructure. 
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TW2-TTMS-004a-D05 
 
Task Title: RAFM STEELS - EUROFER: DISSIMILAR WELDS 

DEVELOPMENT 
 
 
INTRODUCTION 
 
 
The RAFM TBM parts will need to be joined to secondary 
systems. These will be built most probably from 316LN 
austenitic stainless steel. 
 
Somewhere, most likely outside the neutron irradiation 
field, transition between RAFM steel and 316LN steel will 
have to be welded. One of the solutions is the processing of 
fusion weld. 
 
In the 2001 subtask TW1-TTMS-004-D05, the welding of 
dissimilar joints has been investigated on hot rolled plates. 
We need now to gather operating data on the weldability of 
tube, knowing the overheating effect of circular welding. 
 
The present report collects and discusses the weldability of 
heterogeneous joints in flat position by TIG and electron 
beam processes. 
 
The Eurofer and 316 LN steels tubes will be sampled to 
process butt joints. 
 
The operating conditions will be optimised in the stationary 
stage to process sound weldments. 
 
A micro structural study by EDS “Energy Dispersive 
Spectrometry” is carried out in order to determine the 
repartition of chemical elements in dissimilar joints. 
 
This last one are completed by hardness measurement on 
welded joins by TIG and electron beam processes (a 
comparison is done after and before the post welding heat 
treatment). 

2002 ACTIVITIES 
 
 
MATERIAL 
 
Two kinds of steel grade are supplied for this study: a low 
activation martensitic steel (Eurofer 97, reference UTA 
309) and a 316LN austenitic stainless steel (reference UTA 
319). 
 
The dimensions of tubes are: 
- outside diameter: 17 mm,  
- thickness: 1.5 mm. 
 
The Eurofer tubes have followed different heat treatments: 
- a normalisation at 975°C for 15 minutes,  
- an air cooling, 
- a tempering at 740°C for 45 minutes, 
- an air cooling. 
 
The 316 LN steel in the form of tubes is not available. So, 
we machined tubes from a full bar. As shown in figure 1, a 
full bar micro structural study is carried out. 
 
OPERATING CONDITIONS 
 
Welding specimen 
 
Before welding the tubes, a groove is machined for welding 
by electron beam and not for TIG process. Different 
samples are prepared: 

- tubes for bead (research of optimised welding 
parameters),  

- tubes for butt weld. 
 
Before the welding phase, the pieces are cleaned. 
 

   
 

Figure 1 : Microstructure of 316LN full bar 
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Welding and PWHT conditions 
 
Through this welding study, two installations are used: TIG 
and electron beam (30 kW). 
 
The welding conditions for TIG process are: 
 
In order to avoid the oxidation of welded joint, the tubes are 
located in a glove box. A constant argon flow is introduced 
into this last one. In order to control the welding energy and 
the overheating effect of circular welding, the welding 
intensity is pulsed. 
 
Different parameters are modifed to carry out the seam: 
number of phase in a welding cycle, the average intensity 
and the time of each phase. Before the welding phase, the 
tubes are tacked in 3 points by TIG process. 
 
The welding conditions for electron beam process are: 
 
The samples are located in a vacuum room, there is no 
problem of oxidation. Different parameters are modified: 
the intensity, the voltage and the focal point in the thickness 
of tube. 
 
Before welding the Eurofer tubes, they are demagnetised in 
order to avoid the lack of fusion defect. As TIG process, the 
influence of number of phase in a welding cycle is studied. 
 
For both processes, firstly we searched optimised 
parameters by carrying out melt runs on each steel grade: 
Eurofer and 316LN. Secondly, the heterogeneous joint is 
optimised with the previous welding parameters on melt 
run. 
 
The welding position is flat and no filler wire are used. 
 
The joints have followed a post welding heat treatment 
(PWHT) at 740°C for 2 h 30. 
 
Metallurgical and hardness measurement 
 
The welding trials are followed by metallurgical and 
hardness measurements. Cross sections of joints are carried 
out in order to see the microstructure and the quality. 
 
To evaluate the influence of post welding heat treatment, 
hardness measurements are carried out. 
 
Energy Dispersion Spectrometry (EDS) analysis 
 
In order to evaluate the distribution of chemical elements in 
TIG and electron beam joints, an analysis by “Energy 
Dispersion Spectrometry” is carried out. The elements are: 
Si, Cr, Mn, Ni; Mo and W. The operating conditions are: 
 
- intensity: 350 pA, 
- voltage: 20 kV, 
- work distance: 25 mm, 
- analysis zone: 40 × 40 µm². 
 
The results come from welding samples which are not 
followed PWHT. 

RESULTS 
 
Welding procedure 
 
The welding study is divided in two parts: the first one 
consists to weld tubes by TIG process and the second one to 
weld them by electron beam process. 
 
- The realisation of seam by TIG process: 

 
After optimisation of welding parameters, the seam 
quality is obtained with 4 phases in order to compensate 
the overheating effect of tube: 
 
- phase 1: initial phase (increase of the welding 

intensity), 
- phase 2: welding of tube (the welding parameters are 

constant), 
- phase 3: final phase (decrease of the welding 

intensity, 
- phase 4: phase of covering. 
 
A cross section of optimised seam is shown in figure 2. 
 

 
 

Figure 2 : Macroscopic aspect of Eurofer / 316LN 
tube joint by TIG process 

 
As we can see on this figure, the seam is free of defect, 
the quality is good. 

 
- The realisation of seam by electron beam process: 

 
In term of quality, the best results are obtained in one 
phase, the welding parameters (Table 1) keep constant 
for all welding cycle. 
 

Table 1 : Welding parameters for Eurofer / 316LN joint 
by electron beam process 

 

Voltage 
(kV)

Intensity 
(mA)

Power 
(kW)

V 
(cm/min)

Focal position (mm) / 
external surface of tube

30 25 0,8 70 0  
 
The best position of focal point is located on the 
external surface. The power necessary for this seam is 
relatively low with 0.8 kW. 
 
The macroscopic aspect is shown in figure 3. As for the 
TIG joint, the seam quality is good. 
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Figure 3 : Macroscopic aspect of Eurofer / 316LN tube 
joint by electron beam process 

 
Hardness measurement 
 
After the welding phase, transversal hardness profiles have 
been carried out. The results are plotted on figure 4 for TIG 
joint and on figure 5 for electron beam joint. 
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Figure 4 : Transverse hardness (HV1) on Eurofer / 316LN 
joint of tube in cross section, TIG process 

 
Different zones (figure 4) are characterised in the welded 
joint. Before the heat treatment, there are 3 zones: 
 
- a melted zone with an average hardness of 400HV1, 
 
- a heat affected zone (HAZ) which is characterised by a 

fall of hardness. There is 250HV1 for 316LN steel and 
170HV1 for Eurofer steel. The width of HAZ for 
316LN steel is slightly more important (1.5 mm) than 
for the Eurofer steel (1 mm), 

 
- a base metal zone with 210HV1 for Eurofer steel and 

175HV1 for 316LN steel. 
 
After the PWHT, we notice a fall of average hardness. The 
hardness of melted zone is 320HV1. In the Eurofer base 
metal, the hardness is 200HV1 and 160HV1 in 316 LN base 
metal. 
 
The hardness results of electron beam joint are shown in 
figure 5. 
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Figure 5 : Transverse hardness (HV1) on Eurofer / 316LN 

joint of tube in cross section, electron beam process 
(a) as-welded (b) PWHT 

 
In the melted zone, the hardness decreases from 400HV1 to 
330HV1. 
 
After PWHT, as we notice in the welded joint by TIG 
process, a decrease of hardness is also observed in the base 
metal. 
 
This last one is 20HV1 in Eurofer steel and 0HV1 in 
316LN steel.  
 
Energy Dispersion Spectrometry analysis 
 
The results are shown in figure 6 for TIG joint and figure 7 
for electron beam joint. 
 
By comparing the results from TIG and electron beam 
joints, we notice for each chemical element the evolution of 
different curves is nearly identical. 
 
The main difference are: 
 
- the width of melted zone with 1.5 mm for electron beam 

process and 2 mm for TIG process, 
 
- in the melted zone, the average values of each element 

are shown in the table 2. 
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Figure 6 : Distribution of chemical elements 

in heterogeneous joint Eurofer / 316LN as-welded 
by TIG process 
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Figure 7 : Distribution of chemical elements 
in heterogeneous joint Eurofer / 316LN as-welded 

by electron beam process 
 

Table 2 : Average values (%) of each chemical element 
for TIG and electron beam processes 

 

average 
value

standard 
deviation

average 
value

standard 
deviation

Mn 0,97 0,27 0,76 0,19
Mo 0,97 0,22 1,17 0,25
Si 0,41 0,1 0,48 0,09
W 1,12 0,18 0,88 0,22
Ni 4,48 0,97 5,6 0,66
Cr 12,73 0,74 13,46 0,62

TIG  process Electron beam process

 
 
In the melted zone, the rates of chemical elements Mn and 
W are slightly higher in TIG joint than in electron beam 
joint. For the Mo and Si chemical elements, their rates are 
higher in electron beam joint than in TIG joint. For both 
joints, the values of Cr and Ni are very close. 
 

CONCLUSIONS 
 
 
After optimising the welding parameters on heterogeneous 
tube joint Eurofer / 316LN by TIG and electron beam 
processes, a metallurgical and chemical distribution 
analysis are carried out on heterogeneous tube joint Eurofer 
/ 316LN. 
 
This study shows the necessity to pulse the welding energy 
in order to limit the overheating effect on tube 
configuration. Four welding phases are necessaries for TIG 
process and one for electron beam process. The seam 
qualities are good in both processes. The post welding heat 
treatment involves a fall of hardness in the melted zone and 
the base metal. Concerning the results from EDS analysis in 
the melted zone and the base metal, the distribution of Si, 
Cr, Mn, Mo, Ni and W are determined. 
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TW2-TTMS-004a-D08 
 
Task Title: RAFM STEELS - POWDER HIP MATERIALS JOINING 
 
 
INTRODUCTION 
 
 
The Reduced Activation Ferritic Martensitic steel (RAFM) 
is a candidate material for the first wall of the 
thermonuclear fusion reactor. In the two concepts (HCPB 
and HCLL) which are currently developed, junctions 
between RAFM powder and solid RAFM could be used. 
The Hot Isostatic Pressing (HIP) conditions and the 
degassing conditions are very important for the strength of 
these joints. 
 
The objective of the work performed this year was to 
establish a specification of the HIP parameters of the 
RAFM powder / RAFM solid joint manufactured by 
diffusion bonding. 
 
 
2002 ACTIVITIES 
 
 
ELABORATION OF JUNCTIONS 
 
To establish a specification of the HIP parameters of the 
RAFM powder / RAFM solid elaborated by HIP, several 
junctions have been realised. The different conditions of 
elaboration have been fixed in agreement with people who 
are working on the manufacturing of mock-ups including 
this kind of joint (TTBA2-4, TW1-HIP, TTBA2-1, TTBB2-
4,  Bucci and Rigal). Several HIP conditions and several 
degassing conditions have been investigated. All the 
junctions have been tested under tensile and impact 
toughness tests.  
 
Eurofer steel used in this study: 
 
a) Forged material: 

 
The forged material was supplied by Bölher (HEAT N° 
E83699). 
 

b) Powder material: 
 
The powder material was atomised by Studvik. The 
powder was sieved, the size of the powder used in this 
study was comprised between 45 µm and 150 µm.  
 

Influence of the HIP conditions: 
 
Three junctions of Eurofer powder / Eurofer solid were 
elaborated to evaluate the influence of the HIP cycle on the 
strength of the bond. 

Junction A : A HIP cycle at a temperature of 1100°C 
(2 hours/1200 bars) was used for this 
junction. 

 
Junction B : The junction was elaborated at a 

temperature of 1050°C (4 hours/1200 bars). 
 
Junction C : Two HIP cycles (2 times the cycle of 

junction B) were used to elaborate this 
junction. Two austenitisation and two 
martensitic transformations occurred during 
this HIP cycle. Indeed, at each 
austenitisation, new grains nucleate and 
grow close to the interface, and this 
phenomenon can improve the strength of 
the joint. 

 
Influence of the degassing conditions : 
 
Several conditions of degassing were tested to evaluate the 
influence of this process parameter on the strength of the 
joints. Five conditions have been investigated. For these 
junctions, HIP cycle of junction B was applied. The 
conditions of degassing are described in the following table. 
 

Table 1 : Conditions of degassing 
for the junctions B, D, E, F, G 

 

Junction Condition of degassing 

B 
Degassing under vacuum during 15-16 hours at 
room temperature 

D 

Degassing under vacuum at room temperature 
during 2 hours followed by 16 hours at a 
temperature of 60°C then decreasing to room 
temperature 

E 

Degassing under vacuum at room temperature 
during 2 hours followed by 16 hours at a 
temperature of 250°C then decreasing to room 
temperature 

F 

Degassing under vacuum at room temperature 
during 2 hours followed by 16 hours at a 
temperature of 600°C then decreasing to room 
temperature 

G 

The following cycle was applied 5 times: 

- Degassing under vacuum at room temperature 
during 1h followed by an introduction of 
nitrogen up to a pressure of 2 bars. 

- Degassing at room temperature during 
16 hours. 
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Post bond HIP treatment: 
 
To restore the metallurgical and the mechanical properties 
of the Eurofer material the following post bond HIP 
treatment was applied for all junctions: 
 
- An austenitisation treatment at a temperature of 950°C 

(1 hour) followed by an air cooled. 
 
- A tempering treatment at a temperature of 750°C 

(2 hours) followed by an air cooled. 
 
IMPACT PROPERTIES: 
 
Twelve specimens by junction have been machined to 
determine the DBTT curve for each bond. The impact 
toughness tests have been carried out at 20°C, -25°C, -
45°C, -75°C, -100°C, -125°C, -150°C and –196°C. The 
KCV specimens (4*3*27mm) were used. The joint was 
centred at the bottom of the notch.  
 
Impact properties at room temperature: 
 
The average values of energy for each junction are 
presented in figure 1. 
 
For each joint the fracture occurred at the interface between 
the powder and the forged part. The fracture is not brittle, 
dimples appear on the surface indicating a ductile mode. 
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Figure 1 : Energy of impact toughness 
at room temperature 

 
The joint of junction E has a better strength than the other 
ones. The energy is more important. 
 
It means that the degassing at 250°C improved the strength 
of the interface. 
 
The other junctions have similar properties. The HIP cycle 
at 1100°C and the double cycle at 1050°C (Junction A and 
C) have no influence on the strength of this joint. 
 
DBTT curves: 
 
The curves of the energy versus the temperature are 
presented in figure 2. 

0

1

2

3

4

5

6

7

-200 -150 -100 -50 0 50
Temperature (°C)

E
n

er
gy

 (
J)

Junction A

Junction B

Junction C

Junction D

Junction E

Junction F

Junction G

 
 

Figure 2 : Impact energy vs temperature 
 
As for the tests at room temperature the junction E exhibits 
the best results. For the other junctions the results are 
equivalent.There is a low transition of properties between 
room temperature and –150°C, no DBTT can be 
determined. 
 
At room temperature, the fracture occurred at the interface, 
but for all tests realised at a temperature less than room 
temperature, the crack path is mixed : along the interface 
and in both Eurofer materials. For a temperature less than –
100°C, the fracture surface is brittle and the crack did not 
occur at the interface. 
 
 
CONCLUSION 
 
 
In this study, junctions made of Eurofer powder / forged 
Eurofer parts have been elaborated.  
 
Different HIP cycles and different degassing conditions 
have been investigated. The best joint strength was obtained 
for junction E. 
 
Thus the recommendations to elaborate these junctions are 
the following: 
 
Preparation of the assembly: 
 
- Machining of the forged Eurofer part to a Ra of 0.8 µm. 
 
- Solid part and containers must be degreased with a 

mixture of alcohol, ether and acetone in ultrasonic bath. 
 
- Slice parts and containers must then be widely rinsed 

with alcohol and dried. 
 
- Filling of the Eurofer powder. 
 
Degassing conditions: 
 
- Degassing under vacuum at a temperature of room 

temperature during 2 hours followed by 16 hours at a 
temperature of 250°C then decreasing to room 
temperature.  



 - 199 - EFDA technology / Tritium Breeding and Materials / 
  Structural materials development / RAFM steels 

HIP cycle: 
 
- The HIP cycle is the following : 1050°C/1200 bars/ 

2 hours. 
 
Post bond HIP treatment must be applied: 
 
An austenitisation treatment at a temperature of 950°C 
(1hour) followed by an air cooled. 
 
A tempering treatment at a temperature of 750°C (2hours) 
followed by an air cooled. 
 
Under these conditions the strength of the junction Eurofer 
powder / forged Eurofer is high enough so that no 
debonding occurred during the tensile tests. However 
impact toughness values measured on welded specimens are 
lower than the values of the bulk materials [1] due to a 
partial debonding detected in the temperature range [from –
75°C to 20°C]. 
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TW2-TTMS-004b-D01 
 
Task Title: RAFM STEELS - TUBING PROCESS QUALIFICATION: 

ADVANCED PROCESS DEVELOPMENT AND TESTING 
FOR THE PRODUCTION OF TBM’S COOLING CHANNELS 

 
 
INTRODUCTION 
 
 
Fusion reactor blankets are structures cooled by internal 
channels. The preferred fabrication process is Hot Isostatic 
Pressing – Diffusion Welding. Reduced activation ferritic-
martensitic steel plates and tubes are used as starting 
material. The objective of this study is to define and qualify 
suitable process for the fabrication of the tubes, with a 
particular emphasis on rectangular tubes that might be used 
for the fabrication of the first wall of the modules.  
 
 
2002 ACTIVITIES 
 
 
In 2002, a survey of the literature related to tube fabrication 
processes has been made, in order to define which kind of 
processes are applicable for the fabrication of round and 
rectangular Eurofer tubes. 
 
Tubes can be manufactured by welding strips, but this 
family of processes has not been considered here because 
there is a strong will to avoid as much as possible welds in 
the blankets. 
 
Only seamless tubes have been considered. Seamless tubes 
can be manufactured using a large variety of processes, 
basically classified into two classes : those based on milling 
and those based on hot extrusion or cold drawing. 
 
The processes can be classified according to the 
characteristics of the desired products (table 1). 
 
Mill processes are suitable only for round tubes whereas 
extrusion and drawing processes are suitable for all shapes 
and thicker tubes. 
 
Furthermore, mill processes are not very suitable for 
materials with a low workability, i.e. highly alloyed steels 
and stainless steels. 
 

Table 1 : Main seamless tube fabrication processes 
 

Tubes 
Small 
diameter 
tubes 

Medium 
diameter 
tubes; carbon 
and low 
alloy steels 

Large 
diameter, thick 
wall; carbon, 
low alloy and 
stainless steels 

Special 
shape tubes 
and high 
alloy steels 

Process 
Mandrel 
mill 
processes 

Mannesmann 
plug mill 
process 

Erhardt push 
bench process 
or vertical 
extrusion 

Ugine 
Séjournet 
extrusion 
process 

ROLL MILL PROCESSES 
 
In the case of roll mill processes, the material is first 
pierced by rotary piercing (figure 1). In this process the 
preheated billet is punched and rolled between two rolls 
tilted at about 10°; this results in high tensile stresses in the 
centre of the billet. A hole is easily obtained using a piercer 
point. 
 
Then the tube is processed using a large variety of mills and 
rolls allowing combinations of tube elongation, wall 
thickness reduction and eventually diameter expansion. 
Mandrels are used when significant deformation is applied 
(either elongation or thickness reduction). On the opposite, 
sizing and straightening do not require mandrels. Graphite 
is often used as a lubricant in these processes. 
 
Usually a forged bar is used as starting material because 
porosities present in cast billets develop into bore defects 
during piercing, specially when high alloy steels are used. 
Other defects called “lamination defects” may arise from 
redundant shear deformations of the section. They are 
located inside the tube wall. 
 

 
 
 a) b) 
 

Figure 1 : Rotary piercing (a) 
and elongation/reduction using a mandrel mill (b) 

 
HOT EXTRUSION 
 
The principle of hot extrusion [1] is shown in figure 2 (for a 
bar). Once the billet is heated, it is inserted in a container 
and pushed through a die. A floating plug or a mandrel is 
used to obtain hollow products, starting from a pierced 
billet. The process is very fast and a very high extrusion 
ratio can be achieved due to the partially isostatic condition 
of the material in the press. Lubrication is insured by glass.  
 
Due to the hydrostatic character of the process, the extruded 
products exhibit similar properties in the axial and the 
transverse directions. The very high deformation that 
occurs during extrusion promotes dynamic recrystallisation, 
which results in fine and uniform microstructures. 



 - 202 - EFDA technology / Tritium Breeding and Materials / 
  Structural materials development / RAFM steels 

 
F 

extruded product billet 
punch 

container 
die 

die holder  
 

Figure 2 : Principle of the Ugine-Séjournet process 
(hot extrusion) 

 
Examples of bulk defects are incipient melting of the 
material due to a too high preheating temperature of the 
billet (combined with the heat dissipated by plastic 
deformation), cavities located around hard inclusions such 
like alumino-silicates and central bursting (figure 3), which 
is due to a too high die angle. 
 
Examples of surface defects are scratches due to machining 
marks of the billet (the surface of the final products is that 
of the billet); the well known “palm-tree like defect” (figure 
3), due to excessive friction in the die or to a too short die 
and eventually surface decarburisation and/or oxidation. 
 

 
 

 
 

Figure 3 : Typical defects in extruded products. 
Top : central bursting, bottom : palm-tree defect (from [2]) 
 
COLD DRAWING 
 
Cold drawing uses hot finished seamless tubes or welded 
tubes as starting materials and allows to achieve tubular 
products that can not be obtained using mill or welding 
processes, such like very thin or very thick tubes 
unachievable through mill processes; tubes with improved 
dimensional accuracy and lower roughness; cold-worked 
tubes with improved mechanical properties and special 
shapes and profiles. Processed materials range from carbon 
steels to low alloy and stainless steels. The tubes are 
inserted in a die and mechanically pulled from their end. A 
mandrel or a floating plug can be inserted in the tube prior 
to drawing, but in certain circumstances no tool is required 
(hollow drawing). The tube surface is lubricated thanks to a 
phosphatizing treatment (for carbon and low alloy steels) or 
more specific treatments for highly alloyed steels.  

APPLICATION OF HOT EXTRUSION FOR THE 
FABRICATION OF EUROFER RECTANGULAR 
TUBES 
 
The only process suitable to the fabrication of first wall 
rectangular tubes (figure 4) is the hot extrusion Ugine - 
Séjournet process. 
 24mm 

20mm 

r = 3 

14mm 

18mm 

Sharp angles 

 
 

Figure 4 : FW rectangular tubes 
 
Unfortunately, the achievable dimensions and tolerances of 
extruded products are not compatible with the application. 
The required wall thickness is too low, sharp angles cannot 
be achieved, the concentricity of the inner section with 
respect to the outer one can be as bad as ±1mm. 
Furthermore the straightness of extruded products is not 
good and they are twisted. Examples of such defects are 
shown in figure 5.  
 

 

  

 

 

        
 

Figure 5 : Defects in extruded tubes. From top left to 
bottom right: rotation of the inner section, concentricity 

defect, camber of the tube, twist defect (from [3]) 
 
 
CONCLUSIONS 
 
 
Thin round tubes made of RAFM steels can be 
manufactured by rolling. Large round tubes may be 
manufactured either by rolling or hot extrusion. For small 
batches, hot extrusion is preferred.  Hot extrusion is the 
only process applicable for the fabrication of rectangular 
tubes, but the foreseeable dimensional tolerances of the as-
extruded tubes are very poor. Better tolerances should be 
achievable by cold drawing hot extruded semi-finished 
tubes. In 2003 experimental tubes will be ordered to Céfival 
and characterised. 
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TW2-TTMS-005a-D02 
 
Task Title: RAFM STEELS - RULES FOR DESIGN AND INSPECTION 
 DISD appendix A for RAFM steel, intermediate appendix A 

for the Eurofer steel 
 
 
INTRODUCTION 
 
 
The main objective of this sub-task is to write the Appendix 
A: " Materials Data and Analyses", for the interim design 
rules of the ITER Test Blanket Modules (ITBM) and 
DEMO components (DISDC).  The work to be done is 
similar to the one carried out for ITER.  In both cases 
designers use these rules as guidelines for design of 
components and systems. 
 
Currently, the ITER documents do not include rules and 
data for RAFM (Reduced Activation Ferritic / Martensitic) 
steels, retained for ITBM and DEMO. The behaviour of 
these steels is, in some aspects, very different from those of 
the austenitic steels used in ITER and hence ITER rules 
cannot be reliably extended to them.  In addition, the 
operating conditions of ITBM and DEMO components 
differ from those of ITER, higher service temperatures and 
higher radiation doses provoking damage mechanisms not 
considered in IISDC. 
 
This sub-task is closely related to the sub-task TW2-TTMS-
005a-D05, where, materials properties data are collected. 
 
 
2002 ACTIVITIES 
 
 
The main part of the 2002 activities was dedicated to 
writing an interim Appendix A for A3.S18E-Eurofer steel 
(Revision 0) and updating of the report on F82H steel to 
revision 1. The full content of the Appendix A is too large 
to fit in the annual report and only examples from it are 
cited. Also it should be noted that this report contains inputs 
from almost all the associations involved in the fusion 
program. 
 
Table 1 shows the specified chemical compositions of the 
F82H and Eurofer steels. The former is a steel produced in 
Japan and tested by all parties involved in the IEA fusion 
materials implementing agreement. The latter is a steel 
produced in Europe and would also be incorporated in the 
IEA collaboration. The compositions of the two steels are 
very close and here when data for Eurofer steel are not 
available yet, those of the F82H steel are used as an interim 
step. 
 
The Appendix A for Eurofer steel contains: 
 
- A physical properties section. Results obtained at 

DEMOKRITOS (Greece) arrived too late to be included 
in the 2002 edition. Those of the F82H are presently 
used. 

Table 1 : Specified compositions for Eurofer 97 
and F82H steels in wt%, unless otherwise stated 

(Target values in [ ]) 
 

Elements F82H Steel Eurofer 97 Steel 
Cr 7.7 8,5 - 9,5 [ 9.0 ] 
C 0.09 0.09 – 0.12 [ 0.11 ] 

Mn 0.16 0.20 – 0.60 [ 0.40 ] 
P 0.002 < 0.005 
S 0.002 < 0.005 
V 0.16 0.15 – 0.25 
B 0.0002 < 0,001 

N2 0.006 0.015 – 0.045 [0.030] 
O2 (0.01) < 0,01 
W 1.94 1.0 - 1.2 [1.1] 
Ta 0.02 0.06 - 0.09 
Ti 100 ppm < 0.01 (100 ppm) 
Nb 1 ppm [<10 ppm] 
Mo 30 ppm [< 50 ppm] 
Ni 200 ppm [< 50 ppm] 
Cu 100 ppm [< 50 ppm] 
Al 30 ppm [<100 ppm] 
Si 1100 ppm < 500 ppm 
Co 50 ppm [< 50 ppm] 
Sn (< 20 ppm) As+Sn+Sb+Zr < 100 ppm 
As (< 50 ppm) As+Sn+Sb+Zr < 100 ppm 

 
- A monotonic loading section. From the tension test 

results validated in the database, average and minimum 
stress values of Sy and Su are derived (figure 1 and 
table 2) and used for calculation of allowable primary 
membrane stress intensity Sm (table 3). Likewise, 
uniform and total elongations, as well as the reduction 
of area data, are used for calculation of minimum and 
true ductility at rupture values. Results obtained from 
tests performed on specimens after long term aging are 
used to ensure that the above recommendations remain 
valid.  Most of the results of the irradiated materials will 
become available in the next two years. 

 
- A time dependent properties section. Creep test results 

validated in the database are used to establish time - 
temperature master curves for each property and then to 
calculate creep criteria. Figure 2 shows an example of 
the good correlation obtained between the plots 
obtained from the master creep rupture curve and the 
actual experimental creep rupture data. The results are 
also used to calculate minimum creep rupture stress and 
the stress intensity criterion St. 
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Table 2 : Average and minimum yield and ultimate tensile stress values for Eurofer steel 
 

°C 20 100 200 250 300 350 400 450 500 550 600 650 700 

Sy,av (MPa) Plate, Bar 546 507 484 477 470 461 447 426 396 354 298 226 135 

Sy, min (MPa) Plate, Bar 516 480 457 451 444 436 423 403 375 335 282 214 128 

Su, av (MPa) Plate, Bar 668 622 581 563 545 524 499 467 428 378 316 240 148 

Su, min (MPa) Plate, Bar 620 577 539 523 506 487 463 434 397 351 293 223 138 

 
Table 3 : Sm values for Eurofer steel at temperatures 20 °C through 700°C 

 

Temp. °C 20 100 200 250 300 350 400 450 500 550 600 650 700 

Sm (MPa) 207 192 180 174 169 162 154 145 132 117 98 74 46 
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Figure 1 : Ultimate Tensile Strength (Sy) of Eurofer base 
metal in both orientations versus test temperature 

(CEA, CIEMAT, FZK, NRG data) 
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Figure 2 : Comparison of experimental creep rupture 
results with trends derived from master curve using 
equation 3.5.1. (Plates data at 650 °C not shown) 
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Figure 3 : Comparison of monotonic and cyclic hardening 
curves using dynamic modulus (CIEMAT & ENEA data) 
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Figure 4 : Impact toughness of Eurofer base metal 
in the as-received conditions (Boehler, CEA, FZK data) 
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- A cyclic loading section.  From the limited isothermal 
strain controlled fatigue data, total strain range versus 
number of cycles to failure curves are calculated.  
Several thermal fatigue results are also available but 
they are not yet incorporated in the calculation. Cyclic 
hardening curves are derived and compared with the 
monotonic hardening curves (figure 3). Further analysis 
of fatigue data is postponed until the fatigue database is 
substantiated. 

 
- A toughness section. From the instrumented Charpy 

impact tests and limited fracture toughness test data, 
ductile to brittle transition temperature, toughness and 
the behaviour of material in different fracture modes are 
evaluated. The effects of product size and form, 
specimen size and form and orientation are all 
investigated, as are also the effect of welding and 
HIPing. Figure 4 shows an example of the results 
obtained. As in the case of tension test section, results of 
the aged materials are used to ensure that the safety 
margins are adequate. Some irradiated materials data are 
also available but most of the results will become 
available in the next two years. 

 
 
CONCLUSIONS 
 
 
The interim Appendix A for F82H steel is updated and a 
new report on the Eurofer steel is issued.  
 
The results obtained show a good progress and suggest that 
by the end of 2004 recommended allowables for design of 
ITBM with Eurofer steel should be available. 
 

REPORTS 
 
 
F. Tavassoli, Revision 1, Interim Appendix A Materials 
Design Limit data for A3.S18F (IEA F82H steel), Interim 
TW2-TTMS 005.2 & 005.5 reports, N.T. DMN/Dir 2002-
D062, Sept. 2002. 
 
F. Tavassoli, Revision 0, Interim Appendix A Materials 
Design Limit data for A3.S18E (Eurofer steel), Interim 
TW2- TTMS 005.2 & 005.5 reports, N.T. 
CEA/DEN/SAC/DMN D0-155-21/06/02, Revision 0, Dec. 
2002. 
 
 
TASK LEADER 
 
 
Farhad TAVASSOLI 
 
DEN/DMN 
CEA Saclay 
91191 Gif-sur-Yvette Cedex 
 
Tél. : 33 1 69 08 60 21 
Fax : 331 69 08 8070 
 
E-mail : tavassoli@cea.fr 
 



 - 208 - EFDA technology / Tritium Breeding and Materials / 
  Structural materials development / RAFM steels 

 
 
 
 
 
 
 
 



 - 209 - EFDA technology / Tritium Breeding and Materials / 
  Structural materials development / RAFM steels 

TW2-TTMS-005a-D05 
 
Task Title: RAFM STEELS - RULES FOR DESIGN, FABRICATION AND 

INSPECTION 
 Data collection and data base maintenance, update data base for 

Eurofer steel 
 
 
INTRODUCTION 
 
 
Reduced activation ferritic/martensitic steels (RAFM steels) 
are reference structural materials for ITER Test Blanket 
Modules and DEMO reactor.  The first 5000 kg commercial 
heats of this steel were produced in Japan (F82H Steel) and 
were tested by the international community under an IEA 
fusion materials collaborative agreement. The European 
Union for her part has defined a new RAFM composition 
(Eurofer) and has procured from Boehler several 2000 kg 
heats of this alloy (Eurofer 97). 
 
The main differences between Eurofer and F82H steel 
reside in lower tungsten (1 % instead of 2 %) and higher 
chromium (9 % instead of 8 %) contents of the former as 
compared with the latter. EU is planning to fine-tune the 
composition of Eurofer and order new heats in 2003. 
 
The primary objective of this sub-task is to collect, validate 
and harmonize the results generated under the above 
collaborative programs. Initially the work started with the 
F82H steel and now it has been extended to Eurofer steel. 
 
 
2002 ACTIVITIES 
 
 
The RAFM data base for F82H steel was updated and the 
results were used to revise the Revision 1 of the Appendix 
A of this steel.  
 
The Eurofer steel data were collected, analysed and when 
validated they were entered in the data base. This was a 
tedious job, since many associations had only provided hard 
copies of their results. With the addition of the new Eurofer 
steel results, the data base has now:  
 
- 569 Product records, 

- 475 Composition records, 

- 984 Tensile records, 

- 1486 Impact records, 

- 161 Impact plots, 

- 202 Creep records, 

- 100 Strain Controlled Fatigue records and some 
Thermal Fatigue records, 

- 68 Fracture Toughness records and 8 Master curve files, 

- 570 Summary records. 
 
From these results, draft revision 0 of the Appendix A for 
the Eurofer steel is produced. Also a Runtime solution v. 2 

of the data base has been sent to the participating 
associations. Presently the data base contains sufficient data 
on unirradiated tensile and creep properties for reliable 
estimation of design allowables. This is also the case of 
impact toughness, where data for standard and sub-size 
specimens taken from various product sizes and 
orientations, before and after thermal ageing are collected. 
The available data on fatigue and fracture toughness are 
still limited.  Likewise the data on irradiated materials need 
to be substantiated. 
 
 
CONCLUSIONS 
 
 
The data base for F82H steel is now well established.  
Conventional design limits can be derived and used for the 
ITER test blanket modules where anticipated irradiation 
doses are moderate. The data base for Eurofer steel is also 
adequate for properties such as tensile and creep, but it is 
still insufficient for properties such as fatigue and fracture 
mechanics, and in all cases for the irradiated state.  
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Figure 1 : Screen shot from summary section of the data base to find Eurofer data for Heat E83698 
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TW2-TTMS-006a-D01 
 
Task Title: RAFM STEELS - ODS PROCESSING AND QUALIFICATION 
 
 
INTRODUCTION 
 
 
Reduced Activation Ferritic Martensitic (RAFM) steels 
used as structure material for fusion reactors’ blankets 
allow operating temperatures around 550°C. Oxide 
Dispersion Strengthened (ODS) RAFM steels offer the 
potential of temperatures up to 650°C-700°C. These 
materials are elaborated by mixing the steel and oxide 
powders and by consolidating the milled powder by Hot 
Isostatic Pressing (HIP) to manufacture large near net-shape 
pieces. 
 
Our laboratory develops and optimises the elaboration 
process of Y2O3 and MgAl2O4 Eurofer ODS steels since 
1999 0-0. Last year studies proved that the austenitic grain 
growth and the martensitic transition is more difficult to 
obtain with the Y2O3 ODS steels, even after austenitisation 
at high temperatures or water quench. This effect was 
thought to be the consequence of different phenomena: (1) 
dissolution of the Y2O3 during the mechanical alloying, (2) 
precipitation as nanometric Y-O clusters during the HIP 
process and (3) pinning effect of these clusters on the 
austenitic grain boundaries which impedes the grain growth 
during austenitisation. 
 
A complete characterisation of these ODS steel remain to 
qualify this material as a structural material for fusion 
application. In this aim, new ODS materials have to be 
elaborated to be assessed. Our task was to screen some 
process parameters and elaborate 5 kg of 0.3 % Y2O3 ODS 
in 6 mm plate form in a martensitic state respecting some 
imposed conditions (temperatures lower than 1100°C) to 
distribute them to the other associations for deeper 
structural and mechanical characterization. 
 
 
2002 ACTIVITIES 
 
 
ELABORATION OF THE 0.3 % Y2O3 ODS STEELS 
FOR ASSESSMENT 
 
The steel powder comes from a forged bar of one heat of 
“EUROFER 97” atomised under argon by Studsvik in 
2001. The powder is martensitic (figure 1), its chemical 
composition and size distribution is reported in 0. In order 
to get a better homogeneity during the mechanical alloying, 
the powder was sieved and only particles having a size less 
than 45 microns have been used. 
 
Due to the very unfavourable size distribution of the 
powder, only 20 kg of powder < 45 µm could be extracted 
from the 300 kg powder received in Dec. 2001. The Y2O3 
powder is constituted of small crystallites of sizes ranging 
from 10 to 100 nm with a cubic structure (a = 10.6 Å). 

 
 

Figure 1 : Eurofer powders atomised by Studsvik. 
SEM images of the martensite structure 

 
The ODS Eurofer powders were mixed by ball milling in 
optimised conditions, which ensure a rate of milled 
particles over 99 % and a low contamination with oxygen 
and carbon: 80 hours, v = 47 rpm, Mball/Mpowder = 20, under 
argon. The morphology of the milled particles is shown in 
figure 2. The milling does not induce carbon contamination 
and the level of oxygen content due to global contamination 
(atomisation and ball milling) is relatively low (0.1 %) and 
can be considered as acceptable. 
 

 
 

Figure 2 : SEM image of the Eurofer powder 
< 45 µm + 0.3 % Y2O3 after ball milling 

 
Chemical analyses on each batch of milled powder reveal a 
great dispersion of the Y2O3 contents (from 0.19 % to 
0.32 % for an initial content of 0.3 %). 
 
A deeper survey has to be carried to determine if this loss is 
a real loss that could come from the argon flow inside the 
mill chamber or if it corresponds to heterogeneity of the 
oxide dispersion in the steel powder. 
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The milled ODS powders were placed into parallelepiped 
316 steel containers (60 x 60 x 65 mm), which were then 
outgassed and sealed. The containers were hot-pressed by 
HIP. Two ODS Eurofer steels have been elaborated under 
1200 bars of an argon atmosphere: one batch at 1100°C/2 h, 
respecting the imposed condition (named TT1) and one 
batch at 1250°C/2 h to promote the martensitic transition by 
a austenitic grain growth (named TT2). The materials were 
cooled in the furnace. 
 
Both the HIPped blocks TT1 and TT2 were cut into three 
plates (figure 3): one was labelled A, one was heat treated 
at 950°C/1 h + Water Quench + 750°C/2 h and labelled B, 
and one was heat treated at 1100°C/1 h + Water Quench + 
750°C/2 h and labelled C. 
 

 
 

Figure 3 : Scheme of the ODS materials elaborated 
for microstructure and mechanical assessment 

 
MICROSTRUCTURE 
 
All the metallographies and hardness of the TT1 and TT2 
ODS materials are reported in [4]. Here, only those of the 
TT1-B and TT2-B materials are reported in figure 4 and 
figure 5. For the TT1 materials, the morphology, the 
carbide repartition and the absence of change of hardness 
between the untreated and the treated materials (364 HV30 
and 379 HV30, respectively) suggest that these steels are 
ferritic whatever the heat treatment. In the opposite way, 
the great hardness difference between the untreated and the 
treated/tempered materials (438 HV30 and 328HV30, 
respectively) suggests that the TT2 ODS materials are 
martensitic (partially martensitic for the untreated material 
A, and probably fully martensitic for the heat treated – 
tempered materials B and C). 
 

 
 

Figure 4 : Metallography of the TT1B ODS steel 
(heat-treated at 950°C/1 h + WQ + 750°C/2 h) 

 
 

Figure 5 : Metallography of the TT2B 
(heat-treated at 950°C/1 h + WQ + 750°C/2 h) 

 
To confirm this point, the two ODS steels TT1B and TT2B 
were observed by Transmission Electron Microscopy 
(TEM): The TT1B ODS steel is constituted of a bimodal 
grain structure with large grains (equiaxed 2-10 µm or 
elongated 2 x 12 µm) with a medium dislocation density, 
and small grains (100-500 nm) with a very high dislocation 
density. The structure is mainly ferritic, only few laths of 
martensite (10 %) could be observed (figure 6a). The 
oxides are heterogeneously distributed, the larger ones 
(50 nm) generally form alignments and the smaller ones are 
grouped in some grains (figure 6b). The TT2B structure is 
mainly martensitic (width of 100-200 nm and length of 0.5-
1 µm), and only few equiaxed ferritic grains (20 %) could 
be observed. The dislocation density is very high and the 
oxides are heterogeneously distributed, the smaller are 
grouped in some grains. 
 
ROOM TEMPERATURE MECHANICAL PROPER-
TIES 
 
All the elaborated ODS materials have been tensile tested at 
room temperature at a strain rate of 4.10-4 s-1, with 
specimens having a gauge dimension of Ø 6 x 30 mm. The 
results are reported in table 1 and the corresponding 
fractographies are given in [4]. The ODS materials exhibit 
good strength but a limited ductility. The six ODS steels 
(HIPped at 1100°C and 1250°C, with or without heat 
treatments) have been Charpy impact tested with KCV 
specimens. The impact properties are given in table 2; the 
TT1 ones are very low (< 7 J/cm2) and the ones of the heat 
treated TT2 are better (≈ 17 J/cm2), but remain far lower 
than the required values (>250 J/cm2). The fracture surfaces 
correspond to a quasi-cleavage mode. JM Gentzbittel 
showed that if the Eurofer powders are HIPped without 
mechanical alloying the impact properties are still good 
(220 J/cm2) [5], but if the powders are milled before being 
HIPped, the impact properties collapse (50 J/cm2) [6]. 
 
Therefore, the bad impact properties of the ODS steels are 
not due to the addition of oxides (and is not directly linked 
to the low ductility) but seem to be the consequence of the 
mechanical alloying process. Further thermomecanical 
treatments seem to slightly improve the impact properties 
of the HIPped ODS steels, but not sufficiently to reach the 
required values. 
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 (a)  (b) 
 

Figure 6 : TEM images of the TT1B ODS steel 
(a) The microstructure is mainly ferritic with 50 % of large grains and 50 % of small grains 

Few laths of martensite could be detected 
(b) The oxides are heterogeneously distributed, some grains with few oxides, other with higher content 

 
 

Table 1 : Room temperature properties of different grades of ODS Eurofer steels 
FC = furnace cooling, WQ = water quenching, T = tempering at 750°C/2 h, PM = powder metallurgy, 

MA = mechanical alloying, - = not observed or tested 
 

Yield 
strength  

Ultimate 
tensile 

strength  

Uniform 
elongation  

Total 
elongation  

Reduction 
in area Material Main  structure 

Rp0.2 (MPa) Rm (MPa) Ag (%) A (%) S (%) 

TT1 (HIP = 1100°C/2 h) 

as-HIPped A - 895 1177 6.4 7.7 13.7 

950°C/1h+WQ + T B 90% ferritic 1028 1158 4.0 6.7 24.3 

1100°C/1h+WQ + T C - 1055 1181 3.5 4.7 12.2 

TT2 (HIP = 1250°C/2 h) 

as-HIPped A - 975 1450 4.9 5.0 12.6 

950°C/1h+WQ + T B 80% martens. 931 1052 3.5 7.8 34.2 

1100°C/1h+WQ + T C - 940 1056 3.3 7.0 35.4 

For comparison 

Eurofer 100% martens. 533 673 4.0 15.4 75 

Eurofer PM 100% martens. 521 660 8 17.8 73 

 
ELABORATION OF THE FINAL PLATES 
 
Due to the short time to elaborate the plates (the production 
was initially asked for august 2002), the plates were 
elaborated in the same time and conditions than the TT1B 
materials. The milled ODS powders (Eurofer powder 
< 45 µm + 0.3 % Y2O3) were placed into two parallelepiped 
316 steel containers (185 x 80 x 40 mm), which were then 
outgassed and sealed. The containers were hot-pressed by 
HIP at 1100°C followed by a heat treatment at 950°C/1 h + 
WQ + 750°C/2 h. 

Nevertheless, from the low impact results obtained with the 
TT1 materials, it was decided to re-HIP the plates at 
1250°C and apply the 950°C/1 h + WQ + 750°C/2 h heat 
treatment to promote the martensitic transition and increase 
as much as possible the impact properties. 
 
The first observations (metallographies and hardness) seem 
to show that the final structure corresponds to tempered 
martensite. After cutting, the plates (3.5 kg) have been sent 
to the task coordinator at the end of December 2002. 
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Table 2 : Room temperature impact properties of different ODS steels with sub sized KCV specimens 
 

Material Impact toughness (J) Impact toughness (J/cm2) 

TT1 (HIP = 1100°C/2 h) 

as-HIPped A 0.57 6.3 

950°C/1h+WQ + T B 0.64 7.1 

1100°C/1h+WQ + T C 0.57 6.3 

TT2 (HIP = 1250°C/2 h) 

as-HIPped A 0.70 7.8 

950°C/1h+WQ + T B 1.58 17.6 

1100°C/1h+WQ + T C 1.58 17.6 

 
CONCLUSIONS 
 
 
The aim of this task was to elaborate 5 kg of 0.3 % Y2O3 
ODS in 6 mm plate form in a martensitic state respecting 
some imposed conditions (temperatures lower than 1100°C) 
to distribute them to the other associations. 
 
The first part of the work was to assess different elaboration 
conditions. Two 0.3 % Y2O3 ODS steels have been 
elaborated from Eurofer powders atomised by Studsvik. 
The powders were sieved < 45 µm, then mixed with the 
Y2O3 oxides by ball milling. One ODS was HIPped at 
1100°C/2 h (respecting the imposed conditions) and one at 
1250°C/2 h to promote austenite grain growth and the 
martensitic transformation. Different heat treatments have 
been assessed. 
 
The ODS steels have been briefly characterized. The oxide 
content is lower than of the expected 0.3 %. The structure 
of the ODS steel HIPped at 1100°C is mainly ferritic and 
that of the ODS steel HIPped at 1250°C is mainly 
martensitic. At room temperature, their strength is high 
(> 900 MPa) but their ductility and impact properties 
remain weak (< 8 % and < 20 J/cm2, respectively). The 
second part of the work consisted in the elaboration of the 
plates to deliver. It was realized nearly in parallel to the 
first part. To respect the imposed conditions, the ODS 
material has been first elaborated with a HIP at 1100°C and 
heat-treated at 950°C/1 h + WQ + tempering at 750°C. Due 
to the results obtained during the assessment, it was decided 
re-HIP the plates at 1250°C to promote the martensite 
transformation. They have been distributed at the end of 
December 2002. 
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TW2-TTMS-006a-D11 
TW2-TTMS-006a-D12 

 
Task Title: ODS/EUROFER HIP JOINING FEASIBILITY SOLID/SOLID AND 

SOLID/POWDER 
 
 
INTRODUCTION 
 
 
The Reduced Activation Ferritic Martensitic steel (RAFM) 
is a candidate material for the blanket modules of a 
thermonuclear fusion reactor. ODS steel should be used 
beneath the surface in front of the plasma, since its 
mechanical properties in a temperature range [500-600°C] 
are expected to be higher than those of the Eurofer material. 
 
Thus ODS steel has to be joined to the Eurofer material: 
either forged Eurofer (F-RAFM) or powder metallurgy 
Eurofer (PM-RAFM). The objective of the work performed 
this year was to assess the feasibility of the diffusion 
bonding between ODS steel and F-RAFM or PM-RAFM. 
Two ODS steel grades have been used to investigate the 
feasibility of such junctions. 
 
 
2002 ACTIVITIES 
 
 
ELABORATION OF JUNCTIONS 
 
To assess the feasibility of joining Eurofer materials onto 
solid ODS steels several junctions have been realised. Two 
ODS steels reinforced either with Y2O3 or with MgAl2O4 
were used to test the feasibility of diffusion-bonding 
between ODS steels and Eurofer materials (F-RAFM and 
PM-RAFM). These two ODS materials were elaborated by 
Cayron within task TW2-TTMS6-D1. Details on the 
microstructure and on the mechanical properties of the ODS 
grades can be found in [1-2]. 
 
Eurofer steels used in this study: 
 
a) Forged material: 
 

The forged material was supplied by Bölher (HEAT N° 
E83699). 

 
b) Powder material: 
 

The powder material was atomised by Studvik. The 
powder was sieved, the size of the powder used in this 
study was comprised between 45 µm and 150 µm. 

 
c) ODS steels materials: 

 
The ODS steel has been consolidated by hot isostatic 
pressure (HIP at 1100°C 2 h). The size of the Eurofer 
powder used to elaborate the ODS was less than 45 µm. 

ODS steel with Y2O3: 
 
The yttrium element was analysed after the consolidation 
and the quantity of Y2O3 is about 0.23 % (wt%). 
 
ODS steel with MgAl2O4: 
 
The quantity of oxide introduced in the powder of Eurofer 
was analysed after the consolidation and the quantity of  
MgAl2O4 is about 0.67 % (wt%). 
 
HIP conditions: 
 
Two HIP cycles were tested to assess the feasibility of the 
elaboration of the junctions F-RAFM /ODS  and PM-
RAFM/ODS: 
 
- 1100°C / 3 h / 1200 bars, 
- 1200°C / 3 h / 1200 bars. 
 
Post bond HIP treatment: 
 
To restore the metallurgical and the mechanical properties 
of the Eurofer material the following post bond HIP 
treatment was applied for all junctions: 
 
- An austenitisation treatment at a temperature of 950°C 

during 1 hour followed by air cooling. 
- A tempering treatment at a temperature of 750°C during 

2 hours followed by air cooling. 
 
CHARACTERIZATION OF JUNCTIONS 
 
Metallographic observations: 
 
A Villella etching has been used to examine the junctions 
Eurofer/ODS steel. For all bonds the metallographic 
observations indicate a clean interface with just a few 
precipitates present along the joint. An example is presented 
in figure 1. 
 

 
 

Figure 1 : Metallographic examination 
of the joint ODS Y2O3/F-RAFM  HIP1200°C 

ODS 

F-RAFM 

Junction 
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Table 1 : Results of hardness tests for all junctions (Hv.30) 
 

Junction ODS steel Forged Eurofer Eurofer powder 

ODS Y2O3 / RAFM 1100°C 366 224 223 

ODS Y2O3 / RAFM 1200°C 338 224 221 

ODS MgAl2O4 / RAFM 1100°C 332 221 218 

ODS MgAl2O4 / RAFM 1200°C 319 217 215 

 
Hardness tests : 
 
Hv.30 Hardness tests were carried on all junctions. The 
average of three measurements are presented in table 1. 
 
The hardness for the two Eurofer materials is similar, these 
values are usual for this material after the post bond HIP 
cycle [4]. The hardness of the two ODS steels is more 
important. The hardness of the ODS steels decreases 
between the HIP cycle at 1100°C and the HIP cycle at 
1200°C. This is probably due to an increase of the former 
austenitic grain size in the ODS steels. 
 
Mechanical characterization : 
 
a) Tensile tests: 
 

For each junction 2 tensile tests have been carried out at 
a strain rate of 8. 10-4 s-1. The specimens were machined 
in the longitudinal direction and the joint was located in 
the centre of the gauge length and oriented 
perpendicular to the loading axis. The yield stress of the 
ODS materials is superior to the ultimate stress of the 
Eurofer material [2, 3]. Thus only the Eurofer material 
has been deformed. Typical bimaterial tensile curves are 
presented in figure 2. 
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Figure 2 : Results of tensile tests – 
ODS Y2O3 / F-RAFM (HIP 1100°C) 

 
For all the specimens, fracture always occurred in the 
Eurofer material proving a high strength of the 
elaborated joints.  

 
b) Impact toughness: 
 

For each bond, five specimens have been machined to 
determine the impact properties at room temperature.  

The joint was centred at the bottom of the notch. The 
results of the impact toughness are very good indicating 
a high strength of the tested junctions. No difference 
between PM-RAFM/ODS and F-RAFM/ODS was 
observed. Fracture never occurred at the interface but 
always occurred in the Eurofer material. The average 
value of energy is around 50-60 J.  
 
The values of energy for these specimens correspond to 
the energy measure on pure Eurofer material specimens. 
Only for one specimen the fracture occurred in the ODS 
steel, and the corresponding energy value (14 J) was 
low. This confirms the low impact properties of the 
ODS steels [1]. For some specimens, small cracks 
appeared close to the interface, but metallographic 
observations have shown that they initiated in the 
Eurofer material and not at the interface itself.  

 
 
CONCLUSION 
 
 
The principal objective of these tasks was to assess the 
feasibility of the junctions between ODS steels and Eurofer 
materials (forged or powder material). Two ODS steels 
were tested to elaborate junction by HIP diffusion bonding. 
Metallographic examinations have shown a good cleanness 
of the junctions. The strength of the elaborated assemblies 
has been measured through tensile and impact tests. The 
results are totally satisfactory since fracture never occurred 
at the interface. 
 
Thus, bonding ODS steel onto either forged or powder 
metallurgy Eurofer material by HIP diffusion technique can 
be considered to manufacture the blanket modules. 
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TW2-TTMA-001a-D06 
 
Task Title: COMPATIBILITY OF SiCf/SiC WITH FLOWING LIQUID Pb-17Li 
 
 
INTRODUCTION 
 
 
Due to their high thermal conductivity, liquid metals and 
alloys are very efficient coolants. In the frame of fusion 
reactor development, the Pb-17Li eutectic alloy (17 at%Li) 
is the breeding and cooling candidate material for the self-
cooled liquid metal breeding blanket (TAURO blanket) [1]. 
In this blanket concept, the SiCf/SiC composite is proposed 
as the structural material. Moreover, with regard to the high 
heat flux components of fusion reactor, the Pb-17Li alloy is 
also considered to cool the divertor and SiCf/SiC flow 
channel inserts (FCI) could be used as electrical insulators 
to avoid MHD pressure drops. Therefore, for these 
applications, the compatibility of the SiCf/SiC composite 
with the liquid Pb-17Li alloy environment is a key issue. 
 
Corrosion tests of SiCf/SiC composite with isothermal static 
liquid Pb-17Li have already been performed at 800°C for 
3000 h and 1000°C for 2500 h and no damage was 
observed [2, 3]. But, the compatibility of SiCf/SiC 
composite with liquid Pb-17Li has to be investigated more 
in depth, taking into account Pb-17Li velocity which can 
have, in some cases, a large influence on the corrosion rate. 
 
So, a specific device has been developed in order to study 
the influence of the liquid hydrodynamics on the corrosion 
of the SiCf/SiC composite. It has been used to perform a 
corrosion test with SiCf/SiC Cerasep N3-1 composite 
rotating disk specimen with a rotational speed of 800 
revolutions.min-1 at 800 °C up to 3100 h. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL 
 
Two main types of devices can be used to study the effect 
of the liquid velocity on corrosion: convection loops in 
which the velocity can be provided either by a pump or by 
natural convection, and specimen rotating in a liquid. In the 
case of the SiCf/SiC composite study, for which high 
temperatures are necessary, only small pieces of material 
are available and no welding procedures are assessed, the 
second type of device is more suitable for studying the 
influence of the liquid hydrodynamics. Moreover, the 
hydrodynamics of the liquid is better controlled and easier 
to model than in a large convection loop. 
 
As SiCf/SiC Cerasep N3-1 composite material is available 
only as plates, we have considered the rotating disk 
technique to study the effect of Pb-17Li velocity on 
corrosion. It has been first verified with a very small piece 
of composite that it was possible to make a hole or to cut a 
disk from a rectangular shape plate. 

Then, a special device was designed to achieve the 
following objectives: 
 
- Temperature of the specimen: at least 800°C; 
- Maximal temperature of the rotating system: 30°C; 
- Rotational speed of the specimen: at least 

800 revolutions min-1. 
 
A schematic drawing of the device is given Figure 1. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Schematic diagram of the device to study 
the corrosion  of a SiCf/SiC composite rotating disk 

 
A disk shape SiCf/SiC Cerasep N3-1 specimen (20 mm 
diameter, 3 mm thick) is fixed at the bottom of an about 
80 mm long TZM rod (its 20 mm diameter is the same as 
the specimen one). This rod is screwed to a nickel base 
alloy rod (10 mm diameter and about 200 mm long) 
connected to the rotating system. 
 
The entire system is installed in an airtight nickel base alloy 
container, which has its bottom part heated by an electrical 
furnace and its top part cooled by flowing water to maintain 
a temperature smaller than 35°C near the rotating system. A 
TZM crucible containing the liquid Pb-17Li is in the 
container. It has a 47 mm diameter and is 300 mm high. 

Motor 
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thermocouple 
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container  
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Intermediate TZM 
support 
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It contains about 1000 g of Pb-17Li corresponding to an 
about 80 mm Pb-17Li height. A TZM finger for a 
thermocouple is fixed to the container cover and immersed 
in Pb-17Li. After cleaning the SiCf/SiC composite 
specimen in acetone and ethanol, weight and geometrical 
measurements were performed. All the operations to 
introduce the specimen in the crucible with the molten Pb-
17Li were carried out in a glove box under a purified argon 
atmosphere. The corrosion test was performed at 800 °C for 
3100 h with a rotational speed of 800 revolutions.min-1. 
This speed corresponds to a 1.67 m.s-1 velocity at the disk 
lateral surface. At the end of the test, the container and the 
crucible were open in the glove box. The Pb-17Li was 
melted to recover the SiCf/SiC specimen and a Pb-17Li 
sample was taken for analysis. 
 
The SiCf/SiC composite was provided by the SEP 
Company. The 3 dimensional composite Cerasep N3-1 
was used. It is made of SiC fibers (Nicalon NL207) 
produced by Nippon Carbon and densified by chemical 
vapour infiltration process (CVI) and covered by a 
superficial layer. The chemical composition (wt%) of the 
SiC fibers is 56.6 Si-31.7C-11.7O. 
 
The fiber content in the composite is of 40 % and its 
porosity is about 10%. The SiCf/SiC composite (density > 
2.4 g.cm-3) was delivered as sheets (25 x 25 x 3 mm3). For 
the corrosion test, the sheet was machined to have a disk 
shape of 20 mm diameter and 3 mm thickness. Two types 
of surface are in contact with dynamic liquid Pb-17Li: one 
as received surface (lower radial disk surface) and one cut 
surface (lateral surface of the disk). A cross-section 
associated with a silicium X-ray map is shown in figure 2, 
where onecan see the distribution of the fibers and some 
porosities. 

RESULTS 
 
None of the three tested techniques (specimen immersion in 
a lithium bath at 250 °C or in a glycerol bath at 250 °C or in 
a 1/3 ethanol, 1/3 acetic acid, 1/3 hydrogen peroxide 
chemical mixture at ambient temperature) have allow to 
remove Pb-17Li adhering to the SiCf/SiC specimen without 
damaging the specimen itself. Therefore, it was not possible 
to measure the weight variation of the SiCf/SiC specimen 
after test.  
 
The effects of immersion in dynamic liquid Pb-17Li were 
studied by scanning electron microscopy (SEM) with 
analysis by energy dispersive spectroscopy (EDS) of cross 
sections of the specimens. Chemical analyses of the Pb-
17Li alloy after corrosion test were performed by 
inductively coupled plasma mass spectrometry (ICP-MS). 
 
Chemical analyses of the Pb-17Li alloy before and after test 
indicated respectively 13 ± 2 ppm and 12 ± 2 ppm of Si. 
Taking into account the uncertainties on these values, no 
significant variation of the Si content in Pb-17Li has been 
observed. We can also notice that these values are about the 
same as the Si content in static liquid Pb-17Li after the 
3000 h test at 800°C and 1000°C [2, 3]: 8 - 12 ppm were 
measured. These results suggest that no dissolution has 
occurred during the test perhaps due to a low Si solubility 
in Pb-17Li. 
 
Geometrical measurements of the SiCf/SiC disk rotating 
specimen thickness performed before test with a 
micrometer gauge and after test by means of a microscope 
on a specimen cross section indicate no specimen thickness 
variations at least higher than a few tens of microns which 
is the uncertainty on this evaluation by these techniques. 
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Figure 2 : Cross section (corresponding to the lateral surface of the disk) 
of SiCf/SiC specimen before contact with liquid Pb-17Li: enlarge views 
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Figure 3 : Cross sections of the SiCf/SiC composite disk rotating specimen with a rotational speed 
of 800 revolutions.min-1 after 3100 h at 800°C in isothermal liquid Pb-17Li 

 
The specimen exposed to dynamic liquid Pb-17Li was 
examined by SEM. Figure 3 shows views of a cross-section 
of the SiCf/SiC rotating disk specimen after the corrosion 
test, associated with the silicium and lead X rays maps. The 
figure shows neither morphologic evolution nor chemical 
attack of the composite. Only a penetration of Pb-17Li can 
be seen in the open porosities of the machined surfaces. 
 
 
CONCLUSION 
 
 
The SiCf/SiC Cerasep N3-1 composite rotating disk 
specimen was exposed to isothermal liquid Pb-17Li at 
800°C up to 3100 h with a rotational speed of 800 
revolutions.min-1. This speed corresponds to a 1.67 m.s-1 
velocity at the disk lateral surface. The experiments indicate 
that the material has not reacted with the liquid Pb-17Li in 
these experimental conditions and that no erosion damage 
was observed. Only a liquid Pb-17Li penetration in the 
open porosities due to the cutting of the specimen before 
test was observed. 
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TW2-TTMA-002a-D04 
 
Task Title: FEASIBILITY OF JOINING W ONTO CU AND RAFM STEEL 
 
 
INTRODUCTION 
 
 
This study was focused on the development of ‘joining 
processes of tungsten (or tungsten base alloy) onto Reduced 
Activation Ferritic Martensitic (RAFM) steel with or 
without a copper compliant interlayer’. The initial 
requirement to use a ‘copper compliant interlayer’ was 
replaced by ‘compliant interlayer’ because copper alloy is 
not recommended in high neutron flux environment and this 
requirement is too restrictive regarding the different 
metallurgical possibilities. 
 
 
2002 ACTIVITIES 
 
 
The activities were divided into two parts: 
 
- bibliographic search with a conception step dedicated to 

the selection of the possible joining routes, 
 
- experimental approaches with the verification of some 

of the joining processes selected from the bibliographic 
search. 

 
The literature search associated to the conception step lead 
to the two following possible routes: 
 
- use of aluminium base brazing alloy: Al+Mn+Mg or 

3003 type aluminium alloy. In that case, aluminium can 
be used as compliant interlayer, 

 
- use of STEMET 1043 brazing alloy: 43.6at% Zr – 

15.9at% Ni – 12.6at% Cu – 15.4at% Ti - 11.1at%Be – 
1.4at% Nb. 

 
Various experimental tests were performed. The different 
samples brazed with aluminium alloys were not bonded. 
The more successful route was the use of STEMET 1403 
brazing alloy. It was tested without any interlayer, with 
aluminium compliant interlayer and with a Fe interlayer. 
The best results were obtained with the Fe interlayer. 
 
The joining process is: 
 
- metallization of the tungsten with iron (the iron is a foil 

of 45 µm that is melted at 1550°C under vacuum), 
 
- brazing of the EUROFER onto the W(Fe) with 

STEMET 1403 under vacuum at 750°C. 
 
The typical EUROFER/Tungsten interface structure is given 
in figure 1 and figure 2 for details. 

 

 
 50 µm 

 
Figure 1 : Structure of the EUROFER-Tungsten interface 

 

 
 25 µm 

 
Figure 2 : Detail of the EUROFER-Tungsten interface 

 

 
 
Figure 3 : Scanning Electron Microscopic image showing 

the bi-phase structure 
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It can be observed that the melting of the iron foil onto the 
tungsten lead to the formation of an eutectic that could be 
compared to some kind of ‘gradient material’ between 
tungsten and EUROFER as the composition of this area is 
intermediate between pure iron and pure tungsten. 
 
Moreover, the microstructure which general orientation is 
perpendicular to interface, seems to be favourable to stress 
relieve during both brazing process and in-service working 
conditions. Moreover, the eutectic structure is made of two 
phases which is also favourable to a better stress 
management at the interface. 
 
 
CONCLUSIONS 
 
 
The main results concerning the development of joining 
process of tungsten onto EUROFER, are:  
 
- brazing with aluminium alloy: the bonding was not 

achieved due to the oxidation of the aluminium surface, 
the bonding was obtained more easily at the 
Al/EUROFER interface, 

 
- brazing with STEMET-1403: bonding was achieved 

partly but cracks were observed, the bonding was 
obtained more easily at the STEMET-1403/Eurofer 
interface, 

 
- brazing with iron interlayer onto tungsten: iron 

interlayer was used so as to have good bonding of 
STEMET-1403 with both EUROFER and iron. The best 
route for the bonding of the iron interlayer onto tungsten 
was metallization: iron foil of about 45µm was melted at 
the top surface of tungsten. Brazing was performed 
below 750°C as an acute control of the furnace 
temperature was not possible. As the melting 
temperature of STEMET 1403 is 680°C, a brazing 
temperature of 720°C is possible. We recall that 720°C 
is the maximum temperature that can be supported by 
EUROFER without loss of its mechanical properties. 
The Fe-W structure at the tungsten/iron-foil interface 
can accommodate the difference between the coefficient 
of thermal expansion of EUROFER and tungsten. 
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TTMI-001-D1 
 
Task Title: IFMIF, ACCELERATOR FACILITY 
 Electron Cyclotron Resonance (ECR) source 
 
 
INTRODUCTION 
 
 
The task was completed in the framework of the CEA 
program on high-power particle accelerators supported by 
the IPHI demonstrator project. This project is dedicated to 
high power beam production (CW beam, 100 mA). The 
injector system (source and Low Energy Beam Transport) 
must demonstrate reliability commensurate the maintenance 
schedule of the IFMIF accelerators. Low to very low spark 
rates have to be shown, as well as reliability in terms of 
source performances. Very good beam quality has to be 
provided in order to ensure proper beam transport in the 
next accelerator sections. The task consists in analysing the 
source performance, and develops the necessary 
engineering. The source parameters that need to be 
obtained/verified are the total extracted D+ beam current at 
the IFMIF extraction energy, beam emittance, beam noise, 
pulsed and CW operation. It is a continuous work that 
influences the accelerator parameters choice and could lead 
to cost saving (ex: if the emittance is decreased in the Radio 
Frequency Quadrupole (RFQ), the total RFQ length could 
be reduced, leading to a lower power consumption in the 
copper).  
 
