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Preface 

The need for fusion energy 

Nuclear Fusion is one of the options to replace 
fossil fuels in energy production. The worldwide 
demand of energy with an estimated increase of 
electricity production by at least a factor of two in 
the secend half of this century, fading resources 
of raw materials and a growing concern about 
global warming require innovative solutions. 

While energy converted from radiation of the sun 
may become attractive for wide spread 
settlements, the growing number of megacities 
will require large units of power. This is the 
market where nuclear fusion energy may, once 
developed, play an important role. Practically 
inexhaustible fuel resources, attractive safety 
features and no emissions of gases that cause 
global warming are the advantageaus features of 
fusion energy. 

Fusion research in the European Union 

Considering the importance of a secure, 
environmentally acceptable and affordable supply 
of energy for the welfare and prosperity of their 
citizens the European Union supports the 
development of new energy sources. The fusion 
research programme, integrating the total 
research work of the member states and 
Switzerland, represents the worlds largest effort 
in this field and has gained a leading position 
worldwide. 

Fusion research with its integration and 
coherence represents already a research 
network of the kind proposed to be implemented 
within the next 5 years European Research 
Programme. 

The role of Forschungszentrum Karlsruhe 

The growing complexity and technical orientation 
of future large fusion experiments and 
perspective power reactors gave origin to the 
European Fusion Technology Programme in 
1982. Design and r+d tasks were first guided by 
the Next European Torus (NET) project, which 
later on, gave input to the world wide project of 
the International Tokamak Experimental Reactor 
ITER. 

While the German research Iaberateries 
Forschungszentrum Jülich and Max-Pianck
lnstitute for Plasma Physics Garching/Greifswald 
concentrate on plasma physics and plasma wall 
interaction, Forschungszentrum Karlsruhe is 
engaged in different key issues of design and 
technologies that are required for ITER or future 
fusion reactors. 

The main work areas 

For the ITER project, Forschungszentrum 
Karlsruhe developed superconducting magnets 
to confine the plasma, gyrotron type microwave 
generators to start the nuclear burn, and 
exhaust gas pumping and fuel clean-up 
systems. ITER will demonstrate the physics of a 
reactor grade plasma implementing already these 
essential reactor technologies. 

One of the highlights of the Associations 
research programme will be the test of the ITER 
toro'idal field model coil. The TOSKA 
superconducting magnet test facility is being 
prepared for accepting the test coil by end of the 
current year. 

Tritium, one of the fuel components that 
catalyses the fusion reaction, will be produced in 
a nuclear fusion reactor by reactions of fusion 
neutrons within a Iithium containing breeding 
blanket. Development of an energy convertor 
that delivers high grade heat and supplies 
enough tritium to maintain the operation is one of 
the most challenging engineering tasks 
undertaken by the Association in the frame of the 
European Blanket Project. 

One of the main experimental facilities, the 
Tritium Labaratory TLK, serves as a focus for 
the experimental work related to fuel cycle issues 
of ITER, and, more recently, of the Joint 
European Torus (JET). 

Cost and environmental characteristics of future 
fusion reactors will crucially depend on solutions 
to the structural materials issue. Radiation 
darnage from fusion neutrons and high Ioads of 
heat and mechanical stresses are expected to 
Iimit the lifetime of plasma near components and 
to determine the amount and radioactivity of 
waste. The development of low activation 
radiation resistant steels requires a long term 
programme proceeding stepwise to final 
qualification in a large dedicated fusion neutron 
source. The Association devotes a major activity 
in this field of work. 

Reactor studies will gain importance in the 
programme. Gontributions of the Associations 
relate to technical issues and studies of 
safety/environmental impact. 

The work for fusion technology, as briefly outlined 
above, is carried out in the frame of the European 
Fusion Development Activity (EFDA). EFDA was 
founded to fester cooperative efforts of the 
Iaberateries associated to the EU Fusion 
Programme, in particular in view of construction 



and exploitation of larger experimental facilities 
such as JET and ITER. 

Support to the Physics Programme 

The tokamak represents the main development 
line of the common programme. ln parallel, the 
stellarator concept is under development to 
potentially improve the confinement for reactor 
operation. The Association, assisted by the 
University of Stuttgart, contributes the complete 
10 megawatt microwave heating installation to 
the Wendelstein-7X Stellarator, being built by the 
!PP-EURATOM Association in Greifswald, 
Germany. 

Organisation of the work 

Forschungszentrum Karlsruhe is engaged at 
present in 12 research programmes of different 
scopes and sizes. Programmes are organized in 
a matrix form were small management groups 
coordinate the work that is executed in a variety 
of scientific and technical departments. 
Competition of the programmes Iead to frequent 
fluctuations of contributions from the departments 
depending on the attractiveness of the task and 
the provision of resources. A continuous support 
from the European Commission together with the 
Ionger term perspective of the programme are 
important, therefore, to maintain the competence 
available for the fusion programme. 

About 150 professionals and technicians are 
involved in the fusion programme of the 
Association FZK-EURATOM with additional 
support of the central technical departments. 

This report 

Progress from October 1999 to September 2000 
is reported. For more information please contact 
the programme management or the responsible 
scientists. 

Our website www.fzk.de/pkf may help to give further 
access to our work. 

J.E. Vetter 
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G 52 TT 07 (TWO-IRRICER) 
Irradiation Effects in Ceramies for Heating and 
Current Drive, and Diagnostics Systems 

ln electron cyclotron wave systems for heating and current drive 
(ECH-CD) and for plasma diagnostics, special window 
structures have to fulfil vacuum operation and tritium retention 
requirements with ideally broadband Iransmission and low 
power absorption. Neutron irradiation effects are a substantial 
safety concern at the prirnary window position before the 
bioshield, as structural darnage potentially degrades the material 
properties. ln previous studies, radiation-induced increases in 
the dielectric properlies have been identified to set in at a fast 
fluence Ievei of 1022 n/m2 (E>0.1 MeV) for reference window 
materials such as sapphire, high resistivity silicon and CVD 
diamond. Accordingly, a recommended maximum fast fluence 
Ievei of 1021 n/m2 was chosen as a characteristic testing 
condition which is compatible with ITER design where the 
radiation Ieveis are reduced by deflecting mirrors in a 'dog-leg' 
arrangement. This fluence Ievei was the guideline for the 
present materials studies which were focused on three areas: 
commercial large area CVD diamond discs ( RF grade from 
DeBeers, UK) for ECH-CD systems, alternative CVD diamond 
grades for general EC window uses and selected silica grades 
for windows in EC emission diagnostics. 

The special requirements of a neutron irradiation for large area 
discs could be accomplished at the HFR reactor (Petten, NL) by 
the end of the last reporting period. With a structural darnage 
introduced at 0.9·1 021 n/m2 (E>0.1 MeV), the irradiated CVD 
diamond discs serves as the essential part of a torus window 
demonstrator fabricated for high power tests in cooperation with 
the JA Horne Team. The different stages of window processing 
were accompanied by dielectric property measurements. Pre
and post-irradiation measurements showed comparable values 
of the median loss value of the loss distribution ( 3·10·5 at 145 
GHz ). After brazing of waveguide cuffs, the median value was 
found to be increased ( 4·1 o-s at 145 GHz ). This is most 
probably related with annealing effects for indications of surface 
Iosses as typical extrinsic terms were absent. Thermal 
conductivity in the irradiated disc in the pre-brazed condition 
was found to be strongly reduced ( 840 W/m·K as compared to 
1800-2000 W/m·K for unirradiated CVD diamond ). These 
findings are in agreement with the physical model proposed 
before which identifies single point defects as the predominant 
factor affecting the thermal conductivity. Radiation-induced 
increases in the dielectric loss are potentially related with the 
formation of small defect clusters. 

Mechanical strength, which governs also the general over
pressure capability of general EC windows during off-normal 
events, was determined for model discs of 0.9 and 1.5 mm 
thickness prepared from alternative CVD diamond grades 
('ellipsoidal reactor' grade from FhG-IAF, Freiburg, D). For both 
neutron irradiated (1 021 n/m2

) and unirradiated control 
specimens mean values of 400 MPa were measured. Model 
discs for millimeter wave measurements (30 mm dia.) showed 
loss Ieveis comparable to RF grade discs before and after 
irradiation. 

Dielectric measurements of the (unirradiated) brazed window 
component for the 170 GHz I 1 MW gyrotron ( collaboration with 
the RF Horne Team ) identified a significant contribution of 
surface Iosses at selected stages of the window integration. 
Surface Iosses were apparently initiated by the brazing process, 
high power operation ( including window failure ) was not 
effective in changing surface lasses. However chemical 
treatments turned out to be very critical in this respect, thus the 
removal of the CVD diamond discs from the brazed structure by 
caustic solutions enhanced strongly the loss Ieveis whereas 
chemical processes involving atomic oxygen formation 

completely removed surface lasses. ln this disc, termination of 
chemical bonds by hydrogen are suspected to play a major role. 

The mm-wave characterisation of large area CVD diamond 
discs ('RF grade') goes in-line with the results obtained for a set 
of some 10 discs delivered for ECH-CD systems operating at 
140 GHz. There it was also found that loss distributions can be 
kept within close margins with respect to lateral homogeneity; at 
145 GHz, typical median values in the setfall below 2·10"5 and 
the terminal values stay below 4·10-5

• The influence of 
subsequent brazing on the dielectric properlies being an issue of 
unsettled origin and importance, still requires continued 
investigations. 

Irradiation studies on silica materials for EC emission windows 
were performed on a typical commercial grade (lnfrasil from 
Heraeus, Hanau, D) and a special radiation-hardened grade for 
the optical range (KU1, lruvisil, St.Petersburg, RF). lt was found 
already in the pre-irradiation studies performed with the lnfrasil 
grade that (in centrast to CVD diamond) the ultimate bending 
strength is strongly dependent on the surface finish. The effect 
could be perfectly worked out by the 'ball-on-ring' method where 
crack initiation starts at the centre faces of the disc thus being 
fully separated from the ( untypical ) finish at edges for standard 
bar-shaped testing geometries. As a consequence, the optical 
polish (Ra better 0.2 11m) available for lnfrasil was modified to 
standard polish (Ra about 1 11m) for one disc face. The ongoing 
post-irradiation characterisation of the discs from the most 
recent irradiation project clearly prove that structural darnage 
introduced into lnfrasil at a fluence of 1021 n/m2 is hardly 
effective in degrading the strength (cf. Fig.1 ). ln the case of the 
optical surface finish the distribution is broadened, but median 
values remain still far above the Ievei of 100 MPa typically 
specified in data sheets. Mechanical testing of KU1 discs is 
actually being performed on material with a standard polish. The 
dielectric loss of both unirradiated grades increases linearly with 
frequency. ln KU1, it is higher by a factor of 4 than in lnfrasil and 
amounts to 1·1 o·3 at 90 GHz. The same loss values were found 
in KU 1 also after the neutron irradiation. 
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Fig. 1: Results of mechanical strength tests performed by the 
'ball-on-ring' method on 'lnfrasil' grade silica discs: 
Weibull plot of failure probability F over stress cr, and 
Weibull para-meters (WP) indicating median strength 
and modulus m. 
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MM Waves, Beijing (China), 2000, IEEE Press, ISBN 0-
7803-6513-S,pp. 389-390. 
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[3) R. Heidinger, M. Rohde, R. Spörl, Neutron irradiation 
studies on window materials for EC wave systems, Proc. 
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Madrid (E). 
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R. Heidinger 
A. Meier 
M. Rohde 
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G55TT19EU 
ITER ECRF Window Development 

1. lntroduction 

Gyrotrons with high unit output power (in excess of 1 MW) and 
high-efficiency significantly lower the cost of Electron Cyclotron 
Heating (ECH) systems by reducing the amount of the auxilliary 
support equipment (power supplies, cooling system, number of 
SC-magnets, ... ). Continuous wave operation is required for 
some of the anticipated ITER-FEAT applications: 3 s for start
up, 100 s for heating to ignition and 1 00·400 s for current drive. 
ln order to perform these functions for ECH systems a window 
has to be developed to serve as both the tritium containment 
barrier on the torus and as the output window of the gyrotron. 
The former application is technically more demanding as the 
torus window, must also serve as a high pressure barrier during 
off-normal events (0.2 MPa overpressure capability). lt should 
not use FC-cooling liquids, must not degrade unacceptably 
under modest neutron andy (including x-rays) irradiation, and, in 
the case of cryo-cooling, must be prevented by a cold trap from 
cryo-pumping. 

A very promising material is chemical vapor deposited (CVD)
diamond which nowadays can be manufactured in window disks 
of up to 120 mm diameter and 2.3 mm thickness [1, 2]. A water
cooled diamond window would provide two very important 
advantages, namely employing a cheap and simple as weil as 
effective coolant. 