 
2002 ACTIVITIES 
 
 
ECR SOURCE AND LOW ENERGY BEAM TRANS-
PORT (LEBT) 
 
The SILHI source was used for the IFMIF work. The work 
concentrated on verifying/improving the ECR source 
availability on a 100 mA beam for more than 4 weeks. 
Current, beam energy, beam noise, species fraction, beam 
emittance… were recorded.  

The work plan was met last year already, and showed 
extremely good results allowing us to relax on the source 
availability. Sub deliverable 1a (long run test), 1b (Beam 
Analyses produce by the ECR source) and 1c (performance 
in D+) were achieved.  
 
SUBDELIVERABLE 1d: LEBT DESIGN 
 
LEBT design 
 
The LEBT design is very close to the SILHI LEBT design.  
 
It includes 2 solenoids for the beam focusing to the RFQ 
matching point, vacuum systems and diagnostics. Figure 1 
shows a sketched of the LEBT. 
 
The line includes 2 turbo pumps (2×1000l/s) with classical 
primary pumps. Rough pump appeared to be unusable on 
light particles (protons, deuterons). This is sufficient to 
achieved 10-5 torr in the LEBT while the source is running. 
 
The following diagnostics list includes what is needed for 
the commissioning and during the long term run. It includes 
a DCCT for the current measurement at the source exit, 1 
ACCT for the beam noise measurement, 6 CCD cameras, 2 
at the source exit, 2 in-between the solenoids and 2 at the 
RFQ matching point.  
 
It includes also a faraday cup before the first valve in order 
to protect the valve and to facilitate the commissioning. It 
includes a four-leaf hollow clover at the first solenoid exit 
in order to properly collect the D2

+ and D3
+ and to obtain 

some beam displacement information. One needs also an 
iris for an easy beam current adjustment, 2 sets of steerers 
and one emittance measurement unit. 
 

 
Figure 1 : LEBT drawing 
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Extraction system 
 
It was design using the code AXCEL, assuming, taking into 
account the previous measurements, i.e. 96 % of D+, 3 % of 
D2

+ and 1 % of D3
+. The extracted current was set at 

135 mA, with space charge compensation when V is lower 
than 100V (4.7 mA). The optimization leaded to a first 
electrode angle of 41.19°. The successive electrodes have 
the following aperture and voltages: 10 mm and 95 kV, 
12 mm and 49 kV, 12 mm grounded, 14 mm and –2.8 kV, 
14 mm grounded. 
 

 
 

Figure 2 : Trajectories plot of the beam through 
the 5 electrodes extraction system 

 
LEBT description 
 
The beam was transported up to the RFQ matching point, 
using the computed solenoids fields (2150G for the first one 
and 2400G for the second one). The code uses the residual 
space charge and simultaneously calculates the transport of 
the 3 different species. It uses the particles distribution 
coming from the previous codes. At the RFQ matching 
point (3.926 m) the calculated rms normalized emittance is 
0.1 π.mm.mrad, much smaller than the required value. 
 

 
 

Figure 3 : Beam transport from the extraction system 
to the RFQ matching point 
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TTMI-001-D4 
 
Task Title: IFMIF, ACCELERATOR FACILITY 
 4 vanes Radio Frequency Quadrupole (RFQ) design 
 
 
INTRODUCTION 
 
 
IFMIF requires generation, by a linear accelerator, of 
250 mA continuous current of deuterons at a nominal 
energy of 40 MeV, with provision for operation at 30 MeV 
and 35 MeV. The basic approach is to provide two linacs 
modules, each delivering 125 mA to a common target. This 
approach has availability and operational flexibility 
advantages. 
 
Very low beam loss along the linac is required in order that 
maintenance can be performed without remote 
manipulators. This study analyses the reference design. 
RFQs are powerful accelerators to both accelerate and 
bunch beams. 
 
Nevertheless, the IFMIF beam power and IFMIF RFQ 
design complicates the RF tuning of this part of the 
accelerator. The task will consist in using the IPHI RFQ 
cold model to develop the tuning method and the tools for 
the IFMIF RFQ RF tuning. 
 
The task was completed in the framework of the CEA 
program on high-power particle accelerators supported by 
the IPHI demonstrator project. This project is dedicated to 
high power beam production (CW beam, 100 mA). 
 
 
2002 ACTIVITIES 
 
 
FOUR VANES RFQ BEAM DYNAMICS (SUBDELI-
VERABLE 4a – 4b) 
 
The IFMIF accelerators begin with a deuteron source and a 
low-energy beam transport to a radiofrequency quadrupole 
(RFQ) up to ~5 MeV, then a DTL. Very low beam losses 
along the accelerator are required in order to allow 
maintenance without requiring remote manipulators. The 
task was already achieved and described last year. 
 
RFQ RF TUNING (SUBDELIVERABLE 4c) 
 
The IFMIF beam power complicates the RFQ design and 
therefore the RF tuning of this part of the accelerator. The 
task consists in using the CEA-Saclay IPHI RFQ cold 
model to develop the tuning method and associated 
software and hardware for the IFMIF RFQ RF tuning. Great 
advance was made on the tuning procedure of 4-vanes 
RFQs. A 6-meters long cold model has been installed and 
the tuning process formalism was investigated. The bench 
that measures the field distribution in the cavity is based on 
the perturbation method. 

The acquisition of the s21 transmission coefficient phase 
shift is synchronized with the displacement of a bead 
through the 4 quadrants of the RFQ. The measured raw data 
are then converted to a quantity proportional to the 
electromagnetic field magnitude. The overall set-up is fully 
computer controlled and easily transportable. 
 
Mathematical model 
 
A comprehensive mathematical model [2] has been 
developed. The model is able to interpret the fields 
measured in a real-life RFQ in terms of : 
 
Mechanical errors 
 
This theoretical approach leads to the estimation of the 
distribution of the transverse disequilibria between the 4 
quadrants [3]. This diagnosis is able to check whether the 
mechanical structure of the RFQ sections has been modified 
by the brazing operation.  
 
Slug tuners commands 
 
The mathematical model that has been developed for the 
IPHI project is continuous by nature, i.e. measured voltages 
are expanded on a set of continuous 'voltage basis 
functions', perturbed line inductances are expanded on a set 
of continuous 'inductance basis functions', with a one-to-one 
correspondence between the two sets, and a convergence 
theorem associated to these expansions. The tuning system 
of the RFQ (slug tuners) is on the contrary discontinuous by 
nature. Unfortunately, the sampling theorem that can be 
naturally derived from the reproducing kernel of the 
functional space is not directly applicable to an arbitrary, 
highly irregular distribution of tuners. An original anti-
aliasing filter [4] is shown to yield a stable sampling of 
inductance functions belonging to a particular, but useful, 
sub-space. The tuning of any segmented vane RFQ with the 
use of slug tuners is now theoretically modelized and 
computed. 
 
Ends detuning corrections by plate thickness and dipole 
rods lengths adjustments 
 
The two ends of the RFQ and the coupling cells (connecting 
each segment to the next one) are viewed as unknown 
circuits inserted in the 4-wire line model. The full set of 
electrical parameters of anyone circuit may be estimated 
from a set of measurements with various excitations of that 
particular circuit (excitation is varied by moving plungers 
some distance apart). End plate and coupling plate thickness 
are directly related to a few of these electrical parameters, 
quite suited for easy tuning. For dipole rods adjustment, a 
practical criterion derived from the theory has been 
introduced. 
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This criterion ensures the convergence of tuning by 
preventing a too big discrepancy between the model and the 
real cavity [5]. 
 
Cold model testing 
 
The tuning formalism has been successfully tested on a 
RFQ prototype. 
 
RFQ cold-model 
 
A 6-m long aluminum RFQ cold model has been designed 
and built. In addition to being a very efficient and essential 
bench to validate the tuning formalism, this prototype has 
given the opportunity to test the validity of 3d 
electromagnetic codes simulations [6]. We remind that the 
design of the real RFQ is based on such simulations. In 
particular the vane-end matching is pretty well predicted: 
accurate field measurements on a 1-m long configuration 
showed excellent agreement vs. simulation with or without 
dipolar stabilizer rods. 
 

 
 

Figure 1 : 6-m long cold model 
 

 
 

Figure 2 : Low level analyses before brazing 
 
A specific study has consisted in comparing measurements 
of segmented modes on the RFQ cold-model, with our 
mathematical model and 3d simulations results [7]. The 
good agreement that we have found validates our cut-off 
wave-guide equivalence approach. 
 
Specifically for the RFQ tuning study, different transverse 
section positions where to guide the perturbing object have 
been tested on our RFQ cold-model [8]. 

This study has led to the choice of field measurement on the 
bisector of each quadrant. 
 
Different tuning procedures 
 
Mechanical errors diagnosis 
 
Tests of cold-model vane mechanical translations have 
demonstrated the ability to detect displacements as small as 
20 micrometers [3]. Though being less precise than 3d 
mechanical measurement probes, this diagnosis of the 
mechanical defaults is very relevant since it can be applied 
inside the cavity even after its brazing. It has been decided 
to apply this test RF test on each single RFQ on the factory 
site before and after brazing. 
 
During the year 2002, the first IPHI RFQ section defaults 
have been characterized on the factory site before and after 
brazing [8]. 
 
The measurement bench has been moved to the industrial 
site for the tests. These tests have shown that the brazing 
procedure had slightly modified one dipolar contribution 
while keeping its level very low. 
 
Slug tuners commands 
 
The tuning slugs are highly irregularly spaced along the 
RFQ structure, between vacuum windows, RF wave-guide 
inputs and cooling ducts. 
 
The slug tuners commands [4] have been successfully tested 
for many configurations of the cold prototype, as a one-
meter homogeneous line with eight tuners (per quadrant), a 
two-meter homogeneous line with eight tuners on the first 
meter and four tuners on the second meter, the same two-
meter line, with a capacitive coupling cell at mid-position. 
 
This last case corresponds to the fact that the IPHI RFQ is 
segmented, i.e. the RFQ line is divided into four 2-meter 
long segments, with capacitive couplings in-between. 
 
Modulated and non-constant r0 vanes have been installed in 
the body of the cold-model which simulates precisely the 
first 2-m long segment of the real IPHI RFQ. The voltage 
profile has been tuned with the RFQ specifications (first 
2 meters) using the algorithm and only slug tuners. 
 
For all configurations, the tuning procedure requires only a 
small number of iterations, and convergence is 
demonstrated on every component of the functional bases. 
Constant and variable voltage profiles have been tuned in 
only 4 steps achieving a final relative voltage error better 
than 1 % in every quadrant and at any longitudinal position. 
 
Dipole ends detuning corrections by rods lengths 
adjustments [5] 
 
A ‘quadratic shift frequency’ df(n) can be computed in all 
RFQs. By adjusting the rod length, the measured df(n) is 
made equal to the nominal value. When this criterion is 
satisfied, tuning tests of the RFQ cold-model using only the 
slug tuners have perfectly converged. 
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Quadrupole ends detuning corrections by plate thickness 
adjustments [5] 
 
The tuning of the ending regions with respect to the 
quadrupole mode is made by machining the thickness of the 
ending plates. The end region mismatch is characterized by 
a parameter Ω = Lxδf, expressed in m.MHz, where L is the 
RFQ half-length and δf is the difference between 
mismatched and matched resonance frequencies. Our model 
can extract Ω from at least 3 measurements with different 
voltage excitations. These excitations are easily achieved by 
moving slug tuners at some distance of the end being tuned. 
The tests on the cold-model have shown very good 
agreement between the W sensitivity extracted from the 
measurements and the 3d simulations. 
 
 
CONCLUSION 
 
 
The formalism that has been developed permits the 
computation of all quantities necessary to RFQ tuning 
procedures: 
 
- plate thickness and dipole rods lengths adjustments 

(boundary regions), 

- slug tuners commands. 
 
It also generates a unique diagnosis of the mechanical 
defaults of each single RFQ section, available at factory site 
before and after brazing. 
 
All these procedures have been validated on our cold 
model, with different configurations: 
 
- with a constant or variable inter-electrode r0, 

- in a homogeneous or inhomogeneous RFQ (i.e. with 
electrical parameters varying from one cell to the next), 

- segmented or not, 

- with a constant or variable accelerating voltage law, 

- at different resonance frequencies of the accelerating 
mode, 

- with different lengths. 
 
The rigorous mathematical model makes possible a fast 
convergence and a high precision tuning level. Its other 
important advantage is that it can be applied to all 4-vane 
RFQs, regardless of the resonance frequency, accelerating 
voltage profile and mechanical length. 
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TTMI-001-D5 
 
Task Title: IFMIF, ACCELERATOR FACILITY 
 Radio frequency tube 
 
 
INTRODUCTION 
 
 
Development and testing of a 1 MW RF system was 
identified as the highest impact development item. Existing 
operating experience was for short period of time 
(1-8 hours). The RF amplifier power baseline of 1 MW 
insures that a competitive bid could be obtained from two 
manufacturers. Accomplishing a full-scale test of the first 
system would allow the remaining large procurement to be 
on a fixed-price basis. 
 
The task consists in collecting information on the THALES 
Diacrode TH628 progress. The main task remained the 
1000 h RF test and required an upgrade of their existing test 
stand. The test was done using the present 200 MHz – 
1 MW diacrode, knowing that a higher frequency is 
generally harder to develop. This existing diacrode could 
achieve the requirement without spending the amount of 
money in buying a non-existing 175 MHz diacrode. 
 
 
2002 ACTIVITIES 
 
 
TASK D5: RF SYSTEM 
 
Each IFMIF accelerator will require 11 high power RF 
stations (22 total).  Each station will provide 1 MW of cw 
RF power at 175 MHz. Together, they will be required to 
provide a world record level of average RF power. 
 
The size of the RF power system makes it a major 
contributor to the IFMIF capital cost. The RF power system 
will also be a primary contributor to the annual operating 
cost. First, it dominates IFMIF electricity consumption 
(> 40 MWe for both accelerators).  Second, because several 
of the major RF components have limited lifetime (e.g., 
10,000 hour expected lifetime for tetrode power amplifier 
tubes, 20,000 hr expected for RF windows). The annual 
costs for component replacement and refurbishment will be 
comparable with other major elements of the operating cost. 
 
Because all 11 RF power stations must be operational for an 
accelerator to operate, it follows that the reliability, 
availability and maintainability of the individual RF power 
stations will be of critical importance to achievement of 
IFMIF’s overall availability goals. 
 
However, it is generally recognized that existing operating 
experience with tetrode-based RF power systems is not 
sufficient to provide a high level of confidence in the 
reliability and maintainability of RF power stations of the 
required power and frequency, operating in cw mode.  

Validation of the design performance, reliability and 
maintainability of the RF power technology selected for 
IFMIF was a key objective. A secondary objective was the 
early identification of potential design improvements that 
will enhance the ultimate performance and availability of 
the IFMIF RF power system. Another objective was to 
reduce the cost of procuring the RF power system by 
achieving a firm basis for fixing the design early in the 
project. 
 
The RF tubes needed for the IFMIF accelerator are declared 
to work at 175 MHz with 1.0 MW cw output power. 
Although there was no tubes on the market having proved 
their ability to operationally provide such performances, the 
development work did exist and the achievement of a long 
test was needed to demonstrate the operational feasibility of 
the envisaged IFMIF RF design. 
 
Existing operating experience was for short period of time 
(1-8 hours). Therefore a test lasting 100 – 1000 hours 
represented a decisive stage in the validation of the 
proposed IFMIF design. 
 
Scope of the contract 
 
Thales Electron Devices has developed a new kind of 
gridded tubes called DIACRODE which can overcome the 
limitations of the conventional tetrode, mainly the RF 
losses. As a result, the first tube allowing for 1 MW of cw 
RF power can be obtained at IFMIF frequency (175 MHz). 
 
The scope of the contract was to assess the feasibility of a 
RF tube operating in relevant IFMIF conditions (175-
200 MHz, 1 MW cw). The diacrode TH628 has been tested 
on a RF cavity design also by Thales Electron Device, the 
cavity and the diacrode being a whole. The activities of the 
contract were divided into 3 phases. The contract was 
placed initially for the first phase. 
 
1st phase 
 
Assemble the needed equipment for the test programs and 
install the RF sources in the test facility. Perform operability 
tests, which contain: 
 
- Operation of the RF source in the range 175 MHz-

200 MHz (175 MHz -0 MHz/+25 MHz), knowing that 
the RF losses are the main losses, and are proportional 
to the power 5/2 of the frequency. This frequency shift 
used for the test provide a safety margin on results. 

 
- Operation of the RF source at 1 MW ± 150 kW at 

175 MHz or 900 kW ± 100 kW at 200 MHz 
(Demonstration of 1 MW cw output power into a 
matched load). 
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- Determination of the maximum RF power output and 
power transmission capabilities (subject to operating 
thermal, mechanical and electrical loads). 

 
- Recognition of system instabilities. 
 
- Reporting on intermittent HV arcing in RF system, 

causing accelerator system shutdown. 
 
Provide intermediate and final reports of the various phases 
of the specified testing. 
 
2nd phase 
 
Perform lifetime 89 RF hours' test (Demonstration of 
continuous operation for 89 RF hours at 1 MW level, cw). 
 
3rd phase 
 
Perform lifetime 941 RF hours' test (Demonstration of 
discontinuous operation at 1 MW level, cw, for 941 RF 
hours or up to first tube/test stand breaks. Continuous 
operation time for each phase had to be longer than 60 
hours. 
 
This did provide initial RAMI (Reliability, Availability, 
Maintainability, Inspectability) and lifetime information. 
Record of the maximum output RF in cw operation.). 

Results 
 
The first phase was fully achieved and the first intermediate 
report was submitted on 26 February 2002. The test bench 
was modified and the operability tests have been performed 
reaching the full output RF power of 1030 kW. In the 
second phase continuous operation at 1 MW level for 89 RF 
hours have been demonstrated (second intermediate report 
submitted on 16 April 2002). 
 
The third phase consisted in 12 continuous runs carried out 
for periods ranging from 65 hours up to 220 hours. The 
conditions selected to make this test were the best ones, the 
cathode being cycled at each restarting. 
 
The output RF power was for most of the time in the range 
1010 – 1030 kW with few periods in the range 980 – 
1050 kW. It should be noted that most of the power 
supplies were not regulated, therefore the RF output power 
was sensitive to the variation of the main. The screen grid 
rectifier with its crowbar was very sensitive to parasitic 
signals that can fire it without other reason. 
 
Adding the 2nd and 3rd phases the duration of the tests was 
1061 hours. The DIACRODE tube was operating at full 
power for 1047 hours and was stopped 18 times for fault 
reasons for a total shutdown period of 14 hours (availability 
of 98.7 %). 
 

 

 
Figure 1 : TH628 diacrode 
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Most of the faults were due to: 
 
- screen grid (10 of them), 
-. other equipment of the test facility (8 of them). 
 
Therefore about 95 % of these faults were not due to the 
tube. After each trip-off the tube could be restarted 
immediately without any difficulty and does not show any 
sign of degradation. None of these faults seems to have 
caused an internal damage to the tube. 
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Figure 2 : RF output power DIACRODE S/N 00102 

 
 
CONCLUSION 
 
 
The conditions selected to make this test were the best ones. 
The cathode being cycled at each restarting. The tube was 
cycled in RF and temperature with  short periods (65 hours) 
and long periods (220 hours). 
 
The DIACRODE has shown its capability to run at 
200 MHz at an output power over 1000 W with an 
operating point remarquably stable. This long test of 
1047 hours demonstrated the great improvement brought by 
the new design of a power gridded tube and the feasibility 
of a RF tube in relevant IFMIF conditions (175-200 MHz 
1 MW cw). 
 
In conclusion the tests foreseen in the contract were 
successful and the DIACRODE tube has shown the 
capability to operate at IFMIF relevant conditions 
(200 MHz – 1 MW cw) with a remarkably stable operating 
point. 
 
The final report was submitted by Thales on 22 July 2002, 
well in advance compared to the contract completion date 
(31 October 2002). 
 
The IFMIF accelerator does have at least one tube 
manufacturer. 
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TTMI-001-D6 
 
Task Title: IFMIF, ACCELERATOR FACILITY 
 Drift Tube Linac (DTL) design 
 
 
INTRODUCTION 
 
 
The IFMIF project (International Fusion Materials 
Irradiation Facility) requests two linacs designed to 
accelerate 125 mA CW deuteron beams up to 40 MeV. 
After extraction and transport, the deuteron beams with 
strong internal space charge forces have to be bunched, 
accelerated and transported to targets for the production of 
high neutrons flux. This task presents the reference design 
linac for this project. It is a combination of RFQ and DTL 
structure. Beams dynamics end-to-end calculations with 
errors studies and cavities design are detailed. 
 
The second part of the task was completed in the framework 
of the CEA program on high-power particle accelerators 
supported by the IPHI demonstrator project. This project is 
dedicated to high power beam production. A DTL hot tank 
has been built and analyzed in order to assess the 
engineering difficulties of the first DTL part. Drift tube and 
quadrupoles analyses include cavity calculations, power 
deposited, and extrapolation from IPHI DTL measurement 
on hot model (measured power deposition, cooling, 
manufacturing tolerances…). 
 
 
2002 ACTIVITIES 
 
 
RFQ AND DTL BEAM DYNAMICS STUDIES 
 
Beam loss limitation is a critical issue for every high-power 
accelerator (structure activation), especially for IFMIF due 
to the acceleration of deuterons. An important point 
concerning the beam loss problem is the ability designers 
have to predict them up to extremely low levels. For IFMIF, 
relative beam loss must be below 10-9 to 10-10 of the total 
beam (halo losses). 
 
As development of the RFQ and RFQ-DTL arises, the DTL 
beam dynamics needed to be adjusted keeping the losses 
under the limits. Using the new tools specifically developed 
at CEA-Saclay, the RFQ and DTL beam dynamic design 
has been proposed in 2001 showing no predicted losses. 
TOUTATIS simulations in the IFMIF RFQ give the DTL 
input beam particle distribution. That part of the task was 
finished in 2001. 
 
END-TO-END SIMULATION 
 
The 2002 activities concentrated on the end-to-end 
simulation in order to unsure the low losses level taking into 
account the different objects manufacturing defects. 

Strategy 
 
The study is decoupled, each defect being first studied 
separately. For example, the sensitivity on RFQ modulation 
error until a value of M was tested, the range [0 -> M] being 
cut in 10 steps: ten per cent of M, twenty per cent of M, ...  
 
For each step, 100 linacs are generated with a randomly 
distributed error. The longitudinal step on error is based on 
the machining step (Like the IPHI RFQ one) for each 
drawing. 
 
Once this first study is performed, it is then possible to 
extract from the simulation the maximum error amplitude 
for each defect. 
 
Finally, all errors are combined with a maximum excursion, 
which has been determined in the first study. The 
combination is also cut in ten stages of 100 linacs. At the 
end, it is easy to determine the required threshold for each 
defect. 
 
The GUI for errors studies is TraceWin [3]. User can easily 
choose errors types: phase, voltage, field, segment or tank 
tilt and misalignment…Calculations are distributed on 
several computers via a client/server architecture 
(multiparameters scheme) [4]. Ten PCs have been used for 
the IFMIF linac study during two weeks. 
 
Single structure results 
 
For the RFQ cavity, the machining defect and misalignment 
have been studied separately. The machining defect is 
simulated with a wrong transverse and longitudinal 
curvature. Misalignments are segments tilts, rotations, and 
shifts. 
 
Figure 1 shows emittance and losses growth with respect to 
a fraction of the maximum machining defect (100 µm). It 
can be noticed that below 60 µm, the performances are 
stable. The study for segment misalignments shows than a 
120 µm error is acceptable. The combined study decreases 
the tolerances to 50 µm for machining and 100 µm for 
misalignment. 
 
The DTL and matching line defects are quadrupoles errors 
(displacement and rotation in three directions, gradient). To 
correct beam misalignments, a couple of steerers are placed 
into the last tubes of each tank and a couple of Beam 
Position Monitor (BPM) are placed between tanks. 
 
A first errors study gives tolerances of 100 µm for 
displacement, 0.25° for rotation and 1 % for the gradient. 
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Figure 1 : Emittances and losses growth in respect 
to machining defect (fraction of 100 µm) 

 
End to end simulations 
 
Once each part has been studied, the whole linac is 
simulated. Figure 2 and figure 3 show the beam size for 
100 runs of 10 000 macro particles without and with 
combined errors and correctors. The red line corresponds to 
90 % of the beam; the blue to 99 %, … The black line 
includes all the beam. 
 

 
 
Figure 2 : Beam size along the accelerator without errors 

 

 
 

Figure 3 : Beam size along the accelerator with errors 

The rms emittance growths are 50 % in the transverse 
planes and 14 % in the longitudinal one. No extra loss is 
observed because of the errors due the efficiency of the 
correction scheme. 
 
End-to-end calculation conclusions 
 
The beam dynamics study showed no special concern. This 
reference design fulfils the IFMIF requirements. With errors 
and corrections, the transmission is expected to reach 98 %. 
No loss occurs in the DTL part, within the calculation 
resolution. This error study does not include input beam 
errors (beam mismatch, etc…), RFQ field errors, phase 
errors in the DTL and BPM readout errors. 
 
As a continuation, a new design is under study, using 2 
diacrodes in the last 4 DTL tanks. One RF systems per linac 
is then saved. The overall efficiency is better and the errors 
studies are under investigations (there are less BPM and 
steerers). The results will be available for the next contract 
and will also include all the above-mentioned errors (RFQ 
field, phase, BPM errors). 
 
DETAILED DTL DESIGN 
 
The drift tube engineering is the delicate parts of DTL 
accelerators. The drift tube and quadrupoles optimization 
involved many calculations of the cavity with different 
shapes to minimize the RF power lost in copper. This 
IFMIF design has been consolidated by experiments on the 
IPHI DTL hot model (measured power deposition, cooling, 
manufacturing tolerances…). The purpose of this model is 
to verify the feasibility of such a structure for cw operation 
with a high current beam inducing tight tolerances. The 
main difference between the IPHI and IFMIF DTLs is the 
frequency (352MHz and 175MHz). 
 
Generally speaking, the higher frequency of the IPHI DTL 
is more restrictive as the dimensions are smaller, especially 
for the first drift tubes and magnets for which the 
dimensions problems are more sensible. Therefore, results 
obtained for the IPHI DTL can be easily extrapolated for 
the IFMIF one, with even a safer margin. From a 
manufacturing point of view, dimensions are not different 
enough to lead to different problems and solutions. And 
more important, both machines share the more constraining 
aspect, which is the cw operation mode. 
 
Drift tubes 
 
Each magnet got a different drift tube design. The design 
intended for the Permendur magnet was performed by AES 
[5]. It is conventional, made of copper welded by the 
electron beam method. Coaxial stems guide the water in the 
drift tube where the cooling is located at the circumference 
only (two opposed azimuthal flows). This is the major 
weakness of this design, as the drift tube's other surfaces are 
cooled by conduction only, through the thin walls of the 
drift tube. Another problem is the complexity of the design, 
especially at the flow diverter level. This diverter is the 
piece which transforms the coaxial water circulation of the 
stems into the azimuthal circulation in the drift tube. 



 - 237 - EFDA technology / Tritium Breeding and Materials / 
  Structural materials development / Neutron source 

A transparent welding is necessary to ensure watertightness 
at this level. 
 
The other drift tube uses basically the same scheme (copper, 
coaxial stems, electron beam welding) but on a simpler 
scale. The whole drift tube being flooded, pieces and 
welding are less numerous. The complex diverter is not 
used. The stem is made of only two tubes, the magnet leads 
being cooled by the return flow. Advantages of this solution 
are numerous: mainly, cooling is better as almost every 
surface is directly in contact with the coolant, and the 
mechanical design is simpler, easier to manufacture, and 
therefore cheaper. 
 
Several problems were raised during the manufacturing 
process. The first was the one related to the yoke passage of 
the Permendur magnet leads, as mentioned previously. This 
problem forbade the welding of the diverter on the body and 
forced us to modify the magnet's yoke to enlarge the leads 
passage at the magnet's magnetic performance expense. 
 
Leaks appeared in both drift tube models (but more acutely 
in the non-flooded design) after the final machining. These 
leaks are related to an excessive thickness of the rough 
shape. An optimization of this thickness will allow to 
suppress this leakage problem. 
 
Tank design 
 
The high power density on the walls in such a cw machine 
makes the cooling a major concern, the ultimate purpose 
being to minimize and control both thermal stress and 
expansions. Another aspect is that the tolerances for the 
whole machine are very tight, because of the beam intensity 
and the focusing type (F0D0). Therefore the tolerances are 
especially strong for the magnetic alignment of the 
quadrupoles (IPHI: ± 51 µm misalignement, gradient 
± 0.5 %, IFMIF: ± 100 µm, gradient ± 1 %). The design is 
further complicated by the very short space between 
successive drift tubes. 

Despite theoretically not unsuitable, a full copper solution is 
extremely costly and should be used only when no other 
solution is available. The solution used for the hot model 
tank is a stainless steel thin (4-mm) envelope, which is 
copper-plated both inside and outside by an electrolytic 
process. 
 
The inner plating is obviously for electric conductivity 
purposes, whereas the ticker external plating is intended to 
enhance the thermal conductivity of the envelope. With a 
1 mm thick external layer, the maximum temperature 
increase on the tank walls is divided by more than 4 (both 
plating being done almost simultaneously). Other technical 
solutions, like a thermally sprayed copper coating, have 
been studied. The non-welded elements of the cavity (caps 
and girder, see below) are full OFHC copper parts. 
 
The mechanical design of the cavity, and especially of the 
apertures (vacuum pumping slot, RF coupling, girder 
aperture) have been optimized to minimize thermal stress. 
Thermal displacement have been computed and will be 
measured during the test phase. 
 
Great care has also been devoted to the optimization of the 
stem - tank connection, which proved to be a sensitive point 
in previous cw DTL projects (namely Chalk River and Los 
Alamos' FMIT). A flexible system based on a thin copper 
bellow allows mechanical adjustment of the drift tube 
position and orientation (except around the stem's axis) at 
any time. Mechanical tests have been performed on a 
bellow to ensure the vacuum tightness. 
 
The tank design is both cheap and reliable, presenting no 
major difficulty. Copper plating has been made using the 
acid bath technique which, according to measurements 
performed, yields the lower outgasing rate and, according to 
bibliographical sources, the best RF electrical conductivity. 
The plating bath dimensions, the biggest ones being GSI’s 
with a depth capacity of up to three meters, will therefore 
limit the length of each tank section. 
 

 

 
 

Figure 4 : Left: the hot model fully assembled. middle: girding supporting the three drift tubes 
Right : interior view of the copper-plated stainless steel tank (the aperture is the pumping slot) 
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Hot model tests 
 
Power tests have been limited by the inability of the CERN 
to provide more than 40 kW cw (but more than 50 kW peak 
power at low duty cycle).  
 
The Q factor of the cavity (21600) is 1/3 lower than the 
calculated SUPERFISH value. This result is worse than 
expected, but the relative effects of the cavity edges and of 
the various apertures (pumping, RF coupling, diagnostics) 
are very important. The strong influence of RF seals has 
been measured (the suppression of the girder RF seal alone 
leads to a 15 % decrease of the Q factor.)  
 
The low level rf tests allowed us to measure the on axis 
field and showed the benefits of the shift possibility of the 
drift tube positions. 
 
Globally, no major heating has been discovered. All 
measured values are coherent with respect to the expected 
ones. All heating are under control (adequate with 
computation except for the RF input / bellows). 
Displacement of the drift tubes were measured (order of 
magnitude 200 microns for 40 kW). 
 
The electric field on the axis was measured under RF 
operation using a X-ray spectrometry measurement 
technique (the RF was pulsed in order to perform 
measurements up to 40 kW, peak power). The results of 
these measurements confirm that the Q factor is 1/3 lower 
than expected by SUPERFISH. The precision of the X 
measurements technique is estimated to be 3 %. 
 
RF conditioning was quite easy up to the reached powers 
(55 kW peak power, 40 kW mean power), with a good 
enough vacuum and very few observed multipactor level. 
 
DTL conclusion 
 
Two solutions are available for the magnets manufacturing 
and two solutions for the drift tubes. 
 
The mechanical structure of the flooded drift tube should be 
strengthened (It appears that the hydraulic pressure stability 
leaded to mechanical instability and therefore to reflected 
power and frequency shift). 
 
No unplanned heating was measured except for the bellows. 
Nevertheless the heating level remained at acceptable level. 
 
Field measurements and Q measurement converge (Q 1/3 
lower than expected, probably due to the big impact of all 
the 3-D objects in this small scale prototype). 
 
Vacuum: we observed a fast conditioning (but with a high 
outgasing rate of the electrolytic copper); good vacuum 
(two times the nominal one) was obtained after about 100 
hours (copper plating should be baked). 
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TTMI-001-D9 
 
Task Title: IFMIF, ACCELERATOR FACILITY 
 Diagnostics 
 
 
INTRODUCTION 
 
 
IFMIF beam represents about 15 kW between the source 
and the RFQ, 625 kW before the DTL and 5 MW in the 
HEBT. The relatively low energy (40 MeV) means that this 
power is deposited in any interceptive diagnostics. New 
kind of diagnostics has to be developed, including 
intensified CCD analyses, spectroscopy analyses, pulsed 
wire scanner, laser analyses… 
 
The task was completed in the framework of the CEA 
program on high-power particle accelerators supported by 
the IPHI demonstrator project. This project is dedicated to 
high power beam production. 
 
 
2002 ACTIVITIES 
 
 
HIGH POWER DIAGNOSTICS 
 
Among the parameters needed to be measured for beam 
control, monitoring and halo formation prevention, the 
transverse beam profiles are the most difficult to obtain. 
The large expected specific energy deposition in any 
interceptive monitor can lead to the destruction of the 
sensor and to an appreciable amount of radiation 
production. Therefore traditional multi-wires chambers and 
wire scanners are not usable under too high duty factor 
pulsed-beam operation and obviously continuous beam 
operation. 
 
A very attractive phenomenon is the production of visible 
light by the beam to background or additional gas 
interaction. Transverse beam profiles of the SILHI ECR 
source have been measured. However, several difficulties 
emerge to explain the difference shape between the 
transverse beam profiles deduced from the elementary 
observation of the emitted light by a CCD camera, a grid 
profiler (low duty cycle operation) and a residual gas 
profiler, respectively. More sophisticated measurements 
using the Doppler effect have been brought into operation 
to determine the energy and the spatial extension of the 
different components of the beam. 
 
Wire scanners are also usable under low duty factor pulsed 
beam operation. Experiments have been conducted on 
tungsten, tantalum, titanium and carbon wires intercepting a 
5 MeV proton beam delivered by the TANDEM accelerator 
of the Institut de Physique Nucléaire d’Orsay. Transverse 
beam profiles have been deduced from back-scattered 
protons, X and ã emission and electric current collected in 
the wires. 

Optical measurement 
 
In the LEBT the moderately relativistic protons interact 
strongly with the atoms of the residual gas which is mainly 
hydrogen (pressure 2.10-5 hPa). A blue light, visible by the 
human eye, is emitted by the de-excitation of these atoms. 
This light was first sensed with an intensified CCD camera 
working in the 200 nm-820 nm range. 
 
Fluorescence Beam Profile Measurements (FBPM) 
Under cw and Pulsed Mode Operation 
 
The experiments were carried under cw and pulsed mode 
operation in a diagnostics box, located after the two 
solenoids focusing the beam in the LEBT line. Other gases 
such as N, Ne, Ar, Kr, Xe We were injected inside this box 
in addition to the residual gas. Two intensified 16-bit CCD 
cameras were installed perpendicularly to the axis of the 
beam, in order to measure vertical and horizontal beam 
profiles. Specific software performing the subtraction of the 
background signal (without beam) to improve the 
signal/noise ratio, the calculation of vertical and horizontal 
projection and peak fitting convolution were used. It has 
been found: 
 
- The proton beam is, as expected, cylindrical along the 

LEBT. 
 
- The intensity of the emitted light depends on the nature 

of the gas and increases proportionally to the pressure of 
the gas. 

 
- Profiles obtained by FBPM have the same geometrical 

shape for all gases at the same pressure (after 
normalisation with respect to the amplitudes of the 
profiles). The same result is obtained for a classical grid 
profiler working under pulsed mode operation. 

 
- Under pulsed mode operation, the widths of the profiles 

measured by FBPM are larger than the ones measured 
by a grid profiler. The width and the difference decrease 
as the pressure increases. 

 
Spectroscopic Measurements 
 
We replaced the horizontal CCD camera by a 
Photomultiplier coupled to a scanning monochromator in 
order to analyse the emitted light spectrum. As expected we 
found again the well-known lines of the Balmer series. 
Previously [1], precise measurements were made and 
showed that the amplitude of each line is proportional to the 
intensity of the proton beam. The light spectrum of the other 
gases (N, Ar, Kr, Xe, Ne) were also recorded. Experiments 
were carried out with a laser absorption on specific lines of 
Ar (λ = 811.5 nm) and Kr (811.3 nm) with the aim of 
measuring the transverse profiles of the beam [1], [3]. 



 - 240 - EFDA technology / Tritium Breeding and Materials / 
  Structural materials development / Neutron source 

Shifted doppler fluorescence beam profile measurements 
(SDFBPM) 
 
The existence of a halo surrounding the core of the beam 
measured by FBPM suggests that the light produced by the 
excited atoms of the gas does not result only from the 
incoming protons, but also from second step processes 
involved in the production of this light. 
 
Trying to explain the intensity and the spatial extension of 
the light produced in the vessel needs to consider several 
major physical processes which may contribute to the 
production of this light and to the broadening of the 
measured profiles: 
 
- Possible delayed decay of excited atoms of specific gas 

present in the vacuum vessel (Nitrogen is well known 
for this phenomenon). 

 
- Back scattered protons may also excite other atoms of 

the gas which lead to the production of light  
 
- Inelastic collisions may produce electrons able to excite 

in their turn atoms of gas. 
 
- Dissociation of molecules of H2

+ and H3
+ unfortunately 

produced by the source SILHI in addition to the protons 
may occur and create excited atoms which become 
source of light.  

 
As we want to discriminate only the light produced by the 
incoming protons delivered by the source at 95 keV, and 
accelerated back-stream by the RFQ, we turn around to 
their high electronic capture cross section : A part of these 
protons captures in flight an electron and may give birth to 
excited hydrogen atoms. 
 
The typical Doppler shift effect of these very specific atoms 
in the frequency (or wavelength) domain will allow us to 
select their light produced by de-excitation among the 
overall light in the vessel. 
 
Experimental Set Up 
 
The CCD Camera was installed in the focal plane of an 
imaging spectrograph equipped with a 900 gr/nm grating. 
The resolution was better than 0.1 nm at 500 nm. The 
experimental configuration was chosen to shift sufficiently 
(8 nm) the Ha line of the Balmer series of hydrogen. 
 
The vertical beam profiles, according to the vertical slit 
orientation at the entrance of the monochromator, are 
deduced from the image transported on the CCD matrix of 
the camera. 
 
In addition, due to the possible discrimination of the 
different components of the beam H+, H2

+ and H3
+ because 

of their different Doppler shift wavelengths, this method 
potentially allows: 
 
- The relative intensity measurement of the different 

species present in the beam. 

- The measurements of the transverse profiles of the 
species, which contribute to the entire profile of the 
beam. 

 
- The energy measurements of the different species and in 

particular their energy spread which is proportional to 
the width of the corresponding spectrum line. 

 
Experimental results 
 
Identification of the different lines of the Balmer series of 
hydrogen were first recorded. Their corresponding Doppler 
shifts were checked. Secondly, the current in the solenoids 
were changed in a large range to vary the size of the beam. 
The full width half maximum (FWHM) of the (Há) and its 
corresponding Doppler shift line H+ component profiles 
were measured. A remarkable result is that the size of the 
halo surrounding the beam remains constant whatever the 
focusing conditions (figure 1). 
 
The evolution of the profiles was also studied varying the 
nature and the pressure of the gases introduced in the 
vessel: N, Ar, Kr, Xe, Ne and H. Adding gas into the vessel 
increases the produced light: for each component Há, H+, 
H2

+, H3
+ the fluorescence yield increases linearly with the 

pressure (up to 10-4 hPa), except for hydrogen. The curve 
shows a saturation which may be attributed in a first time to 
an auto absorption process but this needs to be confirmed. 
 

 
 

Figure 1: FWHM of the Hα (residual gas) 
and its corresponding Doppler shifted line vs beam size 

(solenoid setting) 
 
Absorption techniques 
 
Absorption techniques were tested using laser light. 
Different injected gas (krypton, Argon with λ = 811.5 nm) 
allow to observe a linear absorption with beam current and 
pressure. Nevertheless this techniques did not give 
satisfactory results. As absorption was observed out of the 
beam, no direct profile was possible. Structures inside the 
measurement were observed and were not clearly 
understood. Metastable out of the beam due to excitation by 
fast electrons (…50 eV) and diffusion are probably the 
reason of the difficulties. 



 - 241 - EFDA technology / Tritium Breeding and Materials / 
  Structural materials development / Neutron source 

Interceptive profile measurement methods 
 
The machines are usually able to work under pulsed mode 
operation for machine commissioning and experimental 
operation. The beam average power reaches 15 kW at the 
entrance of the RFQ (95 keV) and 625 kW at the exit. Wire 
scanners are also usable under low duty factor pulsed beam 
operation. 
 
Slow Wire Scanner (SWS)  
 
In this method, a wire is stepped in small increments 
through the beam. The profiles are obtained over many 
pulses by measuring the current flowing in the wire 
resulting from the secondary electrons emitted from this 
wire, subtracted from the protons collected by this wire. The 
heating of the wire is the major problem because of the 
large energy deposited by the beam in any intrusive sensor. 
A crude estimation of the attained temperature is given by 
the resolution of the heat equation: The pulse duration must 
remain below 300 µs and the repetition rate above 1 s in 
order to maintain the peak temperature of a carbon fiber 
(30 µm diameter) below 1200°K in a 5 MeV, 100 mA, 
320 mA/cm2 proton beam. SWS are only usable under low 
duty factor operation. 
 
In the case of slightly higher beam average powers, the 
amplitudes of the mechanical deformations increase and 
thermo-ionic emission of electrons occurs which distorts the 
measurements of the true profiles. At higher beam average 
power and under cw mode operation any kind of fiber is 
destroyed.  
 
Fast Wire Scanner (FWS) 
 
At high average power pulsed beam and under cw 
operation, the wire must go very quickly through the beam. 
It was found that the speed of the wire must then exceed 
60 m/s to withstand the power of a cw, 5 MeV, 100 mA; 
320 mA/cm2 proton beam. Because of this high speed, a 
FWS is very difficult to design.  
 
Experiments with wire scanner. 
 
Even under low duty-factor pulsed-beam, the heating of the 
wire of a SWS may bring out errors in the profile 
measurements in particular because of the thermo-ionic 
emission of electrons. In order to design a SWS, and to 
crosscheck the measurements of the current traditionally 
used in SWS, we looked for physical processes, the 
characteristics of which does not depend on the 
temperature.  
 
Valid candidates are: 
 
- The production of back scattered protons due to elastic 

collisions between the protons of the beam and the 
atoms of the wire. 

 
- The production of γ (and X) ray due to the excitation or 

nuclear reaction of the nucleus caused by inelastic 
collisions between the accelerated protons with the 
atoms of the wire. 

Experimental Setup 
 
The tests were carried out on the TANDEM accelerator of 
the “Institut de Physique Nucleaire d’Orsay” in a 5 MeV 
and 1 µA proton beam. A frame on which different samples 
of wire were fixed can be translated through the vacuum 
vessel. The current flowing in the wire was measured by a 
current to voltage converter, the current of the beam with a 
Faraday cup. 
 
The amplitude of the pulse delivered by the charge 
amplifier associated with the Si junction is proportional to 
the energy deposited by the back scattered protons. The 
transverse beam profiles are deduced by integrating the 
whole spectrum for each position of the wire. The same is 
done for the detection of the γ ray after detection with a NaI 
scintillator associated with a photo-multiplier. At last 
specific software was used to fit the measured profiles. 
 
Experimental Results 
 
Wires of different nature and diameters were tested: 
W (f = 100 µm and 500 µm), Ta (φ = 100 µm), 
Ti (φ = 125 µm, 500 µm), C (φ = 1 mm) 
and Ti wires (φ = 125 µm, 500 µm). 
 
- It was first checked that the profiles measured with the 

different wires were similar and did not depend on the 
diameter of the wire.  

 
- For example, the profiles deduced from the 

backscattered protons, the γ ray production and the 
current measured with the Ti wire are very similar.  

 
The first experiments show a very good agreement in the 
profiles measured with the different wires independently of 
the physical processes involved in the measurements. The 
total error in the measurement of the width is in the order of 
250 µm. 
 
The obtained profiles are resulting of 5 MeV particles, 
allowing the decorrelation of accelerated particles from 
background-ionized particles or non-accelerated particles 
coming through the RFQ. Halo measurement of real beam 
should be made possible with this technique (providing 
sufficient sensibility). 
 
 
CONCLUSION 
 
 
We developed specific tools for the measurement of the 
transverse profiles of high power proton beam. 
 
- Under low duty factor pulsed beam operation traditional 

wire scanner work.  
 
- Measurements of back scattered protons or γ ray 

production are powerful tools to cross check the 
measurement of the current in the wire in the 
temperature range of the wire below thermo-ionic 
emission. 
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 Measurements by means of a wire scanner may be also 
cross checked with Doppler fluorescence beam profile 
measurements. 

 
 Because of their non destructive nature with respect to 

the beam, optical methods are very attractive for high 
power beam monitoring. We investigated and brought 
into operation some specific optical diagnostics on the 
high intensity source SILHI.  

 
- Direct fluorescence beam profile measurements under 

high average power beam pulsed mode and cw operation 
are valid for centroid beam position measurement. In 
addition the qualitative estimate of the beam transverse 
profiles is possible.  

 
- Fluorescence measurements on the Doppler shifted lines 

of the hydrogen Balmer series are very promising to 
determine the energy of the different components of the 
beam (H+, H2

+ and H3
+). In addition, the energy spread 

of the beam is potentially measurable. Beam profiles 
measurements are underway.  
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Task Title: VALIDATION OF COMPUTER CODES AND MODELS 
 
 
INTRODUCTION 
 
 
The overall objective is to improve the validation level of 
the computer codes, which are used for the safety 
assessment of ITER. 
 
In this frame, The scope of the fusion thermalhydraulic 
codes benchmark is to assess the capabilities of best 
estimate thermal hydraulic codes to simulate the main 
physical phenomena occurring during an in-vessel break 
transient within a water-cooled fusion-type reactor: 
pressurisation of a volume at low initial pressure, critical 
flow, counter pressure effect, relief into an expansion 
volume. 
 
Several cases have been treated which were specific to one 
particular phenomenon. An additional case has been defined 
which refers to ITER operating conditions. 

2002 ACTIVITIES 
 
 
A sketch of the configuration is presented on the figure 1 on 
which the initial conditions are reported. The opening 
thresholds of the valves is also mentioned. 
 
The main components which are taken into account are the 
pressurised water Cooling Loop (CL), whose function is to 
extract the nuclear power, the Plasma Chamber (PC) where 
the fusion reactions occur, the Drain Tank (DT) whose 
function is to receive the final products (liquid water) of a 
break of the CL, the Suppression Tank (ST) whose function 
is to cut off the overpressure in the PC ; a Distributor (DIS) 
is placed between PC and ST to increase the condensation 
of the steam inside the ST. 
 
These components are connected by pipes supposed to be 
thermally insulated for steam and water circulation. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Fusion codes benchmark – ITER case 
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The main characteristics of the codes involved in this case 
as summurized in the following table: 
 

Code Physical model 
Critical 

flow model 

CATHARE 
6 equations 

non equilibrium 
Derived from the basic TH model 

MELCOR 
6 equations 

non equilibrium 

Sub cooled: Henry Fauske 
Saturated: Moody 
Vapour: Ideal gas 

isentropic expansion 

RELAP 
6 equations 

non equilibrium 

Two-phase choking criterion 
(Ransom) 

Sub cooled: empirical correlation 

CONSEN 
Homogeneous 

equilibrium 
G2=F(P,ν,X) 

Gas: G2 = F(P,ρ,γ) 

 
The main results are shown on the figures 2 and 3. All 
codes predict that the pressure peak within the plasma 
chamber is lower than the design pressure (2 MPa). Thanks 
to the condensation of the steam in the suppression tank, the 
pressure is stabilized at a relatively low value at the end of 
the transient (figure 2). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Pressure evolution within the plasma chamber 
 
Discrepancies are observed concerning the break mass flow 
rate, which are due to the different critical flow models 
implemented in the codes (figure 3). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Evolution of the break mass flow rate 

CONCLUSIONS 
 
 
The results which are given by the codes in the frame of this 
benchmark are of the same order of magnitude. However 
discrepancies have been observed which are mainly due to 
the different ways the codes calculate the break mass flow 
rate and the pressurisation of the vacuum vessel. The 
calculation of a whole accidental sequence requires an 
accurate simulation of the physical phenomena in order to 
obtain low uncertainties on the results. For each accidental 
sequence to be treated, it must be checked if the physical 
model of the code which will be used are suitable for the 
expected flow conditions. 
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Task Title: VALIDATION OF COMPUTER CODES AND MODELS 
 
 
INTRODUCTION 
 
 
In the frame of the validation of the computer codes which 
are used for the assessment of ITER safety, the EVITA 
experiment allow to simulate the physical phenomena 
occurring during a coolant ingress into the vacuum vessel 
and the cryostat. The main experimental results are the 
pressure within the vessel, the temperatures of the 
structures, the amount of ice formed on the cryogenic 
surface. 
 
 
2002 ACTIVITIES 
 
 
A sketch of the EVITA experiment is given in the figure 1. 
Water or steam can be injected from the pressurizer into the 
vacuum vessel. The cryogenic plate, which is located inside 
the vacuum vessel is cooled by nitrogen at 80 K; its total 
surface is 0.1 m2. 

Two series of cryogenic tests have been performed: the 
"cryogenic condensation" tests in which all the injected 
power is removed by the cryogenic plate and the "cryogenic 
pressurization" tests in which the cryogenic plate does not 
remove all the injected power. 
 
The main data of the tests are the initial pressure and 
temperature of the injected fluid, the injection mass flow 
rate, the initial temperatures of the internal structures and 
the operating conditions inside the nitrogen loop. 
 
In most tests fluxmeters have been implemented on one face 
of the cryogenic plate. 
 
No stable ice layer on the cryogenic plate has been obtained 
when the fluxmeters were removed. 
 
The fluxmeters probably act as thermal protection, limiting 
the temperature increase of the cryogenic plate.  
 
The average mass of the stable ice layer, when obtained, 
was about 300 g. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Sketch of the EVITA experiment 
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The cryogenic tests have been calculated using the PAXITR 
computer code. PAXITR is a 0D code which is mainly used 
to evaluate the depressurisation of a containment and the 
resulting pressurisation of a vessel receiving the fluid from 
the depressurisation. The PAXITR modelling is shown on 
the figure 2. The model includes internal structure 
representing the wet wall and the dry wall of the vessel, the 
jet impingement area and the cryogenic plate. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : PAXITR modelling for EVITA 
 
A comparison of experimental results and PAXITR 
calculation is shown on the figure 3. It concerns a 
"cryogenic condensation" test in which the initial 
temperature of the walls of the vessel was 25°C. The 
pressure and temperature of the injected water were 
respectively 4 MPa and 165°C. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Comparison experiment/calculation 
 
 
CONCLUSIONS 
 
 
The EVITA programme has provided results which can be 
used for the validation of the computer codes. It notably 
allows to improve the cryogenic models. 
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Task Title: IN-VESSEL HYDROGEN DEFLAGRATION/DETONATION 

ANALYSIS 
 
 
INTRODUCTION 
 
 
The scope of this study is to determine the hydrogen 
distribution within the ITER vacuum vessel during an in-
vessel LOCA (loss of coolant accident) using a 3-D model.  
 
The hydrogen comes from the chemical reaction between 
the steam and the beryllium. If the in-vessel LOCA is 
induced by an ex-vessel LOCA, an air ingress can occur, 
which is likely to lead to deflagration/detonation conditions. 
 
 
2002 ACTIVITIES 
 
 
The hydrogen distribution is calculated using the CAST3M 
code, which is a general multi-dimensional computational 
tool developed by CEA or structural mechanics, fluid 
dynamics, heat transfer and electromagnetism analysis. 
 
An implicit finite element method is chosen for the 
discretization of the multi-component Navier-Stockes 
equations which govern the flow. Linear finite elements on 
hexahedra have been used, which are second order accurate 
in space. 

A reaction rate model, function of the pressure and the first 
wall temperature, has been included in the code. Some 
initial and boundary conditions (wall temperatures, …) are 
provided by lumped-parameters calculations. 
 
Since the code can not treat vacuum, a small quantity of air 
inside the vacuum vessel is assumed at the beginning of the 
transient. 
 
As shown on the figure 1, two 3D meshes of the vacuum 
vessel have been done, one without port and one with the 
upper ports. 
 
The hot wall is in red, the cold wall in blue and the break in 
green. 
 
The figure 2 shows the hydrogen volume fractions within 
the vacuum vessel before the air ingress. 
 
Two calculations have been made to check the influence of 
the upper port. It is shown that hydrogen tends to move 
upwards and accumulate. 
 
After the air ingress, the maximum hydrogen concentration 
is higher when the upper ports are modelled. This shows 
that the upper ports must be considered in the geometrical 
model in order to obtain conservative results. 
 

 
 

 

 

 
 

Figure 1 : 3D meshes of ITER vacuum vessel 
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Figure 2 : Hydrogen volume fraction before the air ingress 
 
CONCLUSIONS 
 
 
A calculation of hydrogen distribution within the ITER 
vacuum vessel in case of in-vessel LOCA has been done, 
which allows to draw first conclusions on the general 
trends. It must be kept in mind that the results are sensitive 
to the initial conditions (characteristics of the break, gas 
concentrations, …).  
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TW1-TSS-SERF2 
 
Task Title: TRITIUM RELEASES AND LONG TERM IMPACTS 
 
 
INTRODUCTION 
 
 
The objective of this study was to perform a in-deep 
analysis of 3H releases in the environment and their long 
term impacts, as it was initiated in the SERF-2 study [1], 
both for routine and accidental releases. It paid a special 
attention to the potential contamination of agricultural 
foodstuffs in accidental situation and their marketing 
restrictions with regard to national regulations about tritium. 
 
In a first phase, the task has consisted in reviewing both the 
recent developments on transfer modelling of 3H in the 
environment, collecting the available measurements of 3H in 
the environment and foodstuffs for different countries and 
finally synthesizing the existing regulations in different 
countries with regard to 3H contamination in foodstuffs. In a 
second phase, calculations of radiological impacts of 3H 
releases in the environment were performed with the 
computer codes UFOTRI [2] and NORMTRI [3]. Time 
dependent activity concentration in food and doses to the 
public in a 100 km-radius area around a fusion installation 
were discussed and compared with measurements into the 
environment in the case of routine releases and with the 
regulatory limits in foodstuffs in case of accidental releases. 

2002 ACTIVITIES 
 
 
Guidelines and regulatory limits in countries 
 
Regulatory limits for tritium in foodstuffs in different 
countries or guidelines provided by different international 
organisations were collected for normal and accidental 
situations. Corresponding values are presented in table 1 
and table 2. 
 
In normal situation, values vary from 100 Bq/L in many 
European countries to 10,000 Bq/L or kg in Switzerland.  
 
In accidental situation, it must be noticed that no well-
defined intervention criteria has been found in the EC 
regulations, but only guidance values under discussion. 
 
Environmental measurements 
 
Measurements of 3H in the environment are available close 
to nuclear facilities. 
 
In France, some data have been collected (concerning 
mainly 3H activity concentration in water).  
 

 
Table 1 : Values concerning tritium in water (Bq/L) or food (Bq/kg) in different countries 

and organisations, in normal situation 
 

Country or organism Value Status* 

World Health Organisation 
0.1 mSv/year (all radionuclides) 
7,800 Bq/L (if only tritium) 

Guidelines value 
Reference value (calculated) 

The European Council 100 Bq/L Limit value (parametric) 

France 100 Bq/L Limit value (parametric) 

Germany 100 Bq/L Limit value (parametric) 

United Kingdom 100 Bq/L Limit value (parametric) 

Sweden 100 Bq/L Limit value (parametric) 

Belgium 100 Bq/L Limit value (parametric) 

United States 

- US-EPA 

- OEHHA 

- DHS (California) 

 

0 Bq/L - 0.04 mSv/year 

- 

740 Bq/L 

Guidelines value (MCLG**) 

Limit value (MCL) 

Guidelines value (PHG) 

Limit value 

Canada 7000 Bq/L Limit value 

Switzerland 

1,000 Bq/L or kg 

10,000 Bq/kg or L for foodstuffs and drinking 
water, 100,000 Bq/kg for food of less important, 
3,000 Bq/kg for babies food 

Tolerance value 

Limit value 
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Table 2 : Values concerning tritium in water (Bq/L) or food (Bq/kg) in different countries 
and organisations, in case of nuclear accidental situation 

 

Organisation Criteria for Tritium 

WHO Calculated for tritium: 400,000 to 2,400,000 Bq/L or kg depending on the food (if only tritium) 

Codex Calculated value (CEPN): about 1,000,000 Bq/L or kg (if only tritium) 

IAEA 
Calculated value (CEPN): about 1,000,000 Bq/kg for foods for general consumption and about 
100,000 Bq/kg or L for milk, infant foods and drinking water (if only tritium) 

ICRP Calculated value (CEPN): between 1,000,000 and 10,000,000 Bq/kg (if only tritium) 

EC 
From 4,000 Bq/kg or L for baby foods to 125,000 Bq/kg or L for minor food (milk products: 
10,000 Bq/L; other food: 12,500 Bq/kg) 

USFDA 
Calculated value (CEPN) as for others nuclides: 
300,000 Bq/kg for organically bound tritium and 725,000 Bq/kg for free tritium (if only tritium) 

Canada 
30 000 Bq/kg for fresh liquid milk 
100 000 Bq/kg for commercial foods and beverages 
100 000 Bq/L for public drinking water (if only tritium) 

France As for EC 

Belgium As for EC 

Germany As for EC 

UK As for EC 

Switzerland 

For tritium (concerning natural radionuclides): 
- Tolerance value of 1000 Bq/kg or L 
- Limit value: 10 000 Bq/kg or L for foodstuffs and drinking water, 100 000 Bq/kg for food 
 of less importance, 3 000 Bq/kg for babies food 

Applied independently between radionuclides groups; additive within single group of radionuclides 

 
IMPACTS OF TRITIUM RELEASED IN THE ENVI-
RONMENT 
 
Radiological impacts and foodstuffs contaminations 
associated with 3H release from a fusion power plant under 
both normal and accidental situations were calculated. The 
influence of several parameters has been tested by 
considering several sets of release conditions. This included 
3 different release heights and 5 different weather 
conditions under accidental release conditions. 
 
POTENTIAL FOOD BANNING IN CASE OF ACCI-
DENTAL SITUATION 
 
The aim was to investigate the possible need for food 
banning in accidental situation. For that purpose, the 3H 
release was set to 50 g of HTO, value considered in SERF-2 
study. For each category of food products, e.g. cow milk, 
green vegetables, root vegetables (potatoes), grain (wheat) 
and cow meat, the total number of days for which the 
tritium contents exceed the regulatory limits were calculated 
as well as the corresponding surface area. These results 
were then combined with the agricultural production data in 
order to calculate the total amount of food products to be 
lost. As far as at present there is no well defined tritium 
concentration limit values for foodstuffs in European 
countries regulations regarding to emergency situations, two 
sets of limit values were considered (table 3). Set 1 refers to 
proposed guidance values, currently under discussion at the 
European level. Set 2 is based on derived values from IAEA 
methodology. 

These two sets can be interpreted as lower and upper 
bounds of tritium concentration limits in foodstuffs. 
 

Table 3 : Concentration limit values for tritium 
in food products in emergency situations 

 

Limits 
Set 1 

- 10 000 Bq/L for milk 

- 12 500 Bq/kg for meat, grain, green 
 and root vegetables 

Limits 
Set 2 

- 220 000 Bq/L for milk 

- 280 000 Bq/kg for meat 

- 430 000 Bq/kg for green 
 and root vegetables 

- 370 000 Bq/kg for grain 
 
With Set 1 limit values, up to 30 000 km2 can exceed the 
maximum permissible level (HTO) for at least one day. 
Leafy vegetables were identified as the food being 
responsible for the largest area. It has to be noted that 
mainly HTO in the crop causes the high concentrations in 
the short tem and not the OBT fraction. 
 
Therefore, the area above the level becomes much smaller 
after one week. In case of the release scenario night and a 
10 m release height, the initial 30 000 km2 drop to about 
9 000 km2 and now milk is the decisive food. After one 
month, the area affected diminishes to about 300 km2 with 
milk or cereals still above the permissible levels. 
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The picture changes completely when higher permissible 
activity levels in food are applied (Set 2). The largest 
affected area only reaches 1 000 km2. 
 
ACTIVITY CONCENTRATIONS IN THE ENVIRON-
MENT FOR ROUTINE RELEASES 
 
Routine releases of 1g of HTO were considered for 3 
different release heights with the meteorological conditions 
of the year 1991 for the Cadarache site. Activity 
concentration in food strongly depends on the food type. 
Highest tritium concentrations close to the fence at 1 km 
distance were obtained for leafy vegetables with values 
close to about 3 500 Bq/kg. Even for milk, the 
concentration easily exceeds 1 000 Bq/L. Both activity 
concentrations were observed for the near ground level 
release. A more realistic scenario with elevated releases 
reduces both values to about 800 Bq/kg and 300 Bq/L for 
leafy vegetables and milk, respectively. Activity 
concentrations for other foods are in the order of 100 to 
200 Bq/kg, a range that is not too unusual also for current 
installations. However, the release of 1 g of HTO over one 
year is not a realistic target for ITER or a fusion reactor, but 
was used to have a screening value. 
 
Nevertheless, regarding values measured in the 
environment, 3H activity concentration in milk near nuclear 
facilities never exceed 100 Bq/L and 300 Bq/kg in 
vegetables and the calculated values with a lower quantity 
of 3H released would be in the same range. It is important to 
outline that 3H contamination linked to routine release from 
a fusion power plant are not insignificant. 
 
 
CONCLUSION 
 
 
This study has resulted, on the one hand, in a detailed 
review of tritium regulatory limits in major foodstuffs for 
different countries or international organisations. On the 
other hand, it has produced an in-deep evaluation of the 
radiological impacts of tritium released into the 
environment, by considering recent dispersion models as 
well as a wide panel of release conditions. A sensitivity 
analysis of the results with the major model parameters 
studied was performed. Tritium activity concentrations in 
foodstuffs in case of a deterministic accident scenario as the 
one considered in SERF-2 have been calculated and 
compared with two sets of “present” regulatory limits, in 
order to determine the areas around the site which could be 
temporarily concerned by food banning. Results from this 
study served as an direct input to SERF-3 study on the 
evaluation of external costs of a fusion accident (related 
Task TW1-TRE-ECFA-D2). 
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TW1-TSW-002 
 
Task Title: WASTE AND DECOMMISSIONING STRATEGY 
 
 
INTRODUCTION 
 
 
This study is devoted to the management of tritiated 
materials. A process is currently used in CEA Valduc to 
detritiate steels. It is based on a melting of steel under 
vacuum. This allows a volume reduction of the wastes and 
a drop of tritium activity from 1000 Ci/t to 10 Ci/t (average 
activities). Since the detritiation factor needs to be 
enhanced, possible improvements to this existing process 
were studied based on steel industry for pollution reduction 
concerning hydrogen, carbon and nitrogen. An argon 
bubbling is performed to favour surface reaction. A 
modelling, developped for hydrogen was adapted to tritium. 
 
The second point of this study concerns a limitation of 
tritium release from ingot after melting. The addition of 
substances or the modification of the micro structure which 
could stabilise hydrogen isotopes in the material are 
studied. 
 
 
2002 ACTIVITIES 
 
 
IMPROVEMENT OF THE DETRITIATION PRO-
CESS 
 
An adaptation of the melting facility has been proposed. In 
a first step this adaptation concerns argon bubbling. The 
following step could consist in argon and hydrogen 
bubbling to favor isotopic exchange. 
 
This facility is to be waiting for the French Safety 
requirements. The 2002 activities were dedicated to the 
adaptation of the facility to take into account these 
requirements. Thus it was not possible to perform the work 
for fusion activities. 
 
POSSIBILITIES TO DECREASE TRITIUM RE-
LEASE 
 
Preliminary studies have been performed on samples 
coming from an ingot produced in CEA/Valduc (before 
facility expectation) and which was characterized by auto 
radiography. 
 
Material characterization 
 
A material characterization has been performed by optical 
microscopy and Scanning Electron Microscopy (SEM) after 
polishing and acid etching. These observations show the 
presence of a complex microstructure which is 
characteristic of a raw state. A significant fraction of δ 
ferrite is also present. 

Different precipitates can also be found and characterized 
by the X analysis of the SEM: manganese sulfide, chrome 
and titanium carbides (very small sizes), phase with high 
concentration in niobium and other precipitates which, like 
δ ferrite, are enriched with chromium and molybdenum. 
 
The tritium contents have also been characterized. The 
measurement has been done by liquid scintillation after 
dissolving about 1 g of material in acid solution (HCl 45 %, 
HNO3 5 % and H2O 50 %vol). This acid solution 
(containing the dissolved metal) is then diluted to increase 
the pH, and tone down the solution. About 1 cm3 of this 
solution is added to 15 cm3 of scintillation cocktail for 
analysis. This has been done for 2 samples (see table 1) and 
we may observe a dispersion of the mean activity (tritium). 
 

Table 1 : Tritium activity measured by liquid scintillation 
 

Sample Mass (g) Activity (kBq/g) 

D1 0.780 14.4 

D2 1.028 5.7 

 
Moreover, these values are 5 to 10 times lower than the 
activities previously measured. 
 
Even if radioactive decay and tritium out gassing can partly 
justify this difference, these results lead to an improvement 
in the measurement procedure by addition of a tritium 
measurement on the gaseous effluents. 
 