2. 1 MW,170 GHz, CW CVD-Diamond Gyrotron Window 

The 1 MW, 170 GHz, CW, CVD-diamond window unit (disk 
diameter 119 mm, thickness 2.22 mm, aperture 100 mm) of 
Forschungszentrum Karlsruhe was welded to the new GYCOM
M 170 GHz ITER gyrotron with single-stage depressed collector 
(Fig. 1). 

Fig. 1: Picture ofthe 1 MW, 170 GHz, CW, CVD-diamond 
window mounted to the GYCOM-M ITER Gyrotron 

Up to now the experimental parameters are 0.7 MW, 1 s, 46% 
efficiency. On 9.11.1999 a failure took place after 20 routine 
pulses at this day (at this time a total amount of pulses through 
the window was approximately 250). Two radial cracks from the 
window rim to the center are visible. The crack's lengths are 1 
and 2 cm. The reasons for the window failure are still under 
discussion. These are: arcing, external mechanical stress 
(mounting of calorimeter), increased Iosses due to hydrogen 
loading of outer surface (growth side), heating of the lnconel 
waveguide cuffs by stray radiation in the tube [3], or corrosion of 
the Al-braze. 

A new CVD-diamond disk has been purchased by the 
Forschungszentrum Karlsruhe and a new window unit (disk 
diameter 106 mm, thickness 1.85 mm, aperture 88 mm) has 
been manufactured in collaboration with the ITER Horne Team 
of the Russian Faderation and is currently being characterized 
at low power Ieveis. The high power test are scheduled for late 
fall of this year. 

Fig. 2: ITER torus window structure mounted with neutron
irradiated CVD-diamond disk 

3. 1 MW, 170 GHz, CW CVD-Diamond Torus Window 

The design and fabrication of a 1 MW, 170 GHz, CW, CVD
diamond torus window unit employing an irradiated disk 
(1 021 n/m2 neutron fluence, 106 mm diameter, 1.85 thickness, 

. 80 mm window aperture) with encased water cooling rim (0.4 
mm electroplated copper) is being performed in collaboration 
with the Japanese ITER Horne Team. lt will be tested in an 
evacuated corrugated HE11 waveguide with 63.5 mm inner 
diameter. 

The disk was irradiated at the High Flux Reactor (HFR) Petten. 
The structural darnage (-10-4 dpa) created by a neutron fluence 
of 0.9· 1021 n/m2 (E> 0.1 MeV) in the disk did not Iead to 
significant radiation induced degradation in mm-wave lasses. 
This is in cantrast to the thermal conductivity which in this disk is 
degraded to the Ievei of 840 W/mK. This has tobe compared to 
values of typically 1800-2000 W/mK for unirradiated CVD
diamond [4,5]. After the low power characterization measure
ments the two lnconel waveguide cuffs were brazed to the CVD
diamond disk and the disk cooling rim was metallized (Au/Ti). 
The torus window unit is shown in Fig. 2. Due to annealing 
during the brazing process, the mean loss tangent of the disk 
increased from 3· 10"5 to 4· 10·5• Currently, the metallized water 
cooling rim is being encased by a 0.4 mm thick electroplated 
copper cover saving as a tritium and water barrier in case of a 
window failure. The high power tests of the torus window unit at 
JAERI are scheduled for late fall of this year. 

Literature: 

[1] M. Thumm, A. Arnold, R. Heidinger, M. Rohde, R.Schwab, 
R. Spoerl: Proc. 11th Joint Workshop on Electron Cyclotron 
Emission and Electron Cyclotron Resonance Heating 
(EC11 ), Oh-arai, Japan, 1999, pp. 593-602. 
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[2] Brendon, J.R., S.E. Coe, R.S. Sussmann, K. Sakamoto, R. 
Spoerl, R. Heidinger, S. Hanks, Proc. 11th Joint Workshop 
on Electron Cyclotron Emission and Electron Cyclotron 
Resonance Heating (EC11 ), Oh-arai, Japan, 1999, pp. 593-
602. 

[3] Thumm, M.: MPACVD-diamond windows for high-power and 
leng-pulse millimeter wave transmission, Proc. ih lnt. Conf. 
on New Diamond Science & Technology (ICNDST-7), Hong 
Kong, China, July 24-28, 2000, lnvited Paper 5.4. 

[4] Thumm, M., A. Arnold, R. Heidinger, A. Meier, M. Rhode, R. 
Spoerl, R. Schwab, P. Severloh, ITER ECH R&D Task 
Meeting, ITER Joint Work Site, Garching, 23-24, March 
2000. 

[5] Heidinger, R., A. Meier, M. Rohde, R. Spoerl, M. Thumm, A. 
Arnold: Millimeter wave characterisation of large area 
MPACVD diamond windows, Conf. Digest 25th lnt. Conf. on 
Infrared and Millimeter Waves, Beijing, P.R. China, 2000, 
pp. 389-390. 

A. Arnold (Uni Karlsruhe) 
R. Heidinger 
A. Meier 
M. Rohde 
P. Severloh 
R. Spoerl 
M. Thumm 
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G 52TT22 EU 
ITER ECRF Advanced Source Development 

lntroduction 

The physics advantage of ECRH is the possiblity of well
localized power absorption, where the deposition region is 
defined by the crossing of the ECR layer with the RF-beam. The 
technology advantages of ECRH are as follows. Antennas can 
be located far from the plasma, thus avoiding impurity release 
and providing decoupling of heating from particle refuelling. 
Compact optical antennas allow very high injected power densi
ties (in excess of 100 MW m-2), implying the use of fewer ports. 
Millimeter-wave vacuum windows provide a tritium barrier in the 
waveguide separating the vessel from the source so that the 
sources can be placed in a "hands-on" location far away from 
the plasma. 

The main application of powerful gyrotrons is plasma start-up 
and electron cyclotron resonance heating (ECRH) in tokamaks 
and Stellarators as weil as non-inductive current drive (ECCD) 
and stability control in tokamak plasmas (1]. For example, for its 
ECRH system with power up to 40 MW the International 
Thermonuclear Experimental reactor (ITER) will need about 20-
40 continuous wave (CW) gyrotrons at a frequency of 170 GHz 
with 1 to 2 MW of output power per tube (2]. For the new 
German stellarator Wendelstein 7-X which is under construction 
at IPP Greifswald ten 140 GHz, 1 MW, CW gyrotrons will be 
needed to achieve a total output power of about 10 MW (3]. 

The limiting factors of conventional gyrotron cavities can be 
considerably reduced with the use of coaxial cavities, which 
offer the possibility of operation in high order volume modes with 
reduced mode competition problems. Furthermore, the presence 
of the inner conductor practically eliminates the restrictions of 
voltage depression and limiting current. Therefore gyrotrons with 
coaxial cavities have the potential to generate, in CW operation, 
rf-output powers in excess of 1 MW at frequencies above 
140 GHz. 

1. Advanced coaxial cavity gyrotron 

The coaxial gyrotron under development at the 
Forschungszentrum Karlsruhe has been equipped with a new 
4.5 MW electron gun to be operated at 90 kV and 50 A. lt is a 
diode-type gun with dispenser cathode which was designed by 
the Forschungszentrum [4,5]. Different from the Laß6 IMIG 
currently used, the emission of the electrons is not directed 
towards the coaxial insert but towards the anode similar to 
conventional MIG gyrotron electron guns. The inner conductor is 
supported from the bottom of the gun and can be aligned in a 
reproducible way in the fully assembled tube. The gun has been 
fabricated by Thomson Tubes Electroniques (TTE), Velizy. The 
advanced quasi-optical mode converter for transforming the 
TE31,17 cavity mode at 165 GHz into a single rf-output beam 
consists of a simple launeher and two mirrors. The first mirror is 
quasi-elliptical and the second mirror has a non-quadratic 
phase-correcting surface. 

A fused quartz window with a diameter of 100 mm and a 
thickness of 13 half wave lengths at 165 GHz was used. The 
measurements have been performed in pulsed operation. Most 
data have been taken with an rf pulse length of 1 ms and a 
repetition rate of 1 Hz. 

A maximum output power of 2.2 MW with an efficiency of 28% at 
a beam current of 84 A has been achieved. The maximum 
output efficiency of 30 % (48% with depressed collector) has 
been measured at an outputpower of 1 .5 MW at 5? A (Fig. 1 ). 
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Fig. 1: rf output power as a function of collector voltage 
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Fig. 2 gives the rf output power and efficiency as a function of 
the beam current. The cathode voltage has been adjusted 
between 84 kV and 94.6 kV for maximum rf output. The 
magnetic field was 6.65 T. The numerical calculations have 
been performed with a self-consistent, time dependent multi
mode code using the operating parameters as input. The rf 
Iosses inside the tube are estimated to be 10%. The results of 
the numerical calculations (solid line) are in good agreement 
with the experiment. 
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Fig. 2: rf output power and efficiency as a function of beam 
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To operate with Ionger pulse lengths ( -100 ms) the window had 
to be exchanged by a brazed Sb N4 window. Unfortunately, due 
to arcing this window was destroyed. 

2. Fast frequency tuning 

Fast frequency-tunable gyrotrons are of interest for controlling 
instabilities in magnetically confined plasmas via ECCD at fixed 
toroidal or poloidal antenna launehing angle. 

The 140 GHz TE22,e gyrotron with conventional hollow cylindrical 
resonator [6] has been used to demonstrate fast stepwise fre
quency-tunablity with 1 s time steps at a power Ievei of 1 MW. 
Small auxilliary normal conducting magnets placed between the 
superconducting solenoid and the gyrotron are used. The 
frequency range is limited by the maximum achievable variation 
of the magnetic field. A fast change of the magnetic field by 
± 326 mT results in a fast frequency change of ± 7,5 GHz (7,8]. 

The measurements were carried out at a beam current of about 
40 A and a cathode voltage of 80-85 kV optimized for maximum 
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output power of each mode. The gyrotron was tuned within 1 s 
time steps between the TE2o,s mode at 132.8 GHz via the TE21,s, 
TE22,s, TE23,s modes to the TE24,s mode at 147.5 GHz. 
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Fig. 3: Fast magnet frequency-step tuning (pulse length 1 ms, 
duty cycle 1:1 000) 

The best operating point for every mode was used as input for 
the new computer aided gyrotron control system, which controls 
not only the current in the normal conducting magnets, including 
the complete current regulation but also the output voltage of the 
gyrotron power supply and the starting trigger for every pulse. 
Making use of this system different mode series were excited; 
one of them is shown in Fig. 4. The pulse length was 1 ms and 
the time between two pulses 1 s. This means that a frequency 
step of nearly 15 GHz (TE2o,s H TE24,s) was achieved within 1 s. 
We conclude that the demands for ITER (several GHz within a 
few seconds) are achievable. 

The possibility of going to Ionger pulses at powers greater than 
1 MW has been investigated theoretically [9]. 
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Tritium Permeation, Retention, Wall 
Conditioning and Clean-up (Dust Removal, 
Baking) 
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About 1 gram of flakes from the first tritium campaign of the JET 
reactor has been delivered to the Forschungszentrum Karlsruhe 
in 1999. 

The flakes were specified by JET to consist of carbon saturated 
with deuterium and tritium and with a tritium activity of about 
1 TBqlg [1]. This activity is about 5 orders of magnitude higher 
than that measured in case of flakes collected at JET before the 
tritium campaign. 

The flakes are stored in a special container filled with argon. 
They are loose within the cyclone pot, with argon at atmospheric 
pressure covering them. As yet the flakes have not been 
removed from their container, because of the very high tritium 
activity which requires specific safety procedures. However, 
sample preparation techniques and characterization methods 
(i.e. optical and scanning electron microscopy, microprobe, 
thermal desorption, liquid scintillation counting etc.) have been 
successfully tested with flakes recovered before the tritium 
campaign. 
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T 438/04 
lnvestigation of D/T Retention in n-irradiated 
PFC Materials 

The knowledge of the tritium and helium release kinetics as a 
function of neutron fluence, temperature and darnage dose 
represents an important issue for any plasma facing material 
(PFM) to be used in a next step fusion reactor. However, the 
tritium and helium behavior in neutron-irradiated PFMs like 
beryllium and carbon-based materials is usually a complex 
function of both the irradiation history (e.g. flux, irradiation 
temperature, time at temperature, etc.) and of the material 
grade. 

in general, there are three main processes leading to tritium 
retention in carbon-based materials exposed to a tritium 
plasma [1), namely: a) the formation of a surface layer, 
saturated with the implanted tritium; b) the co-implantation of 
tritium with eroded carbon; c) the atomic diffusion of the 
implanted/co-implanted tritium to trapping sites usually located 
weil beyond the implantation/co-implantation zone. 