Desorption measurements 
 
The technique consists in the realization of β counting by 
liquid scintillation to determine the residual tritium which 
desorb from a bulk metallic sample, with a known 
dimensions directly immersed in the scintillation liquid. 
The measured values were corrected with respect to the 
quenching effect related to the presence of a solid in the 
scintillation liquid. Two values can be obtained: surface 
activity and desorption kinetics of the residual tritium (see 
figure 1). 
 
The surface activity (expressed in Bq.cm-2) is obtained 
directly after immersion of the sample. It represents the 
tritium concentration in a superficial layer of the metal, the 
thickness being linked to the escape distance of the 
electrons typical of the tritium β radiation. 
 
Concerning residual tritium desorption, the counting allows 
the determination of the extracted tritium as a function of 
time. Based on activity increase as a function of immersion 
time, the mean value of the kinetic desorption can be 
obtained (expressed in Bq.cm-2.s-1). 



-254- EFDA technology / Safety and Environment

35

30

25

"3

2 20

=. 15
O

•= 10

Quantity of d«*orbed
tritum p«r surface
unit

Snrbce Activity

200 400 600 800 1000 1200

Counting duration ( inn )

Figure I : Tritium activity us a function
of counting duration

The influence of thermal treatment on desorption was
studied:

- measurement of the tr i t ium desorption kinetic after
polishing and during I hour,
thermal treatment, at !050°C during I hour,
measurement of the trit ium desorption kinetic during
I hour.

The thermal treatment leads to the formation of a thick
oxide film at the surface of the sample. This layer was
removed by polishing and then the tr i t ium desorption
kinetics measured once again. The results are given in
table 2.

Table 2 : Influence of heating treatment on desorption
medium flux after 1 hour at 20°C

Sample 2A

Before heating
treatment

After heating treatment
and before second
polishing

After heating treatment
and after seeond
polishing

Desorbed quantity
after 1 hour at 20°C

(dpm)

300

•>

3

Medium flux
(Bq.em" : . s~ ' )

5.0 1 ( > ~ 4

3.0 IQ-"

5.0 10*

Table 2 shows that:

- The heating treatment at 1050°C during 1 hour leads to
an important decrease of the surface activity (desorption
kinetics about 100 lower after the treatment).

The presence of an oxide layer (due to the thermal
treatment) leads to an increase of the surface activity.
This indicates that in comparison with the bulk material,
the oxide layer is enriched in tritium This was also
observed in [1],

For the low values of residual tritium (after heating
treatment), there is no significant barrier effect due to
the oxide film since there is no significant difference
between the desorbed quantities.

CONCLUSIONS

As the CEA Valduc melting facility is waiting for safety
authorization, only the second part of the study was
performed in 2002. The micro structure study of the
previous ingot confirms the presence of a complex micro
structure in which different phases can favor the interaction
with the tritium (in particular trapping reactions).

The residual t r i t ium values are 5 to 10 times lower than the
activity previously measured. Even if radioactive decay and
tritium out gassing can justify a part of this difference, these
results leads to improve the measurement procedure by
adding a tr i t ium measurement on the gaseous effluents. The
conditions of sample preparation and counting were
optimized to improve the reproducibility of the l iquid
scinti l lation results.

And the prel iminary study on the impact of thermal
treatment shows that these conditions (1050°C, during 1
hour) lead to an important decrease of the residual tritium
and its desorption kinetic.
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TW1-TRP-PPCS1-D04 
 
Task Title: MODEL A (WCLL): CONSISTENCY WITH THE PPCS GDRD 
 
 
INTRODUCTION 
 
 
A Power Plant Conceptual Study (PPCS) has been launched 
in the framework of the EU fusion programme the objective 
of which is to demonstrate the credibility of  fusion power 
plant design and the claims for safety and environmental 
advantages and for economic viability of fusion power. A 
generic set of requirements, addressing in particular safety, 
operation and economic aspects, has been set out with 
inputs from industry and from utilities. Four reactor models 
have been identified for a complete evaluation including 
safety assessment. 
 
This report gives data for the safety assessment of the PPCS 
model A concept which is based on little extrapolation on 
both physics and technology, using a water-cooled divertor 
based on ITER technology and associated to the Water 
Cooled Lithium Lead (WCLL) blanket. The WCLL blanket 
uses low activation ferritic martensitic steel EUROFER as 
structural material, pressurized water as coolant and 
lithium-lead as breeder and neutron multiplier. 
 
 
2002 ACTIVITIES 
 
 
MATERIAL DATA 
 
The structural material for the blanket concept is a low 
activation ferritic martensitic steel: EUROFER. 
 
The low Co and Ni content limits the activation of the 
EUROFER. The 9 % Cr content should allow a lower 
corrosion rate and a better behaviour under irradiation than 
other ferritic martensitic steels (relatively low swelling). 
 
The main properties of EUROFER at 400°C are as follows: 
 
Thermal expansion: 11.9 10-6/K (from 20°C) 
Young modulus: 181500 MPa 
Density: 7610 kg/m3 
Specific heat: 609.96 J/kgK 
Thermal conductivity: 29.2 W/mK 
Poisson coefficient: 0.3 
Yield strength: 338 MPa (400 MPa at 20°C) 
Ultimate strength: 471 MPa (580 MPa at 20°C) 
 
The structural material for the divertor is the CuCrZr copper 
alloy. The armour material is Tungsten. Oxide Free High 
Conductivity Copper is used as compliance layer between 
CuCrZr and W, because of a relatively low yield strength 
(about 40 MPa) and a relatively low hardening modulus 
(1470 MPa at 200°C). 

The main properties of CuCrZr at 200°C are as follows: 
 
Thermal expansion: 17.5 10-6/K (from 20°C), 
Young modulus: 120000 MPa, 
Density: 8890 kg/m3, 
Specific heat: 376 J/kgK, 
Thermal conductivity: 350 W/mK, 
Poisson coefficient: 0.343. 
The volumes are 0.93 m3 CuCrZr, 1.1 m3 OFHC and 
6.3 m3 W. 
 
The repartition of total steel volumes and masses within the 
divertor structures is as follows: 
 

 Volume (m3) Mass (t) 

Inboard vertical target 84 638 

Outboard vertical target 92 700 

Dome 32 243 

Shielding 466 3542 

Total 674 5123 

 
POWER CONVERSION 
 
The main specifications for the power conversion system 
are as follows: 
 

 
Power 
(MW) 

Tinlet 
(°C) 

Toutlet 

(°C) 

Coolant 
Velocity 

(m/s) 

Blanket breeder 
zone 

3892 285 325 20.0 

Blanket first Wall 1438 285 325 20.0 

Divertor  984 140 167 20.0 

 
Some parameters have been chosen in order to limit the 
coolant inventory in each loop, particularly in the breeder 
zone and first wall loops where the temperature is high. For 
example, a relatively high value of the coolant maximum 
velocity (20 m/s) has been considered. For the same reason, 
the breeder zone and the first wall have the same cooling 
loop; the coolant inventory of a breeder zone-specific loop 
would have been too large. The coolant inventory in one 
breeder zone and first wall loop is 130 m3. In order to take 
into account additional piping which could result from the 
study on the balance of plant, the value of 145 m3 will be 
assumed for the safety studies in order to optimise the 
confinement system. The coolant inventory in one divertor 
loop is 179 m3. The blanket power is removed through a 
steam generator. The divertor power is used for heating the 
steam generator feedwater. The main parameters of the 
primary and secondary loops are as follows: 
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Primary Power (MW) 
Inlet 

Enthalpy (J/kg) 
Outlet 

Enthalpy (J/kg) 
Total Mass Flow 

(kg/s) 
Number 
of loops 

Blanket 
Breeder zone 

3892 1263.6 1494.9 16830 6 

Blanket 
First Wall 

1438 1263.6 1494.9 6218 6 

Total 5330   23049 6 

Pump Heat 57.6  

Total Blanket 5388  

Divertor 984 589.1 706.0 8596 2 

Pump Heat 21  

Total Divertor 1005  

 

Secondary Power (MW) 
Inlet 

Enthalpy (J/kg) 
Outlet 

Enthalpy (J/kg) 
Total Mass Flow 

(kg/s) 

Steam Generator 5388 990.3 2772 3024 

LP Heater 
(Divertor Heat) 

1005 139.0 614.2 2115 

Feedwater Tank   719.1 3024 

HP Heater  725.0 990.3 3024 

 
 
CONCLUSIONS 
 
 
Data are provided which should allow the safety studies to 
be performed. The cooling loops have been designed so as 
to maintain the coolant inventory as low as possible, in 
order not to challenge the containment in case of large 
break LOCA; for that reason, the maximum velocity of the 
coolant within the pipes has been set to a relatively high 
value and there is no specific cooling loop for the breeder 
zone of the blanket modules. 
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TW1-TRP-PPCS1-D10 
 
Task Title: MODEL A (WCLL): MECHANICAL ANALYSIS DESIGN 

INTEGRATION 
 
 
INTRODUCTION 
 
 
The Water Cooled Lithium Lead (WCLL) reactor concept 
is a part of the European Power Plant Conceptual Studies 
(PPCS) which was launched in January 2000. This reactor 
model is the one requiring the smaller extrapolation from 
present-day knowledge both on physical and technological 
aspects. The conceptual design is made for a reactor of 
1500 MWe net electrical power and includes the power 
conversion system  and the balance of plant. It takes into 
account the maintenance scheme and the contribution of the 
divertor power to the power conversion cycle. It also 
provides a confinement strategy which is based on the 
results of SEAFP studies. 
 
The overall objective is to produce electricity at the lowest 
possible costs meeting high safety standards. Some 
requirements have been set out by the industry and the 
utilities and among them: steady state operation, 40 years 
lifetime, availability of about 80 %, no need for an 
evacuation plan, minimise the fraction of wastes which do 
not qualify for clearance. 
 
 
2002 ACTIVITIES 
 
 
REACTOR PARAMETERS 
 
The reactor  parameters have been evaluated using the 
PROCESS code and are given in the table 1. 
 
The divertor peak load and the thermal efficiency are 
important parameters to be given as input for the PROCESS 
code. The design of in-vessel components and power 
conversion system is then done taking into account the 
results of PROCESS. 

If the thermal efficiency of the power conversion system is 
different from the input given to PROCESS an iteration is 
necessary. The values shown in table 1 have been obtained 
after one iteration. 
 

Table 1 : Reactor Parameters 
 

Unit Size (GWe) 1.5 

Fusion Power (GW) 5.0 

Aspect Ratio 3.0 

Elongation (95% flux) 1.7 

Triangularity (95% flux) 0.25 

Major Radius (m) 9.55 

TF on axis (T) 7.0 

TF on the TF coil conductor (T) 13.1 

Number of toroidal coils 18 

Plasma Current (MA) 30.5 

βN(thermal,total) 2.8,3.5 

Average Temperature (keV) 22 

Temperature peaking factor 1.5 

Average Density (1020m-3) 1.1 

Density peaking factor 0.3 

HH (IPB98y2) 1.2 

Bootstrap Fraction 0.45 

Padd (MW) 246 

n/nG 1.2 

Q 20 

Recirculating power fraction 0.28 

Average neutron wall load 2.2 

Zeff 2.5 
 
NEUTRONICS 
 
The neutron wall loading, multiplication factor and tritium 
breeding ratio (TBR) are given in the table 2: 
 

Table 2 : Repartition of wall loading, multiplication factor and TBR 
 

Blanket 
Module 

Area (m2) 
Reactor 

Wall loading 
(MWm-2) 

Neutron Power 
(Module) 

Neutron Power 
(Reactor) 

Mult. Factor TBR 

I 185.4 2.06 21.22 381.92 1.13 0.11 

II 174.42 2.39 23.16 416.86 1.09 0.11 

III 219.6 2.02 24.64 443.59 1.22 0.14 

IV 320.4 2.63 46.81 842.65 1.17 0.24 

V 315 2.96 51.80 932.40 1.10 0.25 

VI 293.4 2.69 43.85 789.25 1.13 0.21 

Total/Av. 1508.22 2.52  3806.68 1.14 1.06 
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The repartition of the blanket modules is shown on the 
figure 1. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Repartition of the blanket modules 
 
The Tritium Breeding Ratio can be improved by reducing 
the gap between top inboard and top outboard modules (see 
figure 1). This gap has been initially implemented in order 
to allow an independent removal of each of the top inboard 
and outboard modules which does not appear as an 
important requirement from the point of view of the 
availability. 
 
The neutronics calculations have been done without taking 
into account a tungsten layer on the first wall. This is not 
expected to have a significant influence on the final result. 
 
ATTACHMENT OF THE MODULES 
 
The attachment of the module to the shielding remains an 
open issue. The principle of this attachment has been 
defined: one fixed point and other attachment points 
allowing thermal expansion. Nevertheless the question of 
the access to the modules is of concern since the design of 
the modules does not allow front access. 
 
POWER CONVERSION 
 
The power repartition is given in the table 3. It is assumed 
that the alpha power distributed on the first wall of the 
blanket is about 23 % of the neutron power. 
 

Table 3 : Power repartition (MW) 
 

Blanket breeder zone 3892 

Blanket first wall (neutron) 438 

Blanket first wall (alpha) 1000 

Divertor (neutron) 884 

Divertor (alpha) 100 

 
The primary heat transport system comprises 6 cooling 
loops for the blankets and 2 cooling loops for the divertor. 
The divertor power is used for  preheating the feedwater of 
the steam generators of the blankets cooling loops. The 
steam generators are based on current PWR technology. 

For availability reasons, there are 2 pumps per loop; a 
single pump failure will not force the reactor to become 
unavailable. The number of  pumps results from a 
compromise between availability, maintenance and safety 
considerations. Another sensitive parameter with respect to 
safety is the cooling loop inventory; the integrity of the 
confinement can be challenged by the internal energy of the 
coolant in case of large break loss of coolant accident 
(LOCA). The adopted parameters (number of loops, 
maximum velocity of the coolant) lead to the values of 
130 m3 in a blanket loop and 180 m3 in a divertor loop 
which should allow to meet the main safety objectives 
insofar as the appropriate safety features are provided. 
 
The secondary heat transport system is assumed to be 
standard PWR technology, the only difference being the 
contribution of the divertor (figure 2) 
 

Divertor
Preheater

 
 
SG: Steam generator 
HP: High pressure turbine 
LP: Low pressure turbine 
HP1, HP2: High pressure heater 
R/MS: Reheater/moisture separator  
FT: Feedwater tank 
 

Figure 2 : Sketch of the secondary heat transport system 
 
BALANCE OF PLANT 
 
A first layout of the fusion power plant has been proposed. 
 
The tokamak building is located at the center of the plant 
area. It is divided in three main sections: 
 
- the pit is the section within the bioshield; it notably 

houses the magnets, the vacuum vessel, the cryostat, 
- the galleries are located outside the bioshield, from the 

basement to the crane hall, 
- the crane hall is located above the bioshield. 
 
The dimensions of the tokamak, scaled from ITER, are 
shown in the table 4: 
 

Table 4 : Dimensions of the tokamak 
 

Height from ground level 82 m 

Length 114 m 

Width 100 m 

Underground height 18.3 m 

Divertor 
preheater 

Divertor 
primary 
loop 

LP 

R/M
S 

HP 

FT 

HP2 HP1 

SG 

II 
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IV 

V 

VI 
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The hot cell building is located north of the tokamak. It is 
mainly designed for the maintenance and decontamination 
of the in-vessel components and for processing and storage 
of the radioactive wastes. There are connections at different 
levels with the tokamak building. 
 
The tritium building is located east of the tokamak building. 
 
The turbine building is located west of tokamak building . It 
is connected to the tokamak building through a tunnel which 
contains the secondary pipes of the tokamak cooling water 
system, going from the steam generators vault to the turbine 
inlet. 
 
The distribution of the electrical power to the grid 
(1500 MWe at 220 kV) is done at the electrical park which 
is located at the west side of the plant area. In this part of 
the plant area are also located the installations for the 
emergency power supply and the magnet power supply. 
 
 
CONCLUSIONS 
 
 
This paper presents a concept of near term fusion reactor 
requiring small extrapolations of present-day knowledge on 
both physics and technology, which is based on water-
cooled Pb-17Li blanket (WCLL) and water-cooled divertor. 
Further R&D is required for the divertor concept and the 
material properties, notably the behaviour of copper alloys 
and EUROFER steel grade under irradiation. In particular, 
an improvement of the divertor concept could allow it to 
operate at higher temperature leading to higher efficiency. 
 
The thermal efficiency of a power plant working under 
operating conditions which are similar to PWR is not 
supposed to exceed 35 % whatever the improvements of in-
vessel components, material and power conversion 
components could be. Nevertheless it must be kept in mind 
that the assumptions on physics have by far the greater 
impact on the dimensions of the tokamak. For example 
taking into account the physics hypotheses considered for 
advanced PPCS models would have led to the reduction of 
the major radius of 2 meters ! The thermal efficiency has in 
fact a relatively limited impact on the size of the tokamak. 
A reduction of the tokamak size due to thermal efficiency 
would be significant for values of this parameter not lower 
than 50% that would require an operating temperature of the 
coolant of about 900°C. 
 
The relatively big size of the WCLL concept presented in 
this report is mainly due to low extrapolation on physics. It 
remains possible, assuming a more advanced physics, to 
have in some decades a reactor based on proven technology 
at a reasonable size (less than 8 m) and thus at a reasonable 
cost. 
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TW1-TRP-PPCS5-D03 
 
Task Title: ENVIRONMENTAL ASSESSMENT: WASTE MANAGEMENT 

STRATEGY 
 
 
INTRODUCTION 
 
 
This study was carried out within the framework of the 
PPCS Environmental assessment and aims at proposing a 
management strategy for the wastes generated by the 
operation and decommissioning of two fusion reactors, 
PPCS A and PPCS B. This strategy is based on the 
characteristics of the different components (quantification 
of tritiated and activated materials, predominant radio-
nuclides, mass balance of wastes after 50 and 100 years…). 
The data on activation characteristics are given in the 
reports PPCS/UKAEA/TW1-PPCS4-D2-2 and TW1-
PPCS4-D2-3. 
 
 
2002 ACTIVITIES 
 
 
PLANT : DESCRIPTION AND ELEMENT COMPO-
SITION 
 
In this study, two plant models are presented : PPCS A and 
PPCS B. Their design was studied based on UKAEA 
references. The activation levels were determined by 
building a computational model of the tokamak. The 
HERCULES code system was used to produce input files 
for activation calculations using FISPACT. Table 1 gathers 
the data on the blanket material characteristics of both 
reactors. 
 

Table 1 : Structural material characteristics 
of PPCS A and PPCS B reactors 

 

Plant Model PPCS A PPCS B 

Reference concept WCLL HCPB 

Blanket structure Eurofer Eurofer 

3H generating Li17Pb83 Li4SiO4 

Neutron multiplier Pb Be 

Blanket coolant water He 

 
Each cell in the model was filled with a material specified 
in the WCLL radial build for PPCS A and in the HCPB 
radial build for PPCS B, except for the divertor, vacuum 
vessel and TF coils, which had no specifications. PPCS A is 
a reactor model using a water cooled, liquid Li17Pb83 

blanket and Eurofer as structural material. PPCS B is a 
model using Helium cooled, solid Li4SiO4 blanket and 
Eurofer as structural material. 

The vacuum vessel and TF Coils common to both PPCS A 
and PPCS B are made with following materials: 
 
- The vacuum vessel is a homogeneous mixture of steel 

and water with a small boron content for thermal 
neutron absorption. 

 
- TF Coils use steel as a structural material, niobium-Tin 

as a superconductor. 
 
For the divertor: 
 
- In PPCS A, an approximate model was included. It 

consists of a homogeneous mixture of stainless steel, 
copper and tungsten for the structure, and water as a 
coolant. 

 
- In PPCS B, a rough model was included. It consists of a 

mixture of tungsten with a reduced density and a helium 
coolant. 

 
For the shield: 
 
- In PPCS A, the shield is made of Eurofer and water. 
 
- In PPCS B, the low temperature shield is made of 

Eurofer and ZrH and the high temperature shield is 
made of Eurofer and He. 

 
THE WASTES 
 
The operation and decommissioning of fusion reactors will 
generate radioactive wastes. 
 
- Operational wastes are essentially metallic-form wastes, 

coming from component replacement (blankets, first 
wall component, divertor..) and technological wastes 
(vacuum pump oils, process residues, proactive 
clothing…). 

 
- Decommissioning wastes come from the dismantling of 

the machine and associated technological wastes. 
 
These radioactive wastes are due to the activation by the 
14 MeV neutrons generated by the fusion reaction, between 
deuterium and tritium and the contamination generated by 
the activated materials and the tritium. They will be both 
activated and tritiated. 
 
CLASSIFICATION  
 
For the activation calculations, it is assumed that the total 
irradiation is 25 years. The weights and activity contents of 
radioactive materials from operation and decommissioning 
were calculated taking into account this irradiation 
duration. During this time, at least 5 sets of blanket will be 
used. 
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PDW 5,45E+03 7,48 0,00E+00 0,00
CRM 7,26E+03 9,96 4,33E+03 5,76
SRM 1,78E+04 24,44 3,05E+04 40,53
NAW 4,24E+04 58,12 4,24E+04 56,32

TOTAL 7,52E+04 100 7,52E+04 100

Classification
50 years 100 years

Weight (Ton) % Weight (Ton) %

PDW 6,31E+03 11,41 0,00E+00 0,00
CRM 1,54E+03 2,78 4,53E+03 8,14
SRM 4,75E+04 85,81 1,52E+04 27,29
NAW 0,00E+00 0,00 3,60E+04 64,58

TOTAL 5,57E+04 100 5,57E+04 100

Classification
50 years 100 years

Weight (Ton) % Weight (Ton) %

Based on the international criteria (dose rate upon contact, 
decay heat per volume unit and clearance indexes), a mass 
balance per type of waste and per component have been 
established. The distribution between Permanent Disposal 
Wastes (PDW), Complex Recycling Materials (CRM), 
Simple Recycling Materials (SRM) and Non-Active Wastes 
(NAW) is described in the table 2 and table 3 for PPCS A 
and for PPCS B after 50 years and 100 years of interim 
storage. The quantity of decommissioning wastes produced 
will be of 75200 tons for PPCS A and 55700 tons for PPCS 
B. 
 

Table 2 : Waste classification for PPCS A 
after 50 and 100 years of interim storage 

 
 
 
 
 
 
 
 
 
These results show that interim storage would enable the 
activity of all the components to be reduced and the wastes 
to be declassified into less restrictive categories. 
 
However, the decay period and management of these 
wastes will depend on the component itself and implicitly 
on the material(s) involved.  

Table 3 : Waste classification for PPCS B 
after 50 and 100 years of interim storage 

 
 
 
 
 
 
 
 
 
A selective segmenting by physico-chemical types, per 
component and activity is required. 
 
Thus, it appears that after a decay period of 100 years, there 
would no longer be any PDW type wastes.  
 
Strategy 
 
The waste management strategy must take into account 
different aspects : radioactive waste, activated and/or 
tritiated, different physico-chemical types and a significant 
decay heat. 
 
The strategy is based on pre-treatment operations, adapted 
treatments, and conditioning and storage operations. 
 
The different stages in the management of radioactive 
wastes are shown in figure 1. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Different steps in radioactive waste management 
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Figure 2 : Waste strategy 
 
In order to make the wastes compatible with the existing 
processes, the management strategy presented in figure 2 
consists in planning: 

- Segmenting operations. These must be optimized so as 
to minimize the quantities of wastes to be placed in deep 
repositories. Segmenting depending on the level of 
activity according to three categories could be possible : 
low level wastes (LLW), middle level wastes (MLW) 
and high level wastes (HLW). 

- Specific treatments depending on the physico-chemical 
type of the waste. 

Wastes LLW and MLW 
 
The waste management strategy proposed in as follows: 
 
- Separate the wastes into three categories depending on 

their physico-chemical types : technological wastes, 
metallic wastes and effluents. 

 
- Treat the wastes by specific processes so as to reduce 

their volume and activity. These processes are: 
evaporation, compacting, fusion, incineration. 
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- Store them temporarily so as to declassify them into less 
restrictive categories and to clear a maximum. 

 
- Condition the wastes in a stable form for handling, 

transport and storage. 
 
- Dispose of the wastes in a surface disposal center. 
 
Waste HLW 
 
The waste will be considered as HLW when it can’t be 
declassified after radioactive decay or chemical treatment 
(detritiation, decontamination). This mainly concerns the 
divertor and blanket components 
 
These wastes are essentially metallic, tritiated and/or 
activated and have significant decay heat. The activity of 
these wastes being very high, they must be handled using 
remote control handlers in hot cells. 
 
After temporary storage for their decay heat to lower, all of 
these wastes could then be processes as follows: 
 
- Cutting and sorting of components to separate the 

constituents and in particular the toxic elements 
(beryllium). 

 
- Specific treatments depending on the type of 

radioelements present. 
 
- Decay storage. 
 
- Final disposal : deep geological disposal. 
 
The duration of storage could range from 30 to 50 years. A 
longer time (> to 100 years, would allow the elimination of 
all PDW type wastes but would involve many constraints 
(surveillance of the site , cost).which must be accept to the 
Local Safety Authorities. The presence of compounds with 
toxic and/or sprayable properties, such as beryllium will 
require specific management. 
 
 
CONCLUSIONS 
 
 
One of the first principles in the management of nuclear 
wastes is the reduction of the quantity of nuclear wastes 
produced. This is done at different stages, especially during 
the design and operation of nuclear facilities by a sound 
choice of the process and of the materials as well as by 
lengthening the lifetime of the equipment. 
 
With the perspective of using a fusion reactor as a nuclear 
reactor, two reactor concepts have been studied : PPCS A 
and PPCS B. 
 
This note therefore presents a summary of the different 
types of wastes produced as well as a management strategy 
for these wastes for both reactors. This study shows that the 
quantity of wastes produced during dismantling will be of 
75200 tons for PPCS A and of 55700 tons for PPCS B. 

In order to reduce the quantity of wastes and to optimize the 
final disposal, the waste strategy is based on a selective 
segmenting as well as on the application of specific 
treatments aimed at reducing the volume and activity 
(fusion, incineration, detritiation, decontamination…). 
Temporary storage will also allow this management to be 
optimized and costs to be reduced. 
 
After 50 years of interim storage, the percentage of wastes 
destined to a deep repository will be of 7.48 % for the 
PPCS A reactor and of 11.41 % for PPCS B. After a decay 
period of 100 years, there would no longer be any PDW 
type wastes. All the remaining waste will be recycled or 
cleared on the basis of the current legislation. But a long 
storage duration (> 50 years) would involve many 
constraint, notably at level of disposal. 
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TW2-TRP-PPCS10-D07 
 
Task Title: MODEL D (SCLL): ADAPTATION OF SiCf/SiC - 

Pb-17Li DIVERTOR CONCEPT TO THE NEW ADVANCED 
REACTOR MODELS 

 
 
INTRODUCTION 
 
 
Silicon carbide composites (SiCf/SiC) appear as some of the 
most promising low activation materials for structural 
application in fusion power reactors. Furthermore, liquid 
metal cooling has the potential for high power density, low 
pressure and high coolant temperature suitable for high 
efficiency power conversion system. Finally, between 
possible liquid metals, Pb-17Li eutectic allow to minimize 
energy confined in vessel component due to its low 
reactivity with water and air. 
 
In this framework, the principal objective of this subtask is 
to identify an improved design for a Pb-17Li cooled 
divertor using SiCf/SiC as structural material to be used in 
the model D reactor blanket in coherence with the overall 
reactor strategy aiming to passive safety.  
 
The concept has to allow the recovery of the heat deposited 
in the divertor in order to not jeopardise the high plant 
efficiency potentially reachable in a SCLL blanket. 
 
 
2002 ACTIVITIES 
 
 
In the frame of the Power Plant Conceptual Study (PPCS), a 
Self Cooled Lithium Lead (SCLL) blanket concept has been 
proposed for an advanced model of a fusion power reactor 
[1]. This concept associates low activation properties of 
SiCf/SiC with liquid metal potential for high power density, 
low pressure and high coolant temperature suitable for high 
efficiency power conversion system. 
 
In order to be in line with the good performances of the 
SCLL blanket, a Pb-17Li cooled divertor conceptual design, 
using SiCf/SiC as structural material is proposed. Such a 
design is based on the operating principle used for ARIES-
AT divertor design [2] with the addition of some 
modifications aiming to avoid the structural function of the 
W armour. 
 
Furthermore, it is assumed to perform maintenance through 
horizontal ports and, in order to minimize the Pb-17Li 
hydrostatic pressure, to have an independent divertor circuit 
with its external components located at the same level as the 
divertor target. This choice, allows, moreover, to fully 
optimise the divertor cooling circuit (and then the Pb-17Li 
outlet temperature) in relation with the assumed operating 
conditions. 

DESIGN DESCRIPTION 
 
The divertor is composed by 48 segments (corresponding to 
7.5° of the torus), each of which is cooled by an 
independent circuit [1]. Figures 1 and 2 show a three-
dimensional view of the generic divertor segment and its 
vertical section, respectively, with the plasma facing plates 
(PFPs). The most loaded divertor regions, located under the 
scrape-off line and called the inboard and the outboard 
targets are detailed in the figures. 
 

 

 
 
Figure 1 : 3D view of the generic SCLL divertor segment, 

with the detail of the high heat flux region 
(inboard and outboard targets) 

 

 
 

Figure 2 : Vertical section of the SCLL divertor 
with cooling circuit 

 



 - 266 - EFDA technology / System Studies / Power Plant Conceptual Studies 
 

 
 

Figure 3 : Sections of the divertor plate in the high heat flux region 
 
The divertor region in front of the plasma, called divertor 
plate, consists of a number of SiCf/SiC square tubes, 
poloidally oriented and using tungsten alloy as armour 
material. In each channel is inserted a T flow separator 
which assumes, in the region nearest to the plasma, a comb 
form, thus creating a kind of toroidal channels. 
 
The liquid metal flows poloidally in one half of the tube, 
acting like inlet header, then it is forced to pass through the 
short toroidal channels to cool the high flux region through 
a very short path and finally it is routed back to the other 
side of the poloidal tube, acting like outlet header. 
 
This design directs the flow in the high heat flux region, 
where liquid metal is speeded up, parallel to the toroidal 
magnetic field, in order to accommodate MHD effects 
(reduce pressure drops). Furthermore, it minimizes the Pb-
17Li flow path and residence time in the high heat flux 
region. 
 
The channels dimensions and then the liquid metal velocity 
vary in the different regions of the divertor in order to adapt 
them to different heat loads. The figure 3 shows, in 
particular, the poloidal and toroidal sections of the inboard 
and outboard targets, with related dimensions as obtained 
from thermo-mechanical assessment described in the 
following.  
 
THERMOMECHANICAL ANALYSES 
 
Thermo mechanical analyses have been carried out on a 
relevant cell of the divertor plate for the dimensioning of 
the most highly loaded region (see figures 1 and 2), which 
interacts directly with the scrape-off lines of the plasma.  
 
The dimensions of the channels (both toroidal and 
poloidal), the SiCf/SiC thickness, as wells as the liquid 
metal velocity have been optimized in order to sustain a 
surface heat flux of 5 MWm-2. 

The goal of this assessment has been a concept maximizing 
the outlet average Pb-17Li temperature, without exceeding 
thermal and mechanical constraints. In the following, the 
results corresponding to the optimized geometry (figure 3) 
and Pb-17Li velocity are summarized. Poloidal tubes are 
3 cm depth and 2.8 cm width and toroidal channels are 1.4 
mm depth. Pb-17Li flows at v1 = 1.5 ms-1 in the 
toroidal direction, then slows down at v2 = 1 ms-1 in the 
rear. 
 
The thickness of the poloidal SiCf/SiC tube is kept 1 mm in 
the region nearest to the plasma due to high thermal 
gradient, which could lead unacceptable thermal stresses. 
The thickness rises to 2 mm in the back and in the side 
walls to better resist to the internal pressure. Under these 
conditions, in the high heat flux region of each segment 
there are 22 poloidal tubes, each one forming 32 toroidal 
channels. 
 
All calculations have been carried out with the FEM code 
CASTEM2000 [3]. A specific model recently developed 
and implemented in the CASTEM code has been used to 
describe the mechanical behaviour of the SiCf/SiC [4]. 
Assumed data for SiCf/SiC has been taken from [5], which 
include an extrapolated thermal conductivity of 20 Wm-1K1.  
 
In fact, the necessity of improving the thermal conductivity 
of the present day composites has been proved by previous 
analyses and R&D activity is ongoing at this purpose. 
Minimum and maximum allowable temperatures have been 
fixed at 600°C (thermal conductivity basis) and 1000 °C 
(swelling basis) respectively and TAURO design criteria 
have been assumed [4, 6]. 
 
The assumed peak on both inboard and outboard targets 
heat flux is 5 MWm-2. In the model, it has been assumed 
that such a peak is uniformly deposited on a length of 0.5 m 
of the divertor armour. The total deposited surface heat is 
about 320 MW. 
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A fixed volume deposited heat, due to the neutron 
irradiation, has been included. The corresponding power 
densities in the various materials are 16.39 MWm-3 in the 
tungsten, 4.06 in the SiCf/SiC and 9.28 in the Pb-17Li. The 
total nuclear heat deposited in the divertor region, including 
the rear shield, is about 280 MW. 
 
The thermal analyses have been carried on a 2D model 
representative of the thin toroidal channel including the W 
tiles. The heating of the liquid metal along the toroidal 
channel is simulated with an artefact based on a transient 
analysis [B]. The liquid metal inlet temperature has been 
fixed to 600°C in order to maintain the SiCf/SiC one higher 
than its lower limit (600°C). To simulate the liquid metal in 
the poloidal tubes, the temperature of the nodes in the rear 
of the model has been fixed to 650°C. At the outlet section, 
temperature reaches 1287°C in the tungsten 1015°C in the 
SiCf/SiC and 792°C in the liquid metal (see figure 4); 
average liquid metal temperature reaches 650°C. It can be 
seen that the limiting criterion is the maximum temperature 
in the SiCf/SiC. 
 

 
 

Figure 4 : Temperature evolution 
along the toroidal channel in various materials 

 
Mechanical and thermal-mechanical calculations have been 
then performed on a three-dimensional model representative 
of one and a half poloidal channel. Rounded corners allow 
to accommodate primary stresses due to internal pressure. 
Only the SiCf/SiC structure has been represented in the 
model since tungsten armour does not contribute to 
mechanical resistance. A pressure of 0.9 MPa has been 
applied into the tube internal walls to account for Pb-17Li 
hydrostatic pressure (about 2 m) and estimated MHD 
pressure drops (~ 0.7 MPa, as evaluated for ARIES-AT 
[2]). A specific activity is ongoing in the frame of the PPCS 
program in order to evaluate the pressure drops in that 
geometry. 
 
The temperature field obtained in the thermal analyses has 
been projected on the FW of the mechanical mesh. 
Temperature in the corners, in the sidewalls and in the back 
plate has been fixed to 650 °C. As boundary conditions, it 
has been assumed that tubes can slide without bending its 
axis. With reference to figure 5, the planes rp and rt through 
P0 are symmetry planes. 

Moreover, displacements in the p direction of the nodes 
lying on the plane rt through P1 are uniform. As far as the 
anisotropy directions of the SiCf/SiC are concerned, they 
have been fixed so that the local first axis matches with the 
poloidal direction and the third whit the thickness one. 
 

 
 

Figure 5 : Deformed model, amplification factor 50 
 
The figure 5 shows the deformed model, amplified by a 
factor of 50. 
 
In accord with the TAURO criteria, stresses in plane and 
stresses through the thickness are split in order to compare 
them with corresponding allowable limits, as explained 
below.  
 
As far as the stresses in plane are concerned, a criterion 
derived from the Von Mises stresses is proposed, following 
the which the factor of stresses in plane must be lower than 
1. This factor, especially, allows to take into account the 
different limits for tensile (145 MPa) and compressive 
stresses (580 MPa). The criterion is met in the FW plane 
region and in the side and back walls as well, whilst it 
reaches values higher than 1 in the internal face of the FW 
corners. This is due to the fact that, although the Von Mises 
equivalent stresses are higher in the external face of the FW 
(plane region in the front of plasma, 250 MPa), than in the 
internal region of the corners (180 MPa), the material 
resists to the compressive stresses better than to the tensile 
ones. 
 
Normal stresses through the thickness are between – 63 and 
65 MPa (limits are 110 MPa for tensile stresses and 
420 MPa for compressive stresses). 
 
Shear stresses through the thickness σ23 ranges between –41 
and 30 MPa (limits are 44 MPa both for tensile and 
compressive stresses) in the plane regions while varies 
between –56 and 64 MPa in the corners.  
 
It has to be outlined that the corners where stresses exceed 
their allowable limits are those corresponding to the toroidal 
channels outlet, where the imposed transition from the FW 
temperature distribution to the uniform 650°C corner 
temperature is sharp. 
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Sensibility studies have been carried out and have shown 
that stresses strongly depend from the assumed temperature 
distribution. 
 
Further three-dimensional thermal analyses could be 
needed, thus, to optimize the corner geometry finding out 
the actual thermal gradients and relative thermo-mechanical 
stress fields. 
 
DIVERTOR ENERGY BALANCE 
 
The total power on the divertor region is about 600 MW. 
The components of each divertor segment will be cooled in 
series. The liquid metal path is shown in figure 2. Pb-17Li 
enters from the bottom to cool the heat flux divertor plate 
(outboard and inner targets), then it passes through an 
intermediate manifold to cool the inner baffle, circulates in 
the rear shield region, passes to the outer baffle and after 
crossing the rear shield region goes out through the port. 
From above-mentioned calculations on the elementary cell, 
the mass flow rate of the liquid metal in each divertor 
segment is 170 kgs-1 and for the whole divertor is 8150 kgs1 
(0.91 m3s-1). Inlet temperature is 600°C. With these 
hypotheses, from a mass-enthalpy balance, evaluated liquid 
metal outlet temperature is 994°C. Using this data, the 
deposited power in the divertor region can be recovered 
with high efficiency [1]. 
 
 
CONCLUSION 
 
 
A divertor concept using Pb-17Li as coolant, SiCf/SiC as 
structural material and W as armour material has been 
presented and its main performances have been assessed. 
 
This concept foresees an independent divertor cooling 
circuit and horizontal maintenance. Thermo-mechanical 
analyses have shown that the proposed design, with further 
optimization of corner geometry, is able to resist to high 
heat flux to which it is submitted (5 MWm-2) meeting 
assumed temperature and stresses limits.  
 
An outlet Pb-17Li temperature of about 1000°C is achieved 
allowing to recover the heat deposited in the divertor region 
with high efficiency. 
 
Main issues are the large extrapolation assumed for the 
physical properties used in the calculations compared with 
those of present-day composites (for example a thermal 
conductivity of 20 Wm-1K-1 has been assumed for the 
SiCf/SiC which is about a factor five larger than the today 
SiCf/SiC value), the large number of required joints and the 
little knowledge about the impact of neutron irradiation. 
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Structural material : Martensitic steel 
• External diameter 8 mm
• Thickness 0.4 mm

Compliance layer : Papyex 
• Thickness 0.1 mm

Thermal barrier for flux repartition 
• Maximal thickness 0.075 mm

Plasma facing material : W alloy
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TW2-TRP-PPCS11-D01 
 
Task Title: MODEL A (WCLL): STUDY OF A HIGH TEMPERATURE WATER 

COOLED DIVERTOR 
 
 
INTRODUCTION 
 
 
In the framework of the European Fusion Power Plant 
Conceptual Study (PPCS) III, the Water-Cooled Lithium 
Lead blanket has been chosen for the Model A of a power 
reactor (PPCS-A) [1]. In order to limit extrapolation and to 
use the same coolant, a water-cooled divertor has been 
selected for PPCS-A. This water cooled divertor must be 
designed to sustain about 15 MW/m2 in order to limit 
extrapolations on plasma physics. The highest efficiency 
can be obtained using high temperature cooling water at the 
blanket conditions (Tout = 325°C). However water cooled 
divertor proposed in previous studies could not satisfy both 
constraints of a high flux level (15 MW/m2) and a high 
temperature of the coolant fluid (325°C). For instance, the 
W/EUROFER steel concept [2] is limited to 7 MW/m2 with 
water at 325°C, and the W/CuCrZr concept [3], based on 
ITER divertor, is limited to 150°C for an extracted flux of 
15 MW/m2. 
 
The aim of the present study is to propose a new design of 
the water-cooled divertor, in order to be able to extract 
15 MW/m2 with a coolant fluid at 325°C. In a first part, 
limitations of the previous design will be analysed. Then, a 
new design, with limited extrapolations on materials, will be 
proposed. 

2002 ACTIVITIES 
 
 
THERMO-MECHANICAL LIMITATIONS OF EXIS-
TING CONCEPTS 
 
For the W/EUROFER steel concept, already proposed  for a 
high temperature water cooled divertor, mechanical 
limitations are mainly due to thermal stresses and also 
pressure stresses. The former are linked to differential 
dilatations between tungsten and steel, and to the thermal 
gradient under high thermal flux. In the existing design the 
local thermal flux can be 25 % higher than the incident flux, 
because of a concentration phenomenon at the top of the 
steel tube. 
 
The optimisation already proposed, to overcome these 
limitations, concerns pressure stresses and differential 
dilatations. The steel tube diameter has been reduced at a 
constant thickness in order to limit pressure stresses without 
increasing thermal gradient. To answer the differential 
dilatation problem, a compliance layer has been inserted 
between structural material (steel tube) and armour material 
(tungsten) as proposed in the W/OFHC/CuCrZr concept. 
However, the use of Copper leads to a thermal limitation to 
satisfy the integrity of the interface between the compliance 
layer and other materials. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : New design of the water-cooled divertor (Model A) 
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Concerning thermal flux concentration, no design 
modifications have already been proposed to improve flux 
repartition in the structural material. This thermo-
mechanical analysis leads us to conclude that our design 
optimisation must be based on two main topics: 
 
- a high temperature compliance layer, 
- and a flux repartition device. 
 
NEW DESIGN OF THE WATER-COOLED DIVER-
TOR 
 
The new design of the water-cooled divertor is presented on 
figure 1. This design is based on the W/EUROFER steel 
concept, with the W as a plasma facing material and the 
EUROFER steel as structural material. As it was previously 
presented, the coolant fluid is water at 325°C and 155 bars. 
New aspects in this design are: 
 
- a high temperature compliance layer made of soft 

graphite "papyex" (up to 3000°C under non oxidant 
atmosphere), 

 
- and flux repartition device based on a thermal barrier 

made of pyrolytic graphite coating. 
 
The fabrication process of this divertor has not been 
investigated in details, but the feasibility has been briefly 
analysed. The thermal barrier is a various thickness coating 
deposited on half of the tungsten circumference,  with a 
maximal thickness of 0.075 mm at the point nearest to the 
plasma. 
 
For manufacturing, we can think about a fabrication process 
based on plasma sprayed technique. Or, if the latter is not 
possible, we could probably use brazing and machining 
techniques to manufacture this various thickness coating. 
 
The compliance layer could be made of a thin papyex sheet, 
as the product is now available. The standard minimal 
thickness proposed by the manufacturer (CARBONE 
LORRAINE) is 0.2 mm. 
 
The initial compliance layer thickness, before being 
assembled, will be function of the surface pressure expected 
on the papyex. For instance, an initial thickness of 0.14 mm 
will lead to a surface pressure of approximately 50 bars. 
 
THERMAL ANALYSIS 
 
Thermal properties for EUROFER steel and tungsten alloy 
are respectively extracted from references [6] and [4]. 
Thermal properties for papyex and pyrolytic graphite are 
summarized in table 1. 
 
These materials are orthotropic, with a high conductivity 
ratio in the parallel direction and a low conductivity ratio in 
the orthogonal direction. In both cases (compliance layer 
and thermal barrier), this orthotropic behaviour should 
contribute to the flux repartition in the circumferential 
direction. However, thicknesses are not sufficient for a 
significant energy transport in the circumferential direction.  

Table 1 : Thermal properties of graphite 
 

 Conductivity (W/m/°K) 

 Papyex Pyrolytic graphite 

Temperature 
(°C) 

parallel orthogonal parallel orthogonal 

20 160 7 497 1.1 

1000 100 3 235 1.1 

 
The thermal contact resistance for the papyex is derived 
from experimental data of reference [5]. These data lead to 
a heat exchange coefficient of 16.8E+04 W/m2/K for a 
contact pressure of 15 bars. 
 
A surface heat flux of 15 MW/m2 deposited on an outlet 
section of the divertor armour is assumed [2]. 
 
Water pressure and temperature are: p = 155 bars and 
T = 325°C, the latter is considered in an outlet section for a 
conservative estimation of the steady state thermal field. In 
order to satisfy the critical heat flux criteria, a swirl is 
provided. 
 
In these conditions, water local velocity is 20 m/s and 
critical heat flux (Tong75 increased by a factor 1.67 due to 
the swirl) is approximately 16.7 MW/m2. 
 
The heat exchange coefficient at the water steel interface is 
derived from a correlation extended in sub-boiling cooling 
regime. A constant volume heat deposition due to neutron 
irradiation is taken into account, with a power density of 
27 MW/m3 in tungsten, and 5 MW/m3 in EUROFER steel 
[3]. 
 
A 2D Finite Element steady state thermal analysis has been 
achieved using the CEA code CAST3M extended with High 
Heat Flux Components procedures developed by 
CEA/DRFC. 
 
Thermal heat flux density iso-values (figure 2) illustrate 
how the thermal barrier leads to a smoother flux repartition 
in the structural material. As it is shown on figure 2, for an 
incident flux of 15 MW/m2, the maximal flux is lower than 
13 MW/m2 in the EUROFER steel, as it would reach 
20 MW/m2 without any thermal barrier. 
 
This better flux repartition enables to limit the thermal 
gradient in the structural material, where the maximal 
temperature is 516°C on the outer wall (figure 2). The 
thermal barrier and the papyex compliance layer tend to 
increase the mean temperature in tungsten. However, a 
geometrical optimisation enabled us to satisfy a temperature 
criteria of 2000°C in tungsten, with a 3 mm tungsten 
thickness in front of the plasma. 
 
Papyex temperatures are in range of 362°C to 861°C, which 
is much lower than the upper limit in a non oxidant 
atmosphere. The thermal discontinuity at the papyex surface 
is approximately the same as the thermal gradient in the 
0.1 mm thick papyex layer. 
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Figure 1 : Thermal results of  the steady state Finite Element analysis in the water cooled divertor 
 
MECHANICAL COMPUTATIONS 
 
Elastic properties for EUROFER steel and tungsten alloy 
are respectively extracted from references [6] and [4] as 
already used in reference [2]. Elastic properties for 
pyrolytic graphite are summarized in table 2. The pyrolytic 
graphite is much softer than tungsten, which will probably 
reduce the risk of  under cladding crack initiation in 
tungsten.  
 
The papyex layer can be considered as a very soft material, 
with an orthogonal compressibility modulus of 
approximately 60 MPa for a strain lower than 50 %. In our 
case, differential dilatations will mainly produce distortion 
between orthogonal and parallel directions; we can 
reasonably think that the papyex rigidity is very low under 
this type of strains.  
 

Table 2 : Elastic properties for pyrolytic graphite 
 

thermal 
expansion ratio 

(1.E-6/K) 

Young modulus 
(GPa) 

Poisson ratio 
Temperature 

(°C) 

parallel 
Ortho-
gonal 

parallel 
Ortho-
gonal 

parallel 
Ortho-
gonal 

20 -0.66 28 11 -0.1 0.9 

600 1.34 28 11   

1400 2.75 

32 

    

 
Thermo-mechanical loading is composed of : the steady 
state temperature distribution computed in section 4, water 
pressure on structural material and internal pre-stress in 
compliance layer. For the latter we only consider its effect 
on tungsten part in order to have a conservative approach.  
 
In order to best estimate the free surface boundary condition 
between slices of tungsten a 3D Finite Element model is 
used (figure 3). In this model, the papyex layer is 
represented as a very soft material.  

Structural integrity under nominal loading is checked with 
RCC-MR code criteria. Equations (1) and (2) are 
respectively used to prevent instantaneous and delayed 
instabilities under primary loads (pressure).    
 

Pm < Sm  (1) 
 

Pm < St  (2) 
 
where Pm is the equivalent primary membrane stress, Sm 
the instantaneous allowable value and St the delayed 
allowable value. For the latter we will consider a nominal 
loading period of 30000 hours. 
 
The ratcheting criterion (3) is used to check integrity under 
a combined thermo-mechanical loading. Thermal stresses 
are introduced as a cyclic loading in the term ∆Q of 
equation (3). This ratcheting criterion is not really well 
adapted in the case of the tungsten monoblock where there 
is no primary loading. However, as this criterion prevents 
plastic strains under thermo-mechanical loading, it gives 
good indications for design optimization. For pure thermal 
loading it would be interesting to have a more detailed 
approach, like elasto-plastic comptutations, in order to 
rationalize structural integrity margins.  
 

Max(Pm+Pb) + ∆Q < 3.Sm (3) 
 
where Max(Pm+Pb) is the maximum equivalent primary 
stress and ∆Q the secondary stress variation.  
 
Structural integrity results for the EUROFER steel tube are 
detailed in table 3. In the latter equations (1), (2) and (3) are 
satisfied with a low margin for primary loading (12 MPa 
compared to the St allowable value), and an important 
margin for thermo-mechanical loading (196 MPa  compared 
to the 3.Sm allowable value). The low margin for primary 
loading is a limiting problem, and the only way to enhance 
this margin is to improve the high temperature material 
behaviour. 
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Figure 2 : 3D Finite Element model 
for thermo-mechanical analysis 

 
Table 3 : Structural integrity on the EUROFER steel tube 

 

Criterion Pm - Sm Pm - St Max(Pm+Pb) + ∆Q - 3.Sm 

Margin 
(MPa) 

27 12 196 

 
Concerning tungsten, the 3.Sm limit is satisfied without any 
margin inside the tungsten monoblock. A stress 
concentration appears on the free surface at the 
tungsten/pyrolytic graphite interface, where the 3.Sm 
criterion is not checked. However, as the stress 
concentration zone is very limited, an elasto-plastic 
evaluation would probably lead to a very low level of 
plasticity and a significant stress relaxation.  
 
 
CONCLUSIONS 
 
 
A high temperature water cooled divertor (325°C coolant 
fluid), designed to sustain 15 MW/m2, has been proposed in 
this study. A new design is proposed with a compliance 
layer made of soft graphite "PAPYEX" and a thermal 
barrier made of a pyrolytic graphite coating. In this first 
study, graphite is chosen because of its thermal and 
mechanical properties. However, as material properties of 
graphite are very sensitive to irradiation effects, this choice 
will have to be re-analysed taking into account irradiated 
material properties. A thermal analysis shows that the 
maximal flux in structural material is limited to 13 MW/m2 
instead of 20 MW/m2 without thermal barrier. 
 
Then, the thermal gradient in EUROFER steel tube is 
reduced, and maximal temperature in the latter is 516°C. A 
thermo-mechanical analysis for EUROFER steel shows that 
limiting criterion is delayed instability under pressure 
loading, with a minimal margin of 10 MPa compare to the 
St allowable value. Concerning thermal stresses, we can see 
a significant improvement compared to previous concepts, 
and the 3.Sm allowable value is satisfied with an important 
margin (200 MPa). 

For the plasma facing material, the 3.Sm ratchetting 
criterion is globally satisfied  in the tungsten monoblock, 
with only a slight local stress concentration on the free 
surface at the pyrolytic graphite/tungsten interface. 
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TW2-TRP-PPCS12-D06 
 
Task Title: MODEL D (SCLL): SHIELD AND VACUUM VESSEL DESIGN 
 
 
INTRODUCTION 
 
 
Within the framework of the European Power Plant 
Conceptual Study (PPCS) launched in 2000, the conceptual 
design of four reactor models has been performed, starting 
from a model based on relatively near-term plasma physics 
and technology (Model A) up to a model based on the use 
of very advanced plasma physics and technology (Model D) 
derived from a very large and optimistic extrapolation of 
present-day knowledge. 
 
Initially, the scope of the present task was oriented towards 
the evaluation of thermo-mechanical behaviour and 
assessment of fabrication issues for SiC/SiC flow channel 
insert for Model C  (Dual-Coolant). 
 
This task has been re-oriented in the meantime to support 
the design of the shield components and vacuum vessel of 
the Model D reactor. 
 
From the technology point of view, Model D is based on a 
Self-Cooled Lithium Lead (SCLL) blanket (see figure 1) 
and on Lithium-Lead cooled divertor, both using SiCf/SiC 
as structural material [1]. 

2002 ACTIVITIES 
 
 
The aim of the 2002 activities was the preliminary 
definition of the shield and vacuum vessel dimensions and 
compositions, with the double objective to i) fulfil design 
limits (radiation doses) for high temperature super-
conducting coils and insulators, ii) and to avoid, as far as 
possible, the use of water or hybrids in order to eliminate 
any potential risk of accidental production of hydrogen in 
the vessel. 
 
SHIELD DESIGN PRINCIPLES 
 
Because of the relatively low shielding efficiency of the 
SCLL blanket a large fraction neutron energy (8.2 %) is 
deposited in the first part of the shield region [1]. It is 
therefore necessary to recover most of this energy for 
electrical power production. Therefore, the shield region is 
divided in two parts: a first part, called High Temperature 
(HT) shield, will be cooled by Pb-17Li and is connected 
with the blanket cooling circuits, and a second part, called 
Low Temperature (LT) shield, is cooled by Helium as the 
vacuum vessel (low pressure, low temperature Helium). The 
shield design principle is shown in figure 2. 
 

 

 
 

Figure 1 : View of the SCLL blanket segmentation 
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Figure 2 : Mid-plane cross section of a SCLL blanket sector 
 
Because of the high temperature levels, for the HT shield 
one can use only materials compatible with high 
temperature, that is SiCf/SiC as structures, Pb-17Li as 
coolant (inlet/outlet temperatures 700°C/~900°C) and WC 
as neutron absorber (selected after detailed inboard 
shielding analyses). 
 
For the HT shield, coaxial flow is not foreseen; in fact, it is 
expected to cool it in parallel with the annular Pb-17Li flow 
of corresponding blanket connecting at the top with the 
internal box flow. Feasibility study of this option has not yet 
been performed. 
 
The LT shield uses borated steel as structural material, WC 
as neutron absorber and Helium as coolant. Helium 
inlet/outlet temperatures have been preliminary fixed at 
respectively 250°C and 400°C, the Helium pressure at 
4 MPa (to be checked). 
 
The interface between HT shield and LT shield carries most 
of differential thermal expansion between the different 
blanket/shield/VV layers. It is therefore proposed to have 
flexible attachments between the two shields in order to 
allow the relative displacements. 
 
The design of such attachment will depend on the 
dismantling capability requirements of the two shields and 
has not yet been addressed in details. 
 
The vacuum vessel has the same composition and coolant as 
the LT shield. 

DIMENSIONS AND MATERIALS 
 
The shield design has been based on the shielding analyses 
described in [2]. One objective of this analysis was to check 
the possibility to avoid the use of water and hydrides in 
order to completely eliminate any potential risk of 
accidental production of hydrogen in the vessel. 
 
The most important conclusion of this study is that the use 
of WC in both shield and vacuum vessel allow to have a 
sufficient shielding efficiency and to avoid the use of water 
and/or hydrides. 
 
The final shield and vacuum vessel compositions and 
dimensions have been optimised and are reported in table 1. 
 
Some problems were identified in the region behind the 
gaps between segments, because in the initial design, the 
gaps between blanket modules and those between shield 
modules were aligned. 
 
However, in the final design these gaps are no more aligned 
and therefore the shielding efficiency should be sufficient 
everywhere. 
 
Moreover, design limits for high temperature super-
conducting coils and insulators (as expected to be used in 
this very advanced reactor model) could even be relaxed; in 
this case, it could be possible to reduce the shield thickness 
and consequently the reactor dimensions which a direct 
impact on the overall cost. 
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Table 1 : Radial built and material composition 
of high/low temperature shields and vacuum vessel 

 

 
Inboard/ 

Topboardthickness 
[cm] 

Outboard 
thickness  

Materials 

High 
Temperature 
(HT) shield  

30 33 
Pb-17Li (10 %) 
SiCf/SiC (10 %) 

WC (80 %)  

Low 
Temperature 
(LT) shield 

35 35 
Borated steel (20 %) 

WC (60 %) 
He-coolant (20 %) 

Vacuum 
vessel 

42 42 
Borated steel (20 %) 

WC (60 %) 
He-coolant (20 %) 
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TW2-TRP-PPCS13-D06 
 
Task Title: MODEL D (SCLL): MECHANICAL AND THERMO-MECHANICAL 

ANALYSIS OF THE SCLL BLANKET 
 
 
INTRODUCTION 
 
 
Within the framework of the European conceptual studies 
on fusion power plants, four reactor models have been 
performed, from Model A to Model D. 
 
This latter concept D, which gathers the most innovative 
technologies, is based on a Self Cooled Lithium Lead 
(SCLL) blanket, on a lithium lead cooled divertor and on 
the use of SiCf/SiC as structural material 0. 
 
The SiCf/SiC composite has been chosen because it allows 
high coolant temperatures and shows very low short-term 
activation and afterheat levels. 
 
Moreover, the use of Pb-17Li (Li enriched at 90 % in 6Li) 
as breeder, coolant, neutron multiplier and tritium carrier, 
lead to reach high plant efficiency and has many advantages 
for reactor passive safety. 
 
To demonstrate the capabilities and the performances of the 
concept, many studies have been realized about all 
remaining questions: blanket and divertor design, shielding, 
vacuum vessel calculations, plasma configurations…  
 
Concerning the blanket design, European participants have 
more precisely examined questions like tritium breeding, 
thermo mechanical issues, MHD analyses, wall loading, 
accidental conditions… This study focuses on the thermo-
mechanical analyses of the outboard modules. 
 
 
2002 ACTIVITIES 
 
 
The possibilities of an outboard blanket module using 
SiCf/SiC (as structural material) and Pb-17Li (as 
breeder/multiplier and coolant) were assessed in the study, 
in line with the Self Cooled Lithium Lead (SCLL) fusion 
reactor characteristics. 
 
The design of the module (cf. figure 1) is based on the 
principle of coaxial flow along the 7.91 m of the height, as 
proposed in ARIES-AT. 
 
The lifetime of SiCf/SiC under irradiation has yet to be 
established, however, because of neutron damages, it has 
been assumed that the blanket front part will need to be 
replaced relatively often, at least once each 5 full-power 
years of operation. 
 
The SiCf/SiC dose rapidly decreases with blanket thickness, 
therefore the blanket back part requires less frequent 
replacement. 

 
 

Figure 1 : Equatorial section of the outboard blanket 
(a=first wall, b=second wall, c=thickened lateral side) 

 
To minimise the amount of radioactive waste, it has been 
decided to divide the thick outboard blanket in two parts, a 
front part to be remotely replaced each 5 years and a back 
part which could eventually be a reactor lifetime 
component (30-40 years). This study has only evaluated the 
thermo-mechanical behaviour of the front part (the most 
loaded one), which is divided in modules with an average 
width of about 200 mm. 
 
These components are gathered five by five on the blanket 
and are protected by a 2 mm thick layer of tungsten. In this 
group of five, contrary to modules 2, 3 and 4 (called central 
modules), modules number 1 and 5 (called lateral modules) 
are not blocked on their free surface (c), which need to be 
reinforced by an over-thickness. In reality, for technological 
reasons, this wall is made of several SiCf/SiC plates brazed 
one on the other. As a result, the study has defined two 
geometries with two types of boundary conditions. These 
two types of modules are both made of two concentric 
boxes (a and b), with a very thin gap between them. 
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Like in the TAURO design, each box has a round shaped 
front part and a flat back part. The Pb-17Li enters from the 
bottom in the thin external layer, turns down at the top and 
flows down at low velocity in the central region. 
 
The major advantage of this co-axial poloidal flow is that it 
allows higher temperatures in Pb-Li than in SiC/SiC. For 
the thermo-mechanical analyses of this module, a 
behavioural mechanical model suitably developed for the 
SiCf/SiC, and implemented in the FE code CASTEM 2000, 
has been used. 
 
Under the 0.5 MW/m2 heat flux, the required specifications 
were the inlet Pb-Li temperature (700°C), the outlet Pb-Li 
temperature (1100°C), and the inlet coolant velocity 
(4.5 m/s). The thermo-mechanical limitations were 44 MPa 
for the thickness shear stress, 110 MPa for the thickness 
normal stress, 1 for the “SiC/SiC criterion” (derived from 
the Von Mises stresses) and 1000°C for the maximum 
allowable SiC/SiC temperature. 
 
The parametrical study enabled to determine the thickness 
of the first wall (a) to reach 6 mm (cf. figure 2). Identically, 
the second wall (b) has been determined to reach 7 mm. To 
fulfil all stresses limitations, it appears on figure 3 that it 
would be necessary to consider, with the basic first wall 
thickness of 6 mm, a thickened lateral side width (c) of 
31 mm. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Maximum mechanical stresses in FW due 
to the Pb-Li pressure (central outboard modules) 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Maximum mechanical stresses in first wall 
due to the Pb-Li pressure 

(lateral outboard modules, external face) 

Because of irradiation, such a thick SiC/SiC structure 
would raise temperatures largely too high. 
 
So, it was decided to keep the latter value to 26 mm with 
regard to SiC/SiC maximum allowable temperature. 
 
With that thickness, shear stress (46 MPa) overreaches 
slightly the limit of 44 MPa. 
 
Further design optimisation and R&D on SiC/SiC will 
provide more margins on this criterion. 
 
The thermo-mechanical calculations (figures 4 and 5) have 
shown that this geometry could fulfil the requirements 
except for the lateral module where it was found a very 
localised hot spot at the back (where SiC/SiC raises at 
1089°C) and a shear stress exceeding slightly locally the 
limit and for which further investigations will probably 
determine a more detailed solution. 
 

 
 

Figure 4 : Temperature repartition in central module 
at top and bottom altitudes (°C) 

 

 
 

Figure 5 : Temperature and SiC/SiC criterion 
on the first wall (upper 10 % of the module) 
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CONCLUSION 
 
 
This thermo-mechanical study lead to a preliminary 
conceptual design of the outboard module but beyond the 
scope of this study, future works should enable possible 
reduction of Pb-Li velocity due to MHD effects, to a better 
temperature repartition in the first wall or to the 
examination of the consequences of impurities in structural 
material. 
 
This study stressed also the need in thermo mechanical 
material properties, whose lack lead to implement 
extrapolated laws in the FE code. In the same way, the 
reliability of the SiC/SiC design criterion will necessarily 
need to be validated by large experimental campaigns. 
These further analyses will identify trustful solutions for 
remaining R&D issues and will define by the way a blanket 
design with wider margins to the thermo mechanical limits, 
which will contribute to the final validation of this outboard 
concept efficiency. 
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TW2-TRP-PPCS13-D07 
 
Task Title: MODEL D (SCLL): DESIGN INTEGRATION 
 (INCLUDING DIVERTOR SYSTEM) 
 
 
INTRODUCTION 
 
 
Within the framework of the European Power Plant 
Conceptual Study (PPCS) launched in 2000, the conceptual 
design of four reactor models has been performed, starting 
from a model based on relatively near-term plasma physics 
and technology (Model A) up to a model based on the use 
of very advanced plasma physics and technology (Model D) 
derived from a very large and optimistic extrapolation of 
present-day knowledge. 
 
From the technology point of view, Model D is based on a 
Self-Cooled Lithium Lead (SCLL) blanket and on lithium-
lead cooled divertor, both using SiCf/SiC as structural 
material. This model is the one associated with the largest 
attractiveness and at the same time with the largest 
development risk [1]. The use of SiCf/SiC structures allows 
high coolant temperature and shows very low short-term 
activation and afterheat levels. Because of the use of a low-
pressure, low reactivity liquid metal, the Pb-17Li (Li 
enriched at 90 % in 6Li), as breeder, coolant, neutron 
multiplier and tritium carrier, this system can, in principle, 
achieve high plant efficiency and has the potential for 
reactor passive safety. 
 
 
2002 ACTIVITIES 
 
 
The aim of the 2002 activities was the finalisation of the 
conceptual design of the very advanced Model D reactor, 
assuming large extrapolation in both plasma physics and 
technology and including integration of the divertor system. 
The activities included, in particular, blanket segmentation 
and design, shielding and divertor integration, external 
circuits/components definition and plant efficiency 
evaluation. 
 
PHYSICS AND REACTOR PARAMETERS 
 
From the plasma physics point of view, Model D is based 
on the main assumptions that highly shaped plasmas with an 
optimisation of the magnetic shear profile can achieve a 
total normalised β of 4.5. Moreover, with an increased 
safety factor, qedge>4, the high poloidal β allows a large 
bootstrap current fraction and requires low levels of re-
circulating power for current drive. 
 
As for other three models studied within PPCS, it has been 
assumed a net electrical output of 1500 MWe to the grid. 
The main set of reactors parameters derived from the above 
considerations are summarized in table 1, along with 
physics parameters. 

Table 1 : Model D physics and reactor parameters 
 

Basic Parameters  

Unit Size (GWe) 1.5 

Major Radius (m) 6.1 

Aspect Ratio 3.0 

Plasma Current (MA) 14.1 

TF on axis (T) 5.6 

Number of TF coils 16 

TF on TF Coil Conductor (T) 13.4 

Elongation (X-point, 95 % flux) 2.1, 1.9 

Triangularity (X-point, 95 % flux) 0.7, 0.47 

Q 35 

Physics Parameters  

HH (IPB98y2) 1.2 

n/nG 1.5 

βN (thermal, total)  3.7, 4.5 

Bootstrap fraction  0.76 

Safety factor q(95) 4.5 

Zeff 1.6 

Average Electron Temp. (keV) 12 

Temperature peaking factor 1.5 

Density peaking factor 0.5 

Engineering Parameters  

Fusion Power (GW) (after iteration) 2.53 

Source peaking factor 2.5 

Heating Power (MW) 71 

Average neutron wall load (MW/m2) 2.6 

FW Surface Heat Flux (MW/m2) 0.5 

Max. Divertor  Heat Load (MW/m2) 5 

 
It can be noted, in particular, that improvement in divertor 
physics and technology have been assumed sufficiently high 
so that no penalty is imposed on the core plasma to protect 
the divertor. 
 
The maximum heat flux on the divertor is then assumed to 
be around 5 MW/m2. 
 
An additional assumption is that high-normalized density 
operation is feasible. Combined with the high value of 
thermal efficiency, it is possible to have a modest sized 
device that is capable to produce large electrical power 
output. 
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MAJOR DESIGN CHOICES 
 
The blanket design principle has been derived from ARIES-
AT [2]. It consists in having several meters-high segments 
with co-axial PbLi poloidal flow which allows PbLi 
temperature higher than the SiCf/SiC temperature (see 
details in blanket design description). 
 
The divertor circuit is independent from the blanket ones, in 
order to avoid the relatively large hydrostatic pressure of 
the Pb-17Li circulating in the blanket and also to allow a 
specific optimisation of the divertor cooling circuit with 
regard to its own operating conditions. 
 
Because of the chosen blanket shape, a vertical blanket 
maintenance has been selected through ports at the top of 
the vacuum vessel (VV). This choice allows having 
vertically continuous segments which reduce the surface of 
gaps between blanket elements with a consequent advantage 
for the tritium breeding self-sufficiency. 
 
Poloidally, the blanket is divided in 3 parts: outboard, 
inboard and topboard (see figure 1). Toroidally, there are 
16 TF coils which forms 16 VV sectors. 
 
There are 3 outboard segments, 2 inboard segments and 2 
topboard segments per sector. In total, there are 112 blanket 
modules. In each sector, one of the topboard blanket 
modules is placed in front of the top port and it has the 
same dimensions as the ports: it is therefore possible to 
extract it together with the port cap. 

In order to reduce the amount of long-living radioactive 
waste due to the SiCf/SiC structures, the outboard blanket is 
divided in two parts as in ARIES-AT [2]: a front part, about 
30 cm-thick which is submitted to high surface heat flux and 
high neutron flux and is therefore expected to be replaced 
relatively often (possibly each 5 years), and a second zone 
which is expected to remaining in service much longer 
(possibly about 40 years). An horizontal cross section of the 
outboard blanket in the mid-plane is given in figure 2, 
where these two regions are clearly shown. Inboard and 
topboard blankets, being already relatively thin, are not 
radially split. Because of the lower neutron wall loading, 
their lifetime is expected to be slightly longer than the front 
outboard blanket. 
 
BLANKET DESIGN DESCRIPTION 
 
The blanket design is based on the principle of coaxial flow, 
as proposed in ARIES-AT [2], which allows to have the 
maximum Pb-17Li outlet temperature of 1100°C while 
keeping the maximum SiCf/SiC temperature to the 
acceptable limit of about 1000°C. 
 
Each segment is formed by a number of modules (5 for the 
front outboard, 4 for inboard and topboard) which has an 
average width of about 200 mm. A typical module (see 
figure 3) is essentially formed by two concentric boxes, 
made of SiCf/SiC walls, with a very thin gap between them 
(4 mm-thick). The outer-box FW is 6 mm-thick, the inner 
box is 7 mm-thick. Each box has a round shaped FW and a 
flat back wall as in the TAURO design [3]. 
 

 

 
Figure 1 : View of the SCLL blanket segmentation 
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Figure 2 : Mid-plane cross section of a SCLL blanket sector 
 

 
Figure 3 : Outboard SCLL blanket mid-plane cross-section 
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The gap is maintained by means of several thin pins 
attached on the external surface of the inner box and put in 
contact with the internal surface of the outer box (see 
figure 3). These pins act also as Pb-17Li flow guides with 
controlled width. The Pb-17Li enters from the bottom and 
flows at high velocity in the gap, then it turns down at the 
top and flows at low velocity in the large inner box. 

Each blanket segment has a thick back wall in order to have 
sufficient strength of the empty box during vertical 
maintenance, and to allow its attachment to the back 
components. The back outboard blanket has a similar 
design although with flat front wall. In fact, because of the 
less severe thermal load conditions, thicker SiCf/SiC walls 
can be used. 
 

Table 2 : Model D main engineering aspects 
 

Main Engineering 
Parameters 

Pel = 1.5 GWe , Pfus = 2.53 GW, R = 6.1 m 
Max FW HF = 0.5 MW/m2   Av. NWL on FW = 2.6 MW/m2 
Max Divertor HF = 5 MW/m2 

Maintenance From top port for blanket banana-type segments, horizontally for cassette-type divertor 

Modularity 16 TF coils, 48 outboard segments, 32 inboard and 32 topboard segments 

Blanket 

Self-cooled Pb-17Li with SiCf/SiC structures (SCLL) 
Radial Thickness: Inboard 0.3 m, Topboard 0.3 m, Outboard (0.3 m + 0.4 m) 
FW: SiCf/SiC thk = 6 mm (λ = 20 W/mK), 2 mm-thick W protection 
Operating conditions:  
SiCf/SiC: Tmin = 700°C, Tmax = 1000°C, applied TAURO design criteria 
Pb-17Li: p = 1.5 MPa, vmax = 4.5 m/s, Tin/out = 700°C/1100°C 
Pb-17Li flow rate: 3.1 m3/s, ~1100 re-circulations/day 

Shield 

0.3 m-thick High Temperature Shield (HTS); 
0.35 m-thick Low Temperature Shield (LTS); 
HTS: Pb-17Li-cooled WC (80 %), SiCf/SiC structure (10 %); Tmax ~ 1000°C 
LTS: He-cooled WC (60 %), Bor. Steel struct.(20 %), p = 4 MPa, Tmax ~ 500°C 

Vacuum Vessel 
Thickness ~ 0.42 m 
He-cooled WC (60 %), Borated Steel struct.(20 %), Tmax TBD°C 

Divertor 

Self-cooled Pb-17Li with SiCf/SiC structures 
Front wall SiCf/SiC thickness: 1.0 mm 
W-tiles: 5.5 mm-thick, Tmax ~ 1290°C 
Pb-17Li: p = 0.9 MPa, vmax = 1.5 m/s, Tin/out = 600°C/1000°C, FL: 0.9 m3/s 
SiCf/SiC : Tmin = 650°C, Tmax = 1015°C, applied TAURO design criteria 

TBR Total 1.12 of which 0.98 in blankets, 0.125 in divertor, 0.015 in HT shield 

Efficiency 0.61 (defined as net electrical output: Pfus = 1500 MW/2460 MW) 

Pb-17Li primary 
coolant circuits 

Horizontal deployment to reduce hydrostatic pressure 
Power: (blanket + HTS) 2092 MW, (divertor + HTS) 591 MW 
Circuits: 4 for the blanket (523 MW) and one for divertor (591 MW) 
Heat exchanger (HX): Pb-17Li to He, structures (W, SiCf/SiC, steel, ?) 
Flowrate: 0.78 m3/s in each blanket circuit, 0.91 m3/s in the divertor circuit 
Mechanical pumps (reference) or Electro-Magnetic pumps (alternative) on the cold leg (700°C) 
T Extractor: on the cold leg, He-bubbling type, treated 1 % of the total flowrate 
Pb-17Li purification system, 6Li refurbishing system 

He secondary 
circuits 

Turbine inlet pressure: 7 MPa (one for divertor, 4 for the blanket) 
3-stage compressors 
Mass flow rate: 300 kg/s for divertor, 970 kg/s for blanket 

Advanced features 

- High Temperature Super-conducting Coils (cooled by liquid N, 77 K) could be envisaged, 
 although not essential 
- H-production may be installed on divertor circuit (and/or on other) “instead of” / “together 
 with” turbine system 

Main R&D key 
issues 

- SiCf/SiC composite: increase of thermal conductivity, behaviour under irradiation, lifetime, 
 compatibility with high T Pb-17Li, joints 
- Shield and VV designs using WC to be developed 
- Heat Exchanger design: TBD, Pb-17Li flowing in SiCf/SiC straight pipes (W?) 
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The removable outboard front blanket, the inboard and the 
topboard blankets, are supported on the back-blanket by a 
series of parallel positioning keys located in between and 
ensuring the weight supporting function. After positioning, 
the front-blanket is fixed in position by a fixing system 
located at the top. This system consists in 2 lugs per 
blankets connected together by an horizontal fixation axis 
and locknut system. In principle, it is possible to perform 
remotely all mounting and dismounting operations. 
 
DIVERTOR 
 
The SCLL reactor foresees to have an independent divertor 
system. Depending on the specifications, the divertor could 
in principle be cooled by water, Helium, or PbLi. However, 
if one wants to apply the reactor overall safety strategy of 
low-energy inventory in the vacuum vessel, the best option 
would be the use of PbLi coolant with SiCf/SiC structures 
and W-protection tiles as described in [4].  
 
SUMMARY OF MAIN DESIGN AND ENGINEERING 
ASPECTS 
 
The activity report gives details on integration, power 
conversion system, tritium breeding ratio, tritium recovery, 
potential for H production and main R&D priorities. In 
table 2 are summarized the main engineering aspects of the 
Model D reactor concept. 
 
 
CONCLUSION 
 
 
The Self-Cooled Lithium-Lead reactor has been defined 
within the EU Power Plant Studies as the most advanced 
reactor which can reasonably be conceived by extrapolating 
both physics and technology knowledge. Of course, these 
extrapolations need long-term experimental validation. For 
instance, the SiCf/SiC thermal conductivity has been 
assumed about five time larger than the value known today. 
 
In spite of the preliminary nature of this work, which shall 
be completed by further detailed design integration and 
improvement, it has shown that a SCLL blanket could lead 
to very high energy conversion efficiency resulting in good 
prospects to achieve fusion economic competitiveness 
whilst guaranteeing high safety standards. 
 
This activity showed the major design choices and 
corresponding performances of the Model D reactor, based 
on a SCLL blanket; at the same time, this activity recalled 
the list of the major R&D issues which will have to be 
addressed and solved in order to have a reasonable 
confidence on the obtained results. 
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CEFDA01-630 
TW1-TRE-FPOA 

 
Task Title: FUSION AND THE PUBLIC OPINION: PUBLIC ACCEPTANCE OF 

THE SITING OF ITER AT CADARACHE 
 
 
INTRODUCTION 
 
 
The project Pofficad (Public Opinion via Focus Group on 
energy scenarios including Fusion and on ITER siting in 
Cadarache) is a joint project by IRSN (France) and 
SCK•CEN (Belgium), with contributions and collaboration 
with CEPE (Switzerland). It is a part of the SERF3 program 
(Socio-Economic Research on Fusion 3), within the task 
'Fusion and the Public Opinion', and as such it is supported 
by EFDA (European Fusion Development Agreement) and 
receives funds from the European Commission. 
 
Pofficad attempts to gather accurate information about the 
feelings and attitudes of the population in southern France 
with regard to future energy, fusion, research in fusion and 
the siting of ITER. Meetings with various groups of the 
population in the region near Cadarache, the French site 
candidate for hosting ITER in future. 
 
The project started at the end of 2001; this report gives the 
status at the end of 2002, concluding of the contracts1 of the 
fieldwork in the Cadarache region. It contains the 
information about the methodology used and the various 
steps in the realization of the Focus Group study, but not 
the analysis of the data or the feedback to the participants, 
which are planned for the first half of 2003. 
 
Complementary to this focus group work, a questionnaire 
about risk and novelty has been developed by CEPE. This 
questionnaire has also been presented to the people 
participating in the Focus Groups. First results have been 
obtained. 
 
 
2002 ACTIVITIES 
 
 
THE METHODOLOGY OF FOCUS GROUPS 
 
The Focus Group is a methodology of the social sciences, 
which brings people together to discuss a number of 
themes, guided by an 'animator'. The purpose is that the 
group dynamics of the discussion reveals feelings and 
attitudes that might remain hidden if individual interviews 
were used. The themes are fixed in advance by the research 
team; they give rise to an interview guideline (the protocol) 
to structure the discussion when needed. 
 

                                                 
1 The project is covered by three contracts: Contract FU05 - CT2001 - 
00340 (EFDA/01- 631), Contract FU05 - CT2001 - 00339 (EFDA/01 – 
631), Contract FU05 – CT2001 – 00338 (EFDA/01 – 629) with 
SCK•CEN, IRSN and CEPE respectively 

The order according to which the themes are discussed is 
not imposed. In general 5 – 12 persons take part, one 
animator leads the discussion and an observer notices 
remarkable facts and findings during a two-hour meeting. 
The main steps, the advantages end the methodology are 
detailed in a paper submitted to the next annual meeting on 
Nuclear Technology which will be held in Berlin in May 
20032. 
 
The qualitative information obtained by focus group is 
useful but one should be very cautious in extrapolating this 
outcome to similar groups of the population, and the results 
cannot be considered to be representative (there is no 
absolute guarantee that themes appearing very explicitly in 
this project are predominantly present with all members of 
the public. 
 
FOCUS GROUPS OF THE POFFICAD PROJECT 
 
Five Focus Group meetings were organised in the course of 
2002: 
 
- A group of general population living close to the 

Cadarache site (villages of St-Paul-lez-Durance, Vinon-
sur-Verdon, Ginnaservis and Beaumont de Pertuis). 
This group was recruited by a subcontractor (BVA) 
based upon a number of criteria predefined by the 
research team; it took place in Vinon-sur-Verdon. 

 
- A similar group of general population, but recruited at a 

larger distance from the site with the same approach 
(Manosque, Pertuis, Meyrargues, Peyrolles, Aix-en-
Provence); the meeting took place in October 2002, in 
Vinon-sur-Verdon as well. 

 
- A group of emergency workers, recruited by the 

research team after preliminary contacts at various 
levels in the region; the meeting took place in October 
2002, in Aix-en-Provence. 

 
- A group of representatives of associations 

(environmental associations, consumer associations, 
members of the CLI = Comité local d'information, etc.), 
also recruited by the research team after contacts in the 
region. (October 2002, Aix-en-Provence). 

 
- A group of representatives of communal and district 

authorities (mayors, members of a departmental council, 
the sous-préfet etc.). This group has also been recruited 
by the research team (October 2002, Aix-en-Provence). 

                                                 
2 Public Opinion via Focus Group on Energy Scenarios including Fusion 
on ITER Siting in Cadarache. I. Fucks, S. Charron  & F. Hardeman,- Paper 
submitted to the Annual Meeting on Nuclear Technology, Berlin, 20-22 
May 2003. 
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The themes assessed in the Pofficad project are all related 
to future energy needs, the role of fusion and the possibility 
of siting ITER in Cadarache. More in detail, we addressed: 
 
- The theme of 'risks': safety risks, ecological risks, time 

scale of the project, etc… . 
 
- Theme of the 'region': impact upon the region; 

advantages and disadvantages of the project (economy, 
traffic, schools etc.). 

 
- The innovative nature of the technology (and the ITER 

research facility); distinction between a research facility 
and an energy producing reactor etc… . 

 
- The international dimension of the project: is it 

considered favourable or problematic? etc… . 
 
- Theme of actors: who is an actor, what is his role? Do 

you trust these actors? Why (not)? What would cause 
better trust? etc… . 

 
- Theme of (needs of) information: what expectations do 

you have? What is needed, accepted? etc…. 
 
Based upon these themes, a protocol was developed (see 
annexes 4 and 10), and used throughout this Focus Group 
work.  
 
Transcripts of the Focus Group meetings hold have been 
made and their analysis is in progress. 
 
INFORMATION LEAFLET 
 
Participants in Focus Group discussions have little 
knowledge about the themes addressed and an information 
leaflet has been prepared and sent to participants 
 
THE FOCUS GROUPS: PROCESS AND 
OBSERVATIONS 
 
The meeting with the local population grouped nine 
participants, well reflecting the sexes, education, age 
distributions we aimed for. Most of the themes and sub-
themes were tackled by the participants, mostly 
spontaneously. The socio-economic dimension of ITER 
revealed a lot of attention, while the identification of actors 
seemed to be problematic. Most of the participants were 
eager to be informed about the general activities at the 
Cadarache site and about the ITER project, and expressed 
their willingness to remain connected to the ongoing of our 
work.  
 
The meeting with the second group of representatives of the 
general population (13 persons) showed the interest in the 
socio-economic aspects of ITER and the search for 
independent expertise and the importance of public 
participation. The ecological dimension was hardly 
addressed.  
 
The Focus Group with the emergency workers was 
characterised by the very formal approach used by the 
participants who refused to address the themes of future 
energy scenarios. 

They took the position to be representative of an official 
organisation, not allowing to express their personal 
opinions. The participants strongly argued that, as far as 
ITER is concerned, it is considered just to be one more 
facility that might have a future impact on their work, but 
that the necessary procedures are into operation to include it 
without difficulty.  
 
The Focus Group with the various associations 
(environmental, consumers, CLI, etc.) addressed almost all 
themes spontaneously. Mainly the themes of the 
international dimension and how to deal with information 
yielded a lot of attention, while the topics of future energy 
and alternative techniques did not create a lot of interest.  
 
Several associations considered that they have a role to 
play, as well in the field of information, as in the process of 
regulating facility control ('control of the control'). A joint 
point of view was that information had to be given on two 
levels: an 'expert' level, and a level for the general public.  
 
An ambition of most of the participants also was to pass a 
message from their association to us and the other 
stakeholders. During the Focus Group 'authorities', most of 
the themes (e.g. the theme about information) were 
addressed spontaneously, with a lot of attention towards the 
socio-economic dimension. At the beginning of the session, 
the participants expressed formally their support to the 
ITER project. 
 
AN ANALYSIS OF THE FIRST FOCUS GROUP 
 
A first analysis of the Focus Group (meeting on 24 June – 
Vinon-sur-Verdon) with the local population in the villages 
close to the Cadarache site has been performed. A synthesis 
is given below. 
 
The first theme was related to 'risk' in a broad sense. 
'Quality of Life' was a very important issue in the 
discussion: 'living close to a waste bin'; future generations. 
The safety issue was also prominently present, although a 
few participants claimed not to be capable to answer, not 
having sufficient information. 
 
The need of information clearly also was stated important. 
Seismic risk was mentioned spontaneously, but in a broader 
context than related to the ITER facility only:  
 
The participants paid a lot of attention to the social and 
economic aspects linked to the potential implementation of 
ITER at Cadarache. The economic and social implications 
referred to three factors: the flux of population; the 
economic benefit for the region, and the loss of the rural 
character of the region. 
 
The participants did not always consider these elements in 
the same way; both, positive and negative aspects of these 
issues were addressed.  
 
The participants addressed several aspects of the theme of 
innovative technology. First of all the distinction between 
fusion and fission: it is difficult to assess whether all 
participants made this distinction.  
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The theme of the international dimension of the ITER 
project did not give rise to a large discussion. For several 
participants, France was considered to be as well a 
guarantee for safety as and a reliable engine to create 
innovations. The theme of trust was expressed in relation 
with three kinds of actors: the experts on the site; the local 
authorities and national authorities. The National authorities 
were considered to be a key player. 
 
The potential installation of the ITER facility at Cadarache 
yielded a lot of discussions about information (and the lack 
of it as stated by many participants). The first need 
identified was to get more information about the safety and 
security of the site at Cadarache. The participants seemed 
not to be informed about the activities at the site of 
Cadarache; one participant referred to it as being a 'bunker', 
and considered the nuclear field to be a 'Secret of the State'. 
The participants considered that independence between the 
vectors of information and the people in charge of 
information enhances credibility. They were also 
demanding a justification of the choice of energy policy, 
public enquiries, and information about the actions in case 
of emergency. Generally speaking, the participants wanted 
more information seminars and small scale debates. They 
wished to get informed by other parties about the 
Cadarache site, and did not identify the local authorities to 
be key players in this respect. 
 
FUTURE PERSPECTIVES 
 
The contracts funded by the European Commission covered 
the 2001-2002 period. The work will be completed in order 
to analyse the data collected in the grame of the task TW1-
TRE/FPOA. As far as the Focus Groups near Cadarache are 
concerned, the fieldwork itself is finished and most of the 
transcripts are available by the end of 2002. A systematic 
analysis of the four Focus Group transcripts still has to be 
performed and comparisons between all five still to be 
done; each analysis also leading to a written feedback to the 
participants. This work will be completed by a transversal 
analysis, comparing the input by the participants of the 
various Focus Groups. Finally, a feedback meeting with 
participants will be organised. This part of the project will 
be completed with a full report describing all findings of 
this research. 
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TW1-TRE-ECFA-D01 
 
Task Title: EXTERNALITIES OF FUSION: COMPARISON OF FUSION 

EXTERNAL COSTS WITH ADVANCED NUCLEAR FISSION 
REACTORS 

 
 
INTRODUCTION 
 
 
As far as the health and environmental impacts are 
concerned, one of the interests of fusion fuel cycle is the 
limitation of consequences associated with the releases into 
the environment of a potential accident as well as the 
limitation of high level solid waste. Therefore, it is 
interesting to compare these results with those obtained for 
other advanced technologies aiming at producing 
electricity. To carry out this comparison, new fission 
reactors that could be available on an industrial scale in 
2040 or 2050 have been considered. Three reactors have 
been selected: 
 
- The Energy Amplifier (EA), a hybrid reactor developed 

by Carlo Rubbia at CERN. 
 
- The AMSTER concept, a molten salt reactor developed 

by EDF and the French Atomic Energy Commission 
(CEA). 

 
- The High Temperature Reactor (HTR). 
 
 
2002 ACTIVITIES 
 
 
PRESENTATION OF THE SELECTED ADVANCED 
REACTORS AND ASSOCIATED SOURCE TERMS 
 
The Energy Amplifier is a sub-critical reactor, in which an 
external source of neutrons is necessary to keep a constant 
neutron population. Environmental impacts of the EA were 
studied through a quantification of gaseous and liquid 
discharges generated by 2 steps of the fuel cycle, the 
electricity generation and the reprocessing (table 1). 
 

Table 1 : Source terms for the Energy Amplifier 
 

Stage Nuclide Discharge rate (Bq/y) 
3H 5.21 1014 

85Kr 6.36 1013 
Electricity 
generation 

Gaseous releases 133Xe 3.72 1015 
3H 3.73 1012 
14C 5.34 1013 

85Kr 5.89 1017 
129I 7.16 109 

Reprocessing 
Gaseous releases 

131I 2.64 107 

It is important to notify that the reprocessing process should 
include technologies allowing the trapping of 14C. Realistic 
gaseous discharges of 14C should be far weaker. 
 
AMSTER is a concept for a graphite-moderated molten salt 
reactor. The core of a molten salt reactor consists of an 
array of graphite hexagons. Each hexagon contains a hole 
through which the salt circulates. The use of lithium and 
beryllium in the salt generates an important quantity of 
tritium (around 0.5 grams per day). Unfortunately, it was 
not possible to find any reliable source term for this reactor 
and thus, no economic valuation had been carried out for 
this reactor. 
 
In HTRs, graphite is used as a moderator and helium as a 
caloriporteur. Helium has numerous advantages: it is 
chemically inert, transparent to neutrons and not corrosive. 
HTRs use coated fuel particles. The silicon carbide coatings 
that surround the uranium fuel particles form a miniature 
pressure vessel which provides a highly efficient barrier 
against the release of fission products during operation. 
Data concerning releases into the environment from 
experimental reactors based on this technology are reported 
in table 2. Occupational collective doses during the 
electricity generation and the dismantling stage of these 
reactors were found too. 
 

Table 2 : Source terms 
for the High Temperature Reactor 

 

Stage Nuclide Discharge rate (Bq/y) 
3H 1.23 1012 
14C 9.78 109 
90Sr 1.15 107 
131I 5.36 106 

Electricity 
generation 

Gaseous releases 

133Xe 2.5 1011 
3H 2.61 1011 Electricity 

generation 
Liquid releases 

137Cs 6.15 105 

 
As far as fusion is concerned, the source terms from the 
SERF-2 / model 2 fusion power plant were considered. 
 
CALCULATIONS OF RADIOLOGICAL IMPACTS 
IN TERMS OF COLLECTIVE DOSES 
 
Calculations had been carried out for the HTR, the EA and 
the fusion power plant. Considering electricity generation, 
calculations were carried out in the same location with the 
same meteorological conditions. 
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Collective doses resulting from atmospheric discharges 
were calculated with PC-CREAM software. The global 
component of the collective dose was taken into account. 
Collective doses associated with liquid routine releases to 
the river were calculated with the RIPARIA software. The 
calculations lead to a radiological impact far less important 
than for gaseous discharges. Finally, RESRAD and PC-
CREAM softwares were used together to evaluate exposure 
associated with thorium mining. 
 
EA fuel cycle 
 
220Rn activity concentrations in the environment associated 
with an open pit thorium mine were calculated around a 
hypothetical mining site, assuming a homogenous wind 
distribution. Flamanville population grid was used to assess 
collective dose. The most penalizing calculated collective 
dose is 3.94E-4 person.Sv/year (assuming an annual 
consumption of 14 tons of thorium per year).  
 
Considering the gaseous release from the electricity 
generation step, the radiological impact of this stage is quite 
low: 0.0875 person.Sv/year for the local collective dose and 
0.78 person.Sv/year for the regional collective dose. 3H is 
responsible for 77 % of the collective dose at the regional 
scale and 81 % at the global scale. 
 
Calculations of collective doses linked to gaseous releases 
at the reprocessing stage were calculated under the 
hypothesis that all the 14C is released. As a consequence, 
the European collective dose calculated (477 person.Sv/ 
year) must be used very carefully. Nevertheless, the 
radiological impact associated with 85Kr and 129I is still 
relevant (14.7 and 6 person.Sv/year at the European scale).  
 
HTR fuel cycle 
 
According to THTR (Thorium Hight Temperature Reactor) 
experimental reactor feedback, 1.9 tons of thorium ore and 
5 tons of uranium ore are required to produce 1 TWh. A 
collective dose of 5.46E-5 person.Sv/TWh can be 
associated with thorium mining (most penalizing case) and 
the collective dose associated with uranium mining and 
milling is 0.092 person.Sv/year. 
 
Considering electricity generation, the main contributors to 
the collective dose are 14C and 3H. The collective dose 
associated with gaseous releases are rather low : 
0.091 personSv/year at the European scale. 
 
Furthermore, occupational collective doses reported for the 
AVR reactor (one of the German HTR experimental 
reactor) lead to an average collective dose of 
0.57 person.Sv/year. Finally, occupational exposure 
corresponding to the dismantling of the THTR reactor from 
1990 to 1996 was measured. An average value of 
0.0102 person.Sv/year was reported. 
 
Fusion fuel cycle 
 
The collective dose associated with routine releases is about 
6 person.Sv at the European scale. 14C is responsible for 
98 % of the collective dose in the local area and 91 % at the 
European scale. 

Calculations of the external costs 
 
The risk factors per person.Sv used are derived from the 
ICRP publication 60. For valuing the health effects, the 
values adopted are those used in SERF-2. External costs 
calculated are reported in table 3. 
 
To normalize the costs calculated starting from the 
radiological impacts, the following assumptions are made: 
 
- THTR generates 2.37 TWh/year. 
- EA generates 17.5 TWh/year. 
- The fusion plant generates 6.6 TWh/year. 
 
As far as the EA is concerned, 14C gaseous release at the 
reprocessing step could have a very important radiological 
impact. There is more than one order of magnitude between 
external costs calculated with or without taking them into 
account. In the first case, the discount rate has a great 
importance in reducing the cost linked to releases into the 
biosphere (one order of magnitude) because it reduces a lot 
the contribution of 14C to the radiological impact. 
 
HTR shows very low external costs from 0.0583 to 
0.033 m€/kWh. As a matter of fact, gaseous releases, which 
are usually associated with the most important part of the 
radiological impacts, are quite low for the electricity 
generation step. Furthermore, as there is no reprocessing 
stage, gaseous release over the fuel cycle should be quite 
low. 
 
Values given for the fusion power plant are lower than 
those obtained in SERF-2. This is due to the fact that we do 
not consider the global dispersion of 14C elsewhere than in 
Europe (0 – 3000 km around the source term). Of course, as 
we are interested in comparing the different fuel cycles, this 
is not damageable but has to be considered only in the 
perspective of comparative analysis.  
 

Table 3 : External costs associated 
with radiological impacts (in m€/kWh) 

 

Technology DR 0 % DR 3 % DR 10 % 

EA * 5.94  5.27 10-1 3.07 10-1 

EA** 2.73 10-1 1.08 10-1 5.85 10-2 

HTR 5.83 10-2 4.07 10-2 3.30 10-2 

Fusion 1.84 10-1 2.92 10-2 1.96 10-2 

 
* Including 14C gaseous release at the reprocessing step 
** Not taking into account 14C gaseous release at the 

reprocessing step 
 
 
CONCLUSIONS 
 
 
The results reported in table 3 must be analysed very 
carefully, keeping in mind that these values are based on 
the limited quantity of information that it was possible to 
get within the timing of the project. 
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If the highest values are obtained for the EA, independently 
of the discount rate, it is interesting to remark that for a 0 % 
discount rate, HTR shows the lowest external costs, but for 
a 3 or a 10 % discount rate, the external costs associated 
with the electricity generation step of the fusion power 
plant is lower than for the other technologies. Both 
technologies should be associated with low external costs. 
The most penalizing radionuclide, as far as routine releases 
are concerned, is 14C. 
 
Considering the fusion power plant, 14C is responsible for 
most of the radiological impact when considering the 
European area. As for the EA, the discount rate has an 
important influence on the cost. For example, there is 
almost one order of magnitude between values calculated 
for a 0 % discount rate (0.184 m €/kWh) and a 10 % 
discount rate (0.0196 m€/kWh). Disposal of waste was not 
considered here. Considering the EA and the HTR, several 
studies can be used to demonstrate the very weak 
radiological impact associated with this stage for both 
technologies in terms of individual annual dose rate, but 
SERF-2 results for the disposal of waste showed an huge 
impact associated with 14C trapped in the disposal (several 
thousands of person.Sv). This step is thus rather different 
for the fusion technology and it could modify the very 
qualitative comparison carried out above. Furthermore, if 
the calculations are carried out at the world scale, external 
costs for both the EA and the fusion power plant would be 
higher for a 0 % DR because of the global dispersion of 
14C. 
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TW1-TRE-ECFA-D02 
 
Task Title: EXTERNALITIES OF FUSION ACCIDENT: SENSITIVITY 

ANALYSIS ON PLANT MODEL AND SITE LOCATION 
 
 
INTRODUCTION 
 
 
Radiological impacts associated with a fusion accident have 
been re-evaluated for new plants models and different site 
locations. The selected accident scenario was the same as in 
SERF-2. Calculations were performed by considering, for 
each studied site, a larger panel of dispersion conditions 
and two distinct regulatory limits sets for tritium contents in 
major foodstuffs. These calculations served as a basis for 
re-evaluating direct external costs of fusion and allowed a 
sensitivity analysis of the major parameters mostly 
influencing the results, especially regarding to potential 
local food restrictions. 
 
 
2002 ACTIVITIES 
 
 
Based on the three new plant models (PM 4, 5 and 6) using 
silicon carbide considered in SERF-3 [1] and on the 
accident scenario as described in the SEAFP project [2], the 
radiological impacts were evaluated. In SERF-2 study the 
radiological impacts associated with the activation products 
were found to be in the same order of magnitude as 
compared with those of tritium. As for PM4, 5 & 6 the 
activation products potentially released in case of an 
accident are far below the rates considered in SERF-2, the 
present calculations were performed for tritium (HTO) 
solely [3]. 
 
In order to assess the radiological impacts in a more 
accurate way than a single situation, a wide variety of 
atmospheric dispersion conditions have been considered in 
separate runs, which are supposed to cover most of the 
various situations that can be observed, including the upper 
and lower bounds. Accordingly, calculations have been 
performed for five different sets of meteorological 
conditions, three release heights and two durations of 
release [4]. Due to the technical capabilities of the fusion 
power plant from the safety point of view, as evaluated in 
the SEAFP study, the occurrence of such an accident is 
considered to be well below 10-7 per year. As a 
conservative approach, this value has been retained for the 
calculations of external costs. 
 
MAIN RESULTS 
 
Collective doses 
 
Collective doses calculated at a local scale (0-100 km) were 
extrapolated at a regional scale (0-1000 km) for three 
selected sites: Lauffen/Neckar (inland site - Germany),  

Flamanville (coastal site - France) and Marcoule (inland 
site - France). The total collective dose at local scale is 
estimated to range from a few to a few dozen of man.Sv. 
These values are in accordance with those presented in 
SERF-2 (30 man.Sv associated with tritium were estimated 
at local scale). Detailed results are presented in table 2. 
 
Potential food restrictions 
 
As far as at present there is no well defined tritium 
concentration limit values for foodstuffs in European 
countries regulations regarding to emergency situations, 
two sets of limit values were considred. 
 
Set 1 refers to proposed guidance values, currently under 
discussion at the European level. Set 2 is based on derived 
values from IAEA methodology [5], [6]. These two sets can 
be interpreted as lower and upper bounds of tritium 
concentration limits in foodstuffs. 
 

Table 1 : Concentration limit values for tritium 
in food products in emergency situations 

 

Limits 
Set 1 

- 10 000 Bq/L for milk 

- 12 500 Bq/kg for meat, grain, green and root 
vegetables 

Limits 
Set 2 

- 220 000 Bq/L for milk 

- 280 000 Bq/kg for meat 

- 430 000 Bq/kg for green and root vegetables 

- 370 000 Bq/kg for grain 

 
For each major category of food products, e.g. cow milk, 
green vegetables, root vegetables (potatoes), grain (wheat) 
and cow meat, the number of days for which the tritium 
contents exceed the regulatory limits were calculated. 
 
These results were then combined with the agricultural 
production data in order to calculate the total amount of 
food products to be lost. 
 
Economic valuation of radiological impacts 
 
Health effects 
 
Using the risk factors for the occurrence of health effects 
associated with public exposure as proposed by ICRP in its 
publication 60 [7] and assuming by prudence the linear 
dose effect relationship for low levels of exposure, the 
health effects are derived directly from collective doses 
calculated before. The monetary valuation of health effects 
studied is based on recent values [8]. 
 



 - 296 - EFDA technology / System Studies / Socio-economic studies 
 

Table 2 : Collective doses and related direct costs associated 
with health effects of a fusion accident (50 g HTO release, no discounting) 

 

 
Local (0-100 km) 

Mean (Min-Max)(*) 

Regional (100-1000 km) 

Mean (Min-Max)(*) 

 in man.Sv in € in man.Sv in € 

Neckar (Germany) 
84 

(30-150) 
17.4 x 106 

(6.3-31.2 x 106) 
230 

(84-413) 
47.7 x 106 

(17.3-85.6 x 106) 

Flamanville (France) 
5 

(2-8) 
0.9 x 106 

(0.3-1.7 x 106) 
214 

(78-385) 
44.5 x 106 

(16.2-79.9 x 106) 

Marcoule (France) 
26 

(9-46) 
5.3 x 106 

(1.9-9.5 x 106) 
212 

(77-380) 
43.9 x 106 

(16-78.9 x 106) 
(*) Over a total of 30 run cases for each site location 
 
Food restrictions 
 
Costs associated with potential food bans were calculated 
assuming a complete destruction of contaminated 
foodstuffs and on the basis of recent RODOS economic 
data [9]. For each food product, a reference value per unit 
of production lost was considered, and an additional cost 
was also taken into account for the disposal or elimination 
of the contaminated product (transport, destruction and 
disposal).  
 
 
CONCLUSION 
 
 
Figure 1 summarises the direct costs associated with the 
health effects and the potential food restrictions at local 
scale, taking into account the two sets of concentration 
limits for tritium in food. It must be noted that considering 
the Limits Set 2 does not lead to a significant economic 
impact (dealing with direct costs only), the direct costs of 
health effects being largely higher by about three orders of 
magnitude. Nevertheless, Limits Set 1 is much more 
constraining and leads to food restrictions which direct 
costs are estimated to be in the same order of magnitude 
than direct costs of health effects at local scale. 
 
Assuming a probability of occurrence for the BDBA(1) 
scenario of 10-7 per fusion plant.year for each new plant 
model (PM 4, 5 & 6), and an annual production of 

electricity equal to 9.85 TWh1, the external costs associated 
with the selected accident scenario have been estimated in 
the range of 10-7 – 10-6 m€.kWh-1, which remains rather low 
as compared with the total external costs of fusion recently 
estimated for new fusion plant models in SERF-3 in the 
range from 10-1 to a few m€.kWh-1 [10]. 
 
These results are comparable to those presented in SERF2. 
The total cost of the accident (45 millions €, without risk 
aversion) calculated in SERF2 is slightly lower (by 25%) 
than the value presented in this document (50 or 60 
millions €, depending on the considered tritium limits in 
foodstuffs). 

                                                 

1 This value refers to a 1.5 GW electrical power plant, with 75% 
availability. 
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Figure 1 : Comparison of direct costs associated 
with health effects and potential food restrictions 

at local scale 0-100 km (bars represent mean values, 
lines represent min-max range) 

 
It must be noted that results in SERF2 were based on a 
single value of radiological impacts while the value 
presented in the present study is an average value over a 
wide panel of calculations, with various atmospheric 
dispersion conditions. Moreover, keeping in mind that 
health effects associated with activation products in the 
accident scenario retained for plant model 2 in SERF2 were 
also of a significant contribution (in the same order of 
magnitude than those of tritium), it is interesting to note 
that the result from SERF2 remains in the range of values 
calculated in this study, but should be closer to the lower 
bound of all situations considered. 
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CEFDA01-624 
 
Task Title: DIAGNOSTICS ENHANCEMENT - IR VIEWING PROJECT 

MANAGEMENT AND IMPLEMENTATION 
 
 
INTRODUCTION 
 
 
In the framework of the JET-EP Project, the development 
of a new infrared diagnostic contract was awarded to the 
DRFC. This diagnostic is aimed at measuring the surface 
temperature during normal operation and off normal events 
(disruption, ELMs, alpha particles heating). 
 
The endoscope should allow to view a large section of the 
JET in-vessel components (such as divertor, main chamber, 
IRCH antenna etc). The data processing system is designed 
to protect the machine in real time and allow for power 
deposition analysis. 
 
 
2002 ACTIVITIES 
 
 
The scope of the work for 2002 was: 
 
- to define the system (see figure 1) and the accessible 

performances in term of field of view, space resolution, 
temperature resolution and dynamic range etc, 

 
- to establish the project task description and define the 

resource allocation. 
 
In addition to the Project Monitoring (interfacing with the 
CSU JET and the Operator), the main part of the work was 
first devoted to the optical studies and to the configuration  

control with the JET operator Drawing Office (DO) then to 
the mechanical design of the endoscope structure and to the 
local implementation with the DRFC drawing office. 
 
OPTICAL STUDIES 
 
Two optical studies have been conducted in parallel, the 
first one using lenses and standard Infrared materials was 
developed by ENEA Frascati, and the second one using 
reflective optics was produced by CEA (see figure 2). The 
use of mirrors, allows to have a transmission window in the 
visible range which could provide a back-up system for the 
existing wide angle visible view which is routinely used 
during operation. 
 
This second optical design is also ITER relevant due to the 
better neutron shielding. The optical study has 
demonstrated the diagnostic feasibility by using mainly 
mirrors. Both designs have been presented at the review 
meeting in October and the ITER relevant solution was 
retained.  
 
CALL FOR TENDER 
 
Due to a conflict with an other diagnostic enhancement, a 
new routing for the optical path was requested by the 
Operator which induced an additional period for the 
mechanical design and required a second phase for the 
optical study. Nevertheless the conceptual design (optics 
and mechanic) was consistent enough to define the 
endoscope technical specifications of and to produce the 
Call for tender package on time. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : IR and visible endoscope layout 
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Figure 2 : Mirrors optic layout and ray tracing of the main points of interest 
 

 
Figure 3 : Aspheric Mirror and large Silicon-Germanium lenses to be used in the ITER relevant endoscope 

 



 - 301 - EFDA technology / JET Technology / 
  Physics Integration / Diagnostics 

CONCLUSIONS 
 
 
A new infrared thermography diagnostic has been proposed 
by the DRFC and will be install at JET in the framework of 
the JET-EP project. The optical design has been achieved 
and has demonstrated the feasibility of a wide angle 
infrared endoscope using either lenses or mirrors. The ITER 
relevant design using mirrors has been chosen. The call for 
tender specifications have been produced within the time 
plan. 
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JET-EP-Div 
 
Task Title: JET EP DIVERTOR PROJECT 
 
 
INTRODUCTION 
 
 
The purpose of the enhancement was to consolidate the 
preparation of ITER operating scenarios, in particular with 
regard to ELMy H-mode operation in ITER-like 
configurations close to the operational boundaries and to 
support key ITER design choices which are still to be made.  
The project was developed since 2000 with an aim at 
producing the final specifications of all components ready 
for tendering in year 2002 in order to manufacture the 
divertor in 2003 and install the divertor during the 2004 
shutdown. Because of financial restrictions, it was decided 
to stop the project at completion of the detail engineering 
phase. 
 
 
2002 ACTIVITIES 
 
 
The scope of work in 2002 was to finalize the project in a 
state which could be continued in the future if required. 
 
DESIGN FINALIZATION 
 
After the tile shape optimization for the 18 reference 
equilibrias, and the validation of the shadowed area (see 
figure 1), a new set of priority scenarios was established and 
detail thermal calculations were performed to asses the 
power handling capacity of the divertor 
 

Table 1 : Maximum pulse length for the high priority 
scenario with 40 MW of injected power 

 

Config 
Max average 

flux 
Critical 

time 

3.5MA_hd 
(workhorse high δ) 

8.4 MW/m² 10.1 s 

4MA_hd2 
(higher Ip high δ) 

8.12 MW/m² 10.8 s 

2p5MA_hdhb 
(advanced scenario) 

5.9 MW/m² 19.9 s 

4MA_OS_swp15  
(optimised shear) 

8.18 MW/m² 10.0 s 

 
The different operator interfaces were validated with the 
JET operator and a proposal for the remote handling 
installation was described. 
 
The full set of the divertor components detail drawings of 
were achieved in April 2002. 

The available diagnostic drawings were also included and 
space envelops were kept for the remaining ones (figure 2). 
 

 
 

Figure 1 : HP Divertor shadowed area 
for HD2 equilibria 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : HP divertor model 
 
 
DELIVERABLES 

 
 
The technical draft specifications for the carriers 
manufacturing and the tiles machining  were delivered to 
the CSU JET. 
 
The final report on the CEA activity, taking in account the 
reporting of 62 documents (references), was delivered in 
July 2002. 
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JW0-FT-3.1 
 
Task Title: INTERNAL PFC COMPONENTS BEHAVIOUR AND MODELLING 
 
 
INTRODUCTION 
 
 
The knowledge of power and energy flux impinging on the 
divertor during Edge Localised Modes (ELMs) is a crucial 
issue for ITER. In JET, during experimental campaigns, the 
temperature is measured with an infrared camera and heat 
flux is deduced from code computation. During transient 
high heat loads the power calculated using standard 
material properties is over-estimated [1]. Indeed, the 
presence of a thin surface layer of codeposited material 
with low thermal conductivity induces a higher surface 
temperature for a given flux. In order to improve power 
estimation and provide tools for better power/energy 
measurements in tokamaks, model validations and 
experiments on divertor tiles are carried out using Castem 
code [2] and JET Neutral Beam test bed facility. 
 
 
2002 ACTIVITIES 
 
 
The scope of the work in 2002 was to define the tests to be 
performed, to prepare and install the required diagnostics, 
to specify the material properties for the bulk and the 
coated layer and implement them in the code. A second 
stage consisted in performing the tests and the modelling 
and comparing the results. 
 
SETTING-UP THE TESTS 
 
Tile 4 and tile 7 from the Mark IIa divertor have been 
selected because they were exposed to plasmas in JET 
during 1995-1996 campaign and surface analysis have 
shown codeposited layers [3]. Although the tiles were not 
Tritium contaminated, they were beryllium contaminated; 
machining of both tiles and thermocouples installation has 
been successfully achieved at JET Be workshop. A fast 
infrared camera was mounted on the test bed facility with 
optical fibre connection to the NB control room and 
successfully commissioned prior the experiments scheduled 
in July. 
 
Unfortunately, the tests were postponed for several months 
due to three different water leaks in the NB test facility (the 
last one due to a bellow breakage induced one meter deep 
water in the tank). During the commissioning of the Be rig, 
few days before a second attempt in October, another water 
leak occurred again on a below, wasting any chance to 
perform the experimental tests in 2002. 
 
MODELLING 
 
A detailed 3-D model with true geometry of tiles with 
dumbbell, was developed using the CAST3M code (finite 
element code developed at CEA) to calculate the surface 
and in-depth temperature distribution on the divertor tiles. 

The following heat loads have been considered for the 
experiments and the simulations: 
 
- flux 100 MW.m-2; 10 ms on, 10 ms off, 5 cycles, 
- flux 50 MW.m-2; 17 ms on, 43 ms off, 10 cycles, 
- flux 5 MW.m-2; 2 s on, 4 s off, 3 cycles. 
 
Different material configurations have been calculated 
taking into account various thermal properties of the 
codeposited layers. Previous experiments [4] have showed 
that the bulk material properties may differ from the 
supplier specifications. 
 
Therefore, various thermal conductivity values have been 
introduced in the code for both the bulk material and the 
coated layer (table 1). 
 

Table 1 : Combination of bulk 
and coating thermal properties used in the code. 

 

 

Bulk Thermal  
Conductivity K 

(% Kref  
of CFC Dunlop) 

Coating Thermal 
Conductivity K 

Thickness 40 µm 
(% Kref  

of CFC Dunlop) 

Heat exchange 
coefficient 

∆Τ
φ=H  

Cas0 100 % No coating  

Cas1 100 % 10 %  

Cas2 70 % 10 %  

Cas3 50 % 10 %  

Cas4 30 % 10 %  

Cas5 70 % 30 %  

Cas6 70 % 50 %  

Cas7 70 % 30 % ∆T = 50°C 

Cas8 70 % 30 % ∆T = 250°C 

Cas9 70 % 30 % ∆T = 500°C 

 
Part of the modelling was performed in CEA Saclay (see 
figure 1b) using a non uniform power profile as provided 
by the NB test bed (see figure 1a), while another part was 
done in CEA Cadarache using more material configurations 
with an uniform heat flux. 
 
We consider the maximum surface temperature in the first 
case and the surface temperature at the thermocouple 
position in the second case, which allows a comparison of 
the data. 
 
For a high heat flux of 50 MW.m-2, the layer effect can 
clearly be seen on the surface temperature (see figure 2) 
while at a low heat flux of 5 MW.m-2, the presence of the 
layer has no effect and only the bulk properties controls the 
surface temperature (see figure 3). These modelling results 
will have to be compared with the experimental results, 
when available. 
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Figure 1a : Power density profile 
 
 

°C 

s 

 
 

Figure 1b : 100 MW/m2 - 
Temperature field at 0.260 second (without surface layer) 

 

 
Figure 2 : Surface temperature evolution at 50 MW/m2 

with a surface layer (red) and without (blue) 
 
 

 
 
 
 
 
 
 
 
 

Figure 3 : Surface temperature evolution at 5 MW/m2 
with a surface layer (red) and without (blue) 

CONCLUSIONS 
 
 
Modelling using Castem code with various material 
properties and different heat load conditions have been 
performed. Power deposition experiments at JET have been 
delayed due to several water leaks on the NB test Facility. 
Experiments are planned to be done in 2003 and results will 
be compared with modelling data in order to provide tools 
for better analysis of transient heat load during ELMS. 
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CEFDA01-609 
 
Task Title: LESSONS LEARNED FROM JET MAINTENANCE AND REMOTE 

HANDLING OPERATION 
 
 
INTRODUCTION 
 
 
JET is the only operating platform within fusion where RH 
techniques have been developed to a stage that allows in-
vessel maintenance work to be carried out fully remotely. 
JET’s RH team developed a methodology and a rational 
approach that helped them to succeed in the task. 
 
However, this work also clearly shows that once one has a 
technical solution to a problem on paper, there is still a 
significant amount of work to be done before being able to 
say that you can perform RH operations in a safe and 
repeatable way. The gap between the first prototype and its 
upgrades to make it ready for operational use has a 
manpower cost which is often under-estimated. 
 
ITER will be the next step fusion reactor. Remote Handling 
was defined by the ITER collaborators at the beginning of 
the project, as the nominal solution for the maintenance of 
the reactor. 
 
The radiation levels expected inside the reactor during the 
latter stages of machine operation are such that 
maintenance work cannot be carried out by human 
intervention. There is also a wish to minimise radiation 
doses to personnel as much as possible during all phases of 
the reactor operation. The use of remote techniques will 
therefore be required for a large part of the maintenance 
programme. 
 
The feedback provided by RH platforms developed for 
ITER within the L6 and L7 projects such as the Divertor 
Test Platform (DTP) at Brasimone (Italy) and the In Vessel 
Transporter (IVT) at Naka (Japan) is clearly a step further 
for the definition of ITER’s RH in several fields. But one 
has to admit that significant evolution in the design of the 
machine due to the change from ITER’98 to ITER-FEAT 
has produced the need for a significant amount of re-
working.  
 
 
2002 ACTIVITIES 
 
 
HANDS-ON VS. REMOTE OPERATIONS 
 
According to JET’s experience the choice between RH and 
hands-on maintenance is always based on a balance 
between expected personnel dose and cost.  However, the 
application of self-imposed safety criteria and/or the 
application of ALARA often leads to the tendency to 
perform operations remotely in places where one could 
theoretically operate manually. 

For in-vessel and hot cell maintenance in ITER, the 
requirement for remote vs. hand-on maintenance will 
generally be much more clearly cut, certainly in the latter 
years of operation. 
 
However, for ex-vessel regions, particularly around port 
plugs, it would appear that the working conditions are 
likely to be similar to those experienced in-vessel at JET 
and as such, a general drift towards RH operations might be 
expected during the course of the project. 
 
This tendency should be kept in mind when considering 
maintenance solutions for these "grey" areas of the ITER 
machine and the appropriate measures to allow for RH 
maintenance (e.g. sufficient space, component 
standardisation and captivation) be incorporated in the 
ITER design from the beginning. 
 
RH CONSIDERATIONS 
 
During the development of the RH equipment at JET, the 
design of the JET machine was expected to be continually 
evolving. Because of this, JET based its RH philosophy 
largely on a generic “man in the loop strategy” which 
maximised its adaptability to the environment and 
minimised the need for re-configuration of the equipment 
from one shutdown to the next. Minimising the interfaces 
between the reactor and the RH equipment was also 
essential in achieving this goal. 
 
Although component replacement is the main activity 
during scheduled maintenance, in JET’s experience, lots of 
additional tasks (e.g. inspection, cleaning, measurement) 
are always requested as part of the standard maintenance 
scheme and answers to these problems have to be provided.  
The adaptability of the JET system has lent itself well to 
these circumstances. 
 
In contrast, a large proportion of the planned ITER RH 
equipment, in particular for divertor replacement is 
(arguably by necessity) heavily dependent on the machine 
design. The disadvantage of this has been illustrated by the 
knock-on effect of the new ITER-FEAT design which has 
resulted in a significant reconfiguration of the divertor 
handling equipment. 
 
This in turn has dramatically shortened the useful life of 
existing test facilities, i.e. the Divertor Test Platform (DTP) 
which is based on ITER'98, and has lead to the requirement 
to create an alternative DTP-like facility to serve ITER in 
the run up to construction. Although this situation was 
probably unavoidable for the case of divertor handling, the 
lessons learned from the JET experience should be kept in 
mind for other less constrained situations e.g. use of the In-
vessel transporter, port plug maintenance and hot cell work.  
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DEVELOPMENT LIFE-CYCLE 
 
Experience at JET shows that a piece of RH equipment is 
not ready for operations at the end of its manufacturing 
phase, but it has to go through further stages of 
development known as its “life cycle”. 
 
The “life cycle” can be defined as follows:  
 
- Phase 1: Definition of the requirements & Design of the 

system. 

- Phase 2: First version system. 

- Phase 3: Development to maturity. 

- Phase 4: RH operations. 
 
This evolution will only be efficient if: 
 
- interfaces between the RH equipment and the machine 

are frozen, 
 
- R&D work is completed. 
 
It is notable that no significant technological R&D was 
carried out, or in fact needed at JET, during the 
development of RH equipment. 
 
In the particular case of JET, the complete development of 
the RH equipment involved approximately 260 man-years 
of effort before becoming completely operational and 
reliable. The work was distributed roughly as follows: 
 
- Definition of the requirements and Design of the first 

systems: 45 % of the total work. 
 
- Integration, upgrades and mock-up trials in order to 

become fully operational: 55 % of the total work. 
 
However, experience showed that the development time 
can be significantly reduced for the new systems if similar 
design principles are applied. 
 
The message for ITER contained in this experience is clear.  
Even having developed and successfully tested the first 
prototypes of an RH system, a great proportion of the effort 
still lays ahead. 
 
RELIABILITY AND RESCUE 
 
Estimations of the reliability of the JET RH systems using 
standard methods (based on the prediction of a Mean Time 
Before Failure) proved difficult because of the prototypical 
nature of the equipment.  Instead the reliability of the RH 
systems was assessed and improved during long lasting 
endurance test campaigns in purpose built scale one mock-
ups or test facilities.  This was augmented by short periods 
of operation in the JET machine during an earlier shutdown 
when man-access was still possible. 
 
Before starting a fully remote campaign at JET, measures 
were put in place to be able to remotely recover RH 
equipment from all in-vessel failures which were 
considered credible. 

Nevertheless, it is important to note that, even at the highest 
levels of in-vessel activation, there was always the backup 
possibility for manual intervention in case remote recovery 
of failed equipment proved impossible. 
 
For ITER, because at some point man-access will be 
completely impossible, the definition of the frontier 
between credible and non-credible failures will need to be 
more extreme. However, it does appear that during the first 
7 years of operation, in-vessel radiation levels will remain 
low enough to allow man access.  From an RH operational 
standpoint, it is important that this time is used to the full 
with regard to the development and tuning of the RH 
equipment. 
 
CONTROL SYSTEM DEVELOPMENT 
 
The JET experience has shown that control system 
standardisation can provide huge benefits in terms of quick 
response to failures and reduction of spares. The ability to 
adapt specific systems in-house, particularly in terms of 
software has also greatly reduced the time needed to 
respond to new task requests and develop new items of RH 
equipment. It also allows one to reduce the number of 
different man-machine-interfaces operators have to become 
familiar with.  This in turn reduces training overheads. 
 
The controllers for all the main pieces of RH equipment 
currently operational at JET (i.e. Boom, TCTF, TARM and 
Mascot) have effectively been "built to print". Prior to the 
adoption of this approach, the detailed design of control 
systems was carried out by external companies based on 
functional requirements with little or no specification of the 
hardware or software solutions to be used. Over the years, 
this resulted in difficulties for software development and 
bug fixing, the need for high levels of different spares and 
difficulty for a limited number of in-house engineers to be 
familiar with all the various systems. It is interesting to note 
that over recent years, similar problems have been reported 
in relation to the DTP. It therefore appears that, as well as 
being a topic for future consideration for ITER 
construction, there could be more immediate benefits in 
considering such an approach for the ITER prototype 
development program currently underway. 
 
Regarding the way in which the operator is required to 
interact with the equipment, the ability to develop and, in 
many cases, simplify MMI's has allowed the JET 
development engineers to quickly tailor systems to suit the 
RH operators.  Previously, it was found that many of the 
"advanced capabilities" of the RH equipment were heavily 
under used because it required a significant amount of 
background knowledge and technical understanding in 
order to exploit these features properly.  As a result, 
significant effort has been made over recent years to 
simplify MMI's to a level at which operators feel 
comfortable. 
 
Generally, the RH operators employed at JET have limited 
tertiary education and therefore concepts familiar to 
development engineers are not always obvious to operators. 
Within the framework of ITER R&D, recent experience 
with the Maestro servo-manipulator system at the DTP has 
highlighted similar problems. 
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TOOLING DEVELOPMENT 
 
Maintenance tasks require tools and designing these to be 
remotely operable requires special measures to ensure 
100% success during operations. One approach used at JET 
was to provide specific features to reduce the task 
complexity and transfer much of the responsibility for 
difficult aspects of the task (e.g. guidance of components 
within close limits) from the operator to the tool itself.  A 
common feature of this technique is that remote tooling 
requires more space than would have been needed for 
manual tooling. This is, unfortunately, a necessity if one is 
to guarantee the best chances of success, a point often not 
appreciated by machine designers. 
 
Although the number of tools can be minimised by 
standardisation, the large number of tools required during 
each shutdown at JET has created a significant overhead for 
tool repair, storage and contamination control.  Although 
this has proved manageable by the development of a 
rational system to manage these processes, including the 
use of unique tool identification and databases, the man 
effort required has proved surprisingly high. This is an 
overhead that should not be overlooked for ITER. 
 
VIEWING AND VIRTUAL REALITY 
 
Preparation of the tasks procedures and feasibility trials at 
JET have been greatly assisted through the use of a Virtual 
Reality modelling of the torus and RH equipment. But 
because VR is unable to cope with unpredictable situations 
like machine damage, intensive use camera views remains 
central to the RH strategy employed at JET. As a result, 
final validation of tasks at JET still require the use of the in-
vessel mock-up and of real time viewing systems. In fact 
some maintenance tasks that were clearly defined as routine 
work (e.g. inspection, cleaning) can never been made 
without a real-time high-quality viewing system. In 
addition, colour images, while not essential, have been 
found to help the operator's visual referencing, even in a 
supposedly “grey environment” like the inside of a 
tokamak. Special attention also has to be paid to the 
provision of good lighting conditions. For ITER, the topic 
of real-time viewing for RH operations seems not to be well 
defined, although recent predictions for radiation levels in 
the divertor region suggest that the use of standard radiation 
hard cameras should be possible.  In addition the question 
of providing lighting in-vessel has yet to be addressed. 
 
SUPPORT FOR RH OPERATIONS 
 
It is easy to forget that the RH equipment operating inside 
an area needs a huge amount of external backup (e.g. 
cubicles, wiring, storage areas, maintenance and 
decommissioning areas) and this takes up a large amount of 
space outside the working zone.  When RH is a necessity, it 
is not only essential to provide a RH-friendly design for the 
machine and its components, but also to provide the 
necessary support (access space, building space and 
management procedures) to allow for RH operation to be 
carried out in a safe and reliable way. This appears to be an 
over-riding message when talking to JET RH staff about 
their experiences and should clearly be taken on board in 
the preparations made for ITER. 

CONCLUSION 
 
 
JET has the unique experience of creating the only 
operational system for tokamak maintenance that has 
already successfully carried out long-lasting maintenance 
campaigns under fully remote conditions.  It is clear that 
although some differences exist between ITER and JET RH 
environment, ITER could surely take advantage of the 
lessons learned throughout the years at JET to help it 
proceed in the development of its RH equipment and 
strategies. 
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JW0-FT-2.5 
 
Task Title: TRITIUM PROCESSES AND WASTE MANAGEMENT 
 Dedicated procedures for the detritiation of selected materials 
 
 
INTRODUCTION 
 
 
Since the Preliminary Tritium Experiment (PTE) in 1991, 
tritium has been used in the Joint European Torus (JET) in 
Culham. Due to its high diffusivity and different trapping 
phenomena, tritium is present in the first wall materials. 
 
From waste management point of view, it is necessary to 
reduce tritium inventory before disposal since countries 
regulation already limit tritium contents and releases. Two 
different strategies can be adopted for tritiated waste 
management. The first one consists in waiting for 
radioactive decay. The second one consists in the 
application of detritiation processes. 
 
For many years, studies have been performed to determine 
the different processes that could be used for tritium 
removal. 
 
The aim of this task was, first, to list the different processes 
which can be used for carbon materials and stainless steels. 
Then the most promising ones were selected. Finally, 
further studies were launched to validate this selection. 
 
 
2002 ACTIVITIES 
 
 
Detritiation process on stainless steel: 
 
After a bibliography study, it has been noticed that steel 
detritiation occurs from 573 K and above [1]. Tritium 
diffusion is negligible when tritium is combined as HTO 
and HTO is generated at such a high temperature[2]. 

During this period, the LCEP laboratory has developed a 
comprehensive procedure to extract tritium from steel, this 
has been performed by thermal outgassing under air 
atmosphere. An inter-laboratory comparison with a CEA 
laboratory located at Saclay has been done to meet the 
requirement of good laboratory practice. To check the good 
detritiation level, another procedure is under application : a 
full dissolution of steel sample with hydrochloric acid 
solution. Steel samples were originated from a French fast 
breeder reactor plant to be decommissioned. 
 
Graphite samples : 
 
Concerning graphite, our laboratory did not get actual 
sample from JET, however commercial graphite has been 
fully mineralised to permit a potential full tritium recovery. 
 
TECHNICAL RESULTS 
 
Analyses were performed on rather small quantities of steel, 
knowing that our laboratory is presently limited in terms of 
radioactivity levels and safety regulation. 
 
Weighed sample (about 700g) was dropped in an hastelloy 
container heated under air atmosphere, the volume of this 
container was design to be able to receive samples of 10 cm 
diameter and 5 cm high. Detritiation of samples were 
performed in a furnace at 1273 K. Then to check the total 
release of tritium, one more step has been done at 1323 K. 
 
Downstream the container a MARC 7000 system has been 
set to recover and convert tritium to tritiated water 
(photography); gas flow-rate was set to 35 L/h. Detritiation 
was done under to different atmospheres to check the 
behaviour of tritium species, and sampling was also 
performed at intermediate temperatures. 
 

Table 1 : Results of detritiation of stainless steels under 2 different atmospheres 
(Hytec = 5 % of hydrogen in argon matrix) 

 

 Air Hytec 

 
HTO 
Bq 

HT 
Bq 

total 3H 
Bq 

total 3H 
Bq/g 

HTO 
Bq 

HT 
Bq 

total 3H 
Bq 

total 3H 
Bq/g 

673 K 
3 hours 

2220 14 2234 30 870 1185 2055 38 

1273 K 
½ hour  

605 6 611 8 50 220 270 5 

1323 K 
1 hour 

17.5 - 17,5 0,25 11 9 20 0,4 

total 3H 
in sample 

2842 20 2862 38,3 931 1414 2345 43,4 
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Results are within the same range with associated 
uncertainty of about 15 % for the whole procedure. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Photography : furnace and MARC 7000 
for tritium recovery 

 
An inter-comparison exercise has been set up with another 
CEA laboratory located at SACLAY. Satisfactory results in 
agreement are listed in the table here under, knowing that 
the other laboratory used the melting technique with an 
inductive oven (table 2): 
 

Table 2 
 

  Sample 1  Sample 2 

LCEP  Bq/g Bq/g 

 Air 
38,3 

(08/04/02) 
11 

(16/10/02) 

 Hytec 
43,4 

(26/09/02) 
19,8 

(22/10/02) 

Saclay    

 melting 
37,4 

(07/10/02) 
20,3 

(03/10/02) 

 
To know the tritium behaviour and its possible distribution 
within the steel matrix our laboratory has measured the 
tritium content in thin layers located at the surface of 
sample. This work has been performed on a 1380 g of steel 
sample; sizes of this sample were : diameter = 10 cm ; total 
thickness = 2.25 cm. This mineralization of thin layers was 
performed with hydrochloric acid, tritiated species were 
isolated. For instance, tritiated solutions were distilled to be 
counted by liquid scintillation. 

Hydrogen (associated with tritium) release was converted to 
water through a catalytic oxidizer, to get the tritiated water, 
then this water was counted by liquid scintillation. 
 
The results are expressed as percentage of tritium in these 
layers compared to the total tritium of the sample measured 
by thermal detritiation (table 3). 
 
A large amount  of tritium is distributed within the first thin 
(less than 10 µm) layer; a depth lower than 70 µm contains 
about 21 % of total tritium, this means 5.71 g of steel (i.e. 
0.4 % of metal weight).  Consequently this means that 
tritium concentration is depleted in bulk. 
 
Graphite : 
 
No actual samples have been tested, however  the 
laboratory developed a methodology to fully oxidize 
graphite. 
 
This is a wet ashing procedure which enables the 
elimination of carbon as carbon oxide species, tritium 
should be also eliminated and distributed in different 
phases, depending upon the original form linked to 
graphite. 
 
This techniques, different from dry ashing, will allow the 
measurement of both chemical and radio-chemical 
impurities of graphite. 
 
 
CONCLUSION 
 
 
During this period, the LCEP laboratory has developed a 
comprehensive procedure to extract tritium from steel, this 
has been performed by thermal outgassing under air 
atmosphere. An inter-laboratory comparison with a CEA 
laboratory has been done to meet the requirement of good 
laboratory practice. 
 
To check the good detritiation level, another procedure is 
under application : a full dissolution of steel sample with 
hydrochloric acid solution. Currently the laboratory 
develops procedure to extract tritium in different matrices 
such as inconel, plastics and in a near future: concrete. 
 
Concerning graphite, our laboratory did not get actual 
sample from JET, however commercial graphite has been 
fully mineralised to permit a potential full tritium recovery. 
 

Table 3 
 

 
Mass of dissolved 

Steel in g 
Metal thickness 

µm 
% tritium liquid 

phase 
% tritium gas 

phase 
% of total 

tritium 

First layer 0.43 6.5 10.2 0.1 10.3 

Second layer 1.52 22.5 8.1 0.1 8.2 

Third layer 4.76 70.4 2.4 0.1 2.5 
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UT-PE-HFW 
 
Task Title:  TRANSPARENT POLYCRISTALLINE WINDOWS 
 
 
INTRODUCTION 
 
 
The work in 2002 addresses essentially two items: 
 
- The purpose of the first work carried out in the 

laboratory was to obtain a transparent polycrystalline 
yttrium oxide ceramic with high density. Due to its 
refractory property, the densification of this material is 
not easy. It explains the necessity of the doping of the 
starting powder with TiO2. After studying the 
elaboration conditions, optical and thermo mechanical 
characterizations of the doping oxides have been made. 

 
- The purpose of the second work carried out in the 

laboratory was to study Zirconia potential for optical 
applications. The transparency of polycrystalline 
zirconia is obtained only with the cubic form. Different 
dopants were used to stabilise this phase. The most 
efficient ones are rare earths oxides (Y2O3, CeO2) and 
the cheapest ones are CaO and MgO. 

 
First we studied the elaboration conditions to obtain a 
transparent material with some commercial powder. 
 
Several thermal treatment have been tested to determine 
some good conditions for the densification of zirconia. 
 
Then we have evaluated the influence of the dopant type on 
the material performances. ZrO2 doped with Y2O3, the 
reference material, was compared to ZrO2 doped with CaO 
in order to study the effect of the dopant on the 
densification process and on the optical performances. 
 