On the other hand, tritium produced and/or implanted in 
beryllium diffuses at a significant rate to sites of lower free 
energy (i.e. He bubbles) and/or chemically reacts with impurities 
for which it has a particular affinity (e.g. beryllium oxide). lf 
tritium is trapped in a helium-filled bubble, it follows the destiny 
of the bubble and will be released only if the bubble is vented 
into an open porosity network, through which the gas can 
escape with effectively no activation energy. On the other hand, 
tritium chemically bound in form of beryllium hydroxide 
(Be(OT)2) at oxide inclusions is energetically stable with respect 
to single tritium atoms and therefore, requires a sufficiently high 
thermal energy to be released. Due to the two different tritium 
trapping mechanisms in beryllium, the release kinetics is 
therefore, expected to be dependent on the particular trapping 
mechanisms and, in particular, to be hindered both by structural 
sinks and by beryllium oxide impurities. 

1. Sampies and irradiation conditions 

1.1 Graphite and carbon fiber composites 

8oth graphite and carbon-based material specimens analyzed 
consist of cylindrical bars with a diameter of 5 mm and a length 
of 15 mm. They include three graphite grades (i.e. A05, 
RGTi(91) and CL 5890), two Dunlop CFC grades (i.e. 
Concept 1, Concept 2) and four SepCarb CFC grades (i.e. 
N312C, NS11, N112, N312B). A description of the specimens 
and their properties can be found in Ref. 2 

The samples were irradiated between December 1995 and 
February 1996 at the High Flux Reactor Petten (Netherlands) as 
a part of the PARIDE D 302 experiment [3). A first sei of 
samples was irradiated at a nominal temperature of 335 oc up 
to a neutron dose of 0.31 displacements per atom (dpa) during 
two reactor cycles (i.e. 49.64 effective full power irradiation 
days) with a fast (En >0.1 MeV) neutron fluence up to 
3.34•1024 m·2, while a second set of samples was irradiated at a 
nominal temperature of 775 oc up to a neutron dose of 0.35 dpa 
during one reactor cycle (i.e. 23.75 effective full power 
irradiation days) with a fast (En >0.1 MeV) neutron fluence up to 
4.0•1024 m·2. 

After irradiation the bars were axially cut in four parts the length 
of which was about 3.75 mm, and used for the post-irradiation 
examination (PIE) tests. A cutting method which did not severely 
heat the samples was used to prevent release of contained 
gases. 

Because in a fusion reactor tritium is loaded in the first wall 
materials during irradiation, several graphite and CFC samples 
were out-of-pile loaded with tritium alter neutron irradiation. The 
loading was performed in an alumina tube at 0.2 MPa (absolute) 
and 850 oc for 6 hours in a atmosphere of H2 +50 appm T2. 
Details on the loading procedure can be found in [4]. 

1.2 Beryllium 

The analyzed beryllium specimens consist of segments of a 
cylindrical bar with a diameter of 15 mm and a length of 100 mm 
produced by the Kawecki Berylco lndustries by vacuum hol 
pressing (VHP) of impact attritioned powder of 100 mesh at 
least (S-200E grade) [5). The average grain size is 10-13 11m, 
the total beryllium oxide (BeO) content is lower than 2% and the 
bulk density corresponds to 99.5% of the theoretical one. 

The bar was irradiated at 40-50 oc in the BR2 reactor in Mol 
(Belgium) for 2440 effective irradiation days with a fast 
(En >1 MeV) neutron fluence of 3.925•1026 m·2. The calculated 
helium content alter irradiation amounted to 20670 atomic parts 
per million (appm) while the tritium content amounted to 110 
appm [5). 

After irradiation the bar was ultrasonically treated to remove the 
outer oxide layer which is always present on the external 
beryllium surface. Then it was rinsed with water and dried, and 
appropriate samples were cut from the bar. A cutting method 
which did not severely heat the samples was used to prevent 
release of contained gases. During the cutting it was 
experienced that the irradiated material was rather brittle. 

2. Gas release measurements 

Annealing and gas-release measurements for both 
irradiated/loaded CFC and beryllium specimens were carried out 
with a flow-through tritium release facility installad at the 
Forschungszentrum Karlsruhe. The system essentially consists 
of an inlet gas manifold, a sample furnace chamber connected 
by a short, heated line (T -300 °C) to a zinc-reducer (T -390 °C) 
which transforms any tritium water to tritium gas, and an 
ionization chamber or a proportional counter downstream from 
the furnace for analysis of the purge gas tritium activity. The use 
of the zinc-reducer avoids problems with tritium water absorption 
on the inner wall of the release facility pipes, thus allowing 
quantitative tritium measurements. The total released tritium is 
determined by integrating the measured release rate over the 
time. 

The release kinetics and total amount of released tritium are 
determined by annealing the specimens with temperature ramps 
up to 11 00 °C. For these annealing experiments the thermal 
ramp from room temperature to annealing temperature 
consisted, in the case of beryllium, of two ramp segments (i.e. 
7 °C/min from room temperature up to 500 oc and 15 °C/min 
from 500 oc up to 11 00 °C). On the other hand, in the case of 
graphite and CFC a single ramp of 15 oc/min from room 
temperature up to 1100 oc was applied. in both cases, the final 
annealing temperature of 11 00 oc was kept constant for about 3 
hours. A 50 cm3/min high-purity argon with 1vol% H2 was used 
as a purge gas for the annealing experiments with beryllium, 
while a high-purity helium with 0.1 vol% H2 was used for the 
annealing experiments with graphite and CFC. 

Tritium release rate was measured with an in-line ionization 
chamber or a proportional counter. in order to determine the 
total retained tritium (i.e. inventory) in both graphite and CFC 
samples alter the annealing, the specimens were afterwards 
totally burned in a pure oxygen atmosphere at 1500 oc for 5-6 
minutes. The released tritium is trapped in a bubbler and then 
measured by means of liquid scintillation counting. 
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ln the case of beryllium the gas composition in the process line 
as weil as the helium release rate were measured with a 
quadrupole mass spectrometer (QMS) connected downstream 
from the specimen furnace. QMS signature were mass-2 for H2, 

mass-4 for 4He and mass-40 for 40Ar. Basedon previous studies 
[6] the contribution of HT to the QMS mass-4 peak can be 
considered as negligible. 

The QMS was calibrated with gas standard mixtures flowing in 
the process line, while the ionization chamber and the 
proportional counter were calibrated with a standardized tritiated 
gas mixture. A dummy release measurement is periormed 
before a tritium release experiments is started, in order to 
determine the background of the system. 

3. Results 

3.1 Graphite and carbon fiber composite 

ln order increase the confidence in the obtained experimental 
data, the measurements were repeated at least two times. The 
tests showed a reproducibility ranging from 36% to 76% for the 
unloaded samples and from 1.9% to 51% for the tritium-loaded 
samples. 

The first surprising result is that, contrary to any theoretical 
expectation, both graphite and CFC samples contain alter 
irradiation a relatively high amount of tritium. A possible 
explanation is that during the irradiation some tritium coming 
from the reactor core was implanted in the samples and there 
trapped until they were out-of-pile annealed. 

The kinetics of tritium release in both graphite and CFC in 
general depends on the irradiation temperature and darnage 
dose. ln agreement with previous studies [4] and independent 
from the irradiation temperature, both graphite and CFC 
tritium-loaded specimens do not show any tritium release at 
temperature of 700-750 oc and below. ln all cases the tritium 
releaserate starts to increase above about 700-750 oc, reaches 
a maximum when the specimens first reach 1100 oc and than 
starts to decrease monotonically with the time when the 
annealing temperature is kept constant at 1100 oc. On the 
contrary, the not-loaded specimens irradiated at 335 oc show a 
release rate which starts already at about 400-450 oc, reaches 
a maximum at about 750 oc and then monotonically decreases 
with the time. Furthermore, the not-loaded specimens irradiated 
at 775 oc do not show any release at all temperatures, thus 
indicating that the tritium was probably already released during 
the in-pile irradiation. This fact seems to confirm the hypothesis 
that tritium in not-loaded samples is probably coming from the 
reactor core and therefore, weakly bound at the specimens 
suriace. Figures 1 and 2 show the tritium release before and 
alter the tritium loading from the SepCarb NS11 CFC samples 
irradiated at 335 oc and 775 oc, respectively. 
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Fig. 1: Tritium release before and alter the tritium loading 
from the SepCarb NS11 CFC samples irradiated at 
335 oc and out-of-pile heated on to an anneal 
temperature of 1100 oc 
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Fig. 2: Tritium release before and alter the tritium loading 
from the SepCarb NS11 CFC samples irradiated at 
775 oc and out-of-pile heated on to an anneal 
temperature of 1100 oc 

The not-loaded specimens release almost all the tritium during 
the annealing at 1100 oc, except the SepCarb NS11 and 
SepCarb N112 CFC samples, and RGTi(91) graphite irradiated 
at 775 oc, which show a tritium inventory of 32.6%, 62.7% and 
20.1 %, respectively. On the contrary, independent of the 
irradiation temperature all the tritium-loaded specimens release 
only about 50% of the tritium du ring the annealing at 1100 oc, 
as shown in Figures 3 and 4. The remaining tritium inventory is 
then released only alter burning of the samples at 1500 oc in a 
pure oxygen atmosphere. 
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Fig. 3: Tritium inventory and release from 
tritium-loaded graphite and CFC samples 
irradiated at 335 oc 

Contrary to the SepCarb N312B which is a pure 
three-dimensional CFC material, the SepCarb NS11 has 
undergone during the production process a final infiltration of 
liquid silicon leading partially to the formation of silicon carbide 
(10-12 at% of silicon) [2]. ln order to investigate the effects that 
a silicon doping has on the tritium periormance of the CFC 
samples, the behavior of tritium-loaded SepCarb N312B and 
SepCarb NS11 irradiated specimens has been compared. The 
result of the measurements showed that tritium is mainly 
released in form of HTO and therefore, the silicon doping does 
not have any significant effect on the tritium release kinetics 
either at 335 oc or at 775 oc irradiation temperature. ln all 
cases, the largest peak of release rate is observed at 1100 oc 
and the only minor effect that the silicon doping seems to 
produce on the specimens irradiated at 775 oc is an earlier 
(about 30 minutes) release than in the case of a pure CFC, as 
shown in Figure 5. 



-- 16 --

5000 

4000 

~ 
~ 3000 

~ 
~ 2000 

~ 
1000 

DUNLOP SEP·N112 SEP-N312B SEP-N$11 AGTi(91) 
concept 1 Graphite 

Sampies 

Fig. 4: Tritium inventory and release from 
tritium-loaded graphite and CFC samples 
irradiated at 775 oc 
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Fig. 5: Tritium release after tritium loading from the 
SepCarb NS11 and the SepCarb N312B 
CFC samples irradiated at 775 oc and 
out-of-pile heated on to an anneal 
temperature of 11 00 oc 

3.2 Beryllium 

According to previous studies [7, 8, 9], the results of the 
measurements indicated that helium and tritium release 
behavior is a complex function of both irradiation temperature 
and time at temperature. Anyhow, in agreement with the studies 
reported in Refs. 7 and 8, the beryllium specimens do not show 
any tritium and helium release at temperature of 600 oc and 
below. Although tritium is released between 600 oc and 900 oc, 
no helium release is observed in that temperature range. 

The tritium release rate has a rapid increase during the 
temperature ramp and a sharp peak is observed when the 
specimens first reach 1100 oc. ln agreement with a previous 
study [8] this sharp peak is probably related with the formation of 
micro-cracks at the specimen surface. Due to the very high 
neutron fluence (i.e. 3.925•1026 m'2), in fact, the beryllium 
specimens has become very brittle and consequently they easily 
crack under thermal stresses du ring the heating-up phase of the 
annealing test. After reaching a maximum when the specimens 
first reach 1100 oc, the release rate starts to decrease 
monotonically fast with the time when the annealing temperature 
is kept constant at 11 00 oc. At the time when the largest peak 
occurs, about 33% of the total tritium is released. 
Correspondingly, a strong and narrow peak of helium release is 
observed. 