 
2002 ACTIVITIES 
 
 
SUMMARY OF RESULTS ON Y2O3 
 
Y2O3 is a refractory material. Addition of TiO2 facilitates its 
densification. The ability to densify Y2O3 at lower 
temperature allows reducing structural defects. At high 
sintering temperature some significant grain growth is 
observed along with intra granular porosity. Those defects 
significantly decrease the optical transmission of the 
material. To obtain transparent polycrystalline Y2O3 

requires reducing the sintering temperature, which is 
possible with addition of TiO2. 
 
Experimental results show the influence of the respective 
sintering parameters on the densification of the material: 
 
- Increasing the dwell time results in a significant 

decrease of material porosity but tends to enhance 
heterogeneous grain growth. 

- Decreasing the heating rate results in a little density 
increase. 

 
The optical quality of the polycrystalline transparent 
material essentially depends on the sintering and HIP 
cycles. 
 
Parametric studies showed: 
 
- For a given sintering temperature, increasing the 

sintering time improves the optical transmission of Y2O3 
in the U.V/visible range. For the sintering conditions 
used, the optimal sintering time was found to be 10 
hours. 

 
- Varying the heating rate has different effects on optical 

transmission depending on the wavelength. The 
influence of this parameter is larger in the U.V range 
where a high heating rate is preferred. In the visible 
range, this tendency is decreased or reversed. In the I.R 
range, optical transmission is not sensitive to heating 
rate variations. 

 
- Decreasing HIP pressure significantly increases optical 

transmission of Y2O3 in the U.V/visible range. 
 
- Increasing HIP temperature has a detrimental effect. 

Optical transmission losses of ~ 6 % could be measured 
for ∆T ~ 50°C, both in the U.V/visible range and the I.R 
range. 

 
The mechanical characterizations show that Y2O3 is not as 
performing for structural application than magnesium 
spinel (MgAl2O4) in particular due to its lower bending 
strength. 
 
Thermal shock tests show that the material is damaged. 
Cracks could be reduced by polishing the edge of the disks 
to reduce structural defects on the outer surface. Cracks are 
decreasing the optical transmission. Additional shock has 
negligible effect on transmission properties. Samples have 
been delivered to DRFC in order to perform specific test 
like post irradiation characterization to complete data 
available on this material and help to evaluate its potential 
for application in Fusion reactor [1]. 
 
EVALUATION OF POLYCRISTALLINE ZrO2 AS AN 
OPTICAL MATERIAL 
 
ZrO2 doped with Y2O3 
 
Raw material : 
 
ZrO2 containing 8 mol% of Y2O3 (reference TZ8Y) 
purchased from TOSOH was used. For this composition, a 
thermal treatment > 1000°C allows to fully stabilising the 
cubic form. 
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The specific area is 13.4 m2/g that leads to a rough size of 
crystallites < 0.1 µm for an evaluated theoretical density of 
5.93 g/cm3. 
 
Pre-sintering heat treatment 
 
A moderate heat treatment is applied before the sintering to 
eliminate internal stresses created during shaping steps and 
to eliminate slowly adsorbed water on powder surface 
grains. Pre-sintering heat treatment is also used to give to 
the material a sufficient mechanical behaviour for 
machining (bar rectification and/or pellets cutting). 
 
Two cycles of pre-sintering heat treatment have been 
tested: 
 
a/ ö 60°C/h - 1200°C  2 h - ø 60°C/h 
b/ ö 60°C/h - 1000°C  2 h - ø 60°C/h 
 
Sintering 
 
To realize transparent polycrystalline material, porosity 
must be closed after the sintering stage, so that material 
becomes gastight. Thus gas pressure of the post HIP could 
be applied efficiently on material. For each sintering 
atmosphere (air or vacuum) we tried to determine the lower 
temperature and the dwell time minimum that allow closing 
the porosity. 
 
Sintering under air 
 
Thermal treatments under air have been made in the same 
oven. Four temperatures have been studied: 1250, 1300, 
1325 and 1350°C. Dwell time was varied from 0.5 to 
5 hours. 
 
The open porosity of sample was measured after thermal 
treatments. Results are presented with the minimum dwell 
time to close porosity for a given temperature. 
 

Temperature (°C) 
Minimum dwell time 

for Po = 0 % (h) 

1350 0.5 hour 

1325 1 hour 

1300 2 hours 

1250 > 3 hours 

 
The aim is to determine the lower temperature to obtain a 
gas tight material for a dwell time less than 3 hours. So the 
parameters of the reference sintering treatment are: 
 

öö 300°C/h - 1300°C  2 h - øø 300°C/h 
 
Sintering under vacuum 
 
Thermal treatments under vacuum have been made in an 
UC2000 oven. Three temperatures have been studied: 1200, 
1250 and 1300°C. Dwell time was varied from 1 to 3 hours. 

 

Temperature (°C) 
Minimum dwell time 

for Po = 0 % (h) 

1300 1 hour 

1250 2 hours 

1200 > 3 hours 

 
Results show that densification of zirconia is accelerated 
under vacuum. The optimal sintering cycle under vacuum 
is: 

öö 300°C/h - 1250°C  2 h - øø 300°C/h 
 
Post densification by HIP 
 
The HIP post densification treatment on a tight material is 
essential to obtain transmission in the UV-Vis domain. All 
the samples without open porosity have been post treated 
by HIP with these parameters: 
 

1800°C – 180 MPa – 2 hours under argon 
 
The post densification treatment has been optimised in 
previous works. 
 
Microstructure 
 
Pellets sintered under air or vacuum have no significant 
differences of microstructure. For a dwell time of 1 hour, 
grains are small and have a mean diameter < 1 µm and 
porosity in inter granular position. Grains have still 
spherical shapes. 
 
Increasing dwell time induces an increase of the grain size 
with tendency to heterogeneous growth (appearance of 
grains with diameter equal to 3 µm for a mean diameter ≈ 
1 µm). After 4 hours at 1300°C, porosity is still inter 
granular. 
 
After a HIP treatment at 1800°C, microstructure has 
strongly evolved. Grains are polyhedral and have a mean 
diameter of ≈ 50 µm (growth by a factor 10). There is no 
porosity and grain boundaries are almost rectilinear. 
 
Transmission values 
 
The best transmission is reached by pre sintering at 1200°C, 
regardless of the atmosphere used for the subsequent 
sintering. 
 
ZrO2 doping with CaO 
 
Raw material : 
 
ZrO2 containing 5 wt% of CaO (reference Z1064) 
purchased from CERAC was used. The powder is 
composed to more than 99 % by the cubic phase. Grain size 
given by CERAC is 17.23 µm. A grinding study was made 
to decrease grain size 
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Sintering study 
 
Samples were sintered between 1350 and 1600°C during 
two hours and then density was measured. Results show 
that open porosity decreases when temperature increases. 
But open porosity is still superior at 0.1 %. Although this 
value is low, the porosity is too big to obtain transparent 
materials. 
 
Samples were sintered at 1500°C with a dwell time varying 
between 2 and 4 hours. 
 
Results of density measurements show that it was not 
possible to close completely the porosity. 
 
MEB observations of a polished sample sintered at 1550°C 
during 2 hours show a heterogeneous microstructure and a 
porosity of ≈ 15 %. 
 
 
CONCLUSION 
 
 
1. Yttrium oxide single crystal displays a very large optical 

transmission range from 0.25 to 9.5 µm. 
 
 The optical quality of yttrium oxide designates it as one 

of the most appropriate material for the realization of 
diagnostic windows. But the mechanical 
characterizations show that polycrystalline Y2O3 is not 
as performing for structural application than magnesium 
spinel (MgAl2O4) in particular due to its lower bending 
strength. 

 
2. The purpose of the second work carried out in the 

laboratory was to study zirconia for optical application. 
The transparency of a polycrystalline material is 
obtained only with the cubic zirconia. Different dopants 
are used to stabilise this phase. 
 
- In a first part we have studied the elaboration 

conditions to obtain transparent material with 
commercial powder of ZrO2 doped with Y2O3. 
Natural sintering (under air or vacuum) closes 
porosity and post HIP is the most efficient way to 
obtain transparent zirconia in the range 0.4 – 7 µm. 
Sintering parameters have to be optimised to 
increase transmission of the material. 

 
- In a second part we have studied the elaboration 

conditions to obtain transparent material with 
commercial powder of doping ZrO2 doped with 
CaO. Our sintering study of ZrO2 doped with CaO 
did not reach its aim that is densification of the 
material so out of this work it’s not suitable to use 
this powder to elaborate transparent materials. 

 
3. If we compare transmission value of ZrO2 with those 

obtained for MgAl2O4 and Y2O3 (both studied 
previously in our laboratory), we notice that ZrO2 have 
a slightly better IR transmission at 6 µm than MgAl2O4 
but definitely lower than Y2O3.  
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UT-VIV/PFC-TMM 
 
Task Title: THERMO-MECHANICAL MODELS (TMM) 
 
 
INTRODUCTION 
 
 
The general objective of this task is: 
 
- to propose criterions and models which could be used in 

the operating conditions of high heat flux components in 
order to establish for each proposal its potential in terms 
of performances and lifetime, 

 
- to perform studies, analysis and assessments related to 

thermo-mechanics for the plasma-facing component 
protection system (tiles, attachments) of present day 
tokamak. 

 
 
2002 ACTIVITIES 
 
 
RULES FOR DESIGN, FABRICATION AND INSPEC-
TIONS 
 
Although Fusion reactor blankets and high heat flux 
components are intended, in long-term, to operate under 
steady-state conditions, rupture conditions could be reached 
under series of thermal shocks occurring during the reactor 
lifetime. Impact on crack initiation and fatigue phenomena 
has to be clearly understood and interpretation and 
prediction rules have to be qualified on specific and 
relevant blanket loading conditions. 
 
The knowledge of crack initiation from an initial defect 
(manufacturing or potential defect) can be today predicted 
by the σd rule, successfully developed and implemented by 
CEA over the past years and recently integrated in the 
French RCC-MR design code. 
 
This action consists in the design of an experimental set-up 
that allows realising experiments of thermal fatigue for 
future validation of the σd criterion (crack initiation) for 
Eurofer-type 9Cr steel under blanket relevant thermal 
conditions. 
 
Design of a thermal fatigue test: 
 
Thermal fatigue tests with RAFM steel (Eurofer) or 
equivalent 9%Cr material are necessary to validate the 
criterion for Fusion applications (pure thermal loading 
conditions) but such tests were not found in the literature. 
So, the first stage of this action has consisted in the design 
of the experimental set-up up that allows realising 
experiments of thermal fatigue. The CEA technical note 
DM2S/SEMT/LISN/RT/02-009/A « Progress in the design 
and construction of a thermal fatigue experimental set-up » 
presents the principle of these thermal fatigue tests carried 
out on a pipe. 

Realisation of thermal fatigue test and validation of 
sigma-d criterion: 
 
This part concerns the feasibility of the test on a 316L 
specimen as reported in the CEA technical note 
DM2S/SEMT/LISN/RT/02-031/A “Feasibility of a crack 
initiation test under thermal fatigue conditions“. A thermal 
fatigue test has been carried out on a 316L specimen and 
showed the performance of the experimental set up for 
fatigue crack initiation under thermal loading. A 3D finite 
element model has been introduced to estimate the number 
of cycles to crack initiation and then the test duration. 
 
TILES INTEGRITY 
 
Failure criteria for CFC materials can be used to evaluate 
the integrity of tiles used as plasma facing components 
under thermal and mechanical loads and to test the different 
designs.  
 
The CEA technical note DM2S/SEMT/LM2S/RT/02-011/A 
“Failure criteria for carbon fibber reinforced carbon 
composite (CFC)” presents a preliminary study on the 
choice of a tile integrity criterion for carbon fibres 
reinforced carbon composites (CFC’s): this criterion could 
be used in the operating conditions as parameters in order to 
establish for each proposal its potential in terms of 
performances and lifetime. A wide range of CFC materials 
can be considered for plasma facing components. The 
mechanical properties (which depend on raw materials, 
process and structure) are specific to each composite and 
may differ highly from a composite to another. The study 
indicates that the maximum stress theory or the Tsai-Wu 
criterion can be used for CFC. 
 
COMPONENTS ANALYSIS 
 
This activity was mainly focused on divertors and included 
thermo-mechanical linear analyses performed with 
CASTEM2000 finite element code developed in CEA 
associated with the retained criterion for tiles integrity.  
 
Following a previous work performed in 2001, the 
mechanical integrity of plasma facing CFC tile was 
evaluated using a Tsai-Wu criterion and reported in the 
CEA technical note DM2S/SEMT/LM2S/RT/02-033/A 
“Evaluation of CFC tile integrity using CAST3M and a 
Tsai-Wu criterion”. 
 
Only elastic behaviour was taken into account resulting in 
an over-estimation of the Tsai-Wu strength function: 
calculations could be improved by modelling the non-linear 
behaviour of CFC composite. Moreover, the parameters of 
the strength function should be modified to take into 
account the secondary nature of the thermal loading which 
is less damageable than purely mechanical one. 
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SETTING ANALYSIS 
 
In order to improve models used to calculate the thermo-
mechanical behaviour of the plasma facing CFC tiles, the 
heat transfer coefficient between the tile and the dumbbell 
was taken into account. Realistic modelling of contact 
between the tile and the dumbbell was performed taking 
into account thermal conductance depending on contact 
pressure. 
 
In the CEA report DM2S/SEMT/LM2S/RT/02-034/A 
“Thermo-mechanical calculation using CAST3M of CFC 
tile taking into account a contact heat transfer coefficient 
between the tile and the dumbbell”, the thermal heat 
transfer theory between two solids in contact is described. 
Two formulations of the heat transfer coefficient were 
tested for two different thermal fluxes on the tile. In the case 
of CFC tiles under a weak thermal flux (5 MW.m-2), the use 
of different thermal contact conductance  correlation lead to 
difference in the maximum Von Mises stress in dumbbell. 
In the case of high thermal flux, the temperature gradient in 
the dumbbell remains relatively weak and the Von Mises 
stress distribution is mainly governed by the force on the 
centre block. 
 
 
CONCLUSIONS 
 
 
RULES FOR DESIGN, FABRICATION AND INSPEC-
TIONS 
 
In fusion reactor components, rupture conditions can be 
achieved under series of thermal shocks. In the framework 
of this action, a particular simplified thermal fatigue rule 
was developed and validated with an associated 
experimental campaign. Therefore, this activity was mainly 
focused on the σd criterion for pure thermal loading 
conditions. Thermal fatigue tests are necessary to validate 
the criterion but such tests were not found in the literature. 
Part of this action consisted in the design of an experimental 
set-up that allows realising experiments of thermal fatigue 
for future application on RAFM steel like 9%Cr material.  
 
In 2002, a thermal fatigue test was performed on a 316L 
specimen (AFNOR name is Z2 CND 17-12). The specimen 
is a pipe placed inside a furnace to maintain a hot 
temperature at its outer surface. A cyclic cooling is imposed 
by a local cyclic injection of cold water inside the pipe. 
 
A 3D finite element modelling has been introduced to 
estimate the number of cycles to crack initiation and then 
the test duration. The application of the σd method predicts 
that, on a pipe having a defect (semi-elliptic defect: depth 
"a" equal to the 10th of the thickness (a = 1.74 mm), width 
equal to "8.a"), a crack can initiate in a reasonnable period 
of time (4748 cycles ≅ 16,5 days). 
 
Thermal fatigue tests on RAFM steel (Eurofer) or 
equivalent 9%Cr material pipes are necessary to validate the 
criterion for Fusion applications (pure thermal loading 
conditions). 

L/2

Local cyclic cooling

Constant heating

local cooling
L

0.4 π d
 

 

 
 

Principle of the test 
 
So, the thermal fatigue test on 316L specimen has to be 
completed by a future experimental program on RAFM 
steel like 9%Cr material.  
 
TILES INTEGRITY 
 
Failure criteria for CFC materials can be used to evaluate 
the integrity of tiles used as plasma facing components 
under thermal and mechanical loads and to test the different 
designs. 
 
However rupture strengths must be determine for each type 
of CFC material. A wide range of CFC materials can be 
considered for plasma facing components [1]. The 
mechanical properties (which depend on raw materials, 
process and structure) are specific to each composite and 
may differ highly from a composite to another. 
 
For instance, values of the tensile strength reported in 
literature for CFC composites in the fibres direction ranges 
from 30 to more than 380 MPa. 
 
The study indicates that two main failure macroscopic 
failure theories can be used for CFC materials. Values of 
fracture strength in tension, compression and shear for the 
different directions (plus eventually interaction terms) must 
be known to use these criteria.  
 
A complete set of data corresponding to a three dimensional 
composite [2] has been used to evaluate the integrity of a 
tile submitted to thermal and mechanical loads. 
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UT-VIV/PFC-W/Coat 
 
Task Title: DEVELOPMENT OF THICK W CVD COATINGS FOR DIVERTOR 

HIGH HEAT FLUX COMPONENTS 
 
 
INTRODUCTION 
 
 
This work is in the frame of  tasks TTBA3.1, UT-SM&C 
COAT on CVD coatings for tritium permeation barriers. 
The main objective of this study is demonstrate the 
feasibility of thick tungsten deposition on copper alloy used 
for divertor high heat flux components.  
 
 
2002 ACTIVITIES 
 
 
We were not able to perform tungsten coating optimisation 
due to major issues related to safety and hardware. 
 
During this year, heavy modifications of our reactor have 
been performed to match our safety department 
requirements. These modifications are listed below: 
 
- Install new dry pumps compatible with high flux of 

tungsten hexafluoride. 
 
- Install dedicated exhaust for these pumps and dedicated 

gas panel extraction. 
 
- Install new interlocks on gas panel with HF gas 

detection and default of extraction inside the gas panel. 
 
In addition we had to face strong hardware issues related to 
corrosion of the heating element of the CVD reactor. 
Investigation is on going and equipment supplier will 
modify some parts none compatible with high flux of 
tungsten hexafluoride. 
 
 
CONCLUSION 
 
 
We expect to recover delay on our task work until 
modifications on the CVD reactor are performed. 
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Figure 1 : Overall view of the new design 

UT-VIV/AM-Actuators 
 
Task Title: REMOTE HANDLING TECHNIQUES 
 Advanced technologies for high performances actuators 
 
 
INTRODUCTION 
 
 
This task follows UT-RH3 Actuators. 
 
Maintenance of fusion reactors requires high performances 
of Remote handling means. In addition to hazardous 
environment conditions, maintenance requires high 
performances for robotic devices. In fact, high load are 
required to be handled, and only narrow space is available 
for the motion. 
 
Conventional design of robotic device reach its limit in 
such conditions. In order to build adequate handling or 
inspection RH device, R&D activity is required on this 
field. 
 
State of the art actuator used to drive robotics devices need 
improvement in term of load capacity versus size of 
actuator. 
 
PREVIOUS WORK 
 
Actuators based on the thermal expansion of wax have 
shown exceptionally high ratio load capacity versus size 
and weight. 
 
Their main drawback is a long response time but this is not 
dramatic in the context of maintenance tasks requirements 
delays. 
 
We decided to make use of this technology to build a bore 
tool device suited for 2.5" pipe (Ø 63.5 mm) where 
conventional actuator reach their performances limits. 
 
During the first design phase, tiny pieces made of ceramic 
have been used for insulation purpose. Limits due to 
mechanical behaviour have been shown (fragile).  
 
But insulating-thermosetting trade-off has to be done to 
select the right material.  
 
After acceptable results from thermosetting and indentation 
hardness tests, phenolic material (celoron) was selected as 
insulation component to perform tests on the future mock 
up. 
 
 
2002 ACTIVITIES 
 
 
During the year 2002, a new design of the clamping and 
aligning module for 2.5’’ diameter bore tools was achieved. 
It makes use of Eltek™ actuators mounted in insulating 
casts. The number of components was reduced and 
simplified. 

Pieces were machined and the assembly was mounted. The 
general structure of the module has been validated. 
Improvements have to be done to reduce the friction in the 
synchronization system. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 2 : Manufacture of the mock up 
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The wiring is achieved after the mechanical structure is 
mounted. Each pair of actuators must be connected by two 
wires, so far the whole module supports 16 wires for the 
actuators and 2 wires for each thermistors in a small 
volume.  In order to save space, the connecting wires were 
welded directly on the actuators. 
 
Specifications of the global tests campaign have been 
detailed. Very first tests were not acceptable to validate the 
wiring but the clamping operation was satisfying. 
Improvements are still required to overcome insulation 
issues. 
 

 

 
Figure 3 : Test of the clamping module 

 
As the concepts are validated on the clamping module and 
on the high capacity of the thermal EltekTM actuators, future 
work should be carried on in order to test the whole module 
and solve the operating safety problems. 
 
FUTURE WORK FOR YEAR 2003 
 
- Improve the wiring and the connections. 
 
- Perform the global tests campaign. 
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UT-VIV/AM-ECIr 
 
Task Title: REMOTE HANDLING TECHNIQUES 
 Radiation tolerance assessment of electronic components 
 from specific industrial technologies for remote handling 
 and process instrumentation 
 
 
INTRODUCTION 
 
 
Last year developments have allowed evaluation of 
submicronic CMOS technology (0,25 µm) HCMOS7 from 
STMicroelectronics [1]. The few drifts on most of the tested 
structures measured after high-level radiation have shown a 
significant dose acceptance. Nevertheless, it could not be 
possible to pursuit investigation on recent versions of this 
technology because no ASICs have been developed this 
year. 
 
In any case, the size reduction of elementary CMOS 
transistors come with a lower supply voltage applied on the 
device. As designers convert functions such processors, 
ASICs, memories using the more recent technologies, they 
need low voltage logic components to connect them. 
 
The need to operate at lower voltages is a challenge that 
many designers are faced today, extend battery life (or 
reduce size) on portable application, reduce heat dissipation 
in a constraint environment …  
 
Texas-Instrument has developed and manufactured a CMOS 
Advanced Ultra Low Voltage, AUC, logic technology, 
optimised for 1.8 V. 
 
Moreover, TI has added a new concept of packaging which 
saves space by limiting devices to single or dual AUC gates. 
This allows designers to place a particular gate function 
close to related circuitry, shortening and simplifying routes 
on a board. 
 
Work started in 2002 takes into interest the evaluation of 
AUC logic technology under irradiative environment. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL SETUP 
 
With some regards, the experiment conducted here seems to 
be very similar to HCMOS7 experiment setup. Basic 
components like inverters and drivers have been selected on 
the list of AUC single gates SOT23 packages. 
 
At the time of the experiment, very few logic functions 
existed. So, no real end users functions have been designed. 
Only NAND, NOR and OR single gates have been used. 

Table 1 gives reference and functions of tested components. 
Two experiments have been scheduled. Main results of 
experiment 1 are presented in this paper. 
 
Bias during irradiation: on-line experiment has been used 
to control this new technology (see figure 1). The orange 
part corresponds to the irradiated area with testbed card. 
 
All the components have been supplied at Vcc = 1.8 V. 
Table 2 gives the bias conditions during irradiation. 
 
In order to limit cables, only one of each component has 
been evaluated. 
 

Table 1 : Reference of tested AUC components 
 

AUC1G00 Nand Gate Exp 2 

AUC1G02 Nor Gate Exp 1 

AUC1G04 Inverter Gate Exp 2 

AUC1G06 Inverter Driver Exp 2 

AUC1G07 Non Inverter Driver Exp 1 

AUC1G17 Triggered Driver Exp 1 

AUC1G32 Or Gate Exp 1 

AUC1G125 Bus Driver Gate Exp 1 

AUC1G126 Bus Driver Gate Exp 1 

AUC1G240 
Inverted Bus Driver 

Gate 
Exp 1 

 
Each hour, controls have been done by PC to polarise input 
and output enables of components in order to read the 
transfer function Vout = f(Vin) of the component. 
 

Table 2 : Bias conditions for experimented components 
 

AUC1G02 Inputs biased at 0V 

AUC1G07 Input biased at 0V 

AUC1G17 Input biased at 0V 

AUC1G32 Inputs biased at 0V 

AUC1G125 Input and output enable at Vcc 

AUC1G126 Input and output enable at 0V 

AUC1G240 Output enable at Vcc, input at 0V 
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Figure 1 : Testbed of the experiment 
 
Facilities: To perform the experiment, the Co60 facility 
IRMA from CEA/IPSN is used with an average dose rate of 
40 Gy/H during four days followed by a 2,8 kGy/h. 
 
The campaign has lasted fifteen days. Components 
temperature during irradiation was comprised between 30°C 
and 50°C. 
 
Static electrical characteristics: The measurements of 
these parameters take place before and after irradiation at 
room temperature using an HP4145B analyser. No steps 
have been scheduled during irradiation period. 
 
Three parameters are measured considering the next 
conditions: 
 
- Output voltage function of input voltage Vout = f(Vin) 

for Vin varying from 0 to 1.8 V and reverse. This 
parameter shows the average threshold voltage (Vin for 
Vout = Vdd/2) evolution of the component during the 
irradiation and the availability to be kept for logic 
functions. 

 
- Output voltage function of output current Vout = f(Iout) 

for Iout varying from 0 to -20 mA. Vin is polarized to 
the corresponding value in order to have Vout at high 
level when Iout = 0 mA. This parameter shows the load 
capacitance and the availability to be associated with 
others logic elements. 

 
- Output voltage function of supply voltage Vout = f(Vcc) 

for Vcc varying from 1.8 V to 0V. Vin is polarised in 
order to have Vout at high level. 

 
The supply voltage, Vcc, is fixed at 1.8 V. 
 
RESULTS 
 
The fifteen days of the campaign have allowed reaching a 
total dose of near 700 kGy. 
 
At the end of the experiment, all the components kept their 
functionalities. No significant increase of current 
consumption has been notified. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Test card 
 
No failures have been observed on most of the components 
(see upper figure 3). 
 
Nevertheless, a sudden drift has affected the AUC32 “1” 
response (see lower figure 3). This phenomenon can be 
interpreted like the presence of leakage current inside 
probably one or more of the internal NMOS transistors.  
 
This current coming from PMOS transistor increases the 
drain to source voltage and reduces output voltage Vout. 
 
For open-drain output AUC07, the evolution of “1” state is 
very similar to those observed on basic MOS transistors 
[2][3][R1]. 
 
As shown on [R2], without the p-channel MOS transistor 
pull-up on the output structure, the entire output voltage 
drops across the n-channel MOS transistor. 
 
Voltage is achieved on the test card through an external few 
kΩ pull-up resistor. Then, the evaluation under cumulated 
dose is usual. 
 
The small variations on the curve correspond to a recovery 
period starting after each short stop of irradiation.  
 
This drift often notified during high dose rate campaigns [3] 
was annealed when irradiation comes back. 
 
The next figures represent pre and post irradiation controls 
of devices static electrical parameters. Curves for each 
figure are presented in the same order. 
 
Concerning pre and post control of AUC1G126 device (see 
figure 4), an approximately 0.2V drift on threshold voltage 
(at Vout = Vcc/2) associated with a very narrow range is 
observable on post irradiation curve. 
 
Load charge and Vcc min have a few diminished in respect, 
for such total dose, with nominal characteristics of AUC 
technology. 
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Figure 3 : Evolution of Vout during irradiation 
for some AUC components 
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Figure 4 : Pre and post evaluation of AUC1G126 
 
Concerning pre and post controls of AUC1G240 (see 
figure 5) the large range of commutation has been little 
reduced and duration of high and low level smoothly 
changed. Load drifts stay into recommended operating 
conditions (-8 mA at 1.2 V for Vcc = 1.8 V). It is the same 
for minimal supply voltage. 
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Figure 5 : Pre and post evaluation of AUC1G240 
 
Concerning pre and post controls of AUC1G02 (see 
figure 6), drifts on threshold voltage comes over 400 mV at 
Vin = 0.4 V. Noise immunity could be affected.  
 
Load is significantly affected by the radiations. The value of 
–8 mA could be reach with an output signal less than 1 V. 
 
Minimal supply voltage has increased to 1.2 V. This 
comportment could be awkward if the drift continues to 
grow again with more radiation, and on the contrary; 
tolerated if it is stabilised. 
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Figure 6 : Pre and post evaluation of AUC1G02 
 
The post irradiation measures concerning AUC1G32 (see 
figure 7) confirm the “1” state level at 1.4V shown during 
on-line investigations. 
 
Threshold voltage is not so affected while either load or 
minimal supply voltage is deficient. 
 
Even with a lack of irradiated samples and functions, it 
appears that basic logic functions have a greater sensitivity 
to radiation than elementary components. 
 
The bias configuration retained during this experiment 
(input at 0 V) which is always referenced as the best case 
for elementary components, can however turn out to be 
limited due to the unknown design of the function on the 
die. 
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Figure 7 : Pre and post evaluation of AUC1G32 
 
SiGe TECHNOLOGY 
 
The very important difficulty to find elementary SiGe 
transistors has introduced an important delay in the 
evaluation on constraints environment. This technology has 
been originally designed for high-speed data 
communication in order to replace or complement Gas 
family. That is why it is often used as drivers for 
optoelectronic links. This application has a direct interest 
for data communication for remote handling ITER engines. 
Finally, five transistors from SiGe Semiconductor have 
been packaged (figure 8). 
 

 
 

Figure 8 : Tested SiGe transistors 
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Figure 9 : Transfer function Ic = f(Vce) 
 

Parametric measures have also been done. They are very 
closed of usual bipolar transistor. 
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Figure 10 : Ib = f(Vbe) 
 

 
 
CONCLUSIONS 
 
 
Since the end of this first experiment, numerous 
components, mainly basic functions of AUC Little Logic 
Technology are now commercially available. Market seems 
to be more important than for older intermediate TI 
technologies (ALVC and AVC). More, AUC Little Logic is  
alternate sourced by other manufacturers. 
 
It clearly seems that AUC represents a technological jump 
leading to a necessary redesign of oldest applications using 
bipolar to CMOS 5V (3.3V ?) technologies. 
 
So, the reasonable results obtained on first investigations to 
very constraint environments (thermal, radioactive) must go 
in order to increase compartmental knowledge on that 
technology. 
 
It seems also important to appreciate increase of reliability 
and availability for remote handling engines in nuclear 
applications when space is saved due to low power and low 
supply electronic modules. 
 
Finally, for small market production, the easy use of tiny 
logic components (Ball Size Array packaging) for tests 
could be more interesting than ASIC dedicated technology. 
SiGe studies are to be completed. 
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UT-VIV/AM-HMI 
 
Task Title: REMOTE HANDLING TECHNIQUES 
 Graphical programming for remote handling techniques 
 
 
INTRODUCTION 
 
 
Hands-on assisted operations and/or remote interventions 
will have to be thought about when planning a maintenance 
or repair scenario inside a Fusion Tokamak reactor. 
 
Due to radiations involved in such environment 
(~ 104 Gy/hr considering ITER in-Vessel), the dose 
exposure must be taken into account when designing the 
scenario, especially to comply with ALARA principle. 
 
Hence, we reflect and develop in UT-VIV-AM-HMI task an 
intervention simulation tool, based on appropriate 
algorithms and virtual reality technologies, able to bring the 
user interactive dose rate evaluations during any simulation, 
meeting Fusion requirements. 
 
Such a tool will prove useful to foresee best intervention 
scenario, prepare operators and check procedures. 
 
During 2001 year activities, one reflected about the most 
relevant algorithms, methods and software architecture to be 
retained to answer the needs. 
 
Especially, the numerical method for dose rate evaluations 
(dose equivalents for a human being, doses for hardened 
materials) was much investigated, and led to focus on the 
straight line attenuation method with build-up factors, 
potentially able to answer interactivity requirements. 
 
One then developed a former mock-up, linking the 
numerical calculation to Igrip robotic CAD software (where 
the scene can be described), reaching real-time and on-line 
simulation of doses, for point-like γ radiation sources. 
 
 
2002 ACTIVITIES 
 
 
Considering a radiative source as a single emitting point 
perfectly warrants on-line and real-time features of the 
simulation tool, but can be not accurate enough to depict 
realistic sources, required to answer potential configurations 
of Fusion issues. 
 
We thus intended in current 2002 year to improve the 
simulation tool to surfacic (2D) and volumic (3D) sources. 
 
When one ray comes out of the source for a single emitting 
point, a continuous envelope of rays comes out for 2D/3D 
emitting sources, which hugely increases the volume of 
elementary calculations. 

REFLECTIONS UPON NUMERICAL APPROACHES 
TO MANAGE VOLUMIC SOURCES 
 
We first looked at the numerical approaches based on the 
simplified straight line attenuation method already retained, 
in order to perform volumic sources: 
 
- a deterministic approach, lying on an integration of the 

dose, upon appropriate partitions of the entire source 
volume, though advantageous for its accuracy, brings 
the major drawback of quickly enlarging the amount of 
calculations, as soon as the configurations turn more 
complex (several screens, complicated shapes …), 

 
- a statistic (Monte-Carlo) approach, as the one of 

Mercure code (developed by CEA 
DEN/DM2S/SERMA teams in Saclay, and based on the 
retained method), proves more relevant for our needs. It 
consists in approximating the integral, for a given 
geometry, by pertinent averages, of the function to 
integrate, on dedicated points drawn in the volume of 
the source. 

 
Evaluating the effect of a volumic source then sums up to 
compute the impact of many points parted in a 3D network 
of meshes in the source, according to laws of contribution 
of each mesh. Each random point contributes to the global 
dose thanks to the classical straight line method with build-
up factors. Consequently, the management of a volumic 
source induces an immense amount of elementary point-like 
calculations. Succeeding in performing the calculations in 
reasonable times requires drastic optimisations and 
improvements in the global method and process of 
calculation. 
 
PRELIMINARY STATISTICS ON COMPUTATION 
TIMES 
 
Some evaluations upon most consuming parts with the 
former mock-up designed under Igrip software revealed 
that: 
 
- the way to find the distances of interaction between one 

ray and one screen had to be much improved: 

* the use of a native Igrip function to perform such 
distances revealed inadequate, as much too costly; 

* that single part represented a great ratio upon the 
global geometric calculations (80%), supposing 
many checks between the ray and the screen 
geometry (thus much affected by the kind of 
description of the geometry), 

- the sole geometric computations take more time than all 
other calculations involved in the method (build-up 
factors, Kitazume formula, …). 
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ALGORITHMIC AND SOFTWARE OPTIMISA-
TIONS 
 
One made some first restrictive choices, to focus on the 
drastic optimisations required : the sources are 
homogeneous and isotropic, their meshes are uniform and 
cartesian (based on an oriented bounding box). These 
choices do not bring major restrictions, as they do not 
suppress scientific point locks. Taking heterogeneity, 
anisotropy or mesh stands will just bring some more 
reorganizations and further developments in the code. 
 
Besides, we suppose that all geometries are described as 
triangle polyhedrons, which brings several advantages: 
 
- most of CAD tools give exports of native geometries as 

polyhedrons, 
 
- all objects in a scene can be taken into account, 

whatever their complexity, 
 
- a single algorithm can be involved to perform the 

distances or interaction with any of the objects in the 
scene (as they are geometrically expressed the same 
way). 

 
Seeing a screen in the scene as a polyhedron restricts the 
research of potential intersections with one ray to the 
research between numerous triangles and a segment. 
Therefore, we reflected and implemented three major 
optimisations : 
 
- As all rays coming out of one source up to the 

calculation point are housed in a 1, 2 or 3 pyramids 
envelope, one can first perform preliminary checks upon 
the potential intersected screens (left view - picture 1). 
By extending the separating axis theorem (demonstrated 
by S.Gottschalk at University of North Carolina for 
geometric collision detection algorithms) to the check 
between a pyramid and an oriented box bounding each 
screen, one can sort a restrictive list of screens to be 
looked at (for potential intersections with the rays), 
which largely lowers the global calculation times. 

 
- Looking for the potential points of intersection between 

one ray and all the triangles of a screen, keeps too 
costly.  

 Using a hierarchical tree grouping the triangles of a 
polyhedron inside fitting oriented bounding boxes 
(known as OBB Tree) brings new impressive benefits (a 
link to the RAPID OBBTree library turned the 
geometric routines up to 9 times faster). 

 
- Last, looking for the potential intersection point between 

a ray and a given subset of triangles can still be 
improved (right view – picture 1): 

 
* by parting the check of effective intersection to the 

evaluation of the point. We inspired form recent 
Segura algorithm, based on subtle cross and dot 
products between vectors built with the segment and 
the triangle points, to quickly answer the question: 
intersection or not, 

 
* by not evaluating the intersection point but the 

distance λk , that expresses the intersection point in 
its [PQ] ray coordinates (PMk = λk PQ). The 
distances we are interested in  then just come from 
(λk+1-λk). 

 
Development of a new mock-up 
 
We finally developed a completely new mock-up (example 
in picture 2), based on : 
 
- a completely new rebuilt C++ version of the numerical 

engine (evaluation of dose rate), autonomous, and 
integrating the optimisations mentioned above,  

 
- a link to Virtools software, a rendering and behaviour 

engine tool, where one can import CAD models, and 
build scenario, thanks to a graphical blocks language,  

 
- some MMI (man machine interface) functionalities, 

based on QT library abilities, to help the user describing 
the relevant attributes of the scene (activity of the 
sources, composition of the screens), then graphically 
display the results.  

 
All implementations have been validated by comparing the 
calculation results to the ones got with Mercure code, for 
equivalent configurations (example in table 1). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Picture 1 : Geometric optimizations used to perform intersection distances between rays and screens 
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Table 1 : Study-case validation - volumic cubic source – one LEAD screen 
 

mesh draws 
MERCURE 
WITH BU 

NMU 
with BU 

ratio 
NMU 

BU + AIR 
ratio 

8 (2 x 2 x 2) 100 3855,948 3852,010 0,102 % 3850,360 0,145 % 

8 1000 3851,218 3856,074 0,126 % 3854,423 0,083 % 

125 (5 x 5 x 5) 1000 3851,412 3854,119 0,070 % 3852,470 0,027 % 

125 5000 3851,619 3852,817 0,031 % 3851,167 0,012 % 

1000 (10 x 10 x 10) 5000 3851,333 3852,764 0,037 % 3851,113 0,006 % 

1000 20000 3851,301 3852,729 0,037 % 3851,079 0,006 % 

 

 
 

Picture 2 : Example of simulation with the new mock-up 
 
CONCLUSION 
 
 
We now can take advantage of a new mock-up for the 
simulation of dose rate, capable of managing more realistic 
cases, which will better answer Fusion requirements. 
 
Thanks to drastically optimised algorithms and methods, to 
a new architecture and to new dedicated tools, one can 
quickly get back a CAD model of an environment, design a 
scenario (repair, maintenance, involving human beings 
and/or remote handling systems), and perform evaluation of 
doses induced by realistic sources (surfacic or volumic 
ones), interactively as a scenario is played. Such on-line 
information will help planning the best scenario according 
to technical or environmental terms. 
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Position control loop:  
• Read position and speed 
• Computation of the set torque with a PD correction 
• Gravity and friction compensation  
• Force control loop is run 4 times 

Force control loop: 
• Read pressure and position  
• Computation of position derivative and position 

filtering 
• Computation of ideal torque to apply, PI 

correction 
• Correction of non-linear effects 
• Transcription in set flow for the flow control 

servo valve.  

High-level Cycle time : 
4 ms 

Low-level Cycle time: 
1 ms 

UT-VIV/AM-Hydro 
 
Task Title: REMOTE HANDLING TECHNIQUES 
 Technologies and control for remote handling systems 
 
 
INTRODUCTION 
 
 
Hydraulic manipulators are candidate for fusion reactor 
maintenance. Their main advantages are their large payload 
with respect to volume and mass, their reliability and their 
robustness. However, due to their force control limitations, 
they are disqualified for precise manipulation and are 
dangerous for the environment and themselves in case of 
unexpected collision. CEA, in collaboration with 
CYBERNETIX and IFREMER has developed the advanced 
hydraulic robot MAESTRO (see figure 1). Force and hybrid 
control has been developed in order to avoid the previous 
problems. 
 

 
 

Figure 1 : Maestro on its embedded power unit 

Using «pressure» control servo-valve instead of the 
standard «flow» control servo-valve makes a real 
simplification of the control loop (see figure 2 and 
figure 3).  
 
 
 
 
 
 
 
 
 
 

Figure 2 : Control scheme used 
with pressure control servo-valve 

 
The French company IN-LHC, designed and manufactured 
a prototype of servo-valve that fits the performances and 
space constraints of the Maestro arm. 
 
In 2001, a characterization of this new product was made 
on a mock-up and a set of these prototypes integrated in the 
Maestro slave-arm. 
 
A comparison between the two actuating technologies was 
made and showed that the performances of the pressure 
servo-valves make it applicable to general application.  
 
The first characterization was made with a basic 
mechanical model of the pressure servo-valve and an 
upgrade of this model was necessary in order to provide the 
best possible results. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Control scheme used with flow control servo valves 
 

Position control loop :  
• Read position and speed 
• Computation of the set torque  with a PD 

correction 
• Gravity and friction compensation  
• Set pressure (~torque) sent to servo-valve 

High level cycle 
time ~ 2 ms 
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Two phenomenon were identified as main possible 
improvements for the whole actuator model: 
 
- the pressure loss at the outlets of the servo-valve for 

high flow rates, 
 
- the dry friction compensation used in the mechanical 

model of the joint. 
 
IMPROVEMENTS TO THE MECHANICAL MODEL 
 
Each Maestro joint follows the mechanical equation: 
 

pfd C-C- CèJ =&&  

 

With:  J inertia of the system with payload, è&&  angular 

acceleration of the system, dC  driving torque, fC  friction 
torque, pC  additional torque due to payload. 
 

dC is directly proportional to the pressure in the two joint’s 
chambers and pC varies with the position of the arm when 
moving. 
 
The sensitivity of the force feedback in force control 
applications is highly correlated to the accuracy of each 
model used to build the torque that will feed the control 
loop. Although compensation of the gravity is easy and can 
be made with a true compensation model, definition of the 
friction compensation is often problematic.  
 
The friction torque can be resolved in the following 
components: 
 

( ) è.Cèsign.CC fvfdf && +=  

 
With :  fdC  dry friction torque (in bars), vfC  viscous 

friction torque (in bars.s) and è& angular speed of 
the joint (rad/s) 

 
Improvements of the model was expected after the 
introduction of a hyperbolic tangent in the friction 
definition (see red curve figure 4) in order to take into 
account the decrease of the dry friction coefficient that can 
be observed at low speeds (known as the Stribeck effect). 
Continuity of the friction torque is then available for all 
speed values.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 : Evolution of the friction coefficient with speed 

According to the oil flow coming out of the pressure servo-
valve, a pressure drop can be experienced compared to the 
set value. 
 
The following graph (see figure 5) gives a linear 
approximation of the pressure drop and its bounding values.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5 : Pressure loss in the servo-valve 
 
The available pressure at the outlet can therefore be written: 







=

maxq
q

-1PsetPa . 

 
Successive models for pressure loss were tested. Best 
results were obtained with a pressure loss following the 
correction law (where va is the angular speed of the joint): 
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maxa
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v1PsetPa  

 
Correction of the pressure drop should provide a quicker 
response of the joint to the operator’s solicitations by 
providing a drifting behaviour of the joint. 
 
The figure 6 and figure 7 show the results of the torque 
identification. The rebuilt torque is composed of : an 
inertial term, a viscous friction term, a dry friction term, an 
offset correction, terms coming from gravity compensation 
and a last term coming from the pressure drop at the outlet 
of the servo valve. It is compared to the set torque.  
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Figure 6 : Triangular signal: 

with pressure loss compensation. 
Red : set torque. Green : rebuilt torque. Blue : error 
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Figure 7 : Triangular signal zoom 55-59 s: 
with  pressure loss compensation. 

Red : set torque. Green : rebuilt torque. Blue : error 
 
Good performances were achieved with a friction model 
based on a composition of a bi-linear model with a 
hyperbolic tangent while the compensation of pressure non-
linearity (essentially pressure drop at the outlet of the 
actuator) seems to give results that can be discussed. The 
effect of such a correction (minor correction) cannot be 
shown easily on a real model. The uncertainty of the 
evaluation of other parameters (major effects, such as 
friction parameters, payload…), noise on speed 
measurement, … are too important compared to the 
correction itself. Using force control on a maestro arm 
controlled by 6 pressure servos should help the tele-
operator to move the maestro arm at high speed more 
easily. 
 
The identification procedure was made with a non-linear 
multi-argument function using a status vector minimizing 
the error between the set torque and the rebuilt torque. 
 
The good agreement of the parameters of the model with 
the reality is evaluated by the operator. 
 
Such identification routines are providing easy and reliable 
ways to perform identification of the parameters of real–
time models of the actuator and will be extended to the 
remaining actuators of the Maestro slave arm. 
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UT-TBM/BB-BNI 
 
Task Title: BLANKET NEUTRONIC INSTRUMENTATION 
 
 
INTRODUCTION 
 
 
The neutronic instrumentation of the Test Blanket Modules 
(TBM) appears to be a key point of the TBMs Test Program 
in ITER, since it will contribute to validate the 
performances of the blanket in term of tritium production (a 
good evaluation of the neutron flux is fundamental for 
estimating the tritium production and thus making a relevant 
tritium balance in the TBM). 
 
A neutronic instrumentation has to be assessed, taking into 
account specific constraints of Breeding Blankets (operating 
conditions, magnetic field, geometry,…). 
 
In this objective, DSM/DRFC (Mr. Gilles MARTIN) and 
DEN/DER collaborated in 2001 and 2002, for carrying out 
an experimental program in TORE SUPRA with standard 
fission chambers. 
 
SUMMARY OF 2001 ACTIVITIES 
 
Preliminary experimental tests with a CFUE24 fission 
chamber (manufactured by the Photonis company) were 
carried out in TORE SUPRA facility in 2001, in order to 
qualify its operation in an intense magnetic field and under 
plasma atmosphere. 
 
It was the first time that such a detector was used in a field 
higher than 1 Tesla. 
 
The main characteristics of the CFUE24 are as follows: 
 
- external diameter: 7 mm 
- material of the electrodes: stainless steel 
- fissile material: uranium enriched in 235U (93 %) 
- mass of uranium: ≈ 16 mg 
- filling gas: argon with N2 (4 %) ; P = 900 kPa 
- thermal neutrons sensitivity: ≈ 10-2 c.s-1/n.cm-2.s-1 
- cable: ∅ 6 mm (stainless steel and alumina) 
 
The CFUE24 operated in an average magnetic field from 
1.6 up to 2.3 T, with a longitudinal gradient up to 8 T/m. 
The direction of the magnetic field was perpendicular to the 
axis of the chamber. 
 
The temporal evolution of the counting rate is given on the 
figure 1 : the signal of the CFUE24 located in the magnetic 
field of 2.3 T follows correctly the counting rate of a 
CFUL01 fission chamber located outside the facility where 
the magnetic field is weak (< 0.1 T). 
 
A statistical study between the total number of counts given 
by the two fission chambers is presented on the figure 2. 

These curves were obtained with different conditions of 
plasmas and instantaneous counting rates and show a nearly 
perfect linearity between the two detectors. 
 
These tests carried out in TORE SUPRA in 2001 showed 
that a fission chamber provided a normal counting rate in a 
magnetic field up to 2.3 T, close to the fusion plasma 
(roughly 30 cm). 
 

 Arbitrary unit 

1 2 3 4 5 6 s 
0 

50 

100 

150 

200 

250 

300 

350 

400 

450 
TS#29385 

CFUE-24 

CFUL-01 

 
Figure 1 : Temporal evolution of the counting rate 

of 2 fission chambers: 
CFUE24 (B = 2.3 T), CFUL01 (B < 0.1 T) 
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Figure 2 : Comparison of total counting 
(hollow symbol: B = 2.3 T ; full symbol : B = 1.6 T) 
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2002 ACTIVITIES 
 
 
The objective of the 2002 tests was to continue the study of 
the behaviour of fission chambers up to 5 Tesla. 
 
Two fission chambers (CFUE24, CFUM11) and a 
californium source were located in a block made of 
polyethylene (dimensions : about 25 x 25 x 25 cm). 
 
This device was fixed on the internal wall of TORE SUPRA 
facility, with two possible positions : 
 
- magnetic field at 45° relative to fission chambers axis, 
- magnetic field parallel to fission chambers axis. 
 
The CFUE24 is already presented on the previous page and 
the main characteristics of the CFUM11 (also manufactured 
by the Photonis company) are as follows: 
 
- external diameter: 25.4 mm 
- material of the electrodes: aluminium 
- fissile material: uranium enriched in 235U (93 %) 
- mass of uranium: ≈ 150 mg 
- filling gas: argon with N2 (4 %) ; P = 400 kPa 
- thermal neutrons sensitivity: ≈ 10-1 c.s-1/n.cm-2.s-1 
- cable: FILECA 1209 (Cu, Ag and polyethylene) 
 
This experiment was carried out without plasma discharges. 
The temporal evolution of the counting rates is given on the 
figure 3 and on the figure 4 : the signals of the detectors 
were recorded only during the magnetic fields changes 
(slope = 0.2 to 0.25 T/mn). 
 
The fluctuations of the counting rates is due to statistical 
effects (integration range = 8 s). 
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Figure 3 : First experiment : 
Magnetic field at 45° relative to the fission chambers axis 
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Figure 4 : Second experiment : 
Magnetic field parallel to the fission chambers axis 

 
The figure 5 and the figure 6 represent the counting rates 
according to the magnetic field intensity (B). 
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Figure 5 : CFUM11 fission chamber : 
Count rate versus magnetic field strength 

 
The CFUE24 seems almost unaffected by the strength of the 
magnetic field (maybe a small trend to rise). 
 
On the other hand, the sensitivity (S) of the CFUM11 
decreases  approximately 5 % for B = 5.6 T. For B = 0 T up 
to 6 T, and under our specific experimental conditions 
(californium neutron source, no plasma,…), we can assume 
that S is correctly described by the parabolic function as 
follows : 

)
788
B1(.)0(S)B(S 2−=  
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This physical effect is only observed for the CFUM11 
probably because the strength of the electric field used to 
collect the charges is stronger in the CFUE24 than in the 
CFUM11, due to its smaller size (polarisation voltages are 
of the same magnitude). 
 
Considering the figure 5 and the figure 6, both fission 
chambers are not sensitive to the direction of the magnetic 
field relative to their longitudinal axis. 
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Figure 6 : CFUE24 fission chamber : 
Count rate versus magnetic field strength 

 
 
CONCLUSIONS 
 
 
From these preliminary tests in TORE SUPRA facility, the 
main following conclusions can be drawn: 
 
- standard fission chambers provide normal counting rates 

in a magnetic field up to 2.3 T during plasma 
discharges ; 

 
- standard fission chambers can be used in a magnetic 

field up to 5.6 T (experiment carried out with a 
californium source, thus without plasma), even if a loss 
of sensitivity (5 %) was observed for the CFUM11 
(external diameter = 25.6 mm) ; thus the smallest fission 
chamber possible (but sensitive enough) has  to be 
selected for the instrumentation of the Test Blanket 
Module (TBM) ; 

 
- the optimized fission chamber (size, nature fissile 

material, filling gas, …) and its associated cable (as low 
sensitive to magnetic field as possible) will have to be 
defined in the future years and of course, to be tested in 
the expected operating conditions in the TBM. 
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UT-TBM/BB-He 
 
Task Title: HELIUM COMPONENTS TECHNOLOGY 
 Problems and outlines of solutions 
 
 
INTRODUCTION 
 
 
In the HCLL (Helium Cooled Liquid Lead) concept, helium 
in gaseous state is used for cooling the blankets, and the 
divertor. 
 
Helium is studied as a coolant in fusion reactors for many 
reasons. It is a gas which does not change phases over a 
wide temperature range, which eliminates drastic 
modifications in the thermal transfer. It is a very efficient 
exchange agent among gases (only hydrogen is better). It is 
compatible at all temperatures with all materials. It is 
transparent to neutrons, and is only slightly activated under 
radiation (only isotope 3He, present in minute proportions, 
can form tritium). Lastly, helium, with a liquefaction 
temperature lower than that of all gases (4.35 K), is easy to 
purify using cryogenic means. 
 
This task is devoted to the identification and resolution of 
technological problems raised by helium at pressures of 
about 80 bars, and with temperatures locally up to 800°C. 
 
 
2002 ACTIVITIES 
 
 
The purpose of the 2002 activity was to list the generic 
technological problems encountered when using high 
temperature and pressure helium circuits, from the view 
point of fusion reactor shields, blankets and divertors, and 
to propose an outline of possible solutions. This study is 
based on the feedback from gas cooled reactors and 
experimental loops, which have existed or which are still 
under project form. 
 
The components and subjects addressed to are : hot gas 
pipes under pressure, heat exchangers, isolating 
components (valves), circulators, helium storage system, 
helium quality control, graphite ( if any) oxydation, non 
nuclear instrumentation.  
 
Two types of problems due to the type of fluid itself were 
mentioned: 
 
- the extreme volatility of helium favors its leakage, 

especially at the weak points which are the section 
elements and the seals. From a tightness point of view, 
the technology of circulators is a problem, especially for 
large flow rates, 

 
- this gas, if pure, does not allow the presence of oxide 

layers which would lessen the friction of metallic parts. 

Moreover, there are problems due to temperature and 
pressure levels (500°C to 800°C, 50 to 80 bar), but they are 
within the temperature and pressure ranges used in gas 
cooled fission reactors (use of gas from 300°C to 1000°C, 
30 bars to 100 bars). 
 
These levels of temperature and pressure mostly raise the 
problem of thermal barriers. The fact should also be 
mentioned that precautions might be necessary to stop the 
measurements in temperature during transients from being 
disturbed, because of the thermal radiation exchanges 
between the thermocouple and the wall. 
 
Lastly, a system of control for the chemical and radio-
chemical quality of helium and leak detection systems must 
be foreseen. 
 
 
CONCLUSION 
 
 
The solutions found or under development for the gas 
reactors should be adapted with a minimum of effort to the 
case of the helium cooling circuits of the protective shields, 
blankets and divertor of fusion reactors. 
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UT-TBM/MAT-LM/MAG 
 
Task Title: LIQUID METAL CORROSION UNDER MAGNETIC FIELD 
 
 
INTRODUCTION 
 
 
Corrosion of materials exposed to liquid metal depends on 
many parameters such as temperature, hydrodynamics, 
thermal gradient… In the high magnetic field confining the 
plasma, the flow of the liquid alloy is characterized by the 
presence of a core velocity in the central region and various 
boundary layers in the vicinity of the channel-walls which 
exhibit a strong velocity gradient. 
 
When the mass transfer between a solid and a liquid is 
controlled by the velocity gradient at the wall, a 
modification of the corrosion process may thus be expected 
in the presence of the magnetic field. It is important to 
study this phenomenon and quantify the effect of the field 
on the corrosion of steels in contact with the Pb-17Li alloy. 
 
For this purpose, it has been proposed to perform corrosion 
tests in Pb-17Li under magnetic field in flows driven by a 
rotating disk inside a cavity. Such a study is of interest 
because the hydrodynamics in this configuration can be 
well described by numerical simulation and thus the 
influence of the field on the mass transfer can be well 
characterized. The work already performed has allowed to 
design the experimental device (a rotating disk inside a 
cylindrical crucible) and to characterise the liquid 
hydrodynamics [1-3]. 
 
In 2002, corrosion tests of an austenitic and a martensitic 
steel in liquid Pb-17Li were performed without and under a 
magnetic field with a flow generated in a cylindrical cavity 
by a rotating disk with a controlled hydrodynamic. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL 
 
The experiment (figure 1) is based on the fluid motion 
generated by a rotating disk. The Pb-17Li alloy is contained 
in a cylindrical crucible made of the austenitic steel, which 
has been aluminised to prevent it from corrosion. The 
rotating disk, which is the specimen to study, constitutes the 
upper part of the crucible. 
 
The crucible is heated with an electrical furnace composed 
of two heating elements allowing to produce a stable 
temperature gradient between its top (480°C or 510°C) and 
its bottom (410°C or 440°C). 
 
To avoid Pb-17Li oxidation, argon is continuously 
delivered at a small flow rate above the top of the crucible. 
The device can be placed inside the solenoid which allows 
to impose a longitudinal magnetic field, continuously 
adjustable between 0 and 0.5 Tesla. 

 

 

Figure 1 : Presentation of the device 
 
In order to avoid the corrosion of the upper part of the 
rotating disk, this latter has also been aluminised. But the 
aluminised coating of the disk face in contact with Pb-17Li 
was mechanically removed. As it was not possible to coat 
the T91 martensitic steel rotating disk, thus a 1 mm thick 
disk was maintained by a clip to an aluminized 316L 
austenitic steel rotating disk. A view of the specimens is 
given in figure 2. 
 

 
 

Figure 2 : Pictures of the rotating disk specimen 
and crucible 

 
All the operations required to introduce the rotating disk 
and the liquid Pb-17Li in the crucible were carried out in a 
glove box with purified argon gas to prevent air 
contamination. 
 
In a first step, the rotating disk was placed at the bottom of 
the crucible and all was heated in a furnace at 350°C. The 
Pb-17Li was melted in another furnace and the liquid was 
poured into the crucible. 

Aluminised 316L steel  
crucible 

           T = 410°C 
Corrosion product 
deposition 

Rotating disk (corrosion 
specimen) 

TC = 480 °C 

316L rotating disk 
specimen 

T91 disk specimen 
(1 mm) on an aluminised 316L 

rotating specimen 

Aluminised 316L crucible 
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The space between the crucible and the rotating disk (about 
1 mm) is such that it allows the liquid Pb-17Li to flow 
through. At the end, the rotating disk floats on the liquid 
Pb-17Li at the top of the crucible. About 800 g of Pb-17Li 
were introduced into the crucible corresponding to about 
600 mm Pb-17Li height. After cooling, the crucible with 
rotating disk was introduced into the device in the container 
closed at its top by a cover supporting the motor. This 
equipment was sent to the LEGI laboratory to perform the 
corrosion test without or under magnetic field. After test 
and cooling, the device was sent to CEA and the rotating 
disk was removed from Pb-17Li. The remaining Pb-17Li 
adhering to the specimen surface was then removed by 
immersing the specimen in an alcohol, acetic acid and 
hydrogen peroxide mixture. Then, the observations to 
characterise the corrosion were performed. The 
experimental conditions of the tests are given in table 1. 
 
RESULTS 
 
Corrosion results of 316L austenitic steel 
 
Weight measurements of the specimens do not lead to 
significant values due to the difficulty to totally remove the 
remaining Pb-17Li adhering to the surface. The disk 
thickness measured at different places before and after tests 
do no show variations, taking into account the uncertainty 
of the micrometer gauge (10 µm). The observations and 
analyses performed on the cross-section of the two disks 
along their surface show a corrosion layer made of metallic 
particles with a network of channels full of Pb-17Li 
(figure 3). The chemical composition of the corrosion layer 
is the same all along the surface of each disk (without and 
under a magnetic field) and corresponds to Fe (90 wt%), Cr 
(about 7 wt%) and Mo (3 wt%). The observations show 
that, for each specimen, the corrosion layer thickness 
increases from the centre to the disk extremity. From 
figure 4, we can see that: 

- In the two cases, the thickness variations with the 
distance to the specimen centre are not regular. 

- At a same distance from the centre, the corrosion layer 
thickness is smaller on the specimen tested under a 
magnetic field. 

 

 
 

Figure 3 : Cross-section micrograph of 316L austenitic 
steel at the extremity of the rotating disk after 350 h 

at 480°C under magnetic field in liquid Pb-17Li, 
(Ω = 2.1 rad.s-1, Re = 21000, Ha = 130) 
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Figure 4 : Thickness of the porous ferritic corrosion layer 

of the 316L autenitic steel rotating disks 
along the dimensionless radial coordinate r/R after 350 h 

at 480°C without and under a magnetic field 
 
 

Table 1 : Experimental conditions of the tests without and under a magnetic field 
 

Steel 
Temperature of 
the specimen TC 

Temperature of the 
crucible bottom Tf 

Hartman 
number Ha** 

Ω (rad.s-1) 
Reynolds 

number Re* 
Duration 
(hours) 

480 °C 410 °C Ha = 0 2.1 21000 350 
316L 

austenitic 
steel 480 °C 410 °C 

Ha =130, 
k=0.1 

2.1 21000 350 

510 °C 440 °C Ha = 0 2.1 21000 500 T91 
martensitic 

steel 
510 °C 440 °C 

Ha = 200, 
k=0.042 

2.1 21000 500 

*: Re = ΩR2/ν with R = 30 mm 
**: Ha= B0R(óf/ñν)1/2 with B0 = 0.2 tesla 

 

316L austenitic steel 

Ferritic zone 
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Corrosion results of T91 martensitic steel 
 
The weight variation of the rotating disk tested without 
magnetic field (∆m = - 0.03284 g) is more important than 
under a magnetic field one (∆ = - 0.024689 g). Assuming an 
homogenous dissolution all over the disk surface, the mean 
thickness losses correspond to 1.5 µm and 1.2 µm 
respectively without and under magnetic field.  
 
The uncertainties of the geometrical measurements are too 
high to detect thickness variations due to the corrosion. 
 
The observations and analyses performed on the cross-
section of the two specimens along their surface show a 
homogeneous dissolution without formation of a superficial 
corrosion layer and intergranular attack. 
 
Only a weak increase in the surface roughness was 
observed but microprobe analysis did not show any 
chromium or iron depletion near the surface. 
 
DISCUSSION 
 
Corrosion mechanisms 
 
The nature and the morphology of the corrosion layer at the 
surface of the 316L austenitic steel specimens after these 
tests are very similar to the results previously observed by 
others [4] who report the formation of a superficial ferritic 
porous layer due to the preferential dissolution of Ni and 
Cr. As previously observed [5], [6], the presence of a 
magnetic field does not modify the corrosion layer 
chemical composition.  
 
N. SIMON [7] has proposed a mechanism for the corrosion 
of 316L austenitic steel in an isothermal liquid Pb-17Li. 
The first step is the Ni and Cr superficial dissolution, 
followed by a phase transformation of the austenitic matrix 
into ferrite with the formation of porosities. Finally, the 
diffusion of dissolved species into the porosities filled by 
some liquid metal and into the diffusion boundary layer of 
liquid Pb-17Li occurs. 
 
The limiting step of this process is the Cr dissolution into 
the liquid when the corrosion layer thickness is small 
compared to that of the diffusion boundary layer. At the 
opposite, the diffusion limitation is in the porosities when 
the layer becomes thick compared to the diffusion boundary 
layer. 
 
The corrosion of T91 martensitic steel without and under a 
magnetic field is characterized by an homogeneous 
dissolution without formation of a superficial corrosion 
layer. No intergranular attack and preferential dissolution 
have been observed by our analytical techniques. This 
corrosion behaviour corresponds to what has been observed 
in different experiments [5], [6]. 
 
Influence of the hydrodynamic flow 
 
An hydrodynamic model of the liquid flow in the 
experimental device has been previously developed [3]. 
Compared to the classical rotating disk, it takes into 
account the finite dimensions of the device. 

The convective diffusion of a dissolved element can be 
described by the following equation, taking into account the 
hydrodynamic model: 
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where C is the dissolved element concentration, and r, z, ϑ 
are the cylindrical coordinates. 
 
If the Cr diffusion in the boundary layer is considered as the 
limiting step of the 316L steel corrosion process, in the 
steady state and assuming: 
 
- an axial symmetry 
- the Cr solubility is achieved at the rotating disk  
- the Cr concentration is zero at the other walls 
 
the calculated mass flux at the rotating disk is defined 
through the classical Sherwood number 
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In these conditions, from this model, it is expected a 
constant corrosion amplitude all along the disk. It is 
different from experimental results obtained with the 316L 
steel. 
 
The increase of corrosion at the disk extremity can be 
explain by  instabilities which can arise near the lateral 
wall. Elsewhere, the corrosion amplitude variations are not 
yet explained: they could be due to a change in the 
corrosion limiting step or by the presence of the porosities 
in the corrosion layer. 
 
Concerning the T91 martensitic steel, it has already been 
shown that the corrosion limiting step in turbulent flowing 
Pb-17Li is the diffusion of dissolved Fe in the boundary 
layer. Assuming that it is also true in our experimental 
conditions, we can calculate the T91 martensitic corrosion 
rate using the Levich equation for a rotating disk in an 
infinite system [8]: 
 

Vcorrosion = 0.620D2/3ω1/2ν-1/6Cs   (3) 
 
With D: diffusion coefficient of Fe in Pb-17Li (m2.s-1), 
ω: angular velocity of the rotating disk (2.1 rad.s-1), 
ν: Pb-17Li kinematic viscosity (ν =1.74 10-7 m2.s-1) and  
Cs: dissolved Fe concentration (g.m-3). 
 
If we take for Cs = 47.5 ppm = 493.52 g.m-3 and  
D = 2.10-14 m2.s-1 the values determined by V. Coen [9] and 
T. Dufrenoy [10] respectively, we obtain ecorrosion thickness = 
1.6 µm. For the values given by F. Feuerstein [11] which 
are Cs = 0.542 ppm = 5.63 g.m-3 and D = 7.46.10-11 m2.s-1 
we have ecorrosion thickness = 2.7 µm. These values are close to 
the experiment measure (ecorrosion thickness = 1.7 µm without 
magnetic field). Thus, it seems that the limiting step of the 
T91 martensitic steel corrosion in laminar flowing is the 
diffusion of dissolved Fe in the boundary layer. 
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Influence of the magnetic field 
 
The corrosion layer thickness on the 316L austenitic steel 
disk tested under a magnetic field is always thinner than the 
one developed on the specimen tested without magnetic 
field. This is due to the fact that the meridian flow governed 
by ur and uz is smaller under a magnetic field, these two 
flow velocity components being also lower. This confirms 
the action of the magnetic field through the hydrodynamics 
on corrosion. However, the shape of the corrosion depth 
profile along a radius has to be explained. We can only 
point out that the trays are at the same distances from the 
axis in the two cases (without and under magnetic field). 
The same type of phenomena are expected with the T91 
martensitic steel. 
 
 
CONCLUSION 
 
 
The 316L austenitic steel and T91 martensitic steel 
corrosion experiments in the presence of Pb-17Li with a 
rotating disk in a cylindrical cavity have been performed 
without and under a magnetic field (parallel to the rotation 
axis). Numerical calculations of the velocity fields and 
mass flux in the cavity have been done in order to explain 
the corrosions results.  
 
The morphology and the nature of the corrosion 316L 
austenitic steel after tests are the same without and under a 
magnetic field. In the tested conditions, the corrosion 
process is probably limited by the Cr convective diffusion 
and depends on the meridional flow velocity components in 
the hydrodynamic boundary layer. Its explains why the 
magnitude of the corrosion is in the present experiment 
smaller in the presence of the magnetic field. A full 
understanding could require the integration of the porous 
corrosion depth in the model.  
 
The T91 experiments have confirmed the smaller mass 
transfer in presence of magnetic field in the tested 
conditions. The corrosion process is probably limited by the 
Fe convective diffusion. However, the magnitude of the 
corrosion is too small to allow to measure a variation of 
corrosion depth along the disk. 
 
 
REFERENCES 
 
 
[1] F. Barbier, A. Alemany and A. Kharicha, Corrosion in 

moving liquid Pb-17Li under magnetic field: 
Hydrodynamic modeling in rotating flows, CEA 
report, RT-SCECF 510 (December 1999). 

 
[2] A. Kharicha, A. Alemany and F. Barbier, Influence of 

the magnetic field and the conductance ratio on the 
hydrodynamic of a fluid driven by a rotating disk in a 
cylindrical enclosure, Proceedings of the 4th 
International PAMIR Conference on Magneto-
hydrodynamic at Dawn of Third Millennium, 
Presqu’île de Giens, France, September 18-22, 2000, 1 
(2000) 405-410. 

[3] F. Barbier, A. Alemany and A. Kharicha, 
Hydrodynamics in liquid metal flow driven by a 
rotating disk under magnetic field: experiment and 
simulation, CEA report, RT-SCECF 545 (November 
2000). 

[4] T. Flament, P. Tortorelli, V. Coen, H. U. Borgstedt, 
Compatibility of materials in fusion first wall and 
blanket structures cooled by liquid metals, J. Nucl. 
Mat. 191-194 (1992) 132-138. 

[5] T. Flament, A. Terlain, J. Sannier, P. Labbé, Influence 
of magnetic field on thermohydraulic and corrosion in 
the case of the water-cooled blanket concept, Fusion 
Technology 1990, B. E. Keen, M. Huguet, R. 
Hemsworth (editors), Elsevier Science Publishers B. 
V., (1991), 911-915. 

[6] A. Terlain, T. Dufrenoy, Influence of a magnetic field 
on the corrosion of austenitic and martensitic steels by 
semi-stagnant Pb-17Li, J. Nucl. Mater. 212-215 
(1994) 1504-1508. 

[7] N. Simon, A. Terlain, T. Flament, The compatibility 
of austenitic materials with liquid Pb-17Li, Corrosion 
Science, 43 (2001) 1041-1052. 

[8] Levich, Physicochemical hydrodynamics. 

[9] V. Coen, T. Sample, Pb-17Li: a fully characterized 
liquid breeder, Fusion Technology 1990, Proc. 16th 
SOFT, 248-252 (1990). 

[10] T. Dufrenoy, V. Lorentz, A. Terlain, Determination of 
diffusion coefficient of iron in liquid alloy, RT-
SCECF 520, December 2000. 

[11] H. Feuerstain, H. Gräbner, J. Oschinski, J. Beyer, S. 
Horn, L. Höner, K. Santo, Compatibility of 31 metals, 
alloys and coatings with static Pb-17Li eutectic 
mixture, Forschungszentrum Karlsruhe, FZKA 5596 
(1995). 

 
 
REPORT 
 
 
Ph. Deloffre, A. Terlain, A. Alemany, A. Kharicha, 
Corrosion study of an austenitic steel in Pb-17Li under 
magnetic field and rotating flow, CEA report, To be issued. 
 
 
TASK LEADER 
 
 
Philippe DELOFFRE 
 
DEN/DPC/SCCME/LECNA 
CEA Saclay 
91191 Gif-sur-Yvette Cedex 
 
Tél. : 33 1 69 08 16 14 
Fax : 33 1 69 08 15 86 
 
E-mail : philippe.deloffre@cea.fr 
 



 - 353 - Underlying technology / Tritium Breeding and Materials / Breeding Blanket 
 

UT-TBM/MAT-LM/Refrac 
 
Task Title: COMPATIBILITY OF REFRACTORY MATERIALS 

WITH LIQUID ALLOYS 
 
 
INTRODUCTION 
 
 
High flux components in a fusion reactor will be submitted 
to high thermal flux and to high temperatures. Liquid metals 
and in particular liquid eutectic Pb-17Li, due to their high 
conductivity are good candidates for removing such high 
heat flux. However, it is well known that liquid metals can 
be very corrosive at high temperatures. It is therefore 
necessary to assess the corrosion behaviour of high flux 
component materials in contact with liquid metals. As far as 
the constitutive materials of these components are 
concerned, tungsten alloys appear to be the best choice. 
 
In a previous study, in a first step, it has been shown that no 
corrosion of tungsten occurs at 800°C for 1500 hours in 
static isothermal Pb-17Li [1]. In a second step, the 
corrosion of tungsten by Pb-17Li in the presence of a 
thermal gradient (800°C maximum temperature and a 60°C 
thermal gradient) and a very low liquid flow velocity has 
been studied: in the tested conditions no corrosion of 
tungsten has been observed [2]. 
 
Concerning the interaction between tungsten material and 
liquid Pb-17Li, it is expected that dissolution can occur. 
When the corrosion proceeds by dissolution, the solubility 
of the dissolved species has a large influence on the 
corrosion rate. 
 
Concerning the solubility of W in Pb-17Li, only a few 
experiments were performed with W-crucibles and no 
reliable information on the solubility of tungsten in Pb-17Li 
exist and it is very important to determine them. A special 
device has been previously designed to perform such 
measurements. In 2002, solubility of tungsten in Pb-17Li 
has been determined at 800°C and 1000°C. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL 
 
The device for the determination of the metallic species 
solubility in Pb-17Li has been previously designed and 
tested [2]. It consists of (see figure 1): 
 
- A crucible made of TZM: its size has been chosen not 

too large to recover all the Pb-17Li after the experiment 
in order to analyse it and to avoid any thermal gradient 
which can induces mass transfer and not too small to put 
in contact with Pb-17Li a sample with a sufficient 
surface area to favour the dissolution process. This 
crucible has a TZM holder welded to the cover. 

 On this holder are fixed at the bottom the sample and at 
the top a little TZM crucible to in-situ sample some Pb-
Li by turning upside-down and coming back the 
container with the crucible for chemical analysis and 
determining the amount of dissolved elements. The 
advantages of this sampling system are: first the sample 
is no longer in contact with the specimen, second it is 
sufficiently small to be totally analysed and finally it 
avoids all the uncertainties linked to the possible 
segregations when a freeze sample is only partially 
analysed. The cover is welded to the crucible under 
vacuum by electron beam technique. 

 
- A container made of alloy 601 in which is the crucible. 

The container is closed by welding (by electron beam 
technique) a cover made of the same material. The aim 
of this container avoids the excessive oxidation by air of 
the TZM crucible during the experiment. 

 
- A furnace in which is placed the container. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Schematic drawing of the device 
for solubility measurements 

 
The procedure to perform a test is the following: the 
container, the crucible, the cover and the holder are heated 
up to 500°C for 24 hours under vacuum. Moreover, a 
specimen is washed with a alcohol, acetone and 
tetrachloroethylene mixture and after with alcohol and then 
dried. Then, in a glove box with a purified argon 
atmosphere, the crucible is filled with liquid Pb-17Li. The 
holder with the sample is immersed in the liquid and the 
cover is mounted. The crucible is ready to be closed by 
welding the cover.  

 

W specimen 

Isothermal static 
Pb-17Li 
 

601 nickel alloy container 

TZM crucible 

In-situ Pb-17Li 
sampling crucible 

Wedge 

Handle to return 
the container 

1500°C furnace 
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After, the closed crucible is placed in the container which is 
also closed by welding. 
 
The container is then placed in the furnace and heated up to 
the experiment temperature. 
 
During the test, the container is periodically shacked in 
order to mix Pb-17Li. 
 
At the end of the experiment, at the test temperature, the 
container was turned upside down (in-situ sample Pb-17Li) 
and cooling. 
 
The container and the crucible were open. In the glove box, 
the Pb-17Li sample was recovered and the Pb-17Li melted 
for removing the tungsten specimen.  
 
Sintered polycrystalline tungsten has been supplied by 
Plansee. It has been used as small platelets 10 mm x 5 mm x 
1 mm with the as received surface state. Pb-17Li from 
Métaux Spéciaux has been used for these experiments. 
 
RESULTS 
 
Four tests have been performed: one at 800°C and three at 
1000°C. 
 
The Pb-17Li amount put into each crucible is between 40 
and 45 g. The weight of each specimen is about 1 g. The 
conditions of the tests are put together in table 1. 
 

Table 1 : Experimental coditions of the tests 
 

W specimen Test 
n° 

Température 
(°C) 

Duration 
(hour) 

Pb-17Li 
mass (g) N° mass (g) 

1 800 3167 45.8 201 1.003760 

2 1000 501 40.2 206 0.996126 

3 1000 1110 43.0 203 0.998896 

4 1000 982 47.1 205 0.997536 

 
The test 3 performed at 1000°C for 1110 hours has not been 
used because at the end of the test, the molybdenum 
crucible had some cracks and some Pb-17Li has seeped out 
of it. 
 
For the other tests, the chemical analyses of Pb-17Li by 
means of inductively coupled plasma mass spectroscopy 
(ICP-MS) indicate a tungsten content less than 5 wppm 
which correspond to the detection limit achievable by this 
technique. 
 
Weight measurements of the tungsten specimens after the 
tests have not been performed because it has not been 
possible to remove Pb-17Li adhering to the specimens 
without damaging them.  
 
Cross section micrographs of the specimens after the tests  
have been done and don’t allow to see thickness decrease or 
corrosion (figure 2). 

 
a) 

 
 

 
b) 

 
Figure 2 : SEM views of a specimen cross section: 

a) before test 
b) after 982 h in Pb-17Li at 1000°C 

 
 
CONCLUSION 
 
 
Tests have been performed in order to determine the 
tungsten solubility in Pb-17Li at 800°C and 1000°C. The 
experimental technique which has been used consists in 
immersing a tungsten specimen in a Pb-17Li bath for a long 
period and to measure the tungsten content in Pb-17Li at the 
end of the test. 
 
Using this technique, very low tungsten solubility at 800°C 
and 1000°C in Pb-17Li have been observed (less than 
5 wppm). These low values explain that no dissolution of 
tungsten in Pb-17Li at 800°C and 1000°C has been 
observed in the previous tests. 
 
These values indicate that in a system at 1000°C maximum 
temperature the dissolution of tungsten even in flowing 
Pb-17Li and in the presence of thermal gradients should be 
very limited. 
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UT-TBM/MAT-LM/SiC 
  
Task Title: COMPATIBILITY OF SiCf/SiC COMPOSITES 

WITH LIQUID Pb-17Li 
 
 
INTRODUCTION 
 
 
Due to their high thermal conductivity, liquid metals and 
alloys are very efficient coolants. In the frame of fusion 
reactor development, the Pb-17Li eutectic alloy (17 at%Li) 
is the breeding and cooling candidate material for the self-
cooled liquid metal breeding blanket (TAURO blanket) [1]. 
In this blanket concept, the SiCf/SiC composite is proposed 
as the structural material. Moreover, with regard to the high 
heat flux components of fusion reactor, the Pb-17Li alloy is 
also considered to cool the divertor and SiCf/SiC flow 
channel inserts (FCI) could be used as electrical insulators 
to avoid MHD pressure drops. It was already mentioned 
that brazing could be used to joint different complex parts 
of the blanket [2]. Some of the junctions cannot be obtained 
with current joining techniques such as welding, diffusion 
bonding and/or textile densification stage during the 
manufacture of the composite component. In this context, 
CEA-Grenoble is involved in the development of joining 
technologies for SiCf/SiC composites using the BraSiC 
process and of mechanical testing of the SiCf/SiC junctions. 
 
Corrosion tests of SiCf/SiC composite Cerasep N3-1 with 
isothermal static liquid Pb-17Li have already been 
performed at 800°C for 3000 h and 1000°C for 2500 h and 
no damages were observed [3,4]. No high temperature 
corrosion test of the BraSiC H2 grade brazing alloy 
joining the SiCf/SiC composites was performed and no data 
are available on the compatibility of BraSiC alloy with 
liquid metals. In the frame of this task, it has therefore been 
performed a corrosion test on BraSiC H2 grade brazing 
alloy in the presence of isothermal static liquid Pb-17Li at 
800°C for 3000 h. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL 
 
An immersion test of a BraSiC specimen in isothermal 
liquid Pb-17Li has been performed in a device 
schematically represented in figure 1. The device consists 
of various elements including an electric furnace, a alloy 
601 container to protect the crucible from air oxidation 
during the test and a TZM (a molybdenum alloy) test 
crucible containing the specimen immersed in Pb-17Li. 
One thermocouple is located near the furnace resistors for 
the furnace temperature control and another is inside the 
alloy 601 container in a finger welded at its cover allowing 
the temperature measurement very near of the TZM 
crucible. It is the test temperature. The variations of this 
temperature during the test are less than 2 °C. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Schematic drawing of the device 
 
The TZM crucible (∅ = 26 mm, H = 150 mm) has a TZM 
holder welded to its cover. On this holder are fixed at the 
bottom the sample and at the top a little TZM crucible to in-
situ sample some Pb-17Li by turning upside down the 
container with the crucible. This small Pb-17Li sample is 
used to perform a chemical analysis and determine the 
amount of dissolved elements. The advantages of this 
sampling system are: first the sample is no longer in contact 
with the specimen, second it is sufficiently small to be 
totally analysed and finally it avoids all the uncertainties 
induced by the presence of segregations when a frozen 
sample is only partially analysed. 
 
All the operations to introduce the specimen in the crucible 
with the molten Pb-17Li were carried out in a glove box 
under a purified argon atmosphere. The Pb-17Li alloy was 
melted in a furnace and the liquid was poured into the 
crucible. About 600 g of Pb-17Li were introduced into the 
TZM crucible. One BraSiC H2 grade brazing specimen 
was mounted onto the specimen holder, which was 
immersed into the molten alloy in the crucible. After 
cooling, the TZM crucible with the specimen was welded 
by electron beam technique. The as-sealed crucible was 
placed into the alloy 601 container which was subsequently 
electron beam welded. 
 
The corrosion test was performed at 800 °C for 3000 h. At 
the end of the test, the container was turned upside down at 
800 °C (in-situ sample Pb-17Li) and cooled. The container 
and the crucible were open. In the glove box, the Pb-17Li 
sample was recovered and the rest of Pb-17Li was melted 
to recover the BraSiC H2 grade brazing specimen. 
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The BraSiC H2 grade brazing alloy was manufactured 
and provided by the CEA-Grenoble. It was not possible to 
perform tests with SiCf/SiC Cerasep N3-1 with junctions 
of BraSiC H2 grade brazing alloy because the SiCf/SiC 
Cerasep N3-1 is not available. Thus the BraSiC H2 
grade brazing alloy has been tested alone (20 x 20 x 
15 mm3). The X-ray images of the surface of the as 
received BraSiC H2 grade brazing show that it is mainly 
composed of rich Ti-V precipitates distributed in a Si rich 
matrix. The size and distribution of precipitates are not 
uniform. 
 
RESULTS 
 
Chemical analyses of the Pb-17Li alloy after test indicated 
12 ± 2 ppm of Si, < 5 ppm of Ti, < 5 ppm of V. Taking into 
account the analysis uncertainties, these values are not fare 
from those measured for Pb-17Li before test. Therefore, 
these results suggest that no or very small dissolution has 
occurred during the test perhaps due to a low Si, V 
solubilities in Pb-17Li. 

On the other hand, analysis of the Pb-17Li alloy showed an 
increase in the molybdenum concentration: from less than 
1 ppm before test, it increased to 30 ± 5 ppm after test. This 
indicates that a small dissolution of the TZM crucible has 
occurred during the test. 
 
Geometrical measurements of the BraSiC H2 grade 
brazing specimen performed before and after test with a 
micrometer gauge indicate no specimen dimension 
variations at least higher than a few tens of microns which 
is the uncertainty on this evaluation by our techniques. The 
specimen exposed to Pb-17Li was examined by SEM. 
 
Figures 2 and 3 show a direct and a cross-section views of 
the specimen after the corrosion test. These figures show 
neither morphologic evolution nor chemical attack of the 
composite. No penetration of Pb-17Li can be seen: Pb-17Li 
is only adhering to the surface. 
 
Therefore, in the tested conditions, no corrosion damage of 
the BraSiC H2 grade brazing specimen has been observed 
 

SE C 

O Si 

Ti V 
 

Figure 2 : X-ray images of the surface of the BraSic H2 grade brazing alloy specimen 
after 3000 h at 800°C in anisothermal static liquid Pb-17Li 
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Figure 3 : X-ray images of the cross-section of the BraSic  H2 grade brazing alloy specimen 
after 3000 h at 800°C in anisothermal static liquid Pb-17Li 

 
CONCLUSION 
 
 
The BraSiC H2 grade brazing specimen was exposed to 
isothermal static liquid Pb-17Li at 800 °C up to 3000 h. The 
experiments indicate that the material has not reacted with 
the liquid alloy in these experimental conditions. 
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UT-TBM/MAT-LM/WET 
 
Task Title: WETTING OF MATERIALS BY LIQUID METALS 
 
 
INTRODUCTION 
 
 
In fusion reactor, liquid metal cooling of High Heat Flux 
Components is considered for extracting heat fluxes. One 
possibility is to remove the heat by forced convection, 
employing relatively high velocity and insulating coatings 
on all channel walls or flow channel inserts. 
 
In forced convection cooled liquid metal divertors, the Pb-
Li alloy (17 at.% Li) has been selected because of its low 
reactivity with air and relatively low melting point. 
 
Liquid metals are of interest but a major issue is the high 
temperature compatibility with the structural materials. As 
the running conditions of the systems under consideration 
are not yet well defined and costly to achieve in 
experimental devices, it is necessary to have some models 
taking into account the main corrosion factors. 
 
Liquid metal corrosion manifests itself by various ways: 
dissolution, compound formation, liquid penetration and 
depends on various factors (temperature and thermal 
gradient, solid and liquid compositions, time, liquid metal 
velocity, surface state of the material..). 
 
Corrosion studies are thus required for elucidate the 
corrosion mechanism and the main factors affecting it in 
order to make a material selection. 
 
The wetting of solid materials by liquids is a determining 
factor in corrosion processes or when the liquid is involved 
in a heat transfer process (the wetting is necessary to an 
efficient heat removal). 
 
When the corrosion process is studied and in particular the 
influence of the liquid velocity, it is fundamental to know 
the conditions of the specimen wetting to elaborate a model 
(incubation period due to wetting can leave to a bad 
interpretation of the results). 
 
Therefore, it is of great importance to determine the 
conditions of wettability of a solid by a liquid. 
 
A methodology to study the wetting of a solid by a liquid 
metal has previously been set up and applied to the Fe and 
Fe-7Cr and W /Pb and Pb-17Li systems. A synthesis of the 
results, focusing on the analysis of the influence on the 
initial surface state of the materials has been performed. 
 
Moreover, a study of the penetration of Pb-17Li in SiCf/SiC 
material which is an important phenomenon to characterise 
as a function of the surface state of the material (importance 
of the final coating on the composite, surface state after 
cutting…) has been carried out. 

2002 ACTIVITIES 
 
 
WETTING OF MATERIALS BY Pb-17Li 
 
Wetting of tungsten by liquids Pb and Pb-17Li has been 
studied by means of the sessile drop and the dispensed drop 
techniques [1], [2]. The dispensed drop technique allows to 
break the natural oxide films which are present at the liquid 
and solid surfaces. 
 
Different experiments have been previously performed with 
Fe (Armco grade), Fe-7Cr steel and tungsten as the 
substrate materials and Pb and Pb-17Li as the liquid metal 
or alloy. The main experimental results are presented in 
tables 1 and 2. 
 

Table 1 : Contact angles, obtained by the set up drop 
technique, of liquid Pb and Pb-17Li on Fe and Fe-7Cr 

at 400°C under a 10-7 mbar vacuum 
 

Substrate 
Liquid 

Fe HT Fe(1) Fe-7Cr HT Fe-7Cr(1) 

Pb 71° 45°-50° 90° 60°±3° 

Pb-17Li --- 49°±1° 68°±2° 61°±3° 

 
(1) Substrate with a in situ heat treatment at 800°C under vacuum just 

before the wetting test  

 
 

Table 2 : Contact angles at 400°C under high vacuum 
of Pb and Pb-17Li drops on tungsten with (deoxidised) 
and without (oxidised) a first heat treatment at 900°C 

under high vacuum 
 

θ(deg) 
Liquid 

Woxidised Wdesoxidised 

Pb 106 ± 2 67 ± 2 

Pb-17Li 87 ± 2 49 ± 3* 

 
The low difference between the contact angles obtained 
with Pb and Pb-17Li liquids on the heat treated Fe or Fe-
7Cr shows that on these substrates the effect of Li on the 
wetting is low. On the other hand, the presence of Li 
increases the wettability of the Fe-7Cr substrate with its 
initial oxide layer: the contact angle is decreased by about 
20° (table 1). This effect can be explained by the higher 
stability of the Li oxide compared to the iron oxides. 
Furthermore, Pb just as well Pb-17Li wet better the heat 
treated Fe (θ 45° to 50°) than Fe-7Cr (θ 60°): when the 
native oxide is at least removed on the material, the 
presence of Li in Pb has not a large influence on the 
wetting. 
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The reactivity between Fe and Pb is limited to a Mullins 
type grooving. At 800°C, the intergranular penetration 
depth after 20 minutes is about 200 nm and increases with 
time, following a t1/3 law with the time. The reactivity 
between Fe and Pb-17Li in the sessile drop configuration is 
also mainly grooving at grain boundaries. The Fe-7Cr 
substrates undergo an intergranular corrosion but the 
grooves are not of Mullins type. Moreover, at 400°C, the 
grooves are hardly visible with a Scanning Electron 
Microscope (d < 100 nm). 
 
The tungsten surface, heated directly at 400°C is not wetted 
by Pb (107° contact angle), whatever the atmosphere (high 
vacuum or an He+H2 gas mixture). A non wetting / wetting 
transition is observed at 570°C in He+H2 atmosphere and 
leads to a 60° contact angle value up to 800°C. After a high 
temperature heat treatment of tungsten under vacuum or 
He+H2 atmosphere, the contact angle of Pb at 400°C is near 
65°. 
 
At 400°C, the addition of 17 at.% Li to Pb induces a contact 
angle decrease of 15° on tungsten with a prior high 
temperature heat treatment and of 20° without this heat 
treatment. When the tungsten surface is oxidised, this effect 
can be explained by the chemisorption of Li (Li has a very 
high affinity for oxygen) at the Pb/oxide film interface. 
When tungsten has been heat treated at high temperature in 
order to remove at least partially ( some chemisorbed 
oxygen is always present at the surface) the native oxide 
layer, the θ variations could result from the local PO2 
decrease at the triple line due to the 2 Li + 1/2 O2 → Li2O 
chemical reaction. No reactivity between Pb (or Pb-17Li) 
and tungsten oxidised or not has been observed by means of 
SEM (0.1 µm resolution) even when the tungsten substrate 
has been heat treated at 900°C. As for Pb-17Li, and for long 
time experiences (several thousand seconds) a reaction has 
been observed outside the drop but near the triple line 
between Li and oxygen from the surface.  
 
To have a good wetting of tungsten by Pb-17Li (contact 
angle characteristic of a liquid metal/solid metal contact) its 
is necessary to perform a preliminary heat treatment of 
tungsten at high temperature and under vacuum or an 
atmosphere with a very low oxygen activity. It is different 
from what it has been observed with Fe and Fe-7Cr: the Li 
activity in the Pb-17Li liquid is sufficient to modify or even 
suppress the native oxide film at the surface of these 
materials and therefore to insure a good wetting.  
 
This study shows that it is very important to control the 
initial state of the substrate (presence of a native oxide or 
not) to have a good wetting by liquid lead. Concerning Pb-
17Li, the presence of Li allows to destabilize the native 
oxide layer on Fe or Fe-7Cr steel but it is not the case for 
the tungsten material. 
 
PENETRATION OF Pb-17Li IN SiCf/SiC MATERIAL 
 
The penetration of Pb-17Li in SiCf/SiC material has been 
studied by performing an immersion test at 1000°C for 
2500 h of machined SiCf/SiC material in Pb-17Li at high 
temperature. 

Figure 1 shows a schematic view of the experimental 
device. The material which has been used is the 3 
dimensional composite Cerasep N3-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Schematic view of the experimental device 
 
It is made of SiC fibres (Nicalon NL207) produced by 
Nippon Carbon and densified by chemical vapour 
infiltration process (CVI) and covered by a superficial 
layer. Three specimens have been machined from plate as it 
is shown in figure 2. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : SiCf/SiC specimens machined 
before contact with Pb-17Li 

 
After the test, cross section micrographs have been made 
and EDS analyses has been performed in order to evaluate 
the penetration of Pb-17Li inside the material. Figure 3 
shows some views of the specimens after the test. We can 
see that Pb-17Li has penetrated in all the porosities and in 
all the thickness of the specimen.  
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Si 

 
Pb 

(a) : Cross section center of the SiCf/SiC specimen machined 2 

 
Si 

 
Pb 

(b) : Cross section center of the SiCf/SiC specimen machined 3 

Figure 3 : Cross sections x-ray images of the SiCf/SiC specimens machined 2 
and 3 after 2500 h at 1000°C in isothermal static liquid Pb-17Li 

 
This test shows that without the final coating, large 
penetrations of Pb-17Li occur in this material and probably 
can modify its mechanical properties and favour a 
decohesion of the fibres. 
 
 
CONCLUSION  
 
 
This study shows that it is very important to control the 
initial state of the substrate (presence of a native oxide or 
not) to have a good wetting by liquid lead. Concerning Pb-
17Li, the presence of Li allows to destabilize the native 
oxide layer on Fe or Fe-7Cr steel but it is not the case for 
the tungsten material. 
 
Otherwise, it has been observed that large penetrations of 
Pb-17Li in SiCf/SiC occur when the coating on this material 
is removed. 
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UT-TBM/MAT-BIM 
 
Task Title: DISSIMILAR DIFFUSION - BONDED JOINTS - 
 MECHANICAL TESTING 
 
 
INTRODUCTION 
 
 
The objective of this task was to develop an optical 
technique to measure displacements and strains fields in the 
vicinity of dissimilar joint elaborated by solid state 
diffusion bonding. Standard instrumentation of mechanical 
testing based on a displacement gauge are representative of 
the macroscopic strain developed in the specimen but are 
irrelevant of the local strain state in the vicinity of the joint. 
However, the knowledge of this local field is necessary to 
improve predicted life assessment models. Moreover, the 
use of optical techniques also allow to facilitate the 
instrumentation of mechanical testing and to validate the 
boundary conditions of finite elements computations. 
 
In 2001 and 2002 the optical technique has been applied to 
the CuCrZr-316LN and to the Eurofer-316LN junctions. In 
2002 the influence of a mixed mode loading onto the 
strength of both junctions has been studied. The interaction 
between the finite elements, the experimental device and the 
technique of correlation has been developed. We report 
here the validation of the mixed mode loading of specimens 
tested on an asymmetric four points bending device. 
 
 
2002 ACTIVITIES 
 
 
A DIGITAL IMAGE CORRELATION 
 
To determine the displacements field between two images a 
zone of interest (where the calculation is realised) is chosen. 
This zone of interest is split into several subsets. Finally the 
displacement of each subset is calculated by correlation. 
 
The technique of correlation which has been developed is 
based on the Newton-Raphson method. To obtain good 
results this method requires an initial estimation of the 
displacement of each subset. This estimation of 
displacement is obtained by a DID technique based on the 
Fast Fourier Transform (FFT). With this combination a fine 
spatial resolution from 16 x 16 pixels to 30 x 30 pixels is 
obtained in function of the contrast on the specimen without 
or with very few false results on the subset [1-2]. 
 
TESTS UNDER MIXED MODE ON BOTH JUNC-
TIONS 
 
In 2002, the validity of a testing device, its instrumentation 
and its analysis through finite element computations 
(validation of the boundary conditions) have been studied 
with the help of the technique of correlation. 

The interaction of all these points has been achieved with 
the determination of the evaluation of the strength of both 
junctions under mixed mode loading on bending specimens. 
An asymmetric four points bending device has been used. 
The S distance (figure 1) between the load line and the 
crack plane of the specimen controls the level of mixity. 
S = 0 corresponds to pure mode II whereas a large S means 
a mixed mode with a decrease of mode II and an increase of 
mode I. 
 

 
 

Figure 1 : Asymmetric four points bending specimen 
 
Computation of the mode angle 
 
The curves of mode angle versus the parameter S (figure 1) 
have been evaluated with the method described by 
Laurencin [3]. Distance A was fixed at 30 mm and 
distance B was fixed at 15 mm. All the finite element 
computations have been performed under elasticity 
hypothesis. As we used bimaterial specimens (figure 2) the 
mode angle has been estimated with the following 
expression: 
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Figure 2 : Crack at a bimaterial interface 
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εε is the bimaterial constant, and is defined by: 
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in which β is the DUNDURS parameter. 
 
The mode angle has been determined for both junctions and 
for the CuCrZr material. The three curves present the same 
evolution of the mode angle versus the distance S (figure 3). 
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Figure 3 : Mode angle versus S (mm) for both junctions 

 
Tests on both junctions  
 
The tests have been carried out on a servohydraulic test 
machine MTS. The maximum load of the test machine is 
about 20-25 kN. All the specimens were precracked on the 
symmetric four points bending device. The specimens were 
machined in the junctions elaborated in 2001 [2]. 
 
a) Precraking conditions: 
 
 The frequency was about 30 Hz, the load ratio Fmin/Fmax 

was about 0.1 and the expected pre-crack length was 
about 5 mm. 

b) Tests under mixed mode: 
 
 The tests were carried out under imposed displacement. 

This displacement rate was about 0.17 mm.mn-1. Images 
were recorded during the test. According to the S 
parameter the mode angle has been determined from the 
images recorded in the elastic part of the curves. The 
displacements on each part of the crack (red area 
figure 4) have been determined from the correlation 
calculations. 

 
The analysis of the displacement on each part of the crack 
allowed to determine the mixity angles. Computations have 
been carried for all the tests and for several images for each 
test. The results are given in figures 5 and 6 for which: 
 
- The blue points represent the mode angle obtained for 

each image in the elastic part (correlation). 
 
- The red points represent the average value of mode 

angle for one specimen (correlation). 
 
- The black line corresponds to the results of the 

numerical simulation. 
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Figure 5 : Results for the CuCrZr-316LN junction, 

mode angle vs S parameter 
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Figure 4 : Images recorded in the elastic part of the test junction CuCrZr-316LN / S = 5 
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Figure 6 : Results for the Eurofer-316LN junction, 

mode angle vs S parameter 
 
The mode angle always decreases when the S parameter 
increases. A good agreement between the finite element 
computations and the experimental points issued from the 
correlation technique is obtained for the Eurofer-316LN 
junction.  The correlation is not as good for the other couple 
of materials. A difference of 20° is obtained which can be 
due to the experimental conditions. 
 
 
CONCLUSION 
 
 
Tests under mixed mode have been performed on both 
junctions. The curves of mode angle in function of the 
distance between the loading line and the position crack 
have been established by correlation and by numerical 
simulation computations. The agreement between both 
methods is globally good. It means that the optical method 
may be successfully used to analyse complex tests 
conducted on heterogeneous specimens. 
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UT-TBM/MAT-HHFC/REFR 
 
Task Title: REVIEW OF REFRACTORY METALS AND ALLOYS FOR 

APPLICATION TO HIGH TEMPERATURE COMPONENTS 
 
 
INTRODUCTION 
 
 
The objective of this task is to summarize from open 
literature the status of R&D on refractory metals and 
derived alloys, which are foreseen for applications to 
components operating at thigh temperature in fusion 
reactors. 
 
The main goal is to set the critical issues for these materials 
to select the most promising candidates for such as 
applications. Data compilation was oriented on high Z 
refractory metals and in particular on W, Mo, Ta, Nb. 
 
 
2002 ACTIVITIES 
 
 
This is a one-year task carried out during 2002. Activities 
consisted of the compilation of available references in the 
open literature, the selection of relevant data for fusion 
applications and the summary of them in a final report [1]. 
 
REFRACTORY METALS AND DERIVED ALLOYS 
 
The structural materials and plasma facing components are 
important elements of a fusion reactor. In particular, the 
divertor structures must withstand severe operating 
conditions such as high heat fluxes and high-flux neutron 
irradiation.  
 
Because of their high temperature strength, adequate 
physical properties (high thermal conductivity, low thermal 
expansion) and low sputtering yields, high Z metallic 
elements like tungsten, molybdenum, tantalum… and its 
alloys are considered as candidates for different structural 
components and armour. In the near-term fusion machines 
like ITER a wider use of tungsten is foreseen.  
 
For such as applications, an important database is required. 
For this purpose, the main items included in the 
bibliographic review deal mainly with fabricability aspects, 
physical, metallurgical and mechanical properties and 
irradiation behaviour, which are important criteria for 
material selection. However, it is worthwhile to point out 
that scarce data were found for the different topics, 
specially those concerning the behaviour of this materials 
after high temperature irradiation and in particular, for W 
and W-based alloys. 
 
In general, the term “refractory metals” is currently used to 
identify the metals that have a melting point greater than 
2000°C, but not all of them are used in industrial 
applications. 

Niobium, molybdenum, tantalum, tungsten and rarely 
rhenium (too expensive) are the base-element for alloys 
while others like technetium and hafnium are used as 
alloying elements, either as single or compound additions. 
The others, ruthenium, osmium and iridium are rarely used 
in industry. 
 
Tantalum and niobium present some similar properties as 
do also molybdenum and tungsten. The first belong to the 
group V in the Periodic Table and the second to the group 
VI. Metals of group V have a higher coefficient of thermal 
expansion, a lower thermal conductivity, and a lower elastic 
modulus than metals of group VI. 
 
Regarding the melting point and density, niobium and 
molybdenum situated on the same horizontal level of the 
Periodic Table present a lower melting temperature and a 
lower density  than tantalum and tungsten. 
 
Refractory metals have a body-centred cubic (bcc) 
crystallographic structure, except for rhenium, which is 
hexagonal close-packed (hcp). As all bcc metals, the 
refractory materials display a change from ductile to brittle 
behaviour when the temperature is lowered. This Ductile 
Brittle Transition Temperature (DBTT) is an important 
issue characterising the performance of refractory metals. 
DBTT depend on a great number of factors such as : purity 
(contamination by oxygen, nitrogen and hydrogen raises 
their transition temperatures), metallic alloying elements 
that can either raise or decrease DBTT, microstructure 
(grain size, texture, secondary phases) induced by the 
fabrication route and heat treatments. 
 
Metals in group V, niobium and tantalum maintain 
excellent ductility at very low temperatures associated to 
low DBTT (-195°C for Ta, -120°C for Nb). Metals in group 
VI, molybdenum and tungsten, possess poor, or no ductility 
at room temperature because of their high values of DBTT 
(Mo > 30°C, W ~ 100-500°C) and often fabrication 
processes must be applied at elevated temperatures. 
Furthermore, residual or applied stresses at low 
temperatures during service may result in premature 
fracture. The great sensitivity to oxidation has restricted the 
application of refractory metals to low-temperature or no-
oxidizing high-temperature environments. 
 
Concerning the irradiation behaviour very limited data were 
found. In general, irradiation experiments were performed 
for temperatures ranging from 50°C up to 800°C for Mo 
and Mo-base alloys and on less extend for W and W-based 
alloys.  But, systematic studies are lacking, specially at high 
temperature, and the comparison of reported data is quite 
difficult because of different irradiation conditions used 
(temperatures, fluences, neutron spectrum), different 
specimens and post-irradiation examination conditions. 
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Metals Melting Temp. (MT, °C) Fabricability Welding Ductility Irradiation properties
Alloys Recrystall. Temp. (°C) Formability, Cost, Joining Strength Max.swelling, (Tmax)

DBTT  (°C) Manufacturers, products Process %, MPa He production rate
He/dpa ratio

MT : 2468 Formability : good Weldability : excellent 1095°C
Nb Recr T : 1150 Cost : ~100$/kg TIG, EB U.T.S.: 69MPa

DBTT : -120 Sheet, bar, wire brazing He : 29 at.ppm/MW.y.m-2
Plansee 4 appm He/dpa

Nb-1Zr MT : 2400 Formability : good Weldability : good 1095°C swelling Tmax : ~800°C
Cost : ~100$/kg TIG, EB U.T.S.: 158MPa 2.5% - fluence: 5x10exp26n/m2

DBTT < 20 Sheet, bar, wire Elongation : ~15% He : 32 at.ppm/MW.y.m-2
Plansee ~5 appm He/dpa

28Ta-11W-0,8Zr MT : 2580 Formability : good Weldability : good 1000°C
(FS85) Recr.T : 1270 U.T.S.: 220MPa 

DBTT :< -195 Sheet, bar, wire Elongation >10%

MT : 2610 Formability : difficult Weldability : difficult 1000°C swelling Tmax : ~700°C
Mo Recr.T : 1100° Cost : ~80$/kg TIG (brittle WZ) 50MPa<U.T.S.< 400MPa 6% - fluence : 2.5x10exp26n/m2

DBTT :  ? Sheet, bar EB, Laser Wire: U.T.S.: 305MPa severe embrittlement Ti < 800°C
Plansee brazing Elongation : 2.4 % He : 48 at.ppm/MW.y.m-2

6 appm He/dpa
TZM 1000°C

Recr.T : 1400 Cost : ~100$/kg better weldability 300MPa<U.T.S.< 650MPa swelling Tmax : ~600°C
Sheet, bar than Mo Elongation : ~7% 3.6% - fluence : 17.8x10exp26n/m2
Plansee severe embrittlement Ti < 800°C

He : 66 at.ppm/MW.y.m-2
8 appm He/dpa

MT : 2996 Formability : good Weldability : excellent 1315°C swelling Tmax : ~590°C
Ta Recr.T : 1350 Cost : ~300$/kg TIG U.T.S.: 59MPa 2.4% - fluence : 2.5x10exp26n/m2

DBTT : ~ -250 Sheet, bar, wire EB 1000°C (fusion EB) He <He prod.rate Mo & Nb
Plansee brazing U.T.S.: 90MPa Elong.: 33%

Ta -10W MT : 3035 Formability : good Weldability : good 1315°C
Recr.T>Recr.T Ta Cost : ~300$/kg TIG U.T.S.: 345MPa
DBTT : ~ -250 Sheet, bar, wire 1000°C (fusion EB)

U.T.S.: 305MPa

Ta-8W-2Hf (T111) MT : 2980 Formability : good Weldability : good 1315°C
Recr.T : ~1650 TIG U.T.S.: 255MPa
DBTT : ~-250 Sheet, bar, wire 1000°C

U.T.S.:~410MPa

MT : 3410 Formability : difficult Weldability : difficult 1000°C swelling Tmax : ~750°C
W Recr.T : 1700 Cost : ~200$/kg TIG (brittle WZ) U.T.S.: 250MPa- 620MPa 1,7% - fluence : 5.5 10exp26n/m2

DBTT : 100-500 Sheet, bar, wire EB 1650°C He <He prod. rate Mo & Nb
Plansee, Cime Bocuze brazing U.T.S.: 120MPa hardening &

severe embrittlement Ti < 800°C
W - 25Re MT : 3100 Formability : difficult better weldability 1650°C

Recr.T : 1625 Cost>CostW than W U.T.S.: 275MPa swelling Tmax : ~1050°C
DBTT : -100 / +180 Sheet 0.4% - fluence : 5.5 10exp26n/m2

Plansee

Table 1 : Properties of refractory metals and alloys 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As expected, neutron irradiation induces, even for low 
doses, a very important hardening and a severe 
embrittlement of these materials. These effects are 
particularly important for irradiation temperatures up to 
600-700°C. However, some ductility and plastic 
deformation (detected by bending tests) were found after 
irradiation at 800°C. 
 
Some alloys like Mo-Re or W-Re, where Re-addition seems 
to improve low temperature ductility in unirradiated 
condition, exhibit an inverse trend after irradiation, that is, a 
more important hardening and DBTT shift were found for 
alloys compared to pure metals. Refractory metals present 
in general a lower swelling compared to stainless steels. A 
maximum of swelling was found for Mo, TZM and Ta at 
about 600°C, at about 750°C for W. 
 
Physical properties are also affected by irradiation, which 
induced a decrease of the thermal conductivity of pure 
metals W and Mo as well as in their Re-containing alloys. 
Table 1 summarises some properties of refractory metals 
and alloys. To assess the use of this type of materials for 
components of fusion reactors, it becomes indispensable to 
set systematic data describing their behaviour and 
properties for all temperatures and fluences of interest for 
the project. 

REPORTS 
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UT-TBM/MAT-LAM/DES 
 
Task Title: DESIGN OF NEW REDUCED ACTIVATION FERRITO-

MARTENSITIC STEELS FOR APPLICATION AT HIGH 
TEMPERATURE 

 
 
INTRODUCTION 
 
 
The aim of this task is to perform the design of new 
reduced activation ferrito-martensitic steels for application 
at high temperature (up to 650°C) and to estimate their 
thermal creep properties. 
 
Ferritic-martensitic steels are well known to have very good 
behaviour under irradiation, specially regarding the 
swelling and could be use as structural material for fusion 
reactor. One of the difficulties of these steels is that they 
exhibit a brittle behaviour at low temperature. The 
transition between the ductile and brittle behaviour is often 
characterised by the Ductile Brittle Transition Temperature 
(DBTT). It was noted that under irradiation at a temperature 
below 400°C, the DBTT shifts towards highest 
temperatures. This could be become an important safety 
problem so last few years, RAM steels were optimised to 
obtain very good toughness properties. 
 
However, it appears that ferritic-martensitic steels could be 
used at higher temperature than 400°C, until 600°C or 
maybe 650°C. In that case, the dimensional property will 
not be the toughness but the creep and the corrosion 
resistance. This implies new developments with alloy 
specifically design for high temperatures. 
 
With the thermodynamic tools like “MTDATA” and 
“Thermocalc”, the phase diagram at the equilibrium of new 
alloys can be predicted with good reliability. The volume 
fraction of secondary phases (that govern a part of the creep 
properties) as a function of time and temperature can also 
be predicted and be used to define the heat treatments to 
perform. Moreover, new analysis methods, like neuronal 
networks can be apply to obtain trusty thermal creep 
properties of the designed steels without new experiment. 
 
 
2002 ACTIVITIES 
 
 
This work was done in collaboration with the team of the 
professor Harry BHADESHIA of the University of 
Cambridge (UK). A review of the effect of each alloying 
element on the physical metallurgy and on creep properties 
on Fe-9/12Cr martensitic steels was realized. From 
calculations at the thermodynamic equilibrium with the 
software “Thermocalc”, different chemical compositions 
were proposed with a matrix reinforced by a distribution of 
fine vanadium nitrides. A “neural network”, construct to 
predict the creep rupture stress, was used to propose other 
chemical compositions. 

It seems possible to obtain steels with a creep rupture stress 
of 100 MPa for 100 000 hours at 650°C. 
 
To complete this work, a model developed at the University 
of Cambridge by T. Sourmail [1] was used to calculate the 
precipitation and growth kinetics of the vanadium nitrides 
in the austenitic domain. 
 
OPTIMISATION WITH THERMODYNAMIC CAL-
CULATION 
 
The software “Thermocalc” was used to determine the 
phase equilibrium as a function of the temperature for 
Fe 9Cr steels with different vanadium and nitrogen content. 
 
An example of those calculations is given in figure 1 for the 
steel Fe-9Cr1.5W0.32V0.1C0.085N. 
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Figure 1 : Calculation of the phase diagram 
at the equilibrium for the steel 
Fe-9Cr1.5W0.32V0.1C0.085N 

 
It is known that in this steels family, the vanadium nitrides 
formed in service or during the tempering treatment are 
very stable and very efficient to limit the creep of the 
material. 
 
They have to be dissolved during the homogenisation 
treatment and to precipitate later homogenously in the 
material. 
 
In the Fe-9Cr1.5W0.32V0.1C0.085N steel, the dissolution 
temperature of vanadium nitrides is close to 1200°C and 
this chemical composition can be considered as a first 
optimisation. 
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OPTIMISATION WITH A NEURAL NETWORK 
 
A «neural network», constructs to predict the creep rupture 
stress, was used to propose an other optimised chemical 
composition. 
 
With this neural network developed by M. Murugananth 
[2], [3] it is possible to simulate the effect of the chemical 
composition and the heat treatments on the creep rupture 
stress of the steels. 
 
The figure 2 shows the predictions for a Fe-8Cr 2.5W0.35V 
0.1C 0.07N steel as a function of the temperature.  
 
Different chemical compositions and heat treatments were 
tested and this composition appears to be an other 
optimisation for this kind of steels. 
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Figure 2 : Prediction of the rupture stress at 650°C 

as a function of the time for the alloy 
Fe-8Cr2.5W0.35V0.07N0.1C 

 
PRECIPITATION AND GROWTH KINETICS OF 
THE VANADIUM NITRIDES 
 
A model developed at the University of Cambridge by T. 
Sourmail [1] was used to calculate the precipitation and 
growth kinetics of the vanadium nitrides in the austenitic 
domain. 
 
The parameters of the model are essentially the interfacial 
energy (σ) between the vanadium nitrides and the matrix 
and the nucleation site density (N). 
 
Usually it is not possible to modify the interfacial energy 
without changing the chemical composition but the 
fabrication route can modify the nucleation site density.  
 
The figure 3 shows the results of different kinetic 
calculation for a given interfacial energy and a given 
nucleation site density. 

 

Size distribution at 950°C 
 N = 1x10 18 m -3  et Sigma = 0.21Jm -2 

0 

1E+17 

2E+17 

3E+17 

4E+17 

0 5 10 15 20 25 
Radius / nm 

N
u

m
b

er
 o

f 
p

ar
ti

cl
es

 / 
m

3  

Size distribution at 950°C 
N = 1x10 15 m -3  et Sigma = 0.21Jm -2  

0 

1E+14 

2E+14 

3E+14 

4E+14 

0 20 40 60 80 100 120 140 
Radius / nm 

N
u

m
b

er
 o

f 
p

ar
ti

cl
es

 / 
m

3  

Size distribution at 950°C 

 N = 1x10 20 m -3  et Sigma = 0.21Jm -2 

0 
2E+18 
4E+18 
6E+18 
8E+18 
1E+19 

1.2E+19 

0 2 4 6 8 10 
Radius / nm 

N
u

m
b

er
 o

f 
p

ar
ti

cl
es

 / 
m

3  

 
 

Figure 3 : Simulation of the size distribution 
of vanadium nitrides in the alloy 

Fe-9Cr1.5W0.32V0.1C0.085N for different interfacial 
energy and site density number after an isothermal 

treatment at 950°C 
 
 
CONCLUSION 
 
 
This study allowed to perform the design of new reduced 
activation martensitic steels. Different chemical 
composition that could be tested were proposed. It seems 
possible to obtain steels with a creep rupture stress of 
100 MPa for 100 000 hours at 650°C. To complete this 
work, a methodology to calculate the precipitation kinetics 
of phases was presented. 
 
A model developed at the University of Cambridge by T. 
Sourmail [1] was used to calculate the precipitation and 
growth kinetics of the vanadium nitrides in the austenitic 
domain. 
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These calculations show that if we are able to increase the 
nucleation site density one can obtain a fine (few 
nanometres) and homogenous dispersion of vanadium 
nitrides. This kind of microstructure could be obtained after 
specific thermo-mechanical treatments and should be even 
better than the ones obtain after a standard heat treatment 
(normalisation & tempering). 
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UT-TBM/MAT-LAM/Mic 
 
Task Title: INFLUENCE OF THE MARTENSITE MORPHOLOGY 

ON THE PLASTICITY BEHAVIOUR OF THE EUROFER STEEL 
 
 
INTRODUCTION 
 
 
Manufacturing a DEMO blanket requires several 
thermomechanical treatments (heat treatments, HIP, 
joining). During these processes the microstructure is 
modified and induces changes in the mechanical properties. 
A better understanding of the relationships between the 
microstructural parameters and the plasticity behaviour is 
necessary to improve the processes. So, the main objective 
of this task is to perform a generic study on the influence of 
the morphology and the crystallography of the laths and 
lath packets on the deformation mechanisms in Fe-9Cr 
martensitic steels. This kind of steels is candidates to be 
used as structural components of fusion reactors. The study 
was performed on the EUROFER steel that is a 
Fe-9Cr1WTaV Reduced Activation steel developed by 
Europeans. This study was focused on two main items: 
 
- The characterisation of the microstructure by 

Transmission Electron Microscopy (TEM) and by 
Scanning Electron Microscopy (SEM) coupled with 
Electron Back Scattering Diffraction (EBSD). 

 
- The study of the deformation mechanisms by post 

mortem and in situ TEM  
 
 
2002 ACTIVITIES  
 
 
2002 activities consisted to: 
 
- Finish and analyse EBSD cartographies on the Eurofer 

steel with the different microstructures selected. 
 
- Finish the analysis by Transmission Electron 

Microscopy of the dislocation structures in the Eurofer 
(Normalised and tempered) strained until 2 % at 20°C 
and 550°C and perform in situ experiments to follow the 
movement of dislocations. 

 
MATERIAL 
 
The material studied in this task is the reduced activation 
martensitic steel Eurofer. The chemical composition (wt%) 
of this steel is: 
 

Fe C N Cr W Mn V Ta Si 

bal. 0.117 0.0219 8.96 1.04 0.48 0.18 0.15 0.03 

 

The as-received (AR) conditions are : normalisation at 
980°C during 30 min and tempering at 760°C during 
90 min but to obtain different microstructures with a Prior 
Austenite Grain (PAG) size larger than 15 microns 
(corresponding to the AR material) and going up to one 
hundred microns, others heat treatments were performed. 
The material in the As-quenched condition was also tested. 
 
EBSD CARTOGRAPHY 
 
TEM observations have shown that the microstructure 
inside a Prior Austenitic Grain consists of parallel laths 
arranged in packets. In these packets, adjacent laths, with a 
same crystallographic and morphologic orientation, form 
blocks [1]. 
 
The relationships between the different blocks can be 
determined by EBSD (Electron Backscattering Diffraction) 
in a SEM. They are function of the Orientation 
Relationships (OR) between the austenite and the 
martensite. In Fe-9Cr steels, two types of OR could be 
consider to explain the local texture within a prior austenite 
grain : 
 
1) The Kurdjumov-Sachs OR : 
 (111)γ //(011)α’ [110]γ//[-1-11]α’ 
 (γ = austenite and α’ = martensite) 
 
2) The Nishiyama-Wassermann OR : 
 (111)γ //(011)α’ [1-21]γ//[0-11]α’ 
 
As shown in figure 1, it appears that both OR could fit the 
experimental data but Nishiyama-Wassermann OR seems 
slightly more appropriate to describe the local texture in a 
Prior Austenite Grain. The other main results obtained by 
EBSD are: 
 
- Within a PAG each variant have not the same 

probability and it appears that when the PAG size 
decreases the number of different variant in a same 
PAG decreases as well.  

 
- The blocks size does not change dramatically with the 

PAG size. Indeed, the blocks surface varies from 8 to 
18 µm2 when the PAG surface varies from 200 to 
8000 µm2 (see figure 2). 

 
MECHANICAL BEHAVIOUR 
 
The mechanical behaviour of the Eurofer steel (normalised 
and tempered) with a PAG size of 15 µm and 100 µm was 
principally characterized by tensile tests carried out at room 
temperature and 550°C (figure 3a). The tests have shown 
that the PAG size do not have any significant influence on 
the tensile properties of the alloy. 
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Scattered data Isodenstity line 

Experimental pole figure <200> corresponding to the prior austenitic grain 
 

 

 

 

 
a) KS simulation b) NW simulation 

Simulation of the <200> pole figure from KS and NW orientaion relationships 
 

Figure 1 : Example of an orientation map obtained by EBSD 
(Electron Backscattering Diffraction) on a Prior Austenite Grain. 

The experimental pole figure is associated to this map as the simulation of the local texture 
with KS and NW Orientation Relationship 

 
One characteristic of this alloy is its very small uniform 
elongation especially at 550°C (5 % at 20°C and 1 % at 
550°C). 
 
The analysis of the deformation mechanisms described 
below can explain this small uniform elongation. 
 
DEFORMATION MECHANISMS OF THE ALLOY  
 
In order to understand the deformation mechanisms of the 
alloy, the structure of the dislocations have been studied by 
TEM in the as-received alloy and in the 2 % strained at 
20°C and 550°C alloy. In situ experiments carried out at 
both temperatures allow direct observations of dislocation 
mobility and then of their obstacles. 

Post mortem and in situ TEM have shown the following 
characteristics: 
 
- The dislocation density is already high in the as-

received alloy. The dislocations are arranged in a 
cellular structure with a size comparable with the lath 
width.  

 
- In the alloy strained at 20°C, the dislocations have 

½<111> Burgers vectors and are elongated along their 
screw direction. In situ experiments show that the screw 
component of the dislocations experiences a strong 
lattice friction. That results from the non-planar core 
structure of the screw dislocations standing in bcc 
structure. At this temperature, the screw dislocations 
move by the kink-pair mechanism that is thermally 
activated. 
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- At 550°C, the lattice friction is no more an obstacle to 
the screw dislocation mobility and the dislocations are 
bowing under the stress. At this temperature a large 
number of cross-slip events were observed during in situ 
experiments. 

 
- At both temperatures the dislocation forest is an 

important obstacle to the dislocation mobility: during in 
situ experiments dislocation interactions have been 
frequently observed and post mortem observations have 
revealed a large number of dislocation sessile junctions 
with a <100> Burgers vector. Of course in this small 
grain alloy, grain boundaries are also important 
obstacles. 
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Figure 2 : Evolution of the average surface of the blocks 

and the Prior Austenite Grains as a function 
of the austenitisation temperature. For an austenitisation 

temperature at 950°C the PAG size is close to 15 µm and it 
is close to 100 µm at 1150°C. The size of blocks was 

determined by considering that there is a border between 
two blocks if the disorientation angle between two adjacent 

points is larger than 5 or 10° 
 
ORIGIN OF THE SMALL UNIFORM ELONGATION 
DURING TENSILE TEST  
 
Uniform elongation is limited by the occurrence of necking. 
Necking begins when the increase in stress due to decrease 
in cross-sectional area of the specimen becomes greater 
than the increase in the load-carrying ability of the alloy 
due to strain hardening. Thus the uniform elongation 
depends on the strain hardening evolution during the tensile 
deformation.  
 
The strain hardening rate is related to the dislocation 
density evolution. In the as-received alloy, the dislocation 
density is already high and due to the small grain size, 
during the early stage of the plastic deformation, a large 
increase of stored dislocation density is expected. 
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Figure 3 : 
a) stress-strain curves of the as-received Eurofer 

at room temperature and 550°C 
b) Strain hardening p)/( p εεσΘ &∂∂= evolution 

versus stress extracted from a) 
 
Thus the dislocation density rapidly reaches a saturation 
level that limits the strain hardening ability. Figure 3b 
shows the strain hardening rate evolution versus stress 
extracted from the stress-strain curve. 
 
As observed in a number of fcc materials, the strain 
hardening decreases linearly with stress. 
 
The sloop of the decrease depends on recovery 
characteristics. At 550°C easier cross-slip and climb 
explain a more rapid drop of the strain hardening and then 
the smaller uniform elongation. 
 
 
CONCLUSION 
 
 
A better description of the microstructure of the Eurofer 
steel was obtained with TEM observations and with the 
analysis of EBSD maps. 
 
In parallel, the plasticity mechanisms of this steel were 
determined on strained material and consolidated by in situ 
experiments. 
 
Those results are very interesting to develop codes to model 
the macroscopic mechanical behaviour of the material from 
the deformation mechanisms. 
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UT-TBM/MAT-LAM2 
 
Task Title: IRRADIATED BEHAVIOUR OF REDUCED ACTIVATION (RA) 

MARTENSITIC STEELS AFTER NEUTRON IRRADIATION 
AT 325°C 

 
 
INTRODUCTION 
 
 
The objective of this task was to study the metallurgical and 
mechanical behaviour of Reduced Activation (RA) 
compared to conventional martensitic steels during neutron 
irradiation at 325°C up to ~ 9 dpa. RA steels are planned to 
be used as structural components of fusion reactors, where 
in-service temperatures could range from 250 to 550°C. 
The behaviour under neutron irradiation of conventional 
martensitic steels 9/12Cr have been largely studied in the 
range 400-550°C. Available data show that irradiation-
induced hardening increases with decreasing irradiation 
temperature but only few data are available for RA steels 
and especially for irradiation temperatures lower than 
400°C. 
 
So, the main goal of this task was to study the irradiation 
behaviour of FeCrW RA steels and compare them with 
FeCrMo conventional alloys irradiated in Osiris reactor at 
325°C, temperature relevant of fusion reactor applications. 
Irradiated specimens of each material are available for 5 
levels of radiation damage ranging from ~ 1 to ~ 9 dpa, 
doses that appear enough to investigate the first step of 
irradiation-induced embrittlement and to detect an eventual 
threshold-dose for hardening of such as materials. 
 
Post-irradiation examinations (PIE) involved tensile tests, 
measurements of reduction in area to rupturen (RA), 
fractographic examinations and microstructural studies by 
Transmission Electron Microscopy (TEM) of irradiated 
specimens. PIE included also dose decay rate and 
spectrometric measurements of activated elements after 
irradiation. 

2002 ACTIVITIES 
 
 
The irradiation experiment (named “Alexandre”) performed 
in Osiris reactor finished on November 1999 and last 
specimens irradiated at the highest dose (about 9 dpa) were 
unloaded on November 99. 
 
During 2002, the last mechanical tests (tensile test at room 
temperature on materials irradiated to 9 dpa and 
fractographic examination) were performed and the dose 
rate measurements on steels irradiated at the highest dose 
was done [1]. 
 
MATERIALS 
 
Two types of relevant martensitic materials for fusion 
applications were irradiated in the present experiment, that 
is, 7/11CrW RA steels and 9/12CrMo conventional 
martensitic steels, which have been used as reference for 
RA alloy development. Chemical compositions are 
summarised on table 1. 
 
The following nuances of RA martensitic steels have being 
irradiated: 
 
- F82H is a 7.5CrWTaV RA-steel developed by JAERI 

(Japan) and produced for the first time as a large-scale 
heat (5 tons). 

 
- LA12LC, LA4Ta and LA13Ta are RA experimental 

alloys of 9/11CrWTaV type with different contents of 
Cr, W, Ta. 

 
 

Table 1 : Chemical composition of martensitic steels irradiated in Osiris reactor at 325°C (in wt%) 
 

 C Si Mn Cr V W Mo N Ta Nb 

RA steels           

F82H 0.087 0.10 0.21 7.46 0.15 1.96 - 0.0066 0.023 - 

LA12LC 0.089 0.03 1.13 8.92 0.30 0.73 - 0.035 0.01 - 

LA4Ta 0.142 0.03 0.78 11.08 0.23 0.72 - 0.0410 0.07 - 

LA13Ta 0.179 0.04 0.79 8.39 0.24 2.79 - 0.0480 0.09 - 

Conv. Steels           

9Cr-1Mo (EM10) 0.105 0.37 0.52 8.39 - - 1.05 0.0175 - - 

9Cr-1MoNbV 0.105 0.43 0.38 8.26 0.20 - 0.95 0.0055 - 0.08 

Manet 2 0.10 0.18 0.76 10.37 0.21 - 0.58 0.032 - 0.16 

HT9 0.21 0.37 0.50 11.80 0.29 0.51 0.99 - -  
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Conventional martensitic steels are commercial alloys 
which present different contents of Cr (9 to 12 %), Mo and 
stabilising elements (V, Nb). These materials were 
produced as plates in the normalised and tempered 
condition (N&T) like F82H RA-steel. 
 
RA experimental alloys have been supplied by AEA-
Culham as cast ingots. They were subsequently transformed 
in our laboratory as plates, where the last steps of the 
fabrication route consisted on the normalisation and 
tempering followed by 10 % cold-working (N&T-CW). 
Only the non-modified “EM10” 9Cr-1Mo conventional 
steel was produced in both metallurgical conditions. 
 
MECHANICAL TESTS, FRACTOGRAPHIC EXAMI-
NATION AND TEM EXAMINATIONS 
 
The main results concerning the mechanical tests and the 
fractographic examination are: 
 
- After irradiation at 325°C and to 8.5 dpa a saturation of 

the hardening and the ductility decrease seem to be 
achieved for all materials and the behaviour of the N&T 
steels tends to be similar to the one of N&T – CW steels 
(see figure 1). 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Dose dependence of the Proof Stress 
of N&T (Normalised - Tempered) and N&T – CW 

(Normalised – Tempered and Cold-Worked) 
steels irradiated at 325°C up to 8.5 dpa 

- The behaviour of the MANET II and HT9 steels differ 
noticeably from the other N&T steels (EM10 and F82H) 
with an important degradation of their ductility 
parameters. For N&T - CW steels this degradation 
seems more pronounced for steels containing Nb or Ta 
(LA13Ta, T91, LA4Ta) than for steels without Nb and 
Ta (EM10 Imphy, LA12LC). 

 
- The hardening under irradiation is important and the 

uniform elongation after 8.5 dpa is often below 2 % 
whatever the metallurgical condition is. 

 
- There is no significant recovery of the cold worked 

materials even after 8.9 dpa. 
 
- Correlation of the irradiation hardening with the 

chemical composition is not so clear except for the 
steels with the highest chromium content (HT9 and 
MANET). 

 
- The tensile strength of all the materials are very high but 

it appears that the ductility of the materials after 
irradiation is the crucial point. The steels EM10 N&R, 
EM10 CW and LA12LC exhibit the best residual 
ductility and HT9 and MANET 2 steels the poorest 
ones. 

 
- In HT9 and MANET steels, indications of cleavage or 

intergranular failure mode are observed at room 
temperature and at 325°C for the HT9 steel. The 
materials tend to be brittle and present poor ductility 
parameters. For the other materials, the fracture mode is 
fully ductile with small dimples and sometimes 
secondary cracks but it seems that there is no clear 
correlations between the occurrence of secondary cracks 
and low reduction in area parameter. 

 
Examinations by TEM on F82H and LA12LC steels 
irradiated to 0.9 dpa at 325°C were performed. No recovery 
of the microstructure is observed. Black dots and 
dislocation loops are present but no cavities or He bubbles 
are observed. 
 
DOSE RATE DECAY MEASUREMENTS AND 
GAMMA SPECTROMETRY 
 
The dose rate measurements were performed on several 
types of steels, including stainless steels, conventional and 
reduced activation martensitic alloys, all of them irradiated 
in the same conditions. 
 
The gamma spectrometry facility was put in order and 
measurements on the two less active austenitic steels, three 
conventional martensitic steels and four low activation 
martensitic steels were performed. It is worthwhile to note 
that in these steels, the majority of the dose rate comes from 
the gamma ray. In all the analysed steels, only two radio 
elements were identified by gamma spectrometry, the 54Mn 
and the 60Co. 
 
For materials with a high Co content (> 0.05 wt %), the 
dose rate is mainly governed by the Co content and the dose 
rate is almost proportional to the Co content. 
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For these steels, the dose rate after irradiation at 0.7 dpa and 
after a cooling time of 53 months can be calculated from 
measurements performed after a cooling time of 15 months 
simply by using the radioactivity formula 
A=Ao exp (-ln2*t/T) with T(60Co) = 5.26 years). 
 
The result is coherent with the measurements performed 
after 53 months (figure 2). 
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Figure 2 : Dose rate of different materials as a function 
of their initial Co content 

 
For materials with a low Co content (< 0.02 wt %) the 
relative decrease of the activity between 15 months and 53 
is more important than for materials with a high Co content. 
In this case the activity of the 54Mn is no more negligible 
and both should be considered to calculate the decrease of 
the dose rate. 
 
Compared to the conventional martensitic and to the 
austenitic steels, experimental data show that the reduced 
activation steels exhibit: 
 
- the lowest residual activity, 
 
- the highest rate of decreasing activity (90%) during this 

cooling period,  
 
- after irradiation in PWR conditions and after a cooling 

time close to 5 years the iron and cobalt content in the 
steels before irradiation govern the dose rate of the 
materials. For longer cooling time (from 10 years to 
1000 years) the contents of Ni, W, Mo and Nb have also 
to be considered and the benefit of alloys without Nb 
and Mo will become significant.  
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UT-TBM/MAT-LAM3 
 
Task Title: MICROSTRUCTURAL INVESTIGATION OF REDUCED 

ACTIVATION FERRITIC-MARTENSITIC (RAFM) STEELS 
AND OXIDE DISPERSION STRENGTHENED (ODS) STEELS 
BY SMALL ANGLE NEUTRON SCATTERING (SANS) 

 
 
INTRODUCTION 
 
 
In order to assess reduced activation materials and to 
understand the effect of the substitution of W to Mo and the 
role of Ta on the microstructural evolutions during long-
term thermal ageing or neutron irradiation, several RA 
martensitic steels of different compositions, with a 
chromium content between 7 and 12 at.%, were studied by 
Small Angle Neutron Scattering (SANS). 
 
Indeed, SANS allows, in this kind of materials, to 
characterize the mean size, shape and number density of 
very small precipitates, even at early ageing time when they 
are not detected by TEM. 
 
In addition, one ODS steel was characterised before and 
after irradiation in Osiris reactor to 2 dpa at 325°C and four 
ODS were analysed before and after different thermo-
mechanical treatments. 
 

2002 ACTIVITIES 
 
 
The complete characterisation by SANS of RAFM steels 
irradiated in “Osiris” (CEA Saclay in the context of 
Alexandre experiment) and in “HFR” (NRG Petten) 
reactors at 250°C, 325°C and 400°C was finished and all 
the accumulated results during several years were analysed 
and a paper was submitted for publication [3], [5]. 
 
During 2002, the characterisation by SANS of ODS steels 
after different thermo-mechanical treatments and after 
irradiation at 325°C was also performed. 
 
MATERIALS AND EXPERIMENTAL SET-UP 
 
The chemical compositions of the steels used in this study 
are listed in the following table. The neutron scattering 
experiments were performed at the Laboratoire Léon 
Brillouin (Laboratoire Commun CEA-CNRS), Saclay, on 
PAXY and PAXE small-angle instruments. 
 