Figure 6 shows quite clearly that tritium and helium are 
unambiguously released concurrently, thus leading to the 
conclusion that tritium and helium reside in common bubbles in 
the irradiated material. in fact, the burst release is due to the 
migration of the helium bubbles to form interconnected 
grain~edge tunnels to the specimen-free surfaces. Therefore, the 
tritium trapped in the helium-filled bubbles follows the destiny of 
the bubbles and will be released concurrently to the helium only 
after their migration and venting from an open-porosity networl<. 
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Fig. 6: Tritium and helium release from a beryllium 
sample (S-200E grade) heated on a 
segmented ramp to an anneal temperature of 
1100 oc 
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T 438/06 
Chemical Reactivity of Dust and Flakes and 
D Mobilisation Experiments from Co-deposited 
Layers 

Results of materials characterization analyses and chemical 
reactivity experiments for Be pebbles and Be powder !hat are 
exposed to steam at elevated temperatures have been obtained. 
Be pebbles are proposed as the neutron multiplier material for 
the European Helium Cooled Pebble Bed (HCPB) Blanke! and 
the reference breeding blanke! for the International 
Thermonuclear Experimental Reactor (ITER). Reactivity of Be 
powder is of interest to evaluate the consequences of steam 
interaction with Be powder debris generated in plasma devices 
by mechanisms such as disruption-induced vaporization or 
spultering of Be surfaces. A detailed description of this work can 
be found in [1, 2, 3] 

The results of steam-reactivity measurements for Be pebble and 
powder material have been compared with those for fully-dense, 
CPM-Be cylinder and disc samples. The results indicate, as 
shown in Figures 1 and 2, !hat H2 generation rates for the 
powder material, based on BET surface area, are quite 
consistent with the CPM-Be data. in contrast, the rates for 2 mm 
and 0.1-0.2 mm diameter Be pebbles, based on BET surface 
area, are systematically lower than corresponding CPM Be H2 
generation rates. 
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Fig: 1: Comparison of average H2 generation rates 
(liters/m2-s) for Be pebble and powder material 
with those for fully-dense CPM Be 

The observed H2 generation rate differences for the pebble data 
can be attributed primarily to differences in the surface and 
microstructural features for the pebble material, as compared to 
the CPM-Be machined samples. 

in fact, both the 2 mm and 0.1-0.2 mm pebble material have 
microstructural and surface topographical features !hat are 
substantially different for the pebbles. in addition, the bulk and 
surface impurity composition for the pebble material was 
substantially different from the CPM-Be material, especially for 
the 2 mm pebble material !hat had an -211m thick impurity 
surface layer of Si02 and/or BeF2. The impact of such surface 
features and impurities could contribute to the BET surface area, 
as measured by gas adsorption techniques, but also affect the 
oxidation process at the material surface, resulting in some 
ambiguity between the BET surface area and the reactive 

surface area. lf the reactive surface area is less than the BET 
surface area, the derived H2 generation rates for the pebble 
material, based on BET surface area, could be smaller than they 
should be. 
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The reaction rate results, presented in Figure 3 as 
weight-gain/(initial mass-min), demonstrate that specific surface 
area has a significant influence on the chemical reactivity of the 
various materials. Reactivity is directly proportional to the 
specific surface area of the material, the larger the specific 
surface area, the larger the reaction rate. As showed in Figure 3, 
the slopes of the reaction-rate data for the 0.1-0.2 mm pebbles, 
the powders and the porous CPM Be are comparable, indicating 
!hat the mechanism Controlling the reaction is similar for these 
materials and the magnitude of the reaction rate is governed by 
each materials' reactive surface area. in contrast, for 
temperatures below 650°C, the reaction-rate slope for the 2 mm 
pebbles is much less than !hat for the 0.1-0.2 mm ones, the 
powder and the porous Be, indicating that the reaction 
mechanism could be different. For temperatures above 650°C, 
the reaction-rate slope for the 2 mm pebbles is comparable to 
!hat for fully-dense CPM Be, indicating !hat the controlling 
mechanisms may be similar in this temperature range. These 
differences in reactivity mechanism for the 2 mm pebbles are 
probably due to the presence of the -211m thick impurity layer of 
Si02 and/or BeF2, !hat can affect the oxidation process at the 
surface. 

The performed analysis has contributed new experimental 
results of the reactivity of Be pebbles and powder exposed to 
steam at elevated temperatures. Howev€1r, the work suggests 
the need for additional experiments, materials characterization 
and modeling analyses to better understand reactivity behavior 
for different forms of Be exposed to steam over a wide 
temperature range. in particular, experiments are required to 
elucidate the influence of bulk and surface impurities and other 
surface and microstructural features on both the BET surface 
area determinations and on oxidation behavior for materials 
exposed to steam. 
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Fig. 3: Comparison of average Be reaction rates 
(weight gain per unit time, per initial mass of 
sample) for different Be types. Specific surface 
areas are identified in the figure for each data 
set 
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T438/08 
Effect of Plasma Interaction 

1. lntroduction 

Whether graphite or tungsten will be used as divertor material is 
still an open issue. The low Z material graphite doesn't melt, 
shows rather low erosion by evaporation and has a low impurity 
radiation Ievei. However chemical erosion and Tritium co-depo
sition might be unacceptably high [1 ,2]. Thermal stress produces 
cracks in graphite. Crack propagation into the depth ol the 
sample indicates predamaging. Enhancement ol brittle destruc
tion under cyclic heat Ioads then can't be excluded [3]. This 
might increase total erosion ol graphite considerably and could 
reduce the lilatime and by dust lormation could cause a salety 
problern [3,4]. The high Z material tungsten has low sputtering 
yields and the contamination ol the central plasma with tungsten 
remains low [5]. But there is melt layer erosion resulting in rather 
large total erosion, in lormation ol a large surface roughnass 
and in droplet splashing as indicated in simulation experiments 
with electron beams [6]. The inlluence ol melt motion on melt 
layer erosion was discussed recently lor tokamak oft normal 
events [7]. The inlluence ol eddy currents on melt layer dynam
ics was recently emphasized [8]. However the numerical results 
given in [8] are not consistent and thus this problern still remains 
to be solved lor tokamak oft normal conditions. A combination ol 
both materials such as graphite as vertical target and tungsten 
as dome material could result in still more complex surface 
layers being a mixture ol graphite dust, ol metal droplets ol 
redeposited carbon and ol llakes. Such layers show a drastically 
reduced heat conductivity and they might enhance impurity 
production at hot spots and thus could Iimit the tolerable ELM 
energy [7]. 

Belore any recommendations lor any material to be used as 
divertor material can be given the total erosion ol these materi
als has to be quantilied among others. Darnage mechanisms to 
be considered are evaporation and brittle destruction ol graphite 
and evaporation and melt layer erosion ol metals. Vapor shield
ing and target screening by dust partielas was taken into 
account in the numerical simulations [4]. 

A numerical simulation modal lor brittle destruction ol carbon 
based materials (CBMs) based on crack generation by thermal 
shocks is under development. Crack generation in heated 
graphite samples depends among others on the grain 
anisotropy, the grain size, the Iaiiure stress value ol the bonds 
connecting adjacent grains and on the temperature and the 
temperature gradient in the sample. The value to be used lor the 
characteristic Iaiiure stress was obtained from a numerical 
simulation of destructive compression tests and from a 
comparison of calculated and measured onset of brittle 
destruction for volumetric heating. Crack propagation into the 
depth of the sample indicates that predamaging might occur 
resulting in an enhancement of brittle destruction under cyclic 
heat Ioads for typical ITER-FEAT off-normal events [3]. 

Erosion in metals is mainly due to melt layer motion. For de
scription of melt motion, mountain formation at the crater edge 
and melt layer erosion a 1-D fluiddynamics modal is being 
developed and first numerical results on melt layer erosion and 
formation of mountains were obtained [9]. 

For calculation of target erosion by evaporation, the plasma 
shield formation and its shielding efficiency in front of the target 
have to be known. For this purpose the 2-D multifluid radiation 
magnetohydrodynamics (R-MHD) code FOREV-2 was devel
oped. FOREV-2 validation is completed with numerical Simula
tion of plasma shield dynamics and erosion of vertical graphite 
targets and comparison with experimental results obtained at 

the MK-200 UG plasma gun facility. The plasma shield stability 
for such targets is essential for a high shielding efficiency and 
needs to be modellad for calculation of realistic erosion values 
of vertical targets. FOREV-2 was used for calculation of erosion 
of vertical targets by hot plasma impact typical for oft normal 
events in ITER-FEAT. 

2. Vertical graphite target in simulation experiments 

Recently disruption simulation experiments have been per
formed at the plasma gun facility MK-200 UG at Troitsk with 
vertical graphite targets, inclined at 20° to the direction of the 
incident hot hydrogen plasma [1 0]. The experimental arrange
ment schematically is shown in Fig. 1. 
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Fig. 1: Experimental arrangement in the simulation experiments 
at the MK-200 UG plasma gun facility with vertical 
targets showing up- and downstream direction 

The hot plasma in these experiments has a Gaussian power 
density profile with half width of about 7 cm. The peak target 
heat Ioad was 100 GW/m2

• The distance along the target is 
counted in upstream direction with the separatrix strike point 
(SSP) at y = 0 cm. ln the experiments the SSP was located 
close to the target edge. Thus the target covered only the 
downstream half of the power density prolile. Experimentally 
determined have been the erosion profilas and the time 
integrated visible and soft X ray radiation. Moreovar time 
dependent photographs of visible radiation were taken by a high 
speed framing camera. From the plasma pictures which showed 
that the radiating region at the target widens it was concluded 
that the plasma expands along the target downstream and thus 
across the magnetic field lines. From the additionally measured 
time integrated soft X ray spectras CV and CVI lines have been 
found near the target, indicating plasma temperatures higher 
than 20 eV (only at these temperatures CV and CVI ions are 
existing in noticeable quantities). Thus it was concluded that a 
high temperature plasma moves across the magnetic field lines. 
This can only be understood by assuming that turbulence is 
existing in the plasma shield [1 0]. 

From the results of the numerical analysis of this experiment 
with FOREV-2 using the classical Spitzer diffusion coefficient 
different conclusions were drawn. First of all, from the widening 
of the radiative spot close to the target it can't be concluded that 
there is a plasma movement across magnetic field lines. From 
Fig. 2 it is seen that the widening of the radiative spot is due to 
an increase of the width of the vaporization region with time 
reflecting the width of the Gaussian profile of the incoming 
power density. Fig. 3 shows calculated plasma electron tem
perature distributions at the SSP, perpendicular to the target and 
at different times. A high temperature plasma shield exists at 
distances less than 1 cm only during the first about 9 1-\S. At later 
times due to ongoing evaporation and consequently increasing 
carbon density a cold plasma layer is formed near the target. 
Calculated plasma flow patterns are shown in Fig. 4 at two 
different times. The arrows indicate the plasma flow r = ncv with 
nc the carbon density and v the velocity, the lines show carbon 
density contours. The densities nc are indicated. At early times 
the plasma flow is strictly along the magnetic field lines. After 
lormation of the cold plasma layer there is a plasma flow along 
the target surface in downstream direction. Therefore, the 
observed dritt of the plasma shield along the target surface can 
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be explained without any assumption on turbulence near the 
target, simply by motion of cold dense plasma across magnetic 
field lines due to classical diffusion. There is another interesting 
fact. 
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Fig. 2: Calculated erosion 
profilas for a vertical 
graphite target at the 
MK-200 UG facility at 
different Iimes 
showing widening of 
the evaporation region 
and upstream shift of 
the profilas 

distance perpendlcular to the buget (om} 

Fig. 3: Garbon density 
profilas at 0,5 cm 
distance to the vertical 
target at the MK-200 
UG facility at the 
same time moments 
as in Fig. 2 showing 
widening of the 
plasma shield 
preferentially 
upstream with 
ongoing time 

As seen from Fig. 2 the erosion profile is gradually shifted 
upstream. As a consequence the position of the maximum 
erosion is upstream of the SSP. This is not a consequence of 
the downstream plasma dritt but follows from the fact that the 
radiative target heat Ioad has its maximum upstream of the SSP 
because the radiation coming from a region symmetrical to the 
separatrix has shorter distances to the upstream part of the 
target and moreover hits it under angles closer to 90°. The 
increase of the upstream shift with time is caused by the 
expansion of the radiation region away from the target. 

Fig. 4: Calculated plasma flow pattern (arrows show ncv) and 
distributions of carbon density in a carbon plasma shield 
at the MK-200 UG facility at two time moments for a 
vertical target and classical Spitzer diffusion coefficient 

The theoretically predicted upstream shift of the erosion profile 
is confirmed by the experimental results. Fig. 5 shows measured 
erosion profilas for the vertical target in downstream direction 
and for a target with surface perpendicular to the impacting hot 
plasma. The profile width is rather similar for both targets. How
ever the vertical target should show a profile widening of a factor 
of 3. There is only one possible explanation: namely upstream 
shift of the profile by 70 mm. As can be seen from Fig. 2 the 
experimentally determined profile shift is in agreement with the 
theoretically predicted value. The plasma shields in the simula-

tion experiments are tokamak typical. Therefore turbulent proc
esses are also not expected to occur in the plasma shields of 
vertical targets produced in ITER-FEAT off normal events. The 
long term plasma shield stability and the target erosion thus can 
be adequately described by FOREV-2 [11]. 
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Fig. 5: Comparison of erosion profilas measured at the MK-200 
UG facility for a vertical target and a target with surface 
perpendicular to the impacting hot plasma after 15 shots 

3. Erosion of ITER-FEAT vertical targets 

The divertor arrangement and the realistic unsymmetrical power 
density profile of the impacting hol plasma used in the 2-D 
FOREV-2 calculations are the same as described in [11]. Target 
materials are graphite and tungsten. The two peak target heat 
Ioads 3 and 30 GW/m2 with 10 ms and 1 ms time duration (total 
energy density of the hol plasma of 30 MJ/m2 in each case) 
were used. The inclination of the magnetic field lines in toroidal 
direction is 2°, the target inclination in the poloidal plane is 20°. 
Fig. 1 also describes the tokamak situation but only in the poloi
dal plane. The power density profile across the scrape off layer 
(SOL) is unsymmetrical and not Gaussian [11]. Fig. 6 shows the 
obtained results on erosion profilas and time evolution of target 
heat Ioads for tungsten vertical targets. 
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Fig. 6: Erosion and time evolution of target heat Ioads for a 
vertical tungsten target at two different target heat Ioads 
for ITER-FEAT for downstream SSP for the 2 different 
target heat Ioads 3 and 30 GW/m2 
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The SSP is at position zero and the positive direction is along 
the target upstream. The target heat Ioads belong to the position 
of maximum erosion. Similar to the results from the simulation 
experiment (compare Fig. 6 with Fig. 2) the erosion profiles for 
the 30 GW/m2 case always are shifted upstream with respect to 
the SSP. The upstream shift at 1 ms is up to 40 cm for tungsten. 
There is erosion where the power density of the impacting hot 
plasma is below 3 W/m2 and negligible erosion at the SSP with 
peak power density of 30 GW/m2

• With only direct heating 
negligible evaporation would occur at the 3 GW/m2 position 
within 1 ms. The shift rate in the tokamak case is much less than 
for the UG facility. For the tokamak case because of the toroidal 
inclination angle of the magnetic field lines of 2° the plasma 
shield expansion velocity along the separatrix in the poloidal 
plane is smaller than for the UG facility where there is no such 
toroidal inclination. The smaller expansion velocity keeps the 
radiating region closer at the SSP and thus causes the smaller 
shift rate in comparison with the UG situation. The time 
dependence of the upstream shift of the radiative target heat 
Ioad is shown in Fig. 7 for the tungsten vertical target. The 
reduced radiative target heat Ioad at the SSP and the more 
pronounced plasma dritt along the target surface downwards 
favored by the unsymmetrical power density profile of the 
impacting hot plasma and by the larger density of the cold 
plasma close to the target provide the strong shielding at the 
SSP which effectively results in zero erosion there. 
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20 
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Fig. 7: Radiative target heat Ioad profiles and time dependent 
upstream shift of the radiation profiles for vertical 
tungsten target for downstream SSP and ITER-FEAT 
conditions with peak target heat Ioad of 30 GW/m2 

The situation is quite different for the low power density (3 
GW/m2

) case having larger heat deposition times. For the case 
with downstream SSP there is only a small upstream shift of the 
peak erosion in relation to the SSP. As can be seen from the 
time evolution of the target heat Ioads direct heating dominates 
up to 1 ,0 ms, evaporation starts alter 1 ms when radiation con
tributes to the target heat Ioad. 0,5 ms later the radiative target 
heat Ioad decreases again. The radiation is confined to a narrow 
region araund the SSP and therefore the upstream shift of the 

erosion profile remains rather small. Again zero erosion at the 
SSP is due to downstream dritt of the plasma. 

Despite a factor of 10 lower power density of the impacting hot 
plasma the erosion for tungsten because of Ionger deposition 
times and reduced plasma shielding efficiency becomes compa
rable to the high power density case. Vertical targets are effec
tively dissipating the energy in high power density off normal 
events. For low power densities however vertical targets offer no 
advantage in comparison with horizontal targets. 

4. Brittle destruction and target screening by dust 
particles 

A comparison of measured and calculated total mass · Iosses 
(evaporation and brittle destruction) for fine grain graphite and 
for CFC for the JEBIS facility [12] for a 70 keV electron beam 
with peak power density of 1 ,8 GW/m2 Gaussian power density 
profile of half width of 5 mm and pulse duration of 2 ms is given 
in [4]. Fig. 8 shows the calculated time dependencies of brittle 
destruction and of evaporation for fine grain graphite of initial 
temperature of 1200 K. Brittle destruction occurs several times 
within the heat Ioad deposition time of 2 ms. 
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Fig. 8: Calculated erosion 
rates for JEBIS 
conditions for 
pyrolytic graphite. 
Initial temperature 
of the sample is 
1200 K. 
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Fig. 9: Expansion of the 
ablated material into 
vacuum. The arrows 
indicate the particle flow 
r with r = ncv, the lines 
show carbon density 
contours for indicated 
densities 

Target screening by the carbon vapor is of no concern in these 
JEBIS experiments because the vapor density within the region 
of the impacting electron beam as obtained from a 2-D hydrody
namic calculation of the expansion of the ablated material into 
vacuum with FOREV-2 remains rather small. Fig. 9 shows the 
vapor flow and the vapor densities in the cloud. The arrows 
indicate the particle flow r given as r = ncV With nc the carbon 
density and v its velocity. The lines describe density contours 
with given densities. The vapor density drops within a distance 
of 1 cm from the target by more than a factor of 10 to values 
below 2•1017 cm-3

• Therefore the energy deposition into the 
vapor cloud is negligible. The vapor temperature is araund 
0,7 eV and thus consists of neutrals. 

1.330 ms 
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Fig. 10: Expansion of the cloud of dust particles at 3 different tim es alter a brittle destruction event which occurs at 1,2 ms. Evaporation 
of the particles decreases their density and the energy deposition into the cloud decreases 
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Fig. 13 a: Calculated melt layer erosion profile for a tungsten vertical target for ITER-FEAT conditions for hot plasma impact with 
peak heat Ioad of 30 GW/m2 and 1 ms time duration without target current and Lorentz force at end of heating 

Fig. 13 b: Calculated melt layer erosion profile and thickness of resolidified layer after complete resolidification. The same conditions 
as in Fig. 13a without target current. 

Fig. 13 c: The same conditions as in Fig. 13b but with a target current of density of 50 A/cm2. The influence of the Lorentz force is 
demonstrated 

Target screening due to the dustpartielas from brittle destruction 
in these JEBIS experiments was investigated with FOREV-2. 
Results on dust particle motion are shown in Fig. 1 0 at three 
different times after onset of a brittle destruction event at 1 ,2 ms. 
The dust cloud due to pressure gradients initially expands iso
tropically later the isotropy is destroyed in the region where the 
electron beam heats and evaparates the particles. After about 
130 11s the dust vapor cloud becomes transparent again for the 
electron beam as can be seen from Fig. 11 showing the energy 
deposition into the target which with onset of brittle destruction 
drops to half the initial value but recovers within 130 11s. Moreo
var it is seen that the time during which the target is shielded 
decreases with ongoing time. This is due to the increased den
sity of the background vapor which drives the dust partielas by 
drag forces [4]. 

Fig. 11: Energy deposition into the target showing target 
screening by the dust partielas after onset of brittle 
destruction and time duration of target shielding by the 
dust cloud 

5. Melt layer erosion of metals 

5.1 JEBIS electron beam simulation experiments 

Experimental results from the JEBIS e-beam facility on melt 
layer erosion of tungsten targets demonstrate a rather pro
nounced motion in the melt layer. As a result the erosion depth 
on average was about 150 microns and mountains of ejected 
melt material are formed at the crater edge [6). Due to the melt 
motion the melt layer erosion was a factor of 2 larger than the 
melt layer thickness. For a quantification of melt layer erosion 
therefore cause and consequences of melt motion has to be 
investigated. 

The 1-D shallow water model is used for calculation of melt layer 
motion under the external forces surface tension, recoil force of 
the evaporated metallic atoms and vapor pressure and Lorentz 
force. Radiation cooling of the melt is taken into account. The 
equations to be solved tagether with numerical details are de
scribed elsewhere [9). ln order to validate the developed model 
the JEBIS results for tungsten were simulated. Gaussian profilas 
for the spatial and time distribution of the heat Ioad were used. 
The calculated erosion profile is shown in Fig. 12 after complete 
resolidification. The crater depth is 30 microns, the thickness of 
the resolidified layer is 60 11m. A mountain is formed at the 
crater edge. However the numerical results differ significantly 
from the experimental ones. Variations of such parameters as 
viscosity and pressure of saturated vapor only weakly are influ
encing the depth of the erosion crater. For example decreasing 
the viscosity by a factor of 2 resulted in an increase of the depth 
of not more than 30%. For the e-beam facility typical electric 
currents of densities up to 3 A/cm2 contribute negligible to Joule 
heating. Lorentz forces because of no external magnetic field 
are absent. Droplet splashing from the melt produces momen
tum which results in additional pressure acting on the melt. This 
effect was estimated too by assuming that 10% of the melt is 
splashed by droplets. Negligible influence on melt motion was 
obtained. 
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Fig. 12: Calculated melt layer erosion profile and thickness of 
resolidified layer for a tungsten target at JEBIS 

5.2 Tokamak conditions 

A first application of numerical simulation to hot plasma impact 
onto a vertical tungsten target typical for ITER-FEAT with peak 
power density of 30 GW/m2 and time duration of 1 ms is given. 
Time dependent target heat Ioads and plasma shield pressures 
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were obtained from FOREV-2 calculations. During irradiation the 
temperature of the molten material reaches boiling temperature 
and thus a significant amount of energy is accumulated in the 
melt layer. For resolidification 19 ms are needed. During the 
Ioad time the melt motion is still not developed and the depth of 
the melt layer is about 100 microns as is to be seen from Fig. 
13a. After stop of heating the melt front propagates further into 
the bulk til resolidification starts from the buttom of the melt. ln 
Fig. 13b the calculated erosion profile after resolidification being 
completed after 19 ms is shown. The depth of the resolidified 
layer is 250 J.lm, the weak melt motion which is going on til 
complete resolidification produces a significant roughnass at the 
melted region and causes melt layer erosion with 100 microns. 

The influence of electric currents crossing the melt layer per
pendicularly to the target surface was estimated. A typical target 
current of 1 kA/cm2 in a magnetic field of 5 T parallel to the 
target surface was assumed. The depth of the melt layer is not 
influenced, but the Lorentz force reverses the flow direction, 
increases the melt motion, shifts the mountains to the right and 
increases the melt layer erosion up to 250 microns as is seen 
from Fig. 13c. Melt front propagation during resolidification, and 
melt motion might result in melt layer erosion being up to a 
factor of 3 larger than the melt layer thicknesses calculated 
without melt motion. 

6. Numerical simulation of brittle distruction 

For volumetric heating brittle destruction dominates erosion and 
produces considerable amounts of dust [4]. There are experi
mental indications that under hot plasma impact brittle destruc
tion might also occur [14]. Brittle destruction of CBMs when 
occurring could become a limiting factor for the lifetime of 
graphite divertor targets because predamaging of the sample 
under volumetric heating and under cyclic surtace heat Ioads 
finally might result in a drastic increase of divertor plate erosion. 
For understanding of brittle destruction and its quantification for 
ITER-FEAT offnormal conditions a numerical simulation model 
was developed [15]. lt was shown previously that thermal stress 
in a heated graphite sample results in breaking of lattice bonds 
due to the anisotropy of the thermal expansion and due to ther
mal conductivity [16]. As a consequence of intense cracking 
macroscopic layers are destroyed and graphite dust is 
produced. lmportant for brittle destruction to occur are the 
anisotropy of the graphite grains, the failure stress distribution of 
the bonds connecting adjacent grains, the value of the pulsed 
heat Ioad and, consequently the temperature and its gradient in 
the bulk target. Cracks preferentially are propagating into the 
depth of the sample. Such a crack propagation indicates 
occurrence of predamaging under repetitive heat loading and 
finally might result in drastically enhanced erosion of graphite. 
This could reduce the lifetime and by dust formation could cause 
a safety problem. 

6.1 Lattice model of graphite 

For numerical simulation of brittle destruction a lattice model 
was developed simulating real graphite which consists of grains 
of different size and different anisotropy directions [15]. The 
numerical lattice model uses a special procedure which gener
ates grains of random size and shape in a reetangular coordi
nate system. A typical numerical lattice is shown in Fig. 14. lt 
consists of cubic cells of identical size a. Grains consist of an 
integer number of cells. The grain sizes are Gaussian distributed 
araund a mean number of cells per grain - mean grain size 
(MGS). Neighbouring cells of the same grain are connected via 
internal bonds, neighbouring grainsvia surtace bonds. ln Fig. 14 
for better illustration of the grains the cell sizes are drastically 
increased. Additionally there are small grains filling the gaps 
between the larger ones. 