Table 1 : Chemical analysis of studied steels (wt %) 
 

 Conventional martensitic steels 

Steel Cr W Mo Ni Mn Ta V Si C N Nb Others 

LA4Ta 11.08 0.72   0.78 0.07 0.23 0.03 0.142 0.041   

LA12LC 8.92 0.73   1.13 0.01 0.30 0.03 0.089 0.035   

LA12TaLC 8.80 0.73   1.13 0.10 0.30 0.03 0.090 0.019   

LA13Ta 8.39 2.79   0.79 0.09 0.24 0.04 0.179 0.048   

F82H 7.47 1.96  0.02 0.21 0.023 0.15 0.10 0.087 0.006   

 Reduced Activation Martensitic steels 

HT9 11.8 0.51 0.99 0.48 0.50  0.29 0.37 0.21 NA*   

MANET 10.5  0.56 0.9   0.25  0.17 0.003 0.2  

T91 9.6  1.0 0.1   0.2  0.1 0.05 0.075  

EM10 8.76 <0.05 1.05 0.18 0.48  0.03 0.37 0.11 0.024   

 ODS steels 

Steel Cr Ti Mo W Y2O3 Y 0 Ni Mn Si C N 

MA 957 12.6 0.88 0.29 - 0.25 0.18 0.18    0.012 0.012 

EM10 + Y2O3 8.4 - 1.14 -  0.17 0.129 0.53 0.49 0.37 0.103 0.025 

EM10 + 
Y2O3+Ti 

8.38 0.23 1.13 -  0.15 0.133 0.52 0.5 0.37 0.122 0.024 

CM2 9 0.1  2 0.25        

* Not Analysed 
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CONVENTIONAL, RAM AND ODS STEELS AFTER 
NEUTRON IRRADIATION [3, 4] 
 
Five Reduced Activation Martensitic steels, four 
conventional martensitic steels and one ODS steel, with 
chromium contents ranging from 7 to 12 wt%, were 
investigated by Small Angle Neutron Scattering (SANS) 
under magnetic field after neutron irradiation (0.7 to 2.9 
dpa between 250 and 400°C). It was shown that when the 
Cr content of the b.c.c. ferritic matrix is larger than a 
critical threshold value (∼ 7.2 at.% at 325°C), the ferrite 
separates under neutron irradiation into two isomorphous 
phases, Fe-rich (α) and Cr-rich (α') (see figure 1). The 
kinetics of phase separation is much faster than under 
thermal ageing. 
 
The quantity of precipitated α' phase increases with the Cr 
content, the irradiation dose, and as the irradiation 
temperature is reduced. The influence of Ta and W added to 
the RA steels seems negligible. Cold-work pre-treatment 
increases slightly the coarsening of irradiation-induced 
precipitates in the 9Cr-1Mo (EM10) steel. In the case of the 
low Cr content F82H steel irradiated 2.9 dpa at 325°C, 
where α’ phase does not form, a small irradiation-induced 
SANS intensity is detected, which is probably due to point 
defect clusters. The α’ precipitates contribute significantly 
to the irradiation-induced hardening of 9-12 wt% Cr 
content steels. One important point is that, in the ODS steel 
MA957, the neutron irradiation at 325°C up to 5.3 dpa do 
not induce an evolution of the distribution of the oxide 
particles. 
 
 
ODS STEELS AFTER DIFFERENT THERMO 
MECHANICAL TREATMENT [4] 
 
The materials EM10 + Y2O3, EM10 + Y2O3+Ti and CM2 
followed different thermal cycles. The aim was to know if 
the phase transformations austenite <=> ferrite / martensite 
have an influence on the distribution of the oxides. After 
three cycles (homogenisation at 1000°C during 20 minutes 
and quench up to the room temperature at 100°C/hour) the 
signals with cycled and un-cycled materials are quite 
similar (see figure 2). That proves there is no influence of 
the martensitic transformation on the oxide distribution. 
This point is very important because the effect of phase 
transformation on the oxides is still discussed in the 
international community. 
 

For all the ODS steels, the SANS intensities indicate the 
existence of two populations of oxides, one with an average 
size close to 5 nm and the over with a size close to 2 nm. 
 
If we consider the population of the “largest” oxides. (with 
a radius close to 5 nm), the chemical compositions of the 
oxides (essentially O, Y, Si, Ti, Mo and Ti) and the volume 
fraction deduced from the SANS spectra are in good 
agreement with the data obtained by Transmission Electron 
Microscopy (TEM) [1], [2] assuming the population 
observed by TEM is the one with the “largest” size. 
 
TEM. On the over hand, according to the SANS 
characterisation, there is an other population of smaller 
particles. 
 
The following table shows a comparison between the data 
obtained by TEM and by SANS. 
 
For the EM10 steel with Y2O3 and with titanium, the 
volume fraction of small particles is larger than for the 
EM10 steel with Y2O3 but without titanium. It confirms the 
interest of titanium to refine the distribution of the oxides. 
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Figure 1 : Calculated Fe-Cr binary phase diagram 
calculated with the software "MTDATA" 

from high temperature thermochemical data. 
Experimental points obtained in this work 

for the threshold of α' precipitation in industrial 
steels have been reported as well on the diagram 

 
Table 2 : Comparison between the size (Rm = average radius) 

and the volume fraction (Vf) of oxides obtained by SANS and by TEM 
 

 SANS TEM 

Steel Rm (nm) ∆R (nm) Vf (%) Rm (nm) Vf (%) 

EM10 + Y2O3 
5.1 
2.2 

1.8 
1 

0.68 
0.28 

3 0.5 

EM10 + Y2O3 + Ti 
4.6 
2.0 

1.7 
0.8 

0.5 
0.7 

7.5 0.5 

CM2 
4.3 

2.45 
1.5 
1.1 

0.65 
0.45 
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Figure 2 : Scattered intensities 
(parallel and perpendicular to the magnetic field) 

measured for the EM10 + Y2O3 steels before 
and after thermal cycling 
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UT-TBM/MAT-Mod 
 
Task Title: MODELLING OF THE RESISTANCE OF THE DISLOCATION 

NETWORK TO THE COMBINED EFFECT OF IRRADIATION 
AND STRESS 

 Secondary defects structure in an annealed 316L steel after a pulsed 
and a continuous irradiation - Interaction of pre-existent dislocations 
and point defects 

 
 
INTRODUCTION 
 
 
In the framework of the study of irradiation structure in 
316L stainless steel, two types of experiments have been 
performed. The first, is to test the equivalence of irradiation 
by a continuous and a pulsed beam. The second is to 
analyse the evolution of the initial dislocation network 
under irradiation. 
 
The Van de Graaff accelerator was modified to give a 
modulated beam in order to simulate the cyclic irradiation 
(period: 20 msec, pulse: 1 msec).  
 
The first observations reported no evolution of the 
secondary defects population but it was necessary to 
improve the imaging of the dislocation lines in order to give 
a safer answer. This was realized by weak beam imaging 
using a CCD camera. 
 
On the other hand, in our irradiations, the damaging ion Kr 
is a gas introduced as an impurity. Its consequence on the 
irradiation needed to be evaluated.  
 
This was achieved by comparing the microstructure 
obtained with Kr to the one produced by a metallic ion such 
as Ni. 
 
In order to investigate the hardening mechanisms produced 
by irradiation, we irradiated 316L steel whose 
microstructure consists of a medium dislocation density in 
order to alloy fine observations of the dislocations beside a 
population of loops with a density adjusted to a clear 
microstructure. 

The reference material used to test the pulse effect is a 316L 
stainless steel in the solution annealed state. Two other 
samples are added: the same alloy but slightly strained, and 
a model ternary alloy obtained from high purity elements 
(Fe/18% at. Cr/14% at. Ni). 
 
In the following part A, we present the microstructure of 
irradiation versus the type of irradiation at three 
temperatures (600°C, 370°C, 200°C) by krypton ions. 
 
In part B, theses microstructures are compared to those 
produced by metallic ions such as nickel ions. 
 
In part C, the attention is brought on the evolution of 
dislocations after irradiation at 370 and 200°C in the 
industrial 316L alloy. 
 
 
2002 ACTIVITIES 
 
 
MULTI-MODE IRRADIATIONS BY Kr IONS 
(GASEOUS IONS) 
 
At 600°C, simultaneously with the reference alloy, the 
ternary Fe/Cr/Ni, has been irradiated: under the conditions 
given in the table 1. 
 
At 370°C, we add slightly strained 316L steel to the 
reference alloy (table 2). 
 
At 200°C, the pulsed irradiation has been performed 
according to the specifications given in table 3. 
 

 
Table 1 : Irradiations at 600°C (the mean flux is the one measured one, it is 20 times lower than during pulse) 

 
ref. time, flux 1 2 4 5 

FS24 
20x18 min, 

pulsed high flux, 
Φmean =3x108 ions Kr++/mm2.s 

316L annealed 
model 18-14 

annealed 
316L annealed 

model 18-14 
annealed 

FS23 
20x18 min, 

low continuous flux, ~1,5.10-4 dpa/s 
Φ/20=2.8x108 ions Kr++/mm2.s 

316L annealed 
model 18-14 

annealed 
316L annealed 

model 18-14 
annealed 

FS22 
18 min, 

high continuous flux, ~3.10-3 dpa/s 
Φ=5.5x109 ions Kr++/mm2.s 

316L annealed 
model 18-14 

annealed 
316L annealed 

model 18-14 
annealed 
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Table 2 : Irradiations at 370°C 
 

ref. temps, flux 1 2 4 5 

FS26 
390 mn, 

pulsed high flux, ~3.10-3 dpa/s 
Φ=2.2x108 ions Kr++/mm2.s 

316L 
annealed 

316L strained 
316L 

annealed 
316L 

strained 

FS27 
245 mn, 

low continuous flux, ~1,5.10-4 dpa/s 
Φ/20=2.8x108 ions Kr++/mm2.s 

316L 
annealed 

316L strained 
316L 

annealed 
316L 

strained 

FS28 
21 mn, 

high continuous flux, 
Φ=4.6x109 ions Kr++/mm2.s 

316L 
annealed 

316L strained 
316L 

annealed 
316L 

strained 

 
Table 3 : Irradiation at 200°(the mean flux is the measured one, it is 20 times lower than during pulses) 

 

réf. time, flux 1 2 4 5 

FS25 
443 mn, 

pulsed high flux, ~3.10-3 dpa/s 
Φmean=2.2x108 ions Kr++/mm2.s 

316L annealed 
316L with Frank 
loops (FS22-4) 

316L 
annealed 

316L 
strained 

 
Loops microstructure 
 
After irradiation at 600°C no difference could be detected 
in the three irradiation modes. This is valid for the model 
and the industrial alloy were only individual loops are 
present. In the model alloy (figure 1-A), the loops  
 

microstructure consists in large faulted loops (diameter 
> 70 nm). In the 316L alloy, 50 % of the loops are perfect. 
As temperature decreases to 370°C, the loops become 
smaller (< 30 nm) in the two alloy (figure 2). The three  
irradiation modes, have been experimented in the 316L 
steel and give the same microstructure. 
 

  

Figure 1 : Pulsed irradiation at 600°C, inversed weak beam images 
A : model alloy, B : 316L 

 

  

Figure 2 : Pulsed irradiation at 370°C, model alloy 
A : dark field on diffusion spikes, B : inversed weak beam images 
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VOIDS MICROSTRUCTURE AND FOIL OXIDA-
TION 
 
Unexpected voids with a high density have been revealed 
after cntinuous irradiation at 600°C by krypton ions. Only 
one sample, among two, was the object of such structure. 
Their density is similar to the one of voids present after 
irradiation at the same temperature by nickel ions (table 4). 
In this later case, they present a larger diameter and a clear 
contrast and their occurence is expected in agreement with 
the fact that the dislocation network is stationnary built. 
 
Beside, after kryton irradiation, some cases of loss of matter 
at the edge of thin foils present in samples suggests that the 
voids are formed by vacancies injected during oxydation.  
 

Table 4 : Voids distributions 
 

 Nickel Krypton 

mean diameter (nm) 8,5 5,6 

voids density (m-3) 1,7.1021 1,2.1021 

vacancy concentration 
in voids (at-1) 

5.10-4 1,1 10-4 

 
Thermal stability of the loops (in-situ heating) 
 
A sample, initially irradiated in the pulsed mode, has been 
heated inside the TEM to follow the evolution of the Frank 
loops.  
 
After heating up to 610°C, a temperature slightly higher 
than the irradiation temperature, no evolution of the loop 
size could be observed (figure 3). But, after 730°C, we 
observed an increase of the loop size. They met together, 
loss their individuality and form a continuous network. 
 
HIGH FLUX CONTINUOUS IRRADIATION BY 
NICKEL IONS (METALLIC IONS) 
 
After nickel ion irradiation at 600°C, the microstructure is 
close to the one after krypton irradiation but the difference 
is that a dislocation network of continuous lines is present 
(figure 4). 
 

Individual loops are still present of both types: faulted and 
perfect loops. Disribution caracteristics of the loops and the 
network are given in table 5. 
 

 
 

Figure 3 : Loops after annealing at 610°C 
 

Table 5  : Nickel ions, distribution of dislocation lines 
and loops 

 

 
individual 

loops 
network total line 

mean diameter (nm) 20   

density (m-3) 1,6 .1021   

interstitials 
concentration (at-1) 

6,5.10-5   

line density (m-2) 2.1014 3.1014 m-2 5.1014 m-2 

 
INTERACTION OF THE POINT DEFECTS AND 
THE PRE-EXISTING DISLOCATION LINES  
 
The slightly strained 316L steel thin foils, shows individual 
dislocation lines in areas thin enough to give good images 
of the small loops. 
 
The figure 6-A, show an initial straight dislocation lines 
which, after irradiation at 200°C, present many large jogs. 
Despite the high magnification, the line does not give a 
clear image and for the sake of comprehension a drawing is 
given on figure 6-B to help the reader. 
 

  
 

Figure 4 : Dislocation loops and network after annealing at 730°C 
A : large field, B : dislocation lines 
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Figure 5 : Irradiation by nickel ions 
A : dislocation network, faulted and perfect loops, B : voids 

 

  
 

Figure 6 : Pulsed irradiation at 200°C, 316L; inversed weak beam 
A : dislocation line and loops, B : same region, schematic drawing outlining the dislocation line 

 

A 
 

B 
 

 
Figure 7 : Continuous irradiation at 370°C, 316L, larger defects, density small 

A : bright field, B : Weak Beam inversed 
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After irradiation at 370°C, the loops are larger and less 
numerous. Consequently the image (figure 7-A), show loops 
nucleated close to the core of a dislocation line. Despite 
weak beam imaging (figure 7-B), the configuration is not 
fully clear. 
 
 
CONCLUSIONS 
 
 
PULSED IRRADIATIONS BY Kr IONS 
 
1. A full comparison of the three irradiation modes has 

been performed in 316L at 600 and 370°C leading to the 
conclusion that the microstructure is not sensible to the 
beam pulsation at the frequency tested. 

 
2. In the model alloy, the irradiation microstructure is very 

similar to the one in the 316L steel. So, the similarity 
between pulsed and continuous irradiation also apply to 
this alloy. 

 
3. The irradiation microstructure at 600°C presents a 

thermal stability up to 610°C. At higher temperature, on 
thin foil, we observe a growth of loops which may be 
attribute the emission of vacancies by interstitials loops. 

 
4. The observation of voids is a spurious effect which is 

likely to be due to the oxidation and thermal attack of 
the foil during irradiation. 

 
IRRADIATION BY METALLIC IONS 
 
1. Irradiation by nickel ions gives a microstructure very 

similar to the one after krypton irradiation. These 
observations validate the results obtain by a gaseous 
element such as krypton. 

 
2. The formation of voids during irradiation by nickel ions 

is in agreement with the higher evolution of the 
dislocation microstructure 

 
DISLOCATIONS LINES AND POINTS DEFECTS 
 
1. The studied samples present the right experimental 

conditions. Both, the dislocation line density and the 
irradiation level contribute to give a microstructure 
observable at the scale of the transmission electron 
microscope. Nevertheless, weak beam images with high 
deviation from Bragg condition are required to reveal 
the configurations. 

 
2. We observed two kinds of evolution of the dislocation 

line: large jogs produced by climbing and preferential 
nucleation of loops close to the line 

 
3. Consequently, the process of hardening by pinning of 

freely migrating dislocation needs to be review to take in 
account the modification of pre-existent sources 
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UT-TBM/MAT-ODS 
 
Task Title: DEVELOPMENT OF FORMING AND JOINING TECHNOLOGIES 

FOR ODS STEELS 
 
 
INTRODUCTION 
 
 
Oxide Dispersion Strengthened (ODS) Reduced Activation 
Ferritic/Martensitic (RAFM) steels are considered as 
potential materials for blanket material solutions. In order 
to increase the field of applications of these materials 
different joining techniques can be looked into, like brazing 
or friction welding, but regarding the potential needs, 
diffusion welding by Hot Isostatic Pressing (HIP) seems to 
be the best solution. Indeed, it permits to joint parts of large 
dimension with complex shapes. In the aim to assess and 
develop this new joining technology for ODS steels, HIP 
parameters (temperature, time, pressure) and eventual pre- 
and post- heat treatments have to be optimised. 
 
Since 1999, the diffusion bonding of ODS steels by HIP has 
been developed in the laboratory [1]. HIPped 
ferritic/martensitic ODS steels with different reinforcement 
contents and commercially extruded ferritic ODS steel 
blocks have been diffusion bonded to themselves and to 
each other. In 2000, successful results have been obtained 
with the commercially extruded ferritic ODS steel (MA 
956) bonded to itself, as the joints show a better room 
temperature strength than the base material. Encouraging 
results with high tensile strengths were also obtained with 
the HIPped martensitic ODS steels bonded to themselves; 
however, the joined materials have broken at the interface 
[2]. In 2001, great improvement has been realised by 
increasing the HIP temperature up to 1350°C: the joints 
could withstand strength higher than 1450 MPa without 
breaking at the interface during room temperature tensile 
tests. Other parameters such as pre and post HIP treatments 
temperatures were shown to have no significant effect on 
the results [3]. 
 
Since the HIP temperature of 1350°C is not compatible 
with commercial HIP equipment, it is necessary to 
determine a lower HIP temperature while keeping the same 
joint quality.  
 
The work of this year has been devoted to estimate this 
temperature, and once it has been has been defined, to 
completely characterise the mechanical properties of the 
joints. 

2002 ACTIVITIES 
 
 
BASE MATERIALS 
 
Most of the junctions have been realised with 0.3 % Y2O3 
ODS Eurofer steels. These steels have been elaborated by 
mechanical alloying followed by a HIP at 1150°C without 
post heat treatment, as described in [4]. Other 
heterogeneous junctions have been realised with extruded 
Eurofer and 1 % MgAl2O4 ODS Eurofer. The extruded 
Eurofer steels have been elaborated by CEA/LETRAM in 
1999 in form of bars of 48 mm diameter. It is constituted of 
tempered martensitic. The 1 % MgAl2O4 ODS Eurofer 
steels have been elaborated by mechanical alloying 
followed by a HIP at 1100°C without post heat treatment. 
The mechanical properties of the base materials are 
reported in table 1. 
 
JOINING PROCESS 
 
The surfaces of the materials to be joined were machined to 
obtain a roughness of Ra 0,6 µm. All the samples have been 
degreased using a mixture of alcohol, acetone and ether, 
and then dried with a neutral gas. The ODS materials to be 
joined are placed in a 314 stainless steel container, which is 
then outgassed and sealed. The container is hot-pressed by 
HIP. The HIP parameters have been chosen in function of 
the materials to be joined: 
 
- 0.3 % Y2O3 ODS/0.3 % Y2O3 homogeneous joints have 

been realised at 1150°C and 1250°C, and respectively 
named H1 and H2. They have been characterised in 
their as-HIP state and after a classical heat treatment 
(austenitisation at 950°C/1h followed by a water quench 
and a tempering at 750°C/2 h), respectively indexed a 
and b. 

 
- Eurofer/0.3 % Y2O3 ODS steel and Eurofer / 

1 % MgAl2O4 ODS steel heterogeneous joints have 
been realised at 1100°C. The chosen HIP temperature is 
the higher temperature compatible with the Eurofer steel 
(to avoid drastic grain growth in the Eurofer part during 
the joining). The joints have been characterised in their 
as-HIP state. 

 
Table 1 : Room temperature mechanical properties of the base steels 

 

Materials 
(before joining) 

Yield strength 0.2%  
MPa 

Ultimate strength 
MPa 

Total elongation 
% 

Reduction in area 
% 

Impact toughness 
J/cm2 

0.3 % Y2O3 ODS 1028 1158 6.7 24.3 7 

1% MgAl2O4 ODS 660 1015 7.3 12.2 26 

Eurofer 550 680 20 80 100 
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HIP at 1150°C 
 

  

(a) H1a: in as-HIP state 
(b) H1b: after heat treatment 

at 950°C/2 h + WQ + 750°C/2 h 
HIP at 1250°C 

  

(c) H2a: in as-HIP state 
(d) H2b: after heat treatment 

at 950°C/2 h + WQ + 750°C/2 h 
 

Figure 1 : 0.3 % Y2O3 / 0.3 % Y2O3.homogeneous junctions realised by HIP at 1150°C (a and b) 
or 1250°C (c and d), without heat treatment (a and c) or after an austenitisation at 950°C followed 

by a water quench and a tempering at 750°C/2 h (b and d). The joints are indicated by an arrow 
 
METALLOGRAPHICAL OBSERVATIONS 
 
The 0.3 % Y2O3 / 0.3 % Y2O3 homogeneous joints are 
presented in figure 1. 
 
Good interface quality has been obtained for all the joints, 
at such a point that some of them are hardly visible, even at 
very high magnification. 
 
The interfaces are clean and free of particle. The difference 
of surface appearance between the materials on the 
metallographies comes from their microstructural state: the 
materials joined at 1150°C are ferritic/martensitic (figure a 
or b), whereas the materials joined at 1250°C are 
completely martensitic (as quenched in figure c or tempered 
in figure d). 
 
The microstructure of  the Eurofer / ODS joints are not 
shown here. Actually a continuous 314 steel layer (1 mm 
thick) coming from insufficient machining of the former 
container used for the ODS elaboration remains between 
the Eurofer and the ODS steels.  

Therefore the junctions are in fact constituted of 2 
interfaces: Eurofer / 314 / ODS steels. The interface quality 
is also very good. Despite the presence of this steel 
interlayer, the mechanical results are presented to show 
how good the mechanical quality can be reached with joints 
constituted of heterogeneous materials. 
 
MECHANICAL PROPERTIES 
 
The homogeneous and heterogeneous joints have then been 
tensile tested at room temperature with cylindrical 
specimens (∅ = 4 mm, Lu = 20 mm, joint perpendicular to 
the loading axis) at a strain rate of 4.10-4s-1. The results are 
presented in table 2. For all the specimens failure occurred 
out of the interface under very high stress and strain levels. 
The results obtained on the homogenous joints correspond 
to those obtained with the 0.3 % Y2O3 ODS steel base 
material 0. Higher stresses can be reached with the as-
HIPped joints HIPped at 1250°C than with those HIPped at 
1150°C because the content of martensite is higher. The 
strength decrease after the heat treatment comes from the 
tempering of the martensitic parts of the base materials. 
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Table 2 : Room temperature tensile properties of ODS steel joints 
 

Joints 
Yield strength 

0.2 % MPa 

Ultimate 
strength 

MPa 

Uniform 
elongation 

% 

Total 
elongation 

% 

Area 
reduction 

% 

Fracture 
at the 

interface? 

Homogeneous joints between 0.3 % Y2O3 ODS Eurofer steels 

H1a 900 1227 6.1 9.5 29 no 

H1b 962 1103 4.1 7.8 27 no 

H2a 981 1436 4.6 7.2 25 no 

H2b 861 995 3.8 7.8 36 no 

Heterogeneous joints between Eurofer steel and ODS steel (with a 1 mm 314 steel layer)  

Eurofer/314/Y2O3 ODS 442 768 3.8 6.9 65 no 

Eurofer/314/MgAl2O4 
ODS 

465 781 3.8 5.4 48 no 

 
 

Table 3 : Tensile properties at 550°C of the heterogeneous ODS steel joints (the neck is localized in the 314 layer) 
 

Joints 
Yield strength 

0.2 % MPa 

Ultimate 
strength 

MPa 

Uniform 
elongation 

% 

Total 
elongation 

% 

Area 
reduction 

% 

Fracture 
at the 

interface? 

Heterogeneous joints between Eurofer steel and ODS steel (with a 1 mm 314 steel layer)  

Eurofer/314/Y2O3 ODS 512 658 1.0 1.1 2.7 in the layer 

Eurofer/314/MgAl2O4 
ODS 

 586 1.2 1.4 2.9 in the layer 

 
 

Table 4 : Room temperature Charpy impact properties of ODS steel joints. The fracture at the interface is clearly visible 
by the smooth polished aspect of the surface. The fracture is named « outside the interface » when its aspect is rough 

 

Joints 
Toughness 

J/cm2 
% fracture at + outside the interface 

Homogeneous joints between 0.3 % Y2O3 ODS Eurofer steels 

H1a 5.4 4/5 + 1/5 

H1b 8.6 2/5 + 3/5 

H2a 14 4/5 + 1/5 

H2b 12 3/5 + 2/5 

Heterogeneous joints between Eurofer steel and ODS steel (with a 1 mm 314 steel layer) 

Eurofer/Y2O3 ODS 55 0/3+ 3/3 

Eurofer/MgAl2O4 ODS 54 0/3 + 3/3 

 
The heterogeneous joints have also been tensile tested 
550°C with cylindrical specimens (∅ = 5 mm, Lu = 30 mm, 
interface perpendicular to the loading axis) at a strain rate 
of 4.10-4s-1. The results are presented in table 3. All the 
joints break in the 314 interface layer but reach stress levels 
as high as those of the Eurofer material. 
 
All the joints have been Charpy impact tested at room 
temperature using 3 or 5 specimens (normalised KCV 
specimens: 10 x 10 x 55 mm with a V notch at the 
interface). The impact properties are given in table 4. 

All the heterogeneous joints break outside the interface 
(probably in the 314 layer). Their toughness is quite high in 
comparison with ODS steels due to the 314 steel layer that 
absorbs the impact energy. More than half of the 
homogeneous joints break very clearly at the interface. 
Moreover, whatever the nature of the fracture, their 
toughness is very low. The heat treatments do not improve 
the impact properties of these joints. One must notice that 
such low values are in fact characteristic of theY2O3 ODS 
steels elaborated by mechanical alloying and HIPped.  
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From these results, it appears that the impact tests are far 
more discriminant than the tensile tests. The fact that some 
joints break clearly at the interface proves that the joining 
process can be further improved and that the impact testing 
is a good way to validate the improvement. 
 
The work is still running. Additional homogeneous joints 
between 0.3 % Y2O3 ODS steels have been realised by HIP 
at 1150°C (as H1a). They will be mechanically 
characterised by tensile tests with cylindrical specimens at 
room temperature, 450°C and 650°C, by tensile tests with 
notched specimens and by impact tests with Charpy 
specimens at room temperature. The fracture surfaces will 
be observed in SEM by comparing the specimens broken at 
the interface with those broken outside the interface. The 
aim of these characterisations will be to better understand 
the origin of the interface brittleness (when exists). The task 
is expected to be completed within the end of March 03. 
 
 
CONCLUSIONS 
 
 
Homogeneous joints between 0.3 % Y2O3 Eurofer ODS 
steels and heterogeous joints between Eurofer steels and 
ODS Eurofer steels have been realised by HIP:  
 
- ODS 0.3 % Y2O3 / ODS 0.3 % Y2O3 by HIP at 1150°C. 
 
- ODS 0.3 % Y2O3 / ODS 0.3 % Y2O3 by HIP at 1250°C. 
 
- ODS 0.3 % Y2O3 / extruded Eurofer by HIP at 1100°C.  
 
- ODS 1 % MgAl2O4 / extruded Eurofer by HIP at 

1100°C. 
 
A HIP temperature of 1150°C was shown to be sufficient to 
obtain an optically good interface quality. The joints exhibit 
very high  tensile strength (as high as the base materials) 
without breaking at the interface. The impact tests show 
that the toughness of the junctions is as low as the base 
materials. The impact tests are far more discriminant that 
the tensile tests. 
 
Other structural and mechanical analyses are still running to 
deeply characterise the joints in the aim to better understand 
the origin of the debonding observed on the Charpy impact 
specimens and  to propose some possibilities of joining 
improvements. 
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UT-TBM/FC-SP 
 
Task Title: SEPARATION OF THE D/T MIXTURE FROM HELIUM 
 IN FUSION REACTORS USING SUPERPERMEABLE MEMBRANES 
 Superpermeable membranes resistant to sputtering - 
 Proposal for superpermeable membrane practical application in fusion 
 
 
INTRODUCTION 
 
 
The present investigation is the continuation of the study of 
superpermeability phenomenon and of the possibility of 
superpermeable membrane (SPM) practical applications for 
pumping of hydrogen (D/T mixture) and for its separation 
from helium in actual plasma and fusion devices. 
 
One of the key points of membrane practical applications is 
the membrane ability to reliably operate under action of 
unfavorable factors such as sputtering of the upstream 
membrane surface with hydrogen ions and charge exchange 
atoms of different energies, especially, in the presence of 
carbon layers on the surface, which leads to the degradation 
of the surface film responsible for superpermeation.  
 
Detailed investigation of the influence of these factors on 
plasma  driven superpermeation was carried out, which 
resulted in understanding of the underlying fundamental 
causes of  the effects observed and permitted to elaborate 
the ways to maintain the membrane superpermeability 
under actual operational conditions. 
 
The main goals of the work carried out in 2002 were 
 
- investigation of superpermeable membranes resistant to 

sputtering, 
 
- elaboration of the proposal for superpermeable 

membrane practical application in large fusion machines 
such as ITER and TORE SUPRA, 

 
- summarizing of the results obtained and working out the 

final report. 
 
 
2002 ACTIVITIES 
 
 
INVESTIGATION OF SUPERPERMEABLE MEM-
BRANES RESISTANT TO SPUTTERING 
 
The task of this stage of research was the further 
investigation of the phenomenon of the conservation of 
superpermeability of Nb membranes acted upon by 
hydrogen ions, which was discovered at the former stage of 
the current Project. 
 
It was found that degradation of superpermeability, and a 
radical decrease of plasma driven permeation (figure 1, 
curve 2 and figure 2, curve 3), under the action of ion  

sputtering was conditioned by the presence of carbide layer 
in the subsurface region of the membrane which is typical 
for a “natural” surface of niobium. 
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Figure 1 : Dependence of plasma driven permeation flux 
on incident ion energy (bias voltage) 
at different stages of carbonization: 

( ) after the removal of natural NbC layer  
( ) after a controlled formation of NbC layer 

(~ 103 monolayers) on the inlet surface 
( )  after the removal of ~ 20 % of deposited C 
( ) after the removal of ~ 50 % of deposited C 
( ) after a complete decarbonization  

 
The subsurface carbide layer radically reduces the rate of 
oxygen exchange between the niobium bulk and surface, 
without hindering the transport of hydrogen. That results in 
a drastic increase of the number of O-free sites in the 
near-monolayer O coating at the inlet surface being under 
ion sputtering, and leads to the change of membrane 
symmetry in favor of the back evolution of absorbed 
hydrogen onto inlet side. The higher the carbide layer 
thickness the stronger the membrane permeability decrease 
under ion bombardment (figure 1, curves 3, 4).  
 
In spite of that it was shown that the sputter-resistant state 
is a natural state of non-carbidized niobium doped with 
solute oxygen, either originating from virgin surface oxide 
films or specially introduced. Both O mobility in the metal 
lattice and the rate of exchange between metal bulk and 
surface are sufficiently high to provide for a dynamic 
recovery of an equilibrium O layer at the membrane inlet 
surface sputtered by ions. 
 
Due to that, ion sputtering cannot affect the symmetry of 
hydrogen evolution through the inlet and outlet surfaces, 
and superpermeability is conserved. 
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The introduction of extra amount of solute O into the 
membrane results in further decrease of the ion sputtering 
effects on a non-carbonized Nb membrane (figure 2, curves 
2, 3). It seems possible that other Group Va metals, 
vanadium and tantalum, whose chemical properties are 
close to that of niobium, may be obtained in the 
sputter-resistant state as well due to similar mechanisms. 
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Figure 2 : Dependence of plasma driven permeation 
on incident ion energy (membrane bias voltage) 

for a membrane state resistant to sputtering 
at the low (1) and high (2) concentrations of solute oxygen 

Curve 3 presents an energy dependence 
for the “usual” sputter-sensitive state 

 
PROPOSAL FOR SUPERPERMEABLE MEMBRANE 
PRACTICAL APPLICATION 
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As it was demonstrated during the present Project, SPM 
have a number of merits to justify their application in 
fusion devices. They are providing for: [1] a maximum 
conceivable rate of evacuation of suprathermal hydrogen, 
with a possibility to operate at flux densities as high as 
~ 1019 cm-2s-1, [2] a steady state operation, [3] an extremely 
high selectivity in the permeation of hydrogen (tritium) 
compared to other gases, including He, [4] an automatic 
compression of permeating hydrogen by orders of 
magnitude, [5] a low hydrogen (tritium) accumulation, [6] 
the absence of any moving mechanical parts, [7] the ability 
to operate in a wide temperature range (from 20 to 
~ 1000°C), the possibility to operate in strong magnetic 
field. Taking all above into account, several proposals for 
the SPM applications can be suggested. 
 
Short-way separation of D/T and He 
 
Helium is supposed to be pumped by cryopumps or 
turbopumps in the future fusion devices. The SPM is 
proposed to be installed along the pumping duct walls in 
order to isolate a major part of D/T mixture from He before 
the pumps (figure 3). If the SPM is located near the 
divertor, it may isolate the suprathermal D/T generated 
directly in the divertor zone. If the membrane is installed 
far enough from the divertor (figure 3), D/T mixture, when 
reaching the membrane , will mainly consist of thermal 
molecules that have to be again converted into suprathermal 
particles at a hot metal surface or in a gas discharge. 

D/T + He
atomizer or
discharge

membrane

 He cryopump
or TMP

D/T
(cleaned and
compressed)

 
 

Figure 3 : Scheme of short way D/T and He separation 
 
As it has been shown a membrane system of quite a 
reasonable size could isolate more than 90 % of D/T in 
ITER, drastically reducing D/T freezing at the cryogenic 
panels. 
 
Particle flux control  
 
Another possibility is installing SPM-based plasma facing 
panels in the divertor/limiter zone where there is a 
maximum flux of thermal neutrals (CX and Frank-Condon 
atoms). The implanted D/T particles are expected to 
permanently permeate through the membrane with virtually 
no back reemission of thermal neutrals.  An effective 
hydrogen pumping from the divertor region could result in 
a low recycling – high temperature regime of the divertor 
operation, and due to that in an enhancement of the core 
plasma temperature in ITER. 
 
In general the SPM-based pump can be used for hydrogen 
(D/T) pumping in any auxiliary systems of fusion devices, 
e.g. in NBI, pellet injectors and tritium handling. 
 
FINAL REPORT 
 
The data obtained in the course of the present Project  were 
summarized and the final report was presented. Such 
important for SPM practical applications points as 
membrane operation under plasma conditions, separation of 
hydrogen and helium, effects of  chemically  active  gases  
(CH4, C2H2, O2),  deposition of carbon,  ion  bombardment  
of membrane surface, isotopic effects were presented and 
discussed in details.  
 
 
CONCLUSIONS 
 
 
- The phenomenon of the conservation of 

superpermeability of Nb membranes under the ion 
bombardment of its surface was investigated. It was 
found that  the reason of superpermeability degradation 
under the action of ion sputtering is the presence of 
carbide layer in the subsurface region of the membrane. 
It was demonstrated that the sputter-resistant state is a 
natural state of non-carbonized Nb membrane doped 
with solute oxygen, and that an introduction of extra 
amount of solute O into the membrane bulk leads to 
further decrease of the ion sputtering effects.  
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- The proposals for SPM applications in fusion devices 
have been put forwards:  SPM in combination with hot 
atomizer or gas discharge can be installed along the 
pumping duct walls for short-way separation of D/T 
and He;  SPM can be placed near divertor/limiter zone 
for particle flux control. In general the SPM-based 
pump can be used for hydrogen (D/T) pumping in any 
auxiliary systems of fusion devices. 

 
- The results obtained in the course of the present Project  

were summarized, and the final report was presented.  
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UT-S&E-LASER/DEC 
 
Task Title: LASER DECONTAMINATION: TRITIUM REMOVAL 
 
 
INTRODUCTION 
 
 
In the case of D-T fusion reactors, tritium is trapped in a co-
deposited layer which results from the sputtering of the 
surface of plasma facing components (C, Be, stainless steel) 
by plasma during reactor operation. Re-deposition of the 
sputtered particles together with hydrogen, deuterium and 
tritium takes place on colder areas inside the reactor. 
 
The tritium inventory trapped in this layer could threatened 
ITER operation. For this purpose we are developing both an 
experimental and a simulation program in order to study the 
efficiency of a possible laser-based detritiation process. 
 
A first part of our work has consisted to implement a laser 
bench to work as well with infra-red (1064 nm), visible 
(532 nm) and  ultra-violet (355 nm) wavelengths and 
allowing to well characterize the laser fluence on the 
sample. 
 
Then, first ablation experiments have been performed. A 
thermal modelisation tool has also been developed and 
feasibility  tests with a diagnostics allowing to follow in 
real time the co-deposited layer removal have been realised. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL SET-UP AND BEAM METRO-
LOGY 
 
Our first aim is to measure ablation thresholds and rates. 
For this purpose it is therefore necessary to well 
characterize the laser beam used to perform ablation. 
 
Two main parameters are highly relevant and have been 
measured : the total energy of the beam incident on the 
sample surface and the spatial energy distribution at the 
place of laser-matter interaction. 
 
For this purpose, the experimental set-up described below 
(see figure 1) has been implemented. The beam of a 
Brilliant laser manufactured by QUANTEL (5 ns pulse 
duration, 20 Hz repetition rate) reflected by two mirrors 
(M1 and M2), is focused by a lens (L1) and scanned by a 
motorised mirror (M5) on the sample. 
 
The beam is characterized , by two leaks (transmissions of 
the mirrors), the first one after the M2 mirror and the 
second one after the M5 mirror which are analysed by a 
joule-meter (to measure the laser beam energy) and a CCD 
camera (to record the spatial energy distribution of the laser 
beam, see figure 2) respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1 : Experimental set-up 
 
The experiments have consisted to measure beam 
parameters for three wavelengths (1064 nm, 532 nm and 
355 nm). Figure 1 shows the set-up optimised for 532 nm 
wavelength. To perform measurements for other 
wavelengths, it is necessary to use optical components 
adapted to the wavelength of interest. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Laser beam energy distribution on the sample 
 
SAMPLES 
 
The graphite (isotropic graphite CL 5890 PL) samples that 
we tested are from the H-D fusion reactor TORE-SUPRA 
of CEA in Cadarache. They are parts of tiles from the belt 
limiter that were exposed to 25000 disharges with ion-
temperatures of about 1 keV. The exposition was of the 
order of 30 seconds. 
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The co-deposition layer has been analysed by scanning 
electron microscopy (see figure 3) associated with EDS 
analysis (see figure 4). The structure of the co-deposited 
layer looks like aggregates. The EDS analysis show that 
impureties like Fe and Cr are present in this layer, coming 
from sputtered structural components made in stainless 
steel. Such impureties have already been described and are 
specific of the co-deposition phenomenon. 
 
Unfortunately, at the present time the thickness of the co-
deposited layer has not been successfully measured and 
complementary analysis by SEM are under progress. 
 

 
 

Figure 3 : Co-deposited layer by SEM 
 
 

Figure 4 : Co-deposited layer by EDS 
 
EXPERIMENTAL RESULTS 
 
In both cases, samples have been submitted to 500 shots 
with variable fluences. The ablated volumes (craters) have 
been measured by means of a profilometer. The following 
curves (see figures 5 and 6) present results of ablation. Such 
curves allow to estimate both the ablation threshold (AT) 
and the volume ablated per shot. 
 
Two regimes of ablation can be observed : 
 
- a quite linear variation of ablated volume versus fluence 

up to 9 J.cm-2, 
- a very low rise versus increasing fluence since 13 J.cm2. 

In order to estimate the ablation threshold of graphite, 
points corresponding to the first regime have been plotted 
and a linear regression has been applied. Taking into 
account the linear equation obtained, the deduced ablation 
threshold of graphite is about 1 J.cm-2. 
 
Furthermore, the two regimes identified above can be 
explained as follow : In the first regime, the interaction 
occurs between the laser and the surface while in the 
second case, the plasma is more hot and its density higher, 
leading to an absorption of laser energy by the plasma. 
Then an interaction takes place between the plasma and the 
surface. This can be demonstrated when looking at the sizes 
of craters observed in the second case. Indeed, the 
characteristics diameters at the surface of the crater are 
much higher (up to 800 µm) than those of the laser spot 
(about 300 µm). It appears clearely that for a detritiation 
process, in order to optimize the efficiency in term of 
velocity, the first regime has to be chosen.  
 
As mentionned above, the thickness of the co-deposited 
layer is unknown. Nevertheless, when comparing respective 
ablated volumes at 2.7 J.cm-2 of the graphite sample with 
co-deposition (see figure 6) and the back side of another 
graphite sample (see figure. 5), the volume removed in the 
first case seems to be 3 times higher. This first result on co-
deposited layer ablation rate, which seems to be higher than 
graphite one, has to be confirmed by additionnal test on 
better characterized sample in term of co-deposited layer 
thickness. 
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Figure 5 : Ablation measurements on graphite 
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Figure 6 : Ablation measurements 
on graphite + co-deposited layer 
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THERMAL MODEL 
 
In order to simplify optimisation and to determine efficient 
operation parameter ranges of a future laser-based process 
we develop in parallel to experiments a laser-matter 
interaction modelisation. Furthermore, facilities available at 
DPC/SPAL don’t allow to perform experiments on 
beryllium (Be).  As a first stage, a simple one dimensional 
tool has been developed allowing to calculate the energy 
deposition in the material and its thermal behaviour, during 
and after energy deposition taking into account thermal 
conductivity. 
 
The modelisation is based on a numerical resolution of the 
heat equation. Calculations have been performed (see figure 
7) in case of graphite taking into account incident laser 
(532 nm) fluences of 0,7 J/cm2 and 1 J/cm2 respectively. 
Taking into account the boiling point of graphite (4623°K), 
it can be deduced from numerical results that its ablation 
threshold is comprised between 0,7 J.cm-2 and 1 J.cm-2. 
Such a result is in good agreement with the experimental 
estimation (see “Experimental results”). Similar calcula-
tions, performed for Be, indicate that its ablation threshold 
is comprised between 0.5 J.cm-2  and 0.75 J.cm-2. 
 

 
 

 
 

Figure 7 : Temperature depth and time distributions 
for graphite (0.7 J/cm2) 

FEASABILITY TESTS PERFORMED 
WITH AN OPTICAL EMISSION SPECTROSCOPY 
DIAGNOSTIC 
 
Post-test analysis are time and cost consumers. For this 
reason we have decided to implement a real time diagnostic 
in order to reduce the number of surface analysis (SEM, 
Luminescent Discharge Spectroscopy…) to perform before 
and after laser-matter interaction tests. 
 
The Optical Emission Spectroscopy has been quickly 
identified as a very promising candidate for three main 
reasons: 
 
- It allows by recording lines emitted from the laser 

induced plasma to characterize the surface in term of 
chemical element composition. It is therefore possible to 
follow the decontamination by recording in real time 
specific lines of the contaminated layer or of the 
substrate; 

 
- it is a very sensitive technique (low detection threshold 

< ppm); 
 
- it is convenient to implement (no necessary vacuum, 

signal collected by optical fibres allowing to let 
expensive devices outside the contaminated zone). 

 
The first experiments performed have consisted of identify 
the 247.856 nm line of carbon.  
 
A single laser shot has been delivered on a graphite sample 
(without co-deposition) and the spectrum presented on the 
figure 8 has been obtained. 
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Figure 8 : Graphite spectrum 
 
This experimental result is in a very good agreement with 
the expected value. The same experiment has been repeated 
on the sample with a co-deposited layer in order to record 
the co-deposited layer spectrum (see figure 9). 
 
This one reveals the presence of Fe and Cr which have 
already been identified by the EDS analysis (see figure 4). 
 
Nine additional shots have then been done on the same 
location than the first shot and the plasma emission has 
been recorded during the plasma created by the last shot. 
 



 - 404 - Underlying technology / Safety and Environment 
 

0

5000

10000

15000

20000

25000

22
5.

78

22
7.

67

22
9.

56

23
1.

45

23
3.

33

23
5.

22

23
7.

11 23
9

24
0.

89

24
2.

78

24
4.

67

24
6.

56

24
8.

44

25
0.

33

25
2.

22

25
4.

11 25
6

25
7.

89

25
9.

78

26
1.

66

26
3.

55

26
5.

44

26
7.

33

26
9.

22

27
1.

11 27
3

wavelength (nm)

In
te

n
si

ty
 (

a,
u

)

Line at 249,67nm :
Cr (249,631nm)
Fe (249,653nm)

Line at 252,5nm :
Fe (252,429nm)

Line at 253,75nm 
Fe (253,717nm)

Line at 256,18nm :
Cr (256,09nm)

Line at 259,87nm :
Fe (259,837nm)

Line at 262,96nm :
Fe (262,959nm)
Cr (262,982nm)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure. 9 : Comparison of spectra 
 
The corresponding spectrum is represented in yellow on the 
figure 10 and compared to specific spectra of co-deposited-
layer in violet and graphite in blue. It appears that the 
specific spectrum of the co-deposited layer has nearly 
disappeared except a residual line specific of Fe or Cr (the 
resolution of the device doesn’t allow to discriminate). 
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Figure 10 : Co-deposited layer spectrum 

 
A post-analysis EDS performed on a graphite sample with 
co-deposited layer irradiated by laser in similar conditions 
is shown on the figure 11. 
 
When comparing the recorded spectrum with another one 
realised on the same sample (see figure 4) before laser 
treatment,  a decrease of metallic line intensities can be 
observed, and confirms qualitatively the observations 
obtained with optical emission spectroscopy. The presence 
of Fe or Cr is probably due to a diffusion of this impurity 
deep in the bulk of graphite. The depth of diffusion must be 
estimated in further studies. 

 
 

Figure 11 : EDS analysis after laser treatment 
 
 
CONCLUSION 
 
 
In this first part of the research work, a laser bench has been 
implemented which allow to perform well controlled 
ablation experiments with ultra-violet, visible and infra-red 
wavelengths. 
 
Furthermore a protocol to estimate ablation thresholds and 
rates for variable materials is now available. First ablation 
measurements have been obtained at 532 nm for TORE-
SUPRA samples. It seems that the co-deposited layer is 
removed at this wavelength more easily than graphite, but 
this has to be confirmed. 
 
A thermal model has been developed and gives quite good 
results in term of ablation threshold prediction.  
 
Finally we have performed feasibility tests with an Optical 
Emission Spectroscopy device. 
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We have demonstrated that such a method allows to 
discriminate the graphite and the co-deposited layer thanks 
to specific lines of Fe and Cr, elements present in the co-
deposited layer. This diagnostic will permit both to 
decrease the number of analytical tests needed to optimise 
laser detritiation and to follow in real time co-deposited 
layer removal (in order to avoid or limit tile 
deconditionning). 
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UT-S&E-Mitig 
 
Task Title: EVALUATION AND MITIGATION OF THE RISK CONNECTED 

WITH AIR OR WATER INGRESS 
 
 
INTRODUCTION 
 
 
In case of water ingress in the torus, for instance due to a 
breach of the first wall (beryllium) between torus itself and 
cooling system, the beryllium oxidation leads to hydrogen 
production (Be + H2O Æ BeO + H2), with the explosion 
risk associated. It is therefore necessary to define a strategy 
in order to mitigate this risk.  
 
An hydrogen elimination process, based on the reduction of 
a metallic oxide mixture has been studied, which allows to 
convert gaseous hydrogen into water (H2 + MnO2 Æ MnO + 
H2O), even if oxygen concentration remains very low. The 
present study is aimed to the design of an apparatus 
dedicated to ITER. 
 
 
2002 ACTIVITIES 
 
 
This was the final year for this study. This program was 
aimed to the development of a mitigation system for 
hydrogen risk, including experimental program and  kinetics 
parameters determination, to develop a computer tool 
(MITHRY) and first design for a mitigation system, based 
on ITER accident scenarii.  
 
This report summarizes the main results achieved during 
this study. Basically, the process is based on the reduction 
of metallic oxide (MnO2) by hydrogen, to produce water 
and manganese sub-oxides. A small part of silver oxide 
(Ag2O) is added to the manganese dioxide, in order to 
promote the reaction, especially at low temperature 
(ambient to 150°C).  
 
The raw product is a mixture of manganese dioxide and 
silver oxide powders with thin granulometry, below 
100 µm. It was thus necessary to develop a shaping method, 
so that it can be easily handled. Two ways were 
investigated: 
 
- Preparation of pellets using the raw product with a bit of 

water added. Those pellets are then crushed and sifted, 
in order to keep particles with an average diameter of 
1 mm. This method allows an easier preparation of 
particles, but these remain fragile, and should be 
handled with care.  

 
- Deposit a thin layer of the raw product in the porosity of 

particles, such as activated alumina. This method allows 
to generate particles with better mechanical behaviour, 
but these are more difficult to produce. Indeed, it is 
difficult to guarantee the quality (composition, 
thickness) of the deposit in the bottom of the pores.  

The experimental program was performed using particles 
prepared according to the first method (crushed pellets). 
Modeling of the phenomena involved in reaction was based 
on shrinking core model with adhesive ashes. In this model, 
kinetics of manganese dioxide reduction by hydrogen can 
be written as: 

r = k exp (-E/RT) [H2]
n 

 
where kinetics parameters are k (kinetics factor), E 
(activation energy) and n (order of the reaction). This model 
is combined with a model describing the diffusion of 
hydrogen  in ashes, and different relations in order to 
describe thermo-aeraulic phenomena involved in the system 
operation. Those model were implemented in the MITRHY 
code (ref 1). The point was then to determine the kinetics 
parameters (k, E and n) in order to complete the model. 
This was performed through various experiments, mainly in 
the CIGNE facility. CIGNE facility can be divided in 3 
parts: 

- gas preparation, allowing heating and water injection in 
the gas phase, 

- the reaction zone is a fixed bed, that is a cylindrical 
vessel (diameter 30 mm, length between 35 mm and 
140 mm) filled with particles of MnO2/Ag2O (diameter 
~ 1 mm), maintained between two filters, 

- gas analysis includes mass spectrometer (gas outlet) and 
infrared analysis (gas inlet and outlet). 

 
After conditioning, the gas is flushed through the fixed bed, 
where hydrogen is converted into water. Hydrogen content 
of the gas phase is measured at the outlet of the reactor 
using mass spectrometer. Monitoring of the facility includes 
temperature (gas phase and solid) and gas flowrate. Figures 
1 and 2 present the results of one test, including gas phase 
analysis and temperature of the fixed bed measurement 
during the test. Based on the experimental results, the 
following parameters have been calculated to describe the 
reaction kinetics: 
 
- order of the reaction n = 1, 
- activation energy E = 29428 J/mol H2, 
- kinetics factor k = 141,96 s-1. 
 
As an application, preliminary design calculation were 
performed, based on accident scenarii for ITER reactor. 
Two geometries have been investigated, based on fixed bed 
principle, i.e. a kind of “hydrogen conversion cartridge”, 
filled with MnO2/Ag2O particles, placed in the pipe between 
the Vacuum Vessel (VV) and the Vacuum Vessel Pressure 
Suppression System (VVPSS): 

- Case 1 : one cartridge of the same diameter than the pipe 
(80 cm), filled with particles of MnO2/Ag2O. 

- Case 2 : 200 cartridges of smaller diameter (10 cm) 
operating in parallel, filled with particles of 
MnO2/Ag2O. 
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Figure 1 : CIGNE experimental results –  
Gas phase composition evolution 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : CIGNE experimental results – 
Temperature evolution of the solid 

 
In the first case, in order to avoid important pressure drop in 
the bed, it seems necessary to use large particles, actually 
small pebbles (diameter 10 mm), while the use of multiple 
smaller beds, with lower flow rate in each bed allows to use 
smaller particles (diam. 1mm) with larger specific surface.  
 
Let’s assume the following set of input data: 
 
- hydrogen content in the gas phase (water vapor) = 5 %, 
- total hydrogen content = 4,5 kg, 
- evacuation time from VV to VVPS through the 

mitigation device = 500 s. 
 
Results are then the following: 
 
- Case 1 : 400 kg of solid allows the conversion of 

0,935 kg of hydrogen. 
 
- Case 2 : 263 kg of solid allows the conversion of 

1,776 g of hydrogen. 
 
This results shows the effect of the design on the device 
performance. However, final design is a compromise 
between efficiency of the process and technical feasibility, 
as the bundle of 200 reactors in parallel might be more 
complicated to implement on the future reactor.  
 
Note : A final document is currently prepared, which will 
include all the results obtained during this study. It should 
be issued by the end of June 2003.  

CONCLUSIONS 
 
 
At the end of this study, the  main results are the following: 
 
- Hydrogen risk can be mitigated using a process based on 

metallic oxide reduction. 
 
- A computer code was developed (MITRHY) to help for 

the design of a device based on this process. 
 
- First application for ITER, based on accidental scenarii, 

shows the important effect of system design on its 
performance 

 
Further work should include the study of other shaping of 
the product (for example, deposit on filtering cartridge), 
which could allow for easier implementation.  
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UT-SS-REL 
 
Task Title: RELIABILITY/AVAILABILITY ASSESSMENT - 
 INTEGRAL APPROACH TO ASSESS THE AVAILABILITY 
 OF THE FUSION POWER REACTOR CONCEPTUAL DESIGNS 
 
 
INTRODUCTION 
 
 
Fusion power plants attractiveness will be judged on the 
basis of their economic, safety and environmental features. 
Compared to the conventional and the fission power plants, 
they show higher complexity. Amongst the different 
parameters that drive the cost of electricity, plant 
availability is a key one. 
 
During the FY2002, the functional dependence between 
key items affecting the plant availability was assessed. The 
main idea was to determine functional dependences 
between such items. The assessment allowed us to develop 
an integral analytical approach where; 
 
- Detection & Monitoring tasks, 
- Failure Modes & Criticality Analysis, and 
- Maintenance (operational/preventive) 
 
are considered and their functional dependence is modeled. 
 
The approach should provide a qualitative and quantitative 
insight into the availability issue using a probabilistic 
approach. The quality of the quantitative insight is 
dependant, among others, on the quality of the failure data, 
but this item will not be addressed in this assessment. 
The FY2002-activities are reported in [P1]. 
 
 
2002 ACTIVITIES 
 
 
SYSTEM AVAILABILITY 
 
The availability of a system depends on the frequency and 
duration of both planned and unplanned outages.  
 
Planned outages depend on the maintenance policies of 
major subsystems and components. It is predictable and can 
be optimized. The industrial systems operating feedback 
indicates that planned outages have the major share in 
complex systems total outages. 
 
Unplanned outages result, usually, from the random failures 
of major subsystems and components. Very often, they 
result from the combination of more than one subsystem 
failure. That would explain the relatively low frequency of 
unplanned outages. 
 
The assessment of plant availability requires a detailed 
design, with complete taxonomy of subsystems, 
components, and full information of the reliability of  
 

different items, the failure modes & mechanisms, the 
failures frequency, and the mean time to repair/replace of 
each failure, [R1]. 
 
The simplest formula governing the system availability is, 
[R2]: 
 

A  = )1( pτ− • )1( uτ− , 

 
where, A , pτ , and uτ  are the overall availability, the 
planned outage rate and the unplanned outage rate, 
respectively. 
 
Random failures are detected & monitored during operation 
with the help of the Detection & Monitoring systems 
implemented in the plant. The detection of a failure does 
not lead generally to the plant shutdown. However, 
monitoring a given failure allows the operator to decide if 
plant shutdown is immediately necessary or not. If the 
system can tolerate the failure up to the next planned 
shutdown, the operator will continue normal plant 
operation. The failure will thus be repaired during the 
planned outage of the plant either through the preventive 
maintenance actions or the replacement of the 
corresponding component. The inter-dependence between 
Detection & Monitoring tasks, planned maintenance and 
unplanned maintenance is schematically given in figure 1. 
 
Planned Outage Optimization & Related Tasks 
 
The planned outage is generally to be optimized in order to 
minimize the plant downtime. The planned outage duration 
is a fixed parameter. Its determination results from a 
compromise between economic and maintenance procedure 
constraints. The planned outage rate is determined by: 
 

pτ  = 
cyc

p

T
T , 

 
where, pτ , pT , cycT  are the planned outage rate, the outage 
duration and the plant cycle duration, respectively. The 
minimization of pτ  could be achieved through the 
maximization of the plant cycle duration and/or the 
minimization of the outage duration. 
 
Plant cycle duration requirements aims at some 
20000 hours i.e. approx. 2.5 years) of full power 
operation/cycle. Some designers would even envisage 
higher figure (~ 40000 hours). 
 
A plant cycle duration of the order 20000-40000 hours at 
full power represents a real challenge in terms of reliability 
constraints and in terms of components failure data quality. 
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Figure 1 : Functional inter-dependence 
between Planned and Unplanned Outages 

 
The minimization of the planned outage duration pT  would 
require a deep insight in analyzing, all planned outage 
tasks. 
 
Thus, planned-outage tasks need to be identified and 
described in details. Planned outages are generally decided 
for the major systems of a plant in order to: 
 
- Inspect & monitor events that may, later, initiate failures 

leading to the plant immediate shutdown. 
 
- Relief operational stresses/constraints and bring the 

system as near as possible to the state of “as good as 
new” through preventive maintenance actions. 

 
- Replace/repair components. 
 
The above three tasks apply to all power plants 
(conventional, fission, fusion). However, in fusion power 
plants, some specific points could be underlined.  
 
In the case of a fusion power plant, the inspection of a large 
number of in-vessel components is likely to be required in 
order to control the number of in-vessel failure events 
and/or because of regulatory requirements. 

In a Water Cooled Liquid Metal (WCLL) blanket [R4], 
there are some 12000 U-tubes with 2 butt welds at each 
tube end. A reliable inspection procedure of these welds, if 
required, would necessitate the use of highly efficient 
detecting systems and a rational optimization of the number 
of inspected U-tubes during each planned outage. In 
addition, a redundant inspection procedure may be 
necessary in order to decrease the inspection procedure 
failure probability (an inspection procedure would fail if it 
could not detect an existing failure). 
 
The situation is similar for plants using different blanket 
concepts such (e.g. Helium Cooled Pebble-Bed, Self-
Cooled Liquid-Metal). The required inspection procedure 
might therefore require a considerable time, of the same 
order of magnitude of some major maintenance tasks, in 
which case the inspection duration will contribute 
significantly to the planned outage duration.  
 
Corrective action would also contribute into decreasing the 
total number of planned outages (increasing the interval 
between successive planned outages) during the plant-life. 
In order to reduce the planned outage, the probability of 
occurrence of some failure modes should be minimized.  
 
This could be achieved by suitable corrective maintenance 
of components such as the blanket attachments, the welds, 
in-vessel valves, and the vacuum seals and the blanket-
segments re-positioning during the planned outages. 
However, one may expect that the time duration of possible 
corrective actions would not be as long as inspection 
actions and/or in-vessel components replacements. 
 
In-vessel components replacement will be the most critical 
set of operations to be realized during a fusion plant 
planned outage. The use of remote Handling Systems 
(RHS), which is required because of the activation of the 
structures inside the vessel, will also guarantee the 
efficiency, the accuracy and the reliability of the 
maintenance operations. This result will be achieved by 
considering remote handling requirements early during the 
plant design stages. 
 
Although the planned outage duration pT  is not the direct 
sum of the durations of inspection actions, corrective 
actions and in-vessel components replacement operations, it 
depends largely on the individual duration of these 
operations. 
 
In order to minimize each of the above three subsets of 
actions, an exhaustive identification of each basic action 
and their inter-dependence is necessary. The detailed 
scenario of a typical plant outage combining inspection, 
corrective and maintenance operations should then be 
worked out between reliability engineers, operators, 
designers and safety people. 
 
Unplanned Outage 
 
Unplanned outages depend on the occurrence rate and 
repair rate of failed components. In some situations, they 
may depend on the detection rate of the component failure. 
As they result from random failures, the unplanned outage 
rate is itself a random variable.  
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For a given failure mode i, the corresponding outage rate, 
i,uτ , is given by: 

i,uτ  = 
ii

i
MTTRMTBF

MTBF
+

, 

 
where iMTBF  and iMTTR  are mean time between failure 
and the mean time to replace (/repair) the failure mode i. A 
failure mode may be related to many failure mechanisms, in 
which case the determination of the iMTBF , is rather 
complex. 
 
If a failure mode occurs with a conditional probability equal 
to iPr , then the overall unplanned outage rate will be equal 
to: 
 

uτ  = ∑ τ•
i

i,uiPr  

 
Given a system unplanned shutdown, iPr is the probability 
that this shutdown is due to the ith failure mode. The 
unplanned outage rate has a probabilistic nature, and its 
calculated value is a mean value. 
 
Failure Frequency Estimation 
 
Often, a failure mode may result from different failure 
mechanisms. The occurrence of such or such mechanism is 
a random event. It depends on the operating conditions, the 
component design and the component interconnections. 
 
Feedback experience from conventional energy plants 
suggests that the iMTBF  depends on the failure 
mechanisms while the iMTTR  depends on the failure 
mode, for a given failure mode ‘i’.  
This suggests that the following relation governs the 

iMTBF : 
 

iMTBF  = ∑ •
j

i/ji/j MTBFPr  

 
where i/jPr  is the probability to have the failure mechanism 
‘j’, given the failure mode ‘i’, and i/jMTBF  is the mean 
time between failures of mode ‘i’ caused by mechanism ‘j’. 
 
Mean Time Down Estimation 
 
The Mean time down (MTD) is dependent on both planned 
outages and unplanned ones. Planned outages are very often 
conceived with a fixed down time. It results from the 
optimization of different planned maintenance tasks and the 
order they will be executed. Operating feedback experience 
shows that time to repair (time down) for large systems 
maintenance (SG, core loading, primary pomp 
maintenance, emergency power unit maintenance, …) are 
almost fixed and optimized. 
 
MONITORING & DETECTION 
 
Often, detection is conceived to alert operator in case of a 
failure occurrence. Some single-point failures may require 
the immediate plant shutdown. 

In this case, failure detection must have a high reliability. 
The probability that a failure occurs and is detected in the 
time interval [0,t] is given by: 
 

)t(P = ∫ ∫
=ξ ξ=η

ξ−ηω−λξ− ηω••ξλ•
t

0

t
)( de]d[e  = 1 - 












λ−ω
λ−ω ω−λ− tt ee

 

 
where, λ  and ω  are the occurrence rate of a given failure 
and the detection rate corresponding to that failure mode 
using a given detection system, respectively. Both rates are 
supposed time-constant in this model. The probability )t(Q  

that the failure occurs and is not detected in the interval 
[0,t] will thus be given by: 
 

)t(Q  = 1. - )t(P  - [ ]te λ−  = 












λ−ϖ

ϖ−λ−λ−ω tete
 - [ ]te λ−  

 
More frequently, the plant shutdown is decided when a 
given set of failures occurs (not only one single-point 
failure). This would be the case of a leak of a double-walled 
tube carrying water to remove the heat from a liquid-metal 
pool. 
 
Small cracks should be detected, but the plant shutdown 
may be only decided if small cracks are detected on both 
walls of a given tube. In these situations, it is necessary to 
calculate the overall failure rate corresponding to the set of 
failures considered. 
 
The model remains valid by replacing the single-failure 
occurrence rate by the overall failure rate. 
 
Whether the shutdown results from a single failure or a set 
of given failures, monitoring & detection task aims at 
minimizing the “probability )t(Q  that the failure occurs and 

is not detected in the interval [0,t]”. There are two ways to 
potentially reduce the )t(Q  probability: firstly, to decrease 

the failure rate (single or multiple) and / or, secondly, to 
increase the detection rate. 
 
A hypothetical case is given to illustrate the interconnection 
between the failure rate and the detection rate on the non-
detection probability. 
 
The studied case is for a failure rate ( λ ) of 10-3 /h. The 
detection rate was considered in 3 cases: 1/ ω  = λ /100, 2/ 
ω  = λ , 3/ ω  = λ *100. The study concludes the following: 
 
- If the mission time is relatively small compared to the 

MTBF (Τ < 1/ λ ), detection quality (good/bad) has no 
significant impact on the non-detection probability. 

 
- For longer mission time, improving the detection rate by 

factor 100 decreases the non-detection probability by a 
factor of 1000. 

 
- Having detection rates much better than the failure rate 

(ω > λ ) does not result in a significant improvement of 
detection probability. 
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That reflects the basic idea that the quality of the detection 
must be assessed against the failure to be detected, i.e. the 
detection rate will be good or bad in comparison with the 
failure rate itself. Practically, the optimum situation is when 
the detection rate is slightly higher than the failure rate. 
 
The optimization of the monitoring & detection systems for 
the failure modes that require the immediate plant 
shutdown if they occur is also required 
 
 
CONCULSIONS 
 
 
An integral approach is necessary in order to assess the 
fusion power plant unavailability. The approach should 
allow determining the inter-dependence between the 
following three items:  
 
1. Detection & Monitoring tasks, 
2. Failure Modes & Criticality Analysis, and 
3. Maintenance (operational/preventive) 
 
Using a probabilistic approach, it allows modeling the 
planned and unplanned outage rates and the plant integral 
outage rate, as well. 
 
Besides, it guides designers in defining requirements and 
objective specifications for detection & monitoring systems 
and maintenance& testing policies.  
 
The approach can be applied on the European Power Plant 
Conceptual Study (PPCS) project. 
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ICF01 
 
Task Title: INTENSE LASER AND PARTICLE BEAMS DYNAMICS FOR ICF 

APPLICATIONS 
 
 
INTRODUCTION 
 
 
Our work was devoted (i) to the transport of high current 
heavy ion beams through plasma, in relation to the Heavy 
Ion Inertial Fusion (HIIF), and (ii) to the modeling of 
intense laser and electron beams interacting with plasmas in 
connection with the fast ignitor concept within the 
framework of the Inertial Confinement Fusion (ICF) with 
either laser beams or heavy ion beams drivers. In 2002 we 
paid special attention to (a) the numerical simulation of 
intense ions beams in the target chamber for Heavy Ion 
Inertial Fusion (HIIF) application, (b) experiments on 
Raman instability, modulated wakefield, and electron 
acceleration in plasma filled capillary tube and (c) first 
estimate of proton/electron beam efficiency for the hot spot 
generation in the fast ignitor scenario. We present below a 
summary of our results. 
 