The anisotropy of the physical properties of the grains deter
mined by the atomic structure of graphite is taken into account. 
The Young's moduli Et and E2, the thermal conductivities At and 
it2 and the thermal expansion coefficients a1 and a2 are as
sumed to be different parallel and perpendicular to the anisot
ropy axis which denotes the direction perpendicular to the 
atomic carbon layers. 

Fig. 14: Reetangular lattice as used in the numerical simulation 
of graphite with a Gaussian distribution of the grain 
sizes. The mean grain consists of 55 cells of identical 
size a. Detailed description of the model is given in the 
Appendix 

The Iaiiure stress value of the internal bonds is assumed to be a 
factor of 10 larger than the value for the surface bonds. There
fore breaking of bonds preferentially will occur along the surface 
of the grains. ln case of broken bonds the expansion of the cells 
during heating can result in stretching (increasing distance 
between broken bonds) or in compression (closure of gap with 
disappearance of the crack). Heating of a graphite sample 
results in local temperature changes thus producing forces 
acting on the grains due to thermal expansion. Nevertheless, the 
sample is at rest during heating. ln the 2-D numerical lattice 
model, heating results in 8 different forces acting on each indi
vidual cell as described in the appendix. Using these forces the 
evolution of the lattice is calculated with ongoing temperature 
changes. lt is assumed that the relaxation of the stress occurs 
much Iaster than the propagation of the heat wave. Therefore 
after each change of temperature the mechanical equilibrium of 
the lattice system is established instantaneously using embed
ding in an auxiliary mechanics. The fundamental equations used 
in the model are described in [15]. 

A broken bond represents an elementary crack. The mechanical 
properties of the sample with cracks depend on the crack den
sity and are, thus, time-dependent. The merging of the neigh
bouring cracks simulates the process of the crack propagation. 
Furthermore, due to merging of cracks at various places of the 
sample, different clusters of grains can arise within the target. 
lsolated graphite clusters arising near the surface of the target 
are removed from the sample as dust particles. This process 
simulates the motion of the fracture boundary inside the sample. 
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6.2 Estimation of the characteristic failure stress 

For a numerical simulation of brittle destruction, Iaiiure stresses 
have to be known. However these parameters can't be meas
ured. Assuming that the Iaiiure stress for the surface bonds with 
the characteristic value Gtls is uniformly distributed in the interval 
ct1~ (1/p, 1) with 2::;p::;5 then the Iaiiure stress distribution function 
of the surface bonds is determined by the two parameters p and 
ctJs being estimated from a comparison with experimental results 
on destruction by mechanical compression and by volumetric 
heating. For obtaining a fracture deformation in the range of 
about 1% the characteristic Iaiiure stress lor surface bonds was 
obtained to be in the range O'os = (0.5-1) 10-2

• Experimental 
results on brittle destruction by Volumetrie heating were used for 
a determination ol the characteristic Iaiiure stress value Gtls· 
Onset of brittle destruction was obtained at about 10 MJ/m2 at 
the GOL-3 electron beam facility [17). The numerical simulation 
with a Iaiiure stress value ol ctJs = 0.005 is in rather close 
agreement with this value. 
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Fig. 15: Comparison ol calculated erosion rates by brittle 
destruction for pyrolytic graphite lor JEBIS conditions. 
Initial sample temperature is 1200 K 

6.3 Brittle destruction and crack propagation 

The numerical simulation model was applied to the calculation of 
brittle destruction at the electron beam facility JEBIS [12). lt is 
assumed that initially the graphite sample is at a uniform tem
perature ol 1200 K. Heating of the surface near target layer 
occurs due to a constant heat flux ol 1.8 GW/m2 lor 2 ms. The 
energy deposition into graphite shows a maximum at a depth of 
20 microns. A comparison of calculated erosion rates by brittle 
destruction using numerical simulation and results lrom another 
analysis in which a darnage Ihreshold value ol 10 kJ/g was used 
for start ol brittle destruction [17) is shown in Fig. 15. 

Impact of hot plasma during the thermal quench phase of a 
disruption results in surface heating and erosion of the vertical 

after predamaging 

divertor target. A typical case with peak power density ol 30 
GW/m2 and heat Ioad duration of 1 ms was used for quantifica
tion of total erosion and target screening in a FOREV-2 calcula
tion and was used for numerical simulation of erosion by brittle 
destruction. The time evolution ol the target heat Ioad was Iaken 
lrom [11). Calculated crack formation and brittle destruction are 
shown in Fig. 16 for one and for two heat pulses with cooling 
down ol the sample till initial temperature du ring 1 ms between 
both pulses. After one pulse the numerical simulation clearly 
shows crack formation inside of the bulk target as is typical for 
predamaging ol the sample. According to these lirst numerical 
results erosion during the second pulse increases by a factor of 
1.5 thus indicating enhancement ol brittle destruction alter 
predamaging. 

0 25J.Im 50J.Im 

Fig. 16. Erosion by brittle destruction and crack pattern lor a 
vertical divertor target lor an ITER-FEAT typical off 
normal event with initial peak target surface heat Ioad of 
30 GW/m2 and heat Ioad duration of 1 ms shown on 
Fig. 11 alter one and alter two heat pulses 

6.4 Predamaging and enhancement of brittle destruction 

lnfluence ol run away electrons of several MeV energy on the 
graphite divertor target results in volumetric heating of rather 
thick graphite layer and erosion of several hundreds ol microns 
if the energy deposition exceed the Ihreshold value of approxi
mately 1 0 kJ/g [17). But even much lower energy deposition 
lrom run away electrons can produce cracks deep inside of the 
graphite target. For example the deposition of 2 kJ/g results in a 
rather low erosion value of 3-5 11m for the divertor target, as 
shown in Fig. 17a, but this energy deposition causes predam
aging ol graphite up to a depth ol several hundreds ol microns. 
This predamaged layer is not eroded, but has reduced mechani
cal properlies due to the increased crack density. Exposing such 
a predamaged graphite to the same cyclic surface heat Ioad as 
described above results in a drastic increase ol erosion as seen 
from Fig. 17b. The time dependence of the mean erosion ol un
damaged graphite and graphite predamaged by run away elec
trons is shown in Fig. 18. 8oth samples are heated with cyclic 

Fig. 17: Erosion pattern for predamaged graphite under cyclic surface heat Ioad shown in Fig.11. Predamaging is from deposition 
of 2 kJ/g from run away electrons. Dashed lines show initial surface of graphite sample 
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surface heat Ioads with 1 ms time duration and 1 ms cooling 
down time. For the predamaged sample brittle destruction starts 
during cooling of the sample atter deposition of 2 kJ/g from run 
away electrons. For the undamaged sample brittle destruction 
occurs from the heating phase. Time dependence of erosion of 
predamaged and undamaged graphite under surface heat Ioad 
shown in Fig.11. Lett panel shows erosion of graphite, 
predamaged with deposition of 2 kJ/g from run away electrons, 
right panel corresponds to unscathed graphite. 

7. Conclusions 

The experimentally observed downstream dritt of the plasma 
shield along the surface of a vertical target can be explained by 
use of the classical Spitzer diffusion coefficient in the solution of 
the multidimensional magnetic field equations. Therefore plasma 
turbulence is not occurring in the experimental plasma shields. 
The plasma shields in the simulation experiments are tokamak 
typical. Therefore turbulent processes are also not expected to 
occur in the plasma shields of vertical targets produced in ITER
FEAT tokamak plasma disruptions. The long term plasma shield 
stability and the divertor erosion thus can be adequately 
described by FOREV-2. The observed upstream shitt of the 
erosion profilas of vertical targets in the simulation experiments 
can be explained by the distribution of the radiative heat Ioad 
along the target surface with a maximum always upstream of the 
SSP. The downstream dritt of the plasma shield only weakly 
influences this situation. For the tokamak upstream shitt of 
erosion occurs too. Additionally the enhanced plasma dritt 
downstream Iogether with the reduced radiative heat Ioad at the 
SSP results in negligible erosion at the SSP. 
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Fig. 18: Time dependence of erosion of predamaged and 
undamaged graphite under surface heat Ioad shown in 
Fig.11. Lett panel shows erosion of graphite, 
predamaged with deposition of 2 kJ/g from run away 
electrons, right panel corresponds to unscathed graphite 

Brittle destruction of graphite under Volumetrie heating produces 
rather large amounts of dust. Graphite as FW material thus 
causes safety problems. Vapor shielding and target screening 
by dust partielas for the first time are Iaken into account in the 
numerical Simulations. Melt layer erosion of metals is dominated 
by melt flow. The driving force behind the melt flow is still un
clear. Taking heat Iransport during resolidification and Joule 
heating by currents flowing in the target during the heat Ioad 
period into account might result in an increase of the melt depth 
by up to a factor of 3. Lorentz forces might trigger a pronounced 
melt motion which might sweep away a considerable part of the 
melt layer. The melt layer erosion thus can be considerably 
larger than the melt thickness formed during the heat Ioad pe
riod. Due to the considerable implications of melt motion on melt 
layer more experimental and theoretical investigations on this 
topic are urgently required both for surface and volumetric 
heating. 

lt has to be clarified why the calculation underestimates melt 
layer erosion for e-beam experiments and why it predicts in 
Opposition to the experimental results zero melt layer erosion for 
plasma gun experiments. Finally during the resolidification 

phase the decay of the poloidal magnetic field induces remark
able eddy currents producing a Lorentz force which exists for a 
Ionger time period thus increasing melt motion and melt layer 
erosion further. 

For simulation of brittle destruction in carbon based materials a 
numerical model was developed. By comparing the numerical 
results on brittle destruction with experimental results for Volu
metrie heating and with results from mechanical destruction 
tests of graphite samples a typical failure stress value for sur
face bonds of ~s=0.005 was derived. Volumetrie heating pro
duces cracks inside of the sample, surface heating results in 
crack propagation into the depth of the sample. ln both cases 
some predamaging of the sample occurs. lt has been found, that 
volumetric predamaging by run away electrons has a 
considerably stronger influence on erosion than predamaging by 
surface heat Ioads only. Before any conclusions on 
enhancement of brittle destruction can be drawn cyclic heat 
loading has to be simulated numerically. 

Literature: 

[1] G. Federici et al., ln vessel tritium retention and removal in 
ITER, J.Nucl. Mater 266-269, 1999, 14 

[2] J. Roth, Chemical erosion of carbon based materials in 
fusion devices, J. Nucl. Mater 266-269, 1999, 51 

[3] S. Pestchanyi, H. Würz, Brittle destruction of carbon 
based materials under off-normal ITER-FEAT conditions, 
submitted to Physica Scripta 

[4] H. Würzet al., Dust production in ITER-FEAT oft normal 
events and target screening by dust particles, 
Proceedings EPS-27, June 2000, Budapest 

[5] K. Krieger et al., Conclusions about the use of tungsten in 
the divertor of ASDEX Upgrade, J. Nucl. Mater 266-269, 
1999,207 

[6] K. Nakamura et al., Disruption erosion of various kinds of 
tungsten, Fus. Eng. and Design 39-40, 1998, 295-310 

[7] H. Würz et al., Vertical target and FW erosion during oft 
normal events and impurity production and Iransport 
during ELMs typical for ITER-FEAT, presented at PSI-14, 
May 2000, Rosenheim; submitted to J. Nucl. Mater. 

[8] G. Tsotridis, Modeling of surface deformations during 
plasma disruptions. Fus. Technology 37 (2000) 185 

[9] Landman, H. Würz, 1-D fluiddynamic simulation of melt 
motion, FZKA report 6517, 2000 

[1 O] N. Arkiphov et al., Turbulent diffusion of divertor vapor 
cloud across inclined magnetic field during a tokamak 
disruption, Proceedings of EPS Conference 1999, 
Maastricht 

[11] H. Würz et al., Hot plasma target interaction and 
quantification of erosion of the ITER slot divertor during 
disruptions and ELMs, FZKA report 6198, 1999 

[12] K. Nakamura et al., Erosion of CFCs and W at high 
Iamperature under high heat Ioads, J. Nucl. Mater 212-
215, 1994, 1201-1205 

[13] V. V. Semak et al., Temporal evolution of the temperature 
field in the beam interaction zone during Iaser material 
processing, J. Phys. D: Appl. Phys. 32 (1999) 1819 



--27 --

[14) M. Guseva et al., Tech. Phys. 41, 578, 1996 

[15] S. Pestchanyi, H. Würz, N.Usov, Numerical simulation of 
brittle destruction of graphite due to severe thermal 
shocks, FZKA report 6466, 2000 

[16) S. Pestchanyi et al., Fusion Technology 1998, Vol. 1, 275, 
1998 

[17) V.T. Astrelin et al., Nucl. Fusion 37, 1541, 1997 

B. Bazylev 
F. Kappier 
I. Landmann 
S. Pestchanyi 
V. Safronov 
N. Usov 
H. Würz 



•• 28 •• 



--29 --

Vessei/Mechanical Structures 



-- 30 --



-- 31 --

T 204-9 
Plasma Are Cutting of ITER Containment Vessel 

The objective of this technology programme was the 
development of cutting techniques for the field disassembly of 
segments from the ITER containment vessel, required for 
remote replacement in the event of failure of toroidal field coils. 
Further on a backplate protection system had to be developed to 
avoid heat affection to the outer backplate and to capture the 
emissions, i.e. gases, fumes, dust and dross generated by the 
thermal cutting process. A mock-up has been constructed for 
the near-reality tests to prove the functionality of the protection 
system. For application of the protection system different 
devices and methods for positioning and fixing of the required 
components have been developed. 

ln centrast to current state of the art tests and modifications 
enabled the use of a 300 A-cutting torch instead of the hitherto 
used 600 A-torch for cutting 60 mm stainless steel. As shown in 
cutting trials the use of the smaller torch offers some 
advantages including less tool weight, narrewer cutting kerfs 
(and thus less emissions) and less thermal stress (Fig. 1 ). 

kerf profile with 
600 A-cutting torch 

Vc = 400 mmlmin 

kerf profile with 
300 A-cutting torch 

Vc = 320 mmlmin 

Fig. 1: View of cutting kerf profiles with different cutting torches 

For cutting under near-reality conditions an arched mock-up has 
been constructed. lts main geometric characteristics are similar 
to those of the ITER backplate with a radius of curvature of 
1 ,70 m and wall thickness of 60 mm. For improved visibility of 
the fixation process of the protection system the back wall is 
made of plexiglas (Fig. 2). 

Two views of mock-up; a) front view with cutting path an 
cut segments, b) rear view with stiffeners frame of 
plexiglas screen 

The concept of the backside protection system with a 
reciprocating thermal shield from earlier stages of the 
technology programme was changed towards a system with a 
static shield. This design works more reliable and offers a 
comparable performance as the reciprocating wall. Besides the 
new protection system has got a bent shape to fit to the greatest 
just as weil as the smallest curvature of the backplate. 

The fixing of the protection system in between the backplate gap 
is performed with an inflatable hose (Fig. 3). 

'.contact 
;.:areas 

The confinement of dust, particles and generated fumes is 
realised by a double sealing lip. The inner lip consists of brush 
wires and keeps off spattered particles. Around that, a flexible 
sealing lip prevents fumes and dust from escaping the backside 
protection system. The flexible lip is capable to compensate 
gaps up to 3 mm which may occur when the bent protection 
system is attached to an flat part of the backplate. These sealing 
lips are protected against thermal effects by carbon shoulders 
mounted along the rim of the inner thermal shield (Fig. 4). 

flexible sealing lip 
(teflon) 

wire brush shoulder 
(steel) 

" ............... compressed mr for 
inflatable hose 

Fig. 4: Shield plate with sealing system 

According to earlier tests CFC-tiles proved to be the most 
endurable thermal protection. Moreover, the endurance of the 
thermal shield has been significantly improved by application of 
a gas flushing system to create an inert gas atmosphere 
protecting the carbon from oxidising. 

The emitted dross and spattered particles are collected by an 
exchangeable on-way dross reservoir mounted at the bottom of 
the protection system. The generated fumes and aerosols are 
captured by a suction hood mounted to the front of the 
protection system and connected with a suction pump (Fig. 5). 
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With the set-up described the cutting of splice plates of 200 x 
200 x 60 mm was repeatedly and successfully performed at the 
mock-up. The amount of escaping emissions was inevitable but 
very low. 

T. Grimm 
G. Schreck 
H.Haferkamp 
Unterwassertechnikum Hannover 
des Instituts für Werkstoffkunde 
Universität Hannover 
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M 44 
TFMC Installation and Test 

The TOSKA facility at Forschungszentrum Karlsruhe is being 
upgraded for testing the ITER TF model coil. The facility has 
been Iaken into operation in the following steps: 

• Test of the LCT coil at 1.8 K (1996/1997) 

• Test of the stellaratorprolotype coil W 7-X (1999) 

• Start of the lest of the TFMC (June 2001 ). 

The first step qualified the LCT coil for the use as background 
coil for the TFMC lest configuration. The basic facility with its 
electrical and cryogenic supply system as weil as data acquisi
tion and control was Iaken into operation. The specific facility 
configuration needed for the TFMC test is nearly complete. The 
commissioning of the 80 kA dump circuit and the 20 kA power 
supply is being in the final stage of completion. The fabrication 
of two 80 kA current Ieads was finished. Some brazing faults are 
being repaired. Two extensions of the TOSKA vacuum vessel 
for the vertical installation of the current Ieads were delivered. 

For the performance of the TFMC lest, an organization scheme 
was approved for decision making and handling the daily work 
of testing. The management of the lest is handled by the Coor
dination Group which is supported by the Operation and the 
Test Group. Members of the groups are deiegales from the 
ITER JCT and the Horne Teams. 

The fabrication of the TFMC in the European industry is in the 
final stage. The winding is enclosed in the coil case and the 
mounting of the instrumentation has been started. The intercoil 
structure (ICS) was delivered in May 2000 to the TOSKA facility. 
The acceptance tests and the preparation of the lest program of 
the TFMC are accompanied by the special skills of the Euro
pean superconducting laboratories. The areas of EURATOM 
Assodalion Forschungszentrum Karlsruhe are: 

• Instrumentation (included in M 44) 

• Gonductor measurements (NET Contract No.: NET/97-458 
concluded) 

• Mechanical material and component testing (EU Task No: 
M 45 concluded) 

• High voltage component delivery and testing (NET Contract 
No.:NET/96-438 concluded) 

• Finite element analysis (EU Task M 12) 

• Electromagnetic and thermohydraulic analysis (included in 
M 44 and 3 D quench analysis with code system MAGS, 
IRS, EU Task SEA 5) 

• Transient voltage behaviour of the TFMC (included in M 44) 

• Leak testing acceptance tests during fabrication (included in 
M44) 

lt was recommended by the TFMC Coordination Group in March 
and concluded by the EURATOM Association Forschungs
zentrum Karlsruhe Steering Committee in July 2000 !hat the 
TFMC will be tested in two phases: 

1. Phase: The TFMC will be tested as single coil. The LCT coil 
will be replaced by an auxiliary structure. 

2. Phase: The TFMC will be tested in the background field of the 
LCTcoil. 

The intention is to achieve results of the TFMC as soon as 
possible in less sophisticated configuration with a lower risk of 
occurring faults. 

The installation of the TFMC is scheduled for 1st quarter of 2001 
and the test end at the 2"d quarter 2002. 

1. The TOSKA facility 

The activity in the reporting period has been as follows: 

• Assembly and alignment of delivered structural components 

• Change of the header position of the LCT coil 

• Repair of the brazing faults of the 80 kA current Ieads 

• Final commissioning of the 80 kA dump circuit and the 20 kA 
power supply 

• Commissioning and delivery of the 125 t Iifting beam. 

• Modification of cryogenic supply and control system as weil 
as data acquisition for testing the TFMC 

Assembly and a/ignment of delivered structural components: ln 
the first half year all assembly tools for the TFMC mounting were 
delivered to the TOSKA facility. The assembly frame were water 
leveled in the TOSKA area at the Ioreseen position. The gravita
tional support and the delivered auxiliary structure were assem
bled and aligned on the assembling frame. The ICS was deliv
ered in May. A overall leak lest and check-out of the instrumen
tation were performed by FZK statt. A trial assembly is 
performed for achieving the correct alignment in the TOSKA 
vacuum vessel which avoid repetitive Iifting procedures with the 
much heavier configuration with the TFMC (Fig. 1 ). 

The 125 t cross head for Iifting the TFMC configuration in the 
TOSKA vacuum vessel approved by the authority, TÜV, and 
delivered in August at TOSKA site. 

Change of the header position of the LCT coit. The header 
position at the LCT coil side adjacent to the TFMC was changed 
for having a sufficient large support area for the horizontal plates 
of the ICS. All reinforcements belts of the LCT coil had to be 
removed. The header was moved in the upper part. The header 
and the pipes specially those covered later by the reassembled 
reinforcement belts were carefully leak tested. The belts are 
preloaded and the work is completed except the routing of the 
capillaries of the venturies 

The 80 kA current Ieads: The fabrication of two 80 kA current 
Ieads were completed. During vacuum brazing procedure of 
cooling fins and Nb3Sn inserts a leak between the electrolytic 
copper part (cold end) and the phosphoraus deoxidized copper 
part (heat exchanger) led to a running out of brazing material. 
This resulted in no brazed Nb3Sn inserts in the electrolytic 
cooper section and blockage of the heat exchangers cooling fins 
by accumulation of running out brazing material in some 
sections. The blocked areas of the cooling fins were 
successfully milled free. Accompanying pressure drop measure
ments confirmed !hat 5 g/s mass flow can be achieved by a 
pressure drop of about 0.2 MPa with an inlet pressure of 0.35 
MPa. The half bores of the Nb3Sn inserts adjacent to the joint 
surface are being opened by a milling procedure controlled by 
ultrasonic measurements of the thickness of the remaining 
material which was finally successfully removed by manual 
peeling. lt is planned to cover the Nb3Sn inserts by several soft 
soldered copper profiles to form a new cold end joint surface for 
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the joint with the superconducting bus bar. The soldering 
procedure is being qualified by a 400 mm dummy piece. 

For the vertical installation of the current Ieads two cryostat 
extensions are needed containing the bus bar type II which 
connects the TFMC bus bars with the current Iead terminals for 
each polarity [1). The cryostat extensions were delivered in July 
2000. They were installed at the flanges of the TOSKA vacuum 
vessel for measuring the position of the contact surtaces of bar 
type II (Fig. 2). 

Fig. 1: The ICS (intercoil structure) after up-righting, in 
background direct behind the vertical beams of the 
auxiliary structure and on the left hand side the LCT 
coil with reduced reinforcement bell 

80 kA dump circuit and the 20 kA power supply: Both compo
nents are in the final commissioning phase. They were tested 
with a copper coil up to the maximum possible current of 10 kA. 
The switching sequence of the 80 kA dump circuit worked weil. 
Some improvements considering the achievement of a lower 
resistance of the short circuit path and the synchronization 
between 80 kA power supply and dump circuit are necessary. 

The reference current measurements for control of the 50 kA 
and 30 kA power supply will be changed in October 2000 from 
zero flux transducers to shunt resistors in order to eliminate the 
impact of magnetic fringing fields on the power supply control as 
experienced in the test of the W 7-X prolotype coil. 

The 20 kA power supply were connected to the LCT coil dump 
circuit. The safety discharge was successfully tested by the cop
per coil. 

Accompanying calculation for the power supply control and 
safety discharge circuits were performed by suitable developed 
codes [2) 

Modification of cryogenic supply and contro/ system as weil as 
data acquisition for testing the TFMC: The piping in the TOSKA 
vacuum vessel, installation of cryogenic facility instrumentation 
and control valves have been completed as far as it was possi
ble without the TFMC configuration. All pipes were closed and 
an overall vacuum leak lest will be pertormed to reduce the risk 
of leaks after TFMC lest configuration installation which would 
generate further delays. 

Fig. 2: The two cryostat extensions mounted at the flanges of 
the TOSKA vacuum vessel for determination of exact 
position of the contact surtaces to bus bar type II 

A flow scheme Iogether with an interlock scheme for the cryo
genic system with links to the electrical high current supply has 
been elaborated and is being implemented on the process 
control system and data acquisition. 

For the access of TFMC lest data by the Internet, a clear struc
ture of menus has been elaborated guiding the external user for 
the selection of sensors and the retrieval of lest data. 

The preparation for the installation work was coordinated in 
meetings of the Operation Group. 

2. Preparations for the test program of the TFMC 

in collaboration with the European superconducting laboratories 
the preparing work for the test program and related analysis for 
the TFMC result has been continued [3). 

The work has been coordinated in meetings of the Testing 
Group. 

The following progress was achieved in the different areas: 

Electromagnetics : The elaboration of the operation diagram of 
the critical current of the TFMC in the lest configuration without 
and with LCT coil was performed. Magnetic fields in the high 
field regions and in the joint regions for the two lest 
configurations were calculated. in the joint region the 
performance of current sharing measurements are planned. 
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Thermohydraulics: The elaboration of a thermohydraulic data 
set for the TFMC conductor was concluded. The quench analy
sis for design of the venting system of the facility was concluded 
for specified quench seenarios [4]. A quench analysis for the 
complete coil was performed by the MAGS code (IRS) [5]. 