 
2002 ACTIVITIES 
 
 
(A) FOCUSING IN A HIIF REACTOR 
 
The focusing of the heavy ion beam through several meters 
inside the reactor chamber is one of the trickiest problems 
in HIIF. Numerical simulations of target implosion have 
shown that the focal spot radius of the ion beam should be 
less than 3 mm. The focusing of several kA over several 
meters to such a small radius seems not possible under pure 
ballistic propagation; therefore one has to consider the 
focusing of the ion beam inside the reactor chamber in the 
presence of a gas at low or moderate pressure. When the 
high current beam interacts with the reactor gas two 
competing processes are appearing. The gas molecules 
(Flibe) are ionized by the beam. This ionization leads to a 
screening of the ion-ion interaction among the beam 
particles. So it tends to reduce the focal spot radius. On the 
other side, collisions between the projectiles and the gas 
atoms can ionize the beam ions, thus increasing the ion-ion 
repulsive force. 
 
To allow for a good propagation, two approaches have been 
proposed: The first one is to consider a high-pressure gas 
(above 1 mbar). It leads to a plasma channel type of 
propagation, where the beam ions are highly ionized. The 
main problem in this case is to get a well-collimated stable 
plasma channel. We have considered a second way, at a 
much lower pressure, the value of the pressure being 
adjusted to get the optimal screening of the beam. The mean 
free path for ionization in this scenario is comparable with 
the radius of the reactor chamber. 

The charge state distribution of the beam ions is thus in 
non-equilibrium, and one has to accurately determine the 
full collisional-radiative (CR) processes both for the target 
and for the beam ions. To see the influence of the CR 
modeling, we have compare two CR calculations. Our 
results show that in fact the focal spot radius is quite 
sensitive to the modeling of the collision processes, which 
should then be accurately determined. To improve the 
focusing we have also analyze a new concept of beam 
neutralization using a tube made of isolating material, from 
which neutralizing electrons can be extracted by the beam, 
as shown in figure 1. 
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Figure 1 

 
Our results have shown that the focalization is significantly 
improved by this initial neutralization, as demonstrated in 
figure 2. 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Beam radius at focus point (Z= 180 cm) 

Figure 1 
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(B) LASER INSTABILITIES IN CAPILLARY TUBES 
 
In the “standard” scenario of the fast ignitor concept, the 
inner part of the target containing the DT fuel is first 
compressed to high density by direct or indirect irradiation 
with megajoule laser or ion beams. Then the ignition of the 
nuclear reaction is induced in a second step by a short 
(pico-second) high power electron beam generated by 
petawatt femto-second laser irradiation. 
 
A high intense laser beam can propagate up to the ultra-
dense inner-part of the fusion target, either through a hole 
created by a first beam, or through a thin empty cone, which 
is implanted inside the target. In both cases one has to get 
an accurate knowledge of the propagation of an intense 
E.M. wave through a target, which has a strong density 
gradient in the direction transverse to the beam. 
 
The physics related to this particular EM propagation can 
be best investigated by using well-defined boundary 
conditions, allowing to clearly identifying the contribution 
of each parameters. For this we are studying the 
propagation at the highest intensity presently available of a 
laser beam through a glass capillary tube either in the void 
or in the presence of gas. We have simultaneously 
developed experiment, simulation and analytical treatments 
in collaboration with several groups. Last year we have 
presented experimental and theoretical results on the 
propagation of the E.M. wave. 
 
In 2002 we have addressed the acceleration of electron 
beams by this E.M. wave. The detection of accelerate 
electrons allow to diagnose the relative contribution of 
transverse compare to longitudinal instabilities.  
 
A first experiment have been performed at the terawatt laser 
beam facilities of the LULI laboratory, to determine 
whereas acceleration of electrons by wave breaking is 
possible at low densities, where the relativistic factor 
(γp = ω0/ωp) is large, thus allowing to acceleration to high 
energies. The presence or the absence of accelerated 
electrons will give a direct signature of longitudinal 
compare to transverse excitation modes.  The experimental 
results have then been compared with simulation results 
obtained from the WAKE code (CPht laboratory). The 
analysis of the wave spectrum has shown Stokes emission, 
which indicates that Raman instabilities are present, in 
agreement with the simulation. However no high-energy 
electrons has been observed. 
 
Following the LULI experiment, another attempt to see high 
energy electrons produced by laser-plasma interaction at 
high energy in a capillary tube, have been performed in 
spring 2002, at the RAL laser facilities, using higher 
intensities and lower pressures than at the LULI experiment. 
The results of the experiment are not yet fully analyzed, but 
the general trends of the LULI experiments seem to occur 
also for the RAL experiment: High amplitude transverse 
mode excitations are generated by the laser-plasma 
interaction. So the wave breaking occurs in the transverse 
direction, leading to a fast dispersion of the laser beam 
energy. 

These results are of practical importance for the fast ignitor 
scenario. They show that the transverse dimension is of 
fundamental importance to predict the beam propagation in 
the channel at intermediate densities. 
 
In particular for numerical simulation great care has to be 
put in choosing the boundaries conditions in the transverse 
direction. 
 
If the transverse dimension of the simulation box is not very 
large compare to the beam radius (this is the common 
situation), then periodic conditions do not allow for the 
dissipation of energy in the transverse direction. 
 
Our experimental work have shown that transverse modes 
can be the most effective way of damping the incoming 
energy, thus it has to be correctly taken into account in the 
simulation of fast ignitor scenario. 
 
(C) PROTON BEAM TRANSPORT 
 
In the “standard” fast-ignitor scenario there are actually two 
difficult, still unsolved problems: the propagation of the 
high flux laser beam and the propagation of the generated 
high current electron beam up to the ultra-high density 
central domain of the target. 
 
As was discussed in our 2001 reports, instabilities can be 
quite important for the electron beam, preventing them to 
reach the central part of the target. 
 
Both for the laser beam and for the electron beam, the 
situation is highly controversial, so the possibility that the 
“standard” fast-ignitor scenario can be used is still an open 
question. 
 
Therefore, it is important to examine whether there exist 
alternative fast ignitor ways, where non-linear beam-plasma 
instabilities can be less active. An attractive scheme is to 
put the laser beam out of the target and to replace the 
electron beam by a proton one (M. Roth et al. Phys. Rev. 
Lett., 86, 436, 2001). 
 
Due to their high mass, the protons are much less sensitive 
to beam-plasma instabilities than electrons, moreover they 
yield an enhancement of energy deposition at the end of the 
range (Bragg peak) so that, by adjusting their energy one 
can deposit the maximum of energy in the right domain. 
 
The interest for using proton beam for the fast ignitor has 
appearing following very recent experimental results, where 
high current proton beams with very good emittance 
properties have been generated by irradiating solid foil with 
high-power sub-picosecond laser. 
 
We are developing a new simulation code by adapting 
previous codes devoted to the transport of molecular beams 
in solid. 
 
This code can be applied to any target (solid, gas, plasma) 
and include both collision scattering and stopping, and 
collective effects. 
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The main ingredients of the simulation code are the 
following: 
 
(i) The interaction between an ion and the target is 

described within the dielectric function formalism, 
using a Mermin form for the dielectric function. The 
Mermin dielectric function is written as a sum of 
Random Phase Approximation dielectric function 
containing adjusted parameters. It allows to reproduce 
very accurately the collective and binary excitations 
processes in dense targets, and combines the 
contribution of both the free and the bound electrons. 
It has been shown that, for a proton projectile in a 
solid target, the dielectric function formalism with the 
Mermin function yields a stopping cross section, 
which is in agreement with experiment at the 1 % 
level, for energies from keV up to several MeV. 

 
(ii) A statistical treatment of the interaction process 

through Monte-Carlo type calculations, which take 
into account an adjustable distribution for the initial 
distribution, the dispersion in energy (so-called 
straggling effect) and ion-ion scattering events, which 
are calculated using the electronic density of the target 
ions. 

(iii) A dynamical screening (wave effect, see the figures 
below) between the particles of the beam. 

 
(iv) The description of the travel by the beam from the 

source, through the target and up to the detector, and a 
response function of the detector, to allow for a direct 
comparison with experimental results. 

 
Examples of our results are given in figures 3 and 4, where 
we have reported the longitudinal and transverse force 
between two ions of the beam. 
 
The oscillating character of this force comes from the 
polarization of the plasma electrons. And interesting 
property of this force is that it is alternatively attractive and 
repulsive. 
 
So there is a possibility for the ions to be trapped at specific 
relative distances, yielding to some similarities with cold 
dusty plasmas, the coupling constant is however much 
smaller inside the beam than in dusty plasma case. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 : Wake force induced by a MeV proton 
in the longitudinal direction, as a function of the longitudinal coordinate at various transverse distances 
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Figure 4 : Wake force induced by a MeV proton in the transverse direction, 
as a function of the longitudinal coordinate at various transverse distances 
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ICF03 
 
Task Title: LASER-MATTER INTERACTION AT RELATIVISTIC 

INTENSITIES AND FAST IGNITER STUDIES 
 
 
INTRODUCTION 
 
 
The objective of this task was to study, both experimentally 
and theoretically, the physical mechanisms of laser-matter at 
relativistic intensities, including laser channelling, electron 
transport properties beyond the Alfven limit, and the 
heating by fast electrons with targets having an electron 
density close or above critical density. 
 
Very promising and new optical diagnostic techniques of 
relativistic plasma dynamics such as coherent transition 
radiation and short-pulse laser reflectometry have been 
studied. 
 
Detailed K-alpha line measurements have been performed 
to image and characterize quantitatively the electron-heated 
target core, in conjunction with soft x-ray imaging. Original 
results in the development of numerical methods for multi-
dimensional particle-in-cell simulations have been obtained. 
 
The possibility to perform large-scale simulations, with 
reduced edge effects, has been particularly emphasized, 
with over-dense simulations showing hosing instabilities, 
electron jets formation, and not-so-cold return currents.  
 
Acceleration mechanisms for positively charged particles 
such as protons have been studied theoretically. Accurate 
results have been obtained concerning the structure of the 
ion front, the resultant ion energy spectrum and the 
maximum ion energy. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL ACTIVITIES 
 
Rear-side optical self-emission from ultra intense laser 
pulse interactions with solid targets have been used to study 
electron transport issues. A schematic view of the 
experimental set-up can be seen in figure 1. 
 
A prompt emission associated with a narrow electron jet has 
been observed up to aluminium target thicknesses of 
400 µm with a 17° typical spreading half-angle. 
 
The quantitative results on the emitted energy are consistent 
with models where the optical emission is due to transition 
radiation of electrons reaching the back surface of the target 
or due to a synchrotron-type radiation of electrons pulled 
back to the target.  

Visible emission

X-UV image
(180 Å )

X-K αα spectroscopy

Multi-layer target
 or simple target

X-ray image
of burried layer

Optical reflectometry

Optical shadowgraphy

 
 

Figure 1 : Schematic view of the experimental set-up 
showing the various optical diagnostics 

(shadowgraphy, reflectometry, spectrally resolved visible 
emission) and the imaging and dispersive 

(around the K-alpha lines) x-ray diagnostics 
 
Typical time-integrated and time-resolved images are 
presented in figure 2. On the left, in the time-resolved image 
of a full energy shot (> 10 J on target) onto a 35 µm thick 
target, a central narrow bright spot surrounded by a less 
intense region is observed. On the right is the time-resolved 
image of a moderate energy shot (~ 5 J on target) onto a 
75 µm thick target. 
 

 

2 ns

Al 75 µµm  Elaser  8 J

 

 
Figure 2 : Time-integrated (left) and time-resolved (right) 

emission from the rear of the target: the bright, 
short duration emission at the bottom of the right image 
lasts approximately 10 ps and corresponds to the bright 

spot observed on the left spatially resolved image 
 
This result allowed us to distinguish two types of radiation: 
a first very short duration (less than 10 ps) and very intense 
signal, followed by a much less intense and long duration 
signal (of a few ns). 

Short-duration signal 
~ 10 ps 

20 µm

200 µm 

35 µ m Al 
target 
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The first one, to which corresponds the bright spot in the 
integrated image (see figure 2 left), is attributed to fast 
electrons reaching the target rear surface, whereas the 
second one is thought to evidence the thermal emission of 
the cooling and expanding plasma heated by the fast 
electrons and the associated mechanisms. The signal 
observed about 4.5 ns after the short signal is interpreted as 
the breakout of a thermal wave after burning through the 
target.  
 
A conically bent KDP crystal x-ray spectrometer was used 
to measure the spectrum between 7 Å and 8.5 Å. This 
domain includes the cold Al K-alpha line as well as the 
shifted K-alpha line of heated and ionized Al. 
 

Cold K αα
8.339 Å

Shifted  K αα
8.275 Å

Al 28 µm

λ

0.07 Å

 
  

2 µm

110 µm

 
 

Figure 3 : Spectrum for a 28 µm thick Al target (left, 
showing cold K-alpha line at 8.339 Å and ionized K-alpha 
line at 8.275 Å) and Ti K-alpha pictures (right) for a 2 µm 

thick Ti target (top) and a sandwich target with 110 µm  
of Al in the front (bottom) 

 
A typical spectrum is shown in figure 3 (left) for a 28 µm 
thick Al target and incident laser energy of 10 joules. It 
shows a broad cold K-alpha emission spot (at 8.339 Å) and 
a shifted K-alpha line at 8.275 Å. This K-alpha line is 
relatively weak and is only visible up to 50 µm thick targets. 
 
The shift corresponds to an ionization stage (Z*) of 5. From 
a local thermodynamic equilibrium, the estimated 
temperature is of the order of 40 eV. In order to diagnose 
the propagation of the fast electrons in the bulk of the 
target, the Ti K-alpha line at 4.5 keV of embedded 20 µm 
thick Ti layers in Al/Ti/Al sandwich targets was imaged 
using a spherical Bragg crystal with a resolution of 10 µm. 
Two examples are shown in figure 3 (right). In agreement 
with XUV images taken in similar shots, the data show a 
minimum radius of  34 µm and a cone angle of ± 27°. 
 
THEORETICAL AND NUMERICAL ACTIVITIES 
 
In order to study fast electrons generation by ultra-intense 
laser pulses interacting with over-dense plasmas, 2D PIC 
simulations have been performed in various cases: sharp or 
smooth density gradients, weakly to strongly relativistic 
intensities, plane or focused waves. 
 
In all cases, fast electrons are emitted with an angular 
spreading of their velocity, which cannot be explained by 
interface deformations or by the laser beam focusing. 

It is found that, at least for sharp density gradients, this 
angular dispersion is linked to a transverse instability that is 
localized in the vicinity of the skin depth layer. High 
intensity magnetic fields are produced, leading to trapping 
and scattering of the energetic electrons. To illustrate these 
findings, the simulation of the interaction of a 1019 W/cm2 
laser pulse with a circular plasma - showing a linear density 
gradient from nc (edge) to 5nc (core) - is presented. The 
total radius of the target is 65 µm and the initial temperature 
is 10 keV. 
 
One can see (figure 4) on the left image (the electron 
density being plotted) the onset of the formation of an 
asymmetrical, conical channel and the building of an over-
dense electrostatic shock (black zone) in the exterior region 
of the target. In the right image (showing the electron 
energy), the asymmetry is also present in form of supra-
thermal electron jets, preferentially bent toward the top of 
the image. A very fine structure, barely visible on this 
reduced image, is found at a wave number of 2 k0

-1, 
suggesting an acceleration mechanism by the Lorentz force 
jxB. The observation of coherent transition radiation at the 
rear of laser-irradiated targets could be well related to these 
correlated electron jets, at twice the laser frequency, 2 ω0. 
 

 
 

Figure 4 : Electron density (left) and electron energy 
(right, in keV) as a function of space at 1ps 

in the laser pulse (units are 1000 k0
-1~160 µm) 

 
The analysis of the electron currents is very instructive (see 
figure 5). Electrons of energies below 100 keV (left) make 
the return currents, oriented in the direction opposite to the 
laser. 
 
Particle of intermediate energies (middle), penetrate deeply 
inside the target. The lack of mass currents in the target core 
is explained by the relatively lower electron temperature (as 
exhibited in figure 4 - right). The current asymmetry is 
clearly visible in the highest energy range (right). 
 
Absorbed laser energy is about 20 % at 1ps into the laser 
pulse. This energy further increases with the continuing 
growth of the plasma channel. 
 
In the field of positively charged particle acceleration, the 
freely expanding plasma model has been revisited in terms 
of charge separation effects and structure of the ion front. 
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The 1D model solves the equations of continuity and 
motion for the ions, the charge separation field being 
obtained by the solution of the Poisson equation. The 
electrons obey a Boltzmann distribution at a given (supra-
thermal, and even relativistic) temperature. 
 
If one assumes quasi-neutrality, a self-similar solution of the 
model can be found, which is relevant to the physics of the 
ion acceleration mechanisms only if the initial Debye length 
is smaller than the self-similar scale length, governed by the 
(ion) speed of sound, i.e. for ωpit < 1, where ωpi is the ion 
plasma frequency. Otherwise, the self-similar model 
predicts an unrealistic infinite ion velocity. 
 

 
Figure 6 : Energy spectrum per surface unit 

for two different times in units of the plasma ion frequency, 
the dashed line being the self-similar solution 

 
The numerical solution of the model provides much more 
physical results, as exemplified in figure 6. 
 
The ion energy spectrum is plotted as a function of the ion 
scaled energy for two different times ωpit = 30, and ωpit = 
100. Ions show a very well defined maximum energy 
evolving as the square of the logarithm of the scaled time 
ωpit. 

When comparing with real experiments, additional effects 
have to be taken into account, such as non-Maxwellian 
electron distributions, electron recirculation in thin foils, 
electron temperature dynamics, multi-dimensional effects, 
ionization mechanisms, and magnetic field effects. 
 
 
CONCLUSIONS 
 
 
Experiments on the generation and transport of fast 
electrons and on the resulting heating of the target have 
been conducted on the 100 TW LULI laser facility at a 
maximum intensity of �  3 1019 W/cm2 and a maximum 
laser energy of 10 J.  
 
The results show a modest heating of the target, of the order 
of 20-40 eV up to 50 µm of Al. 
 
This is consistent with about 10 % to 30 % of the laser 
energy being transferred to fast electrons inside a large 
angle cone, typically ± 20° to ± 40°. 
 
2D PIC simulations have been performed for sharp or 
smooth density gradients, plane or focused waves. 
 
In all cases, fast electrons are emitted with an angular 
spreading of their velocity, which cannot be explained by 
interface deformations or by the laser beam focusing. 
 
High intensity magnetic fields are produced, leading to 
trapping and scattering of the energetic electrons. A simple 
model for ion (proton) acceleration based on free plasma 
expansion has been revisited.  
 
Accurate results have been obtained concerning the 
structure of the ion front, the resultant ion energy spectrum, 
and more specifically the maximum ion energy. 
 

Figure 5 : Electron mass current maps at 1ps in the laser pulse for various ranges of electron energies 
(units are 1000 k0

-1 ~ 160 µm) 
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ICF04 
 
Task Title: EU COLLABORATIVE EXPERIMENT ON THE FAST IGNITER 

CONCEPT 
 
 
INTRODUCTION 
 
 
Petawatt lasers are state-of-art tools to probe matter under 
the extreme conditions reached in Inertial Confinement 
Fusion. In order to simultaneously minimize their operation 
costs and maximize their performances (energy delivered on 
target, repetition rate), wave front analysis and control 
through active laser phase correction are of great 
importance. 
 
The objective of this task is then to develop a complete 
automated system, consisting of an adaptative mirror and a 
phase front measurement device connected in a closed loop, 
to be inserted in the future LULI pico2000 and GSI 
PHELIX PW laser chains. 
 
In a first exercise, prototype tests of the LULI closed-loop 
adaptive optics system (AOS), composed of a wave front 
sensor, a 98 mm bimorph deformable mirror and a 
Labview®-based convergence loop, have been conducted 
with cw-lasers. Then, the AOS has been implemented on the 
LULI 100TW laser facility and improvements of the beam 
focusability and of the repetition rate checked.  
 
 
2002 ACTIVITIES 
 
 
PROTOTYPE TESTS WITH CW LASERS 
 
Description of the LULI adaptative optics closed-loop 
system (AOS) 
 
Basically, an AOS is composed of three key elements: 
 
- a wave front sensor: because of three remarkable 

properties: achromaticity, high resolution and adjustable 
sensitivity, an achromatic three-wave lateral shearing 
interferometer (ATWLSI) has been used; 

 
- a deformable mirror: a 98 mm bimorph dielectric coated 

deformable mirror has been developed by the Adaptive 
Optics for Industrial & Medical Applications Group in 
Moscow and acquired by the LULI; 30+1 actuators 
allow theoretical correction up to Zernike 15th order 
with excursions up to 6λ; the dielectric reflective 
coating meets the requirements for high damage 
threshold (> 3 GW/cm-2 in ∆t = 1 ns); 

 
- and a home-made Labview®-based convergence loop. A 

far-field measurement is systematically used to estimate 
the quality of the convergence. 

Prototype tests  
 
A large aperture (110 mm), high-quality, collimated beam 
issued from a cw YAG laser (λ = 1.06 µm) has been used 
for preliminary testing. Three points have been investigated: 
(a) calibration of the closed-loop system, (b) determination 
of the useful aperture comparing with the beam diameter, 
and (c) choice of a wave front reference. The results are the 
followings: 
 
(a) a maximum phase shift of about 3λ and a rms of 

λ/1.32 is measured, when no voltage applied on the 
mirror; at the end of the convergence, the wave front 
distortion peak to peak decreases to 0.15λ and the rms 
to λ/50; 

 
(b) 80% of the mirror aperture can be used for a good 

wave front correction; 
 
(c) wave front reference can be generated using a pinhole 

located in the co-focal plane of an afocal system in 
front of the wave front sensor; the pinhole dimension 
is less than the diffraction limit. 

 
IMPROVEMENT OF LULI 100TW CPA LASER 
SYSTEM FOCUSABILITY AND REPETITION RATE  
 
Thermal effect evolution in the LULI 100 TW facility 
 
The LULI 100TW CPA laser facility is composed of a 
100 fs Ti:Sa oscillator, a temporal stretcher, a Ti:Sa 
regenerative pre-amplifier, a mixed Nd:glass amplification 
chain and a compressor. It delivers a 30 J/300 fs pulse on 
target, corresponding to the high peak power of 100 TW. 
The standard repetition rate of the facility for full-energy 
shots is 20 minutes. After each shot, the heat generated in 
the amplifiers by the flashlamp pumping system is 
responsible for most of the wave front distortion. This phase 
shift decreases towards zero only after 40 minutes.  
 
In order to study the beam focusability of the LULI 100TW 
chain, a series of full-energy shots with the nominal 
repetition rate of 20 minutes have been carried. A far-field 
measurement is used to characterize the influence of the 
cumulative thermal effect. 
 
The first shot is launched when the laser chain is cold, so 
that the focal spot exhibits a Strehl ratio of 0.8 with a full 
width at half maximum (FWHM) ~ 1.2 times diffraction-
limited (figure 1(a)). 
 
As full-energy shots are continuously launched every 
20 minutes, the central peak spot becomes asymmetrical 
and larger and more energy is spread in large wings. 
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Figure 1 : Focusability of  the LULI 100TW laser beam 
during a full-energy shot series (c) 

strong degradation of the 1st “cold” spot (a) 
is observed  from the 5th shot (b) 

 
Figure 1(b) shows the 5th shot strongly degraded focal spot. 
Along the shot sequence, the Strehl ratio (solid line on 
figure 1(c)) decreases from 0.8 to 0.3 and the central peak 
of the focal point (dashed line on figure 1(c)) stretches from 
5 µm to more than 10 µm. In conclusion, wave front control 
and dynamic correction before each shot becomes 
mandatory if one wants to take advantage of the full 
repetition rate of 20 minutes while keeping a good 
focusability. 
 
Closed-loop Adaptive Optics setup and wave front 
correction results 
 
The closed-loop adaptative optics system has then been 
implemented on the LULI 100TW laser facility, and test 
during a series of full-energy. The 98 mm deformable 
mirror has been placed behind the 108 mm disk amplifier. 
2 % of the total output energy is transmitted through the exit 
mirror and is used for wave front and far-field 
measurement. 
 
Based on the wave front measurement à 10 Hz, the 
convergence loop and the phase correction are performed 
several seconds before each shot in order to avoid deviation 
of the phase. 
 
The significant results can be summarized as follows: 
 
- the near diffraction-limited focal spot recorded during 

the high-energy shot demonstrates the excellent 
focusability of the beam (see figure 4 (a)); 

 
- figures 4 (b) and (c) show a very good similarity of the 

focal spot between the first full-energy shot and the 5th 
shot. The near-diffraction-limited focal spot quality is 
maintained during this sequence of 20 minute full-
energy shots with a calculated Strehl ratio 0.9. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 : Focusability of the LULI 100TW laser beam 
during a full-energy shot series if AOS operational: 

no degradation between the 1st “cold” spot (b) 
and the 5th shot (c) is observed; near-diffraction limited 

focalization is in fact reached (a) 
 
 
CONCLUSIONS 
 
 
These preliminary experiments have demonstrated that the 
precise measurement of the spatial phase distortion of a 
laser beam is essential to correctly design an AOS, 
especially to determine the actuator number and the actuator 
distribution for the deformable mirror. This will be shortly 
done on the currently under construction LULI kJ chain to 
finalize the PW concept. 
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ICF-KiT-PRC 
 
Task Title: OVERVIEW ON POWER REACTOR CONCEPTS 
 
 
INTRODUCTION 
 
 
The IFE-KiT task, for the FY2002 aimed at monitoring the 
worldwide progress in the Inertial Fusion Energy programs. 
It completes the last year monitoring assessment, [P1]. The 
details of this monitoring assessment are reported in [P2]. 
We expose here only the most marked progress. The most 
significant and relevant R&D activities are those carried out 
in the US research centers and universities, [P2]. We give 
in the following a brief description of the most marked 
progress in the IFE research activities. 
 
 
2002 ACTIVITIES 
 
 
PROGRESS IN IFE R&D ACTIVITIES 
 
Although NIF, LMJ, GEKKO XII, SGII will provide the 
needed data on burning ICF & IFE plasma, none of them 
will have the capability to operate at high repetition rate nor 
to manage the fusion power at high repetition rate. 
Moreover, they have neither the efficiency nor the 
durability needed for the commercial power generation. 
Substantial scientific and technical issues must be 
identified, studied and resolved in parallel. The modularity 
of the IFE power plant components makes it possible to 
study these issues in scaled facilities where limited sub-sets 
of phenomena could be studied. That will guide the design 
and the construction of other experiments with higher level 
of integration. 
 
The IFE community refers to these facilities as “Integrated 
Research Experiment” facilities or shortly IRE’s facilities. 
This is one of the most significant achievements in the past 
recent years. The IRE’s facilities should provide the bases 
of the sciences and technologies needed for the 
demonstration of the feasibility of the IFE power plants. 
Among these identified scientific and technical issues, the 
first wall of the IFE power plant attracts the highest interest. 
 
The most significant efforts are those employed in the 
Liquid First Walls (thick, thin) research activities. 
Experiments with water jets, scaled to be hydro-
dynamically equivalent to a power plant liquid chamber can 
now achieve both the required smooth jets and the principle 
of oscillation for rapid clearing after the shot [R1]. 
 
During 2001-2002, the IFE community has almost 
converged towards the “Nominal Baseline Power Plant 
Concepts”, [P2]. This is indeed another significant 
achievement. It should allow in the next years to elaborate 
relevant R&D programs and to determine the 
“Requirements & Specifications for the IFE Power Reactor 
Concepts”. 

Other principal achievements, monitored in the US Fusion 
Community are: 
 
- A consensual principal strategy for chamber R&D 

during the IRE phase founded on “ … the development 
of detailed, integrated chamber response models.” That 
includes both experimental and numerical models, [R2]. 

 
- The HIF power plant conceptual design that meets the 

pulse rate, cost, and efficiency and is consistent with the 
HIF requirements: the target beam energy, peak power, 
pulse shape, ion range, and focal spot size and which is 
consistent with a thick-liquid protected chamber, target 
illumination geometry, and propagation through hot 
chamber vapor [R2, Appendix I-HIF]. 

 
- A formal definition of the critical issues related to the 

base-line conceptual design for Heavy-Ion drivers uses 
thick-liquid chamber with indirect-drive, such as, [R2]. 

 
PROGRESS ON POWER REACTOR CONCEPTS 
DESIGN 
 
An IFE Power Plant concept is the integrated design of a 
target, a driver, a chamber and a thermal power conversion 
system. As far as we are focusing on IFE Chamber 
concepts, three major categories are explored since the 
early age of investigations (~ 1980) and still being 
explored: dry-wall, wetted-wall and thick-wall designs. The 
concepts that are most mentioned in literature are given in 
[P2]. No significant progress has been monitored during the 
FY1999-2002. 
 
All of these concepts have almost received relatively equal 
interest of the designers but are still at different state of 
progress and reporting. If we use as criteria the number of 
available papers and presentations on the concept in the 
scientific media, HILIFE-II and Sombrero are by so far the 
most referenced concepts (class 4). 
 
They are followed by Osiris and Prometheus (class 3). 
Libra and Solase concepts occupy the 3rd rang (class 2). The 
least published is Hiball (class 1), [P2]. This classification 
counts only for the number of papers and presentations 
treating one or more aspects of the associated concept, 
where: 
 
- Class 1: less than 5 published papers/presentations, 
 
- Class 2: 5 <  Nb of published papers/presentations 

≤  20, 
 
- Class 3:  20 <  Nb of published papers/presentations 

≤  40, 
 
- Class 4:  40 <  Nb of published papers/presentations. 
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It does not tell how original is the paper/presentation. 
Consequently, it does not reflect the new progress in the 
concept design. It is also limited to the papers/presentations 
monitored by the author. 
 
This is almost the same situation since 1999, [R3], when 
the final report of the Inertial Fusion Concepts working 
group cites that: “ The IFE power plant concepts thus 
appear to be settling down to two main lines;1) a heavy-ion, 
indirect drive target and a thick-wall chamber, and 2) a 
laser, direct drive target and a dry-wall chamber, both with 
a wetted-wall chamber as a “back-up” option”. During the 
FY2002, this tendency has been confirmed. 
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ICF-XUV-Diag 
 
Task Title: DENSE PLASMA DIAGNOSTICS USING HIGH ORDER 

HARMONICS GENERATION 
 
 
INTRODUCTION 
 
 
As well known, a laser pulse cannot propagate in a plasma 
whose density exceeds the corresponding critical density, 
Nc. For example, Nc ≈ 2.1021e-/cm3 for a wavelength of 
790 nm. Thus, probing dense plasmas requires the use of 
short wavelength. The high order harmonics generated in 
rare gases [1], [2] provide such a source. They are spatially 
and temporally coherent, shorter than the initial pulse, 
naturally synchronised with the laser and can work at high 
repetition rate. For example, the 11th harmonic of the Ti-Sa 
laser, (λ �= 72 nm) can propagate in a 1023 cm-3 density 
plasma over a distance of a fraction of micron.  The 
attenuation of the harmonic comes from the very efficient 
linear absorption of the UV light by the plasma. In our 
experiments, the plasma is produced by intense irradiation 
of thin aluminium (Al) and plastic foils (100-200 nm 
thickness). 
 
To create a hot, very far from equilibrium plasma, we 
focused a very intense and short laser pulse on the target. 
The intensity reached in the focus is close to 1018W/cm2. 
We studied the temporal evolution of such a foil explosion. 
The way the plasma expands is supposed to give decisive 
information on the dynamics of the processes involved and 
on the existence of laser coupling conditions good enough 
to generate very high intensity effects such as hole boring 
creation, subject of interest for ignition fusion experiments. 
 
We will report on two sets of experiments concerning the 
time dependant absorption of high order harmonics. These 
series of experiments will serve to prepare more ambitious 
studies which consist in interferometric measurements, 
allowing to evaluate the instantaneous refractive index and 
the electron temperature. 
 
 
2002 ACTIVITIES 
 
 
EXPERIMENTAL SET-UP 
 
The experimental set-up is presented in figure 1. The 
UHI10 laser facility delivers 790 nm wavelength pulses 
(Ti:Sa laser based on the CPA technique) with 65 fs 
duration, at a repetition rate of 10 Hz. The energy per laser 
pulse is around 600 mJ, leading to a power of 10 TW. The 
system is divided in two parts: a low energy arm, with the 
same duration as the main pulse, is used to produce 
harmonics after focusing in a Xenon gas jet, and the ultra-
intense arm is focused at 11.5° from the normal incidence 
on the target using a f = 50 cm off-axis parabolic mirror. 
The intensity at the focal point is close to 1018 W/cm2. 

The harmonics, focused on the thin film using a toroidal 
mirror without wavelength selection, are dispersed in a 
VUV spectrometer and detected on microchannel plates 
(MCP) coupled to a phosphor screen and a charge-coupled 
device (CCD) camera.  
 

MCP
CCD

UV
spectro

Xe jet

MPT

D1

D2  
 
M : Toroidal focusing mirror 
P : Off-axis holed parabolic mirror 
T : Target (thin foils) 
D1 : IR filtering diaphragm 
D2 : diaphragm 
 

 IR pump beam 
 IR probe beam 
 (annular) 
 High order 
 Harmonics 
 probe beam 

 
Figure 1: Experimental set-up 

 
EXPERIMENTAL RESULTS 
 
First set of experiments 
 
We limited the study to H11 in this run. In principle, the 
transmission of H11 (72 nm) in the 100 nm aluminium thin 
foil is of 65 % [3]. It was measured to be 20 %, resulting 
from the attenuation of the pure Al 100 nm foil and the 
additional oxidation (Al2O3) of the surface. This value is 
obtained by the evaluation of the ratio of the integrated 
signal recorded on the CCD camera when the harmonics 
pass through the target (in the case of Al foil) to the signal 
without any target. Note that we are sensitive to shot to shot 
fluctuations of the laser pulse generating the harmonics. 
This gives an error bar in any detected signal which has 
been evaluated to +/-10 %. 
 
In figure 2, we present a temporal variation over 300 ps of 
the transmitted signal (normalised to the transmission of the 
Al foil without pump) recorded for the H11. It shows clearly 
three features: for negative delays (the probe impinges the 
target before the main 1017 W/cm2 pulse), the transmission 
is constant, in the vicinity of the peak intensity, the 
transmission varies very suddenly and latter, the 
transmission reaches a constant value. We note that, for 
negative delays, the transmission is about 40 % instead of 
the 20 % measured without pump. Close to the peak 
intensity, as shown in the inset of figure 2, the signal has a 
more complex time dependence. This behaviour was 
reproducible for many series: on the picosecond time scale, 
the transmission increases, then decreases and finally 
increases continuously to reach the final value of about 
65 %. 
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Figure 2 : Temporal evolution of the absolute transmission 

of H11 through a plasma created by irradiation 
(I ≈ 2.1017 W/cm2) of 100 nm Al foil, for a time delay (δτ) 

between the pump and the probe pulse from –150 ps 
to +150 ps.  Inset : zoom around the peak intensity 

 
Second set of experiments 
 
In this campaign, performed slightly after the previous one, 
three harmonics were detected simultaneously: H11, H13, 
H15. The idea was that several harmonics (at least two) are 
expected to present different behaviours, giving the 
possibility to get simultaneously the plasma density and 
temperature [4]. A typical spectrum showing the three 
harmonics and the plasma self emission is presented in 
figure 3. The contrast between the harmonics signal and the 
plasma self emission was sufficiently high to detect 
intensity variation of harmonics.  
 

 
 
λ            Η11        Η13           Η15  

 
Figure 3 : Typical image of harmonics: H11, H13  
and H15 in presence of the high intensity pulse. 

The self emission of the plasma can be visualised all over 
the image, as well as an additional “ghost” signal 

located between the H11 and H13 signals 
 
On figure 4, the results presented have been obtained with 
100 nm Al foil. The temporal scale has been slightly 
reduced from -75 to +15 ps after the interaction with the 
pump laser pulse. We note that, if the general behaviour is 
at first sight not very different than previously, the error bar 
on the measurements is much more important than the one 
estimated coming from shot to shot fluctuations. In 
particular, the transmission close to the peak intensity 
presents a chaotic behaviour and is not, as it was before, 
reproducible.  
 
To try to understand this new and unexpected situation, we 
changed the target to a 200 nm thickness plastic (C-H) foil. 
The difference is that the plastic cannot transmit harmonics. 
We are then supposed to start from an absence of 
transmission for negative delays. 
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Figure 4 : Temporal evolution of the relative transmission 

of H11 through a plasma generated by irradiation 
(I = 8,7.1017 W/cm2) of a 100 nm Al foil 

and a time delay (δτ) from –75 ps to +15 ps 
Inset : zoom around the peak intensity 

 
As shown in figure 5, it depends on the laser shot. 
Everything behaves as if sometimes the transmission is zero 
and sometimes not. As usual we observe an increase close 
to the maximum and, contrary to the metallic case, the 
transmission goes back to zero. 
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Figure 5 : Temporal evolution of the relative transmission 

of H11 through a plasma created by irradiation 
(I = 3,2.1017 W/cm2) of 200 nm plastic foil 

for δτ from –850 ps to 650 ps 
 
DISCUSSION 
 
Let us first discuss the results of the first set. The fact that 
the transmission is about 40 % instead of the 20 % 
measured without pump leads us to conclude that the signal 
is strongly influenced by the pedestal present in the pulse 
on nanosecond time scale, generating a plasma still in 
expansion well before the main peak.  
 
We must then consider the propagation of a high intensity 
pulse in a relatively low density plasma [5]. Close to the 
maximum, the sudden increase and decrease of the 
transmission could be due to a hole boring effect 
(instantaneous channel creation by the main pulse) followed 
by a space charge repealing effect [6]. 
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For long delays, the plasma temperature decreases leading, 
as well known, to an increase of the transmission. 
 
The second set was supposed to confirm the previous 
results. That was not the case and that illustrates the 
sensitivity of this kind of experiments to the spatial and 
temporal laser profiles. This is confirmed with the 
experiment on C-H. Probing before the interaction with the 
main pulse have shown, with an amount of the shots, that 
the harmonics were not transmitted (unbroken foil) and 
with the rest that the harmonics were slightly transmitted 
(broken foil). It seems to show that we are submitted to the 
ASE and pre-pulses level variations which could play a 
crucial role in our experiment. This increases our error bar 
and makes difficult the interpretation of the results. 
 
We can note that our diagnostic is better adapted to detect 
radial effects than longitudinal ones because the transmitted 
signal results from attenuation over the path length almost 
perpendicular to the target.  
 
 
CONCLUSION AND SHORT TERM PERS-
PECTIVES 
 
 
In this task, at the middle term of the first deliverable, we 
have pointed the major problem of the stability of the high 
intensity laser and especially the pedestal effects. 
 
As the peak intensity of laser increases, the problem of the 
ratio between the main pulse and the prepulses and ASE 
energy becomes more and more crucial. In the same 
experiment, a part of the shots leads to the interaction of a 
high intensity pulse with a thin foil and for the other part of 
shots, the main pulse interacts with a pre-plasma. A pre-
plasma is formed leading to laser energy absorption and 
propagation problems hard to control. We demonstrate that 
theses effects strongly penalise experiments where the 
direct interaction with the solid density is required. One of 
the possibilities to overcome this difficulty could be the use 
of the so called “plasma mirror” [7]. 
 
Briefly, the idea is to install before the target a transparent 
dielectric. Under suitable conditions, the dielectric remains 
transparent for the incident pedestal whereas the main peak 
is totally reflected. The rapid increase of reflectivity results 
from the interaction with the main pulse leading to sudden 
injection, by multiphotonic or tunnel ionisation, of enough 
electrons in the conduction band to overtake the critical 
density (2.1021 cm-3 at 790 nm). It is then reflected back 
without prepulses and ASE energy. 
 
To conclude, after an adaptation of a more suitable 
geometry and a plasma mirror implementation, we have 
good confidence that our results concerning the 
transmission of harmonics will be reproducible. This is of 
prime importance for the continuation of this program in 
view of the interferometric measurements in the UV part of 
the spectra. 
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Task Area Site

CEFDA00-541 Magnets Cadarache
CEFDA01-581 PFC Cadarache
CEFDA01-624 JET/Diagnostics Cadarache
CEFDA01-645 Heating Cadarache
CEFDA01-646 Heating Cadarache
CEFDA01-647 Remote participation Cadarache
CEFDA99-501 PFC Cadarache
DV4.3 PFC Cadarache
JET-EP-Div JET/PFC Cadarache
JW0-FT-3.1 JET/PFC Cadarache
M40 Magnets Cadarache
M50 Magnets Cadarache
TW0-T400-1 Magnets Cadarache
TW0-T438-01 PFC Cadarache
TW1-TMC-CODES Magnets Cadarache
TW1-TMC-SCABLE Magnets Cadarache
TW1-TMS-PFCITE Magnets Cadarache
TW1-TP/RPINF Remote participation Cadarache
TW1-TPH-ICRANT Heating Cadarache
TW2-TMST-TOSKA Magnets Cadarache

TTMI-001-D1 Neutron Source Saclay
TTMI-001-D4 Neutron Source Saclay
TTMI-001-D5 Neutron Source Saclay
TTMI-001-D6 Neutron Source Saclay
TTMI-001-D9 Neutron Source Saclay

ICF-XUV-Diag ICF Saclay

JW0-FT-2.5 JET/Safety Cadarache
SEA5-31 Safety Cadarache
TW0-SEA3.5 Safety Cadarache
TW1-TRP-PPCS1-D04 Reactor Study Cadarache
TW1-TRP-PPCS1-D10 Reactor Study Cadarache
TW1-TRP-PPCS5-D03 Reactor Study Cadarache
TW1-TSS-SEA3.5 Safety Cadarache
TW1-TSS-SEA5 Safety Cadarache
TW1-TSW-002 Safety Cadarache
TW1-TTBA-005-D02 Blanket/WCLL Cadarache
TW2-TRP-PPCS11-D01 Reactor Study Cadarache
UT-S&E-Mitig Safety Cadarache
UT-TBM/BB-He Blanket Cadarache

ICF-KiT-PRC ICF Saclay
TW1-TTBA-001-D01 Blanket/WCLL Saclay
TW1-TTBA-001-D03 Blanket/WCLL Saclay
TW2-TRP-PPCS10-D07 Reactor Study Saclay
TW2-TRP-PPCS12-D06 Reactor Study Saclay
TW2-TRP-PPCS13-D06 Reactor Study Saclay
TW2-TRP-PPCS13-D07 Reactor Study Saclay
TW2-TTBA-001a-D04 Blanket/WCLL Saclay
TW2-TTBC-001-D01 Blanket/HCLL Saclay
UT-SS-REL Reactor Study Saclay
UT-VIV/PFC-TMM PFC Saclay

CEA
Direction des Sciences de 
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la Fusion Contrôlée

Direction de l'Energie 
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Département d'Etude des 
Réacteurs
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TW1-TTMS-001-D02 Material/RAFM Saclay
TW1-TVP-CFC1 PFC Saclay
TW2-TTMS-001a-D02 Material/RAFM Saclay
TW2-TTMS-002a-D04 Material/RAFM Saclay
TW2-TTMS-005a-D02 Material/RAFM Saclay
TW2-TTMS-005a-D05 Material/RAFM Saclay
UT-TBM/MAT-HHFC/REFRMaterial/RAFM Saclay
UT-TBM/MAT-LAM/DES Material/RAFM Saclay
UT-TBM/MAT-LAM/Mic Material/RAFM Saclay
UT-TBM/MAT-LAM2 Material/RAFM Saclay
UT-TBM/MAT-LAM3 Material/RAFM Saclay
UT-TBM/MAT-Mod Material/RAFM Saclay

TW1-TTMS-003-D12 Material/RAFM Saclay
TW2-TTMA-001a-D06 Material/SiC-SiC Saclay
UT-S&E-LASER/DEC Safety Saclay
UT-TBM/MAT-LM/MAG Material/Blanket Saclay
UT-TBM/MAT-LM/Refrac Material/Blanket Saclay
UT-TBM/MAT-LM/SiC Material/Blanket Saclay
UT-TBM/MAT-LM/WET Material/Blanket Saclay

UT-TBM/BB-BNI Blanket Cadarache

TW1-TVV-LWELD Vessel Saclay
TW2-TTBB-005a-D03 Blanket/HCPB Saclay
TW2-TTBB-005a-D04 Blanket/HCPB Saclay
TW2-TTMS-002a-D17 Material/RAFM Saclay
TW2-TTMS-004a-D04 Material/RAFM Saclay
TW2-TTMS-004a-D05 Material/RAFM Saclay
TW2-TVB-HYDCON Vessel Saclay
TW2-TVV-DISMIT Vessel Saclay
TW2-TVV-UTINSP Vessel Saclay
UT-PE-HFW Diagnostics Saclay

CEFDA01-609 JET/Remote handling Fontenay
T329-5 Remote Handling Fontenay
TW0-DTP/1.2 Remote Handling Fontenay
TW0-DTP/1.4 Remote Handling Fontenay
TW1-TVA-BTS Remote Handling Fontenay
TW1-TVA-IVP Remote Handling Fontenay
TW1-TVA-MANIP Remote Handling Fontenay
TW1-TVA-RADTOL Remote Handling Fontenay
TW2-TVR-IVP Remote Handling Fontenay
UT-VIV/AM-Actuators Remote Handling Fontenay
UT-VIV/AM-ECIr Remote Handling Fontenay
UT-VIV/AM-HMI Remote Handling Fontenay
UT-VIV/AM-Hydro Remote Handling Fontenay

Direction de la Recherche 
Technologique

DTA

Département des Matériaux
pour le Nucléaire

Département de Physico-Chimie

DMN 

DPC

DRT DECS
Département d'Elaboration et de 

Contrôle des Structures

DTSI
Département des Technologies 

des Systèmes Intelligents

Département d'Etudes
des Déchets

DED
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CEFDA02-583 PFC Grenoble
T216-GB8 Vessel Grenoble
TTBA-2.2 Blanket/WCLL Grenoble
TW0-T420/06 Vessel Grenoble
TW0-T420/08 Vessel Grenoble
TW0-T508/04 Vessel Grenoble
TW0-T508/05 Vessel Grenoble
TW1-TTBA-002-D05 Blanket/WCLL Grenoble
TW1-TTBB-002-D02 Blanket/HCPB Grenoble
TW1-TVV-HIP Vessel Grenoble
TW1-TVV-ONE Vessel Grenoble
TW2-TTBA-002a-D02 Blanket/WCLL Grenoble
TW2-TTBB-002a-D04 Blanket/HCPB Grenoble
TW2-TTMA-002a-D04 Material/SiC-SiC Grenoble
TW2-TTMS-002a-D18 Material/RAFM Grenoble
TW2-TTMS-004a-D01 Material/RAFM Grenoble
TW2-TTMS-004a-D08 Material/RAFM Grenoble
TW2-TTMS-004b-D01 Material/RAFM Grenoble
TW2-TTMS-006a-D01 Material/RAFM Grenoble
TW2-TTMS-006a-D11 Material/RAFM Grenoble
TW2-TTMS-006a-D12 Material/RAFM Grenoble
UT-TBM/MAT-BIM Material/RAFM Grenoble
UT-TBM/MAT-ODS Material/RAFM Grenoble
UT-VIV/PFC-W/Coat PFC Grenoble

CEFDA01-630 Socio-Economics Fontenay
TW1-TRE/FPOA Socio-Economics Fontenay

ICF03 ICF Palaiseau
ICF04 ICF Palaiseau
UT-TBM/FC-SP Fuel Cycle Palaiseau

ICF01 ICF Orsay

TW1-TRE-ECFA-D01 Socio-Economics Fontenay
TW1-TRE-ECFA-D02 Socio-Economics Fontenay
TW1-TSS-SERF2 Safety Fontenay

TW0-SEA3.5 Safety Aix-en-Pce
TW1-TSS-SEA5 Safety Aix-en-Pce
TW1-TSS-SEA3.5 Safety Aix-en-Pce
TW2-TRP-PPCS13-D07 Reactor Study Aix-en-Pce

Département des Technologies 
pour les Energies Nouvelles

Ecole POLYTECHNIQUE

Université d'Orsay

EXTERNAL COLLABORATIONS

DTEN

CEPN (Nuclear Protection Evaluation 
Center)

IRSN (Nuclear Safety Research Institute)

Technicatome
(Collaboration with CEA)
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Unit Site Investigator

Physics Integration

Heating and Current Drive

CEFDA01-645 Support to neutral beam physics and testing 1 DRFC Cadarache Svensson L.

CEFDA01-646 Support to neutral beam physics and testing 2 DRFC Cadarache Boilson D.

TW1-TPH-ICRANT ICRF Antenna and Vacuum Transmission Line Development - Design and 
manufacturing of a cw ICRF high power test rig and testing of next step antenna 
prototype components

DRFC Cadarache Brémond S.

Remote participation

CEFDA01-647 Support to remote participation in EFDA : RP technical infrastructure assistant DRFC Cadarache How J.

TW1-TP/RPINF Development of remote participation infrastructure - Local support to remote 
participation in the CEA-DRFC

DRFC Cadarache Theis J.M.

Vessel/In-Vessel

Vessel/Blanket

T216-GB8 Small scale testing of FW/BS modules DTEN Grenoble Saint-Antonin F.

TW0-T420/06 Fabrication of a first wall panel with HIP'ed beryllium armor DTEN Grenoble Bucci P.

TW0-T420/08 Development of HIP fabrication technique DTEN Grenoble Bucci P.

TW0-T508/04 Development of Be/CuCrZr HIPping technique DTEN Grenoble Saint-Antonin F. 
and P. Bucci

TW0-T508/05 Development of Be/CuCrZr brazing technique DTEN Grenoble Saint-Antonin F.

TW1-TVV-HIP Improvements of the HIP Fabrication Techniques DTEN Grenoble Bucci P.

TW1-TVV-LWELD VV Intersector Joining - Further Development of High Power Nd-Yag laser 
welding with multipass filler wire

DECS Saclay Aubert P.

TW1-TVV-ONE Optimisation of One Step SS/SS and SS/CuCrZr HIP Joints for Retainment of 
CuCrZr Properties

DTEN Grenoble Briottet L.

TW2-TVB-HYDCON Procurement and testing of cutting/welding and inspection tool for the blanket 
module hydraulic connector

DECS Saclay Aubert P.

TW2-TVV-DISMIT Evaluation of methods for the mitigation of welding distortions and residual 
stresses in thick section welding

DECS Saclay Aubert P.

TW2-TVV-UTINSP Further development of ultrasonic inspection process DECS Saclay Mahaut S.

Plasma Facing Components

CEFDA99-501 Critical heat flux testing and thermal fatigue testing of CFC monobloks - 
200kW electron beam gun test

DRFC Cadarache Escourbiac F.

CEFDA01-581 Critical heat flux testing of hypervapotrons - 200kW electron beam gun test DRFC Cadarache Escourbiac F.

CEFDA02-583 Destructive examination of primary first wall panels and mock-ups DTEN Grenoble Bucci P.

DV4.3 Optimisation of manufacture of HHF components - Study of flat tile cascade 
failure for High Heat Flux components

DRFC Cadarache Schlosser J.

TW0-T438-01 Development and testing of time resolved erosion detecting techniques DRFC Cadarache Gauthier E.

TW1-TVP-CFC1 Neutron Effects on Dimensional Stability and Thermal Properties of CFCS DMN Saclay Bonal J.P.

Remote Handling

T329-5 In-vessel RH dexterous operations DTSI Fontenay Gravez P.

TW0-DTP/1.2
TW0-DTP/1.4
TW1-TVA-IVP
TW2-TVR-IVP

In-Vessel Penetrator (IVP) - Prototypical manipulator for access through IVVS 
penetrations

DTSI Fontenay Friconneau J.P.

TW1-TVA-BTS Bore Tool Systems (BTS) - Carrier and Bore Tools for 4" bent pipes DTSI Fontenay Friconneau J.P.

EFDA TECHNOLOGY PROGRAMME

APPENDIX 2 : ALLOCATIONS OF TASKS
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TW1-TVA-MANIP In-Vessel Dexterous Manipulator DTSI Fontenay Chodorge L.

TW1-TVA-RADTOL Radiation Tolerance Assessment of Remote Handling Components DTSI Fontenay Giraud A.

Magnet Structure & Integration

Magnet Structure

CEFDA00-541 Magnet design on PF and correction coils : conceptual design and analysis DRFC Cadarache Duchateau J.L.

M40 Design work on magnet R&D DRFC Cadarache Libeyre P.

M50 Conductor R&D - Development of NbTi conductors for ITER PF coils DRFC Cadarache Decool P.

TW0-T400-1 CMSC and TFMC Installation and test DRFC Cadarache Libeyre P.

TW1-TMC-CODES Design and Interpretation Codes - Determination of thermohydraulic properties 
of cable-in-conduit conductors with a central channel

DRFC Cadarache Decool P.

TW1-TMC-SCABLE Cable and Conductor Characterisation - Determination of critical properties and 
losses of superconducting strands and cables for fusion application

DRFC Cadarache Zani L.

TW1-TMS-PFCITE Poloidal Field Conductor Insert (PFCI) DRFC Cadarache Ciazynski D.

TW2-TMST-TOSKA TFMC testing with the LCT coil DRFC Cadarache Duchateau J.L.

Tritium Breeding and Materials

Breeding Blanket

Water Cooled Lithium Lead (WCLL) Blanket

TW1-TTBA-001-D01 TBM adaptation to Next-Step Machine DM2S Saclay Poitevin Y.

TW1-TTBA-001-D03 TBM adaptation to Next-Step Machine - Adaptation of mechanical 
performances to ITER specifications

DM2S Saclay Li Puma A.

TW2-TTBA-001a-D04 Completion of design activities on WCLL and final report DM2S Saclay Poitevin Y.

TTBA-2.2 Blanket Manufacturing Techniques : Solid HIP demonstrator for fabrication and 
coating

DTEN Grenoble Rigal E.

TW1-TTBA-002-D05 Blanket manufacturing techniques : Integrated mixed-powder HIP fabrication 
route for TBM with DWT

DTEN Grenoble Bucci P.

TW2-TTBA-002a-D02 Crack propagation test and interpretation on unirradiated DWT DTEN Grenoble Bedel L.

TW1-TTBA-005-D02 Safety and licensing : Pb-17Li/water interactions DER Cadarache Sardain P.

Helium Cooled Pebble Bed (HCPB) Blanket

TW1-TTBB-002-D02 Blanket manufacturing techniques : Mock-up of FW manufactured with 
alternative reduced cost fabrication technique

DTEN Grenoble Rigal E.

TW2-TTBB-002a-D04 Report on assessment of FW fabrication and stiffening plates joining to FW DTEN Grenoble Rigal E.

TW2-TTBB-005a-D03 Development of ceramic breeder pebble beds - Characterisation of Li2TiO3 

pebbles
DECS Saclay Lulewicz J.D.

TW2-TTBB-005a-D04 Development of ceramic breeder pebble beds - Mastering and optimising of 
process parameters for the preparation of Li2TiO3 powder and for the fabrication 
of Li2TiO3 pebbles

DECS Saclay Lulewicz J.D.

Helium Cooled Lithium Lead (HCLL) Blanket

TW2-TTBC-001-D01 Helium-Cooled Lithium Lead : TBM design, integration and analysis - Blanket 
system design and analysis. Integration and testing in ITER

DM2S Saclay Li Puma A.

Structural Materials

Reduced Activation Ferritic Martensitic (RAFM) Steels

TW1-TTMS-001-D02
TW2-TTMS-001a-D02

RAFM steels : Irradiation performance - Neutron irradiation to 35 dpa at 325°C DMN Saclay Alamo A.

TW2-TTMS-002a-D04 RAFM steels : Metallurgical and mechanical characetrization of Eurofer 97, 
Thermal ageing behaviour

DMN Saclay Alamo A.

TW2-TTMS-002a-D17 RAFM steels : tensile and impact tests on Eurofer weldments DECS Saclay Forest L.

TW2-TTMS-002a-D18 RAFM steels : tensile & Charpy properties of Eurofer  powder HIP material DTEN Grenoble Gentzbittel J.M.

TW1-TTMS-003-D12 SCC behaviour of Eurofer 97 in water with additives - Materials compatibility 
in fusion environments

DPC Saclay Raquet O.

TW2-TTMS-004a-D01 RAFM steels : Eurofer Powder HIP processing & specification DTEN Grenoble Gentzbittel J.M.
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TW2-TTMS-004a-D04 RAFM steels : Fusion welds of structural parts (homogenous welding) DECS Saclay Forest L.

TW2-TTMS-004a-D05 RAFM steels : Dissimilar welds development DECS Saclay Forest L.

TW2-TTMS-004a-D08 RAFM steels : Powder HIP materials joining DTEN Grenoble Bedel L.

TW2-TTMS-004b-D01 RAFM steels : Tubing process qualification : advanced process development 
and testing for the production of TBM's cooling channels

DTEN Grenoble Rigal E.

TW2-TTMS-005a-D02 RAFM steels : Rules for design and inspection - DISDC Appendix A for RAFM 
steel, Intermediate appendix A for the Eurofer steel

DMN Saclay Tavassoli F.

TW2-TTMS-005a-D05 RAFM steels : Rules for design, fabrication and inspection - Data collection and 
data base maintenance, update data base for Eurofer steel 

DMN Saclay Tavassoli F.

TW2-TTMS-006a-D01 RAFM steels : ODS processing and qualification DTEN Grenoble Cayron C.

TW2-TTMS-006a-D11
TW2-TTMS-006a-D12

ODS/Eurofer : joining feasibility (pownder HIP) DTEN Grenoble Bedel L.

Advanced Materials

TW2-TTMA-001a-D06 Compatibility of SiCf/SiC with flowing Pb-17Li DPC Saclay Deloffre P.

TW2-TTMA-002a-D04 Feasibility of joining W onto Cu and RAFM steel DTEN Grenoble Saint-Antonin F.

Neutron Source

TTMI-001-D1 IFMIF, accelerator facility : Electron Cyclotron Resonance (ECR)  Source DAPNIA Saclay Ferdinand R.

TTMI-001-D4 IFMIF, accelerator facility : 4 vanes Radio Frequency Quadrupoles (RFQ) 
design

DAPNIA Saclay Ferdinand R.

TTMI-001-D5 IFMIF, accelerator facility : Radio Frequency tube DAPNIA Saclay Ferdinand R.

TTMI-001-D6 IFMIF, accelerator facility : Drift Tube Linac (DTL) design DAPNIA Saclay Ferdinand R.

TTMI-001-D9 IFMIF, accelerator facility : Diagnostics DAPNIA Saclay Ferdinand R.

Safety and Environment

SEA5-31 Validation of computer codes and models DER Cadarache Sardain P.

TW1-TSS-SEA5 Validation of Computer Codes and Models DER
+TA

Cadarache Sardain P.

TW0-SEA3.5
TW1-TSS-SEA3.5

In-Vessel Hydrogen Deflagration/Detonation Analysis DER
+TA

Cadarache Sardain P.

TW1-TSS-SERF2 Tritium releases and long term impacts CEPN Fontenay Schneider T.

TW1-TSW-002 Waste and decommissioning strategy DER Cadarache Rosanvallon S.

System studies

Power Plant Conceptual Studies (PPCS)

TW1-TRP-PPCS1-D04 Model A (WCLL) : Consistency with the PPCS GDRD DER Cadarache Dufour P.

TW1-TRP-PPCS1-D10 Model A (WCLL) : Mechanical analysis, design integration DER Cadarache Sardain P.

TW1-TRP-PPCS5-D03 Environmental assessment : Waste management strategy DER Cadarache Lacressonnière C.

TW2-TRP-PPCS10-D07 Model D (SCLL) : Adaptation of SiCf/SiC - Pb-17Li divertor concept to the 
new advanced reactor models

DM2S Saclay Li Puma A.

TW2-TRP-PPCS11-D01 Model A (WCLL) : Study of high temperature water cooled divertor DER Cadarache Michel B.

TW2-TRP-PPCS12-D06 Model D (SCLL) : Shield and vacuum vessel design DM2S Saclay Poitevin Y.

TW2-TRP-PPCS13-D06 Model D (SCLL) : Mechanical and thermo-mechanical analysis of the SCLL 
blanket

DM2S Saclay Golfier H.

TW2-TRP-PPCS13-D07 Model D (SCLL) : Design integration (including divertor system) DM2S
+TA

Saclay Poitevin Y.

Socio-economic Studies

CEFDA01-630
TW1-TRE-FPOA

Fusion and the public opinion : public acceptance of the siting of ITER at 
Cadarache

IRSN Fontenay Charron S.

TW1-TRE-ECFA-D01 Externalities of fusion : Comparison of fusion external costs with advanced 
nuclear fission reactors

CEPN Fontenay Schneider Th.

TW1-TRE-ECFA-D02 Externalities of fusion accident : sensitivity analysis on plant model and site 
location

CEPN Fontenay Schneider Th.
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JET

Physics Integration

Heating and Current Drive

CEFDA01-624 Diagnostics enhancement - IR viewing project management and implementation DRFC Cadarache Gauthier E.

Vessel/In-Vessel

Plasma Facing Components

JET-EP-Div JET EP Divertor Project DRFC Cadarache Chappuis P.

JW0-FT-3.1 Internal PFC components behaviour and modeling DRFC Cadarache Gauthier E.

Remote Handling

CEFDA01-609 Lessons learned from JET maintenance and Remote handling operation DTSI Fontenay Friconneau J.P.

Safety and Environment

JW0-FT-2.5 Tritium processes and waste management - Dedicated procedures for the 
detritiation of selected materials

DER Cadarache Poletiko C.

Physics Integration

Diagnostics

UT-PE-HFW Transparent polycristalline windows DECS Saclay Lochet N.

Vessel/In-Vessel

Plasma Facing Components

UT-VIV/PFC-TMM Thermo-mechanical models (TMM) DM2S Saclay Nicolas L.

UT-VIV/PFC-W/Coat Development of thick W CVD coatings for divertor high heat flux components DTEN Grenoble Plissonnier M.

Remote Handling

UT-VIV/AM-Actuators Remote Handling techniques - Advanced technologies for high performances 
actuators

DTSI Fontenay Friconneau J.P.

UT-VIV/AM-ECIr Remote Handling techniques - Radiation Tolerance Assessment of electronic 
components from specific industrial technologies for Remote Handling and 
Process Instrumentation

DTSI Fontenay Giraud A.

UT-VIV/AM-HMI Remote Handling techniques - Graphical programming for remote handling 
techniques

DTSI Fontenay Chodorge L.

UT-VIV/AM-Hydro Remote Handling techniques - Technologies and control for remote handling 
systems

DTSI Fontenay Friconneau J.P.

Tritium Breeding and Materials

Breeding Blanket

UT-TBM/BB-BNI Blanket neutronic instrumentation DED Cadarache Blandin C.

UT-TBM/BB-He Helium components technology : problems and oulines of solutions DER Cadarache Berton J.L.

UT-TBM/MAT-LM/MAG Liquid metal corrosion under magnetic field DPC Saclay Deloffre P.

UT-TBM/MAT-
LM/Refrac

Compatibility of refractory materials with liquid alloys DPC Saclay Dufrenoy T.

UT-TBM/MAT-LM/SiC Compatibility of SiCf/SiC composites with liquid Pb-17Li DPC Saclay Deloffre P.

UT-TBM/MAT-LM/WET Wetting of materials by liquid metals DPC Saclay Terlain A.

Materials Development

Structural Materials

UT-TBM/MAT-BIM Dissimilar disffusion-bonded joints - Mechanical testing DTEN Grenoble Bedel L.

UT-TBM/MAT-
HHFC/REFR

Review of refractory metals and alloys for application to high temperature 
components

DMN Saclay Alamo A.

UNDERLYING TECHNOLOGY PROGRAMME 
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UT-TBM/MAT-LAM/DES Design of new reduced activation ferrito-martensitic steels for application at 
high temperature

DMN Saclay De Carlan Y.

UT-TBM/MAT-LAM/Mic Influence of the martensite morphology on the plasticity behaviour of the 
Eurofer steel

DMN Saclay De Carlan Y.

UT-TBM/MAT-LAM2 Irradiated behaviour of Reduced Activation (RA) martensitic steels after 
neutron irradiation at 325°C.

DMN Saclay De Carlan Y.

UT-TBM/MAT-LAM3 Microstructural investigation of Reduced Activation Ferritic Martensitic 
(RAFM) and Oxide Dispersion Strengthened (ODS) steels by Small Angle 
Neutron Scattering (SANS)

DMN Saclay De Carlan Y.

UT-TBM/MAT-Mod Modelling of the resistance of the dislocation network to the combined effect of 
irradiation and stress - Secondary defects structure in an annealed 316L steel 
after a pulsed and a continuous irradiation. Interaction of pre-existent 
dislocations and point defects

DMN Saclay Boulanger L.

UT-TBM/MAT-ODS Development of forming and joining technologies for ODS steels DTEN Grenoble Cayron C.

Fuel Cycle

UT-TBM/FC-SP Separation of the D/T mixture from helium in fusion reactors using 
superpermeable membranes - Superpermeable membranes resistant to 
sputtering. Proposal for superpermeable membrane practical application in 
fusion

EP-LPTP Palaiseau Bacal M.

Safety and Environment

UT-S&E-LASER/DEC Laser decontamination : Tritium removal DPC Saclay Le Guern F.

UT-S&E-Mitig Evaluation and mitigation of the risk connected with air or water ingress DER Cadarache Robin J.C.

System Studies

UT-SS-REL Reliability/Availability assessment - Integral approach to assess the availability 
of the fusion power reactor conceptual designs

DM2S Saclay Eid M.

ICF01 Intense laser and particle beams dynamics for ICF applications Université Orsay Deutsch C.

ICF03 Laser-matter interaction at relativistic intensities and fast igniter studies EP-LULI Palaiseau Migus A.

ICF04 EU collaborative experiment on the fast igniter concept EP-LULI Palaiseau Migus A.

ICF-KiT-PRC Overview on Power Reactor Concepts DM2S Saclay Eid M.

ICF-XUV-Diag Dense plasma diagnostics using high order harmonics generation DRECAM Saclay Auguste T.

INERTIAL CONFINEMENT FUSION PROGRAMME 



- 440 -