Mechanics: The TFMC alone was analyzed without and with 
friction between coil case and winding to see the effect of the 
stresses in the joint region. The TFMC stresses without back
gmund field are about 50 % lower than with it (see also Task 
M 12) [6]. 

Dielectrics: A low voltage pulse generator was constructed and 
tested with pulse rise Iimes in the range of 1-\S for investigating 
the TFMC transient behaviour. 

Instrumentation: The instrumentation of TFMC and the ICS was 
fixed. The implementation in the fabrication drawings is con
cluded. 

Test procedure: The draft framewas distributed for comments. 

3. TFMC fabrication 

The fabrication of the TFMC and ISC was supported by accep
tance leak testing and sensor testing [7]. 
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M 31 
Development of 60 kA Current Leads Using 
High Temperature Superconductors 

lntroduction 

According to the European Fusion Technology Programme, the 
Forschungszentrum Karlsruhe and the Fusion Technology 
Division of the Centre de Recherehes en Physique des 
Plasmas, Ecole Polytechnique Federale de Lausanne (CRPP
EPFL) are responsible for the design and construction of a 60 
kA current Iead for the ITER Toroidal Field Coil system using 
high temperature superconductors (HTS) in the temperature 
range between 4 K and 77 K to reduce the steady state heat 
Ioad at the 4 K Ievei. 

Results of stage B (test of the 20 kA HTS current Iead) 

The 20kA HTS current Iead consists of an HTS part in the 
temperature range from 4.5 K to 70 K and a conventional copper 
part in the range from 70 K to room temperature. The HTS part 
is conduction cooled at 4.5 K and the copper part is actively 
cooled with 60 K helium. The 20 kA HTS module is constructed 
such to connect the two tested 10 kA modules (stage A-2 of the 
task) in parallel whereas for the copper part, a conventional heat 
exchanger of the Forschungszentrum Karlsruhe type is used. 
Figure 1 shows the completed HTS module including the copper 
adapters and the clamp contact. 

Fig. 1: The 20 kA HTS module including the Cu adapters and 
clamp contact 

The test has been periormed within a new collaboration at the 
National Institute for Fusion Science, NIFS (within the LIME 
project). There, a test cryostat constructed for testing model 
coils for the PF coils of the Large Helical Device, LHD, was 
used. One of the existing 30 kA vapour cooled current Ieads was 
replaced by the 20 kA HTS current Iead, and both Ieads were 
connected by a superconducting bus bar consisting of a W 7-X 
prototype conductor. The first cooling and excitation tests were 
done for two weeks from the end of May 2000. 

This HTS current Iead is world's largest HTS current Iead which 
succeeded in the excitation up to 40 kA. The operation up to 
steady-state currents of 20 kA was quite successful. No 
problems occcured during various tests and the results were 
reproducible. Short time tests up to 40 kA were periormed 
without any problems for both the HTS module and the heat 
exchanger. 

The steady state operation up to 20 kA, using different inlet 
temperatures and mass flow rates for the helium cooling of the 
conventional heat exchanger, shows that there were no 
problems for the HTS part as weil as for the conventional heat 
exchanger. 

The electrical resistance of the clamp contact was measured to 
be 6.6 nQ, the resistance of the cold contact region is about 5.9 
nQ 8oth numbers agree weil with the measured losses. The 
resistance of the intersection region between the HTS modules 
and the heat exchanger including the screw contact was about 

63 nQ at 70 K, but more than 50 nQ were due to the copper 
used in the heat exchanger. The total contact resistance Inside 
the HTS module (averaged by power law) is about 3 nQ, the 
corresponding ones between both modules and the copper 
adapters are 17.2 nQ and 2.4 nn. Comparing these numbers to 
the ones extrapolated from the measured ones at CRPP for the 
individual 10 kA modules, one gets now larger values but in the 
same range. 

The steady state Iosses at zero current were measured to be 6 
W, i.e., much higher than expected from the two 10 kA HTS 
modules tested at CRPP (3.3 W). Measurements of the heat 
Ioad for various He inlet temperatures results in background 
Iosses of the cryostat of about 2.6 W. Using a 2"d order 
polynomial fit to the data results in a nominal heat Ioad of 3.5 W 
which is close to the expectations. 

For the evaluation of the quench current of the HTS part, the 
temperature at the upper end of the module had to be increased 
to about 83 K. The quench test was done for different quench 
detection Ieveis (up to 100 mV) and Integration times (up to 1 s) 
for the quench detector. The measured quench current at 85 K 
is about 30 kA, twice as high as expected from single tape which 
is mainly due to the different (and much weaker) valtage Ievei 
criterion used in this experiment. 

Helium mass flow stop tests (LOFA tests) were done at 20 kA 
and 70 K and for different quench detection Ieveis (up to 1 00 
mV) for the quench detector to evaluate the safety margin of the 
current Iead. The critical temperature measured in this test is 
about 90 K and agrees weil with the results obtained in the 
quench current test. lt took about 15 minutes to quench the HTS 
after the He mass flow rate was stopped. The time delay 
between a resistive valtage signal of 50 mV and 100 mV is 
about 8 s, between 10 mV and 100 mV even 12 s. Comparing 
this to the ITER scenarios, the measured time delay is weil 
above these requirements. 

Figure 2 shows the measured quench currents during quench 
test and LOFA test and the expected critical current of the HTS 
module as a function of temperature. 
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Fig. 2: Quench current of the HTS module as measured 
du ring quench test and loss of mass flow test and 
expected critical current of the HTS module as a 
function of temperature. The dashed lines represent 
the critical current for different criteria (from data of the 
single 10 kA modules). 
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Specialtests were done at the end of the experiment, i.e., ramp 
rate tests up to 20 kA, 30 kA and 40 kA with 10 s flat top. lt 
could be demonstrated !hat at about 60 K, the HTS current Iead 
could be excited to 40 kA for 10 s without any problern neither in 
the HTS part nor in the conventional heat exchanger. 

For the determination of the current flowing in each of the 
fourteen stacks, Hall sensors were positioned on the outer 
surface of each HTS module. lt turned out !hat the current 
distribution is less homogeneaus than measured at CRPP on 
the single modules as shown in Figure 3. This indicates !hat the 
current transfer from the. heat exchanger to the two HTS 
modules is responsible for this imbalance and not the contact 
resistances between the individual stacks and the copper 
endcaps. The connection between the copper conductor of the 
heat exchanger and the the copper adapter in which the two 
HTS modules are soldered is done via a screw contact. The 
measured current distribution results in a current imbalance 
between the two modules of about 11800 A (module 1) and 
about 8200 A (module 2) at a total current of 20 kA. This ratio is 
rather independent on the transport current. 
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Fig. 3: Normalized stack currents of modules 1 and 2 of the 
20 kA HTS module for different currents and location 
of the stacks within the HTS modules 

lf reaching the critical current of the HTS modules, there is a 
current redistribution. lt is interesting that the redistribution takes 
place mainly between the two modules and not within the 
modules although the current imbalance in the modules is much 
larger than between them. 

Summing up, the robustness of the HTS current Iead was 
demonstrated. Of course some modifications of the design have 
to be done if going to 60 kA. 

Design of a 60 kA HTS current Iead 

Because the tests of both individual 10 kA HTS modules as weil 
as of the 20 kA current Iead were very successful, it was 

decided to use their basic Iayout and design parameters as a 
reference for the 60 kA HTS module, as critical current density, 
contact resistances, modular arrangement of the HTS tapes in 
stacks and use of stainless steel as support structure. Three 
different arrangements of the stacks have been considered. 

The first Iayout is an extrapolation of the 20 kA HTS module: 
Five HTS modules of the same Iayout as for the 10 kA ones are 
arranged cylindrically resulting in 35 HTS stacks. This solution 
could be advantageaus from the manufacturer's point of view 
because it minimizes the risk of failure of the whole HTS module 
during fabrication. 

The second solution consists of two concentric rings of 
cylindrically arranged HTS stacks which form a very compact 
module. Due to the different stack numbers and maximum B.L in 
the inner and outer rings, the current distribution could be a 
problern even in steady state. This has to be considered during 
the design of the connectors between the HTS module and the 
conventional parts of the current Iead. 

ln the third solution, 26 stacks are cylindrically arranged. The 
advantage of this design is manifold: The relatively simple 
manufacturing, the small angle between two adjacent stacks 
allowing a smaller B.L than in the other designs, the particular 
geometrical symmetry. 

lt is planned to continue in more detail as soon as the 
programme has been approved . 

Design of a 10 kA HTS module using Bi-2212 tubes 

As an extension to the development programme, an alternative 
design of a 1 0 kA current Iead using Bi-2212 tubes cladded with 
AgAu sheath is being investigated. This option was not available 
yet at the begining of the task but has the advantage of being 
much eheaper than the tape option. Presently, two 5 kA tubes 
are being connected in parallel to form a 1 0 kA HTS module and 
will be tested at CRPP in October this year. During the test, two 
questions have tobe answered, i.e., what is the safety margin in 
case of a quench (this was the main reason to use the tape 
option in the stages A-2 and B of the development programme), 
and what is the current balance between the two tubes in both 
steady state and transient operation. 
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M 45 (N 11 TT 15) 
ITER Coil Casing and lntercoil Structures 

Background of these investigation series are the 25 t casting of 
the ITER model 2 full size mock-up produced by Creusot Loire 
lndustries (CLI), France and a thick section (80 mm) Type 
316LN commercial plate steel product Ioreseen for the design of 
ITER Toroidal Field Model Coil (TFMC) intercoil structures. 
Within this context the materials cryogenic mechanical 
properties have been determined at 7 and 4.2 K with respect to 
tensile, fracture toughness (6 mm diameter EDM notched bar), 
and fatigue crack growth rate. For a delivered heavy weid metal 
consisting of 316LN plate material the cryogenic fatigue life 
properties were established. Besides, the low temperature 
friction coefficients necessary for the design of wedges between 
intercoil structures are determined. To investigate the possible 
cracking reason of the heat treated TFMC pancake consisting of 
lncoloy 908 jacketed conductor, heat treatment experiments 
were performed by recording the very low oxygen concentration 
Ieveis at vacuum. ln addition, the ongoing activities with the 
installation of a new cryogenic mechanical test facility 
comprising a 630 kN tensile unit are described. 

Materials 

The supplied materials for the cryogenic mechanical 
investigations and heat treatment experiments are given in 
following: 

• A heavy block consisting of 316LN plate 80 mm thick material 
(produced by CLI) provided by Noell company. Material heat 
number is 60679 and the designation is C 516 ( see. Figure 
1 ). 

• Several blocks were provided by EFDA from different spatial 
positions of the full size 25 t casting (produced by CLI). 

• An 80 mm thick welded block (Type 316LN) with the MAG 
(metal arc gas) process was provided by Noell company under 
the designation of Fravit ( see. Figure 2). 

• Original superconducting cables (about 100 mm long) from the 
manufacturing route of the lncoloy 908 jacketed TFMC 
pancake. 

. 80 

Fig. 1: 80 mm thick Type 316LN metal sample and the position 
of the machined specimens 

The chemical compositions of the investigated intercoil base 
metal C516 are given in Table 1. 

4mm0 
tensile 
specimens 
transverse to 
welding 
direction 

4mm0 
tensile 

Fig. 2: 80 mm thick Type 316LN metal sample with a MAG 
weid metal and the position of the machined 
specimens inside the weid zone. 

Fig. 3: lncoloy 908 jacketed superconducting cable in as 
received state 

Table 1: Chemical composition of the investigated Type 316LN 
plate steel in weight %. 

Mat./ c Si Mn p I Cr Mo Ni N 
Codes s 
316LN .020 .49 1.58 .027/ 17.18 2.53 11.89 .160 
C516 .008 

Results with 316LN base metal 

Table 2 gives the results with the carried out tensile tests at 7 K. 
with respect to the 316LN plate material designated as C 516 . 
The scatter of the results are so far small with a statistical 
average and standard deviation of 204 +1-7 GPa for Young's 
modulus and 1007 +1- 20 MPa for yield strength, respectively. 
The material shows also a homogeneaus elongation in all three 
spatial orientations. 

For the fracture toughness measurements of the 80 mm thick 
Type 316LN plate material the JETT (EDM notched round bar) 
method has been applied. ln Table 2 all data obtained from the 
three spatial orientations are collected together and the 
measured J-lntegral test results are converted to K1c 
corresponding to the crack plane orientation. The achieved 
values of K1c show homogeneaus fracture toughness behavior 
of this investigated plate material. ln addition, the obtained 
fracture toughness data fulfills the specified Ievei of the common 
commercial Type 316LN plate materials. 
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Table 2: Tensile test results of Type 316LN 80 mm thick plate 
sample designated as C 516 at 7 K 

Spec. E Yield UTS Un EL. Tot. EL. 
qrie.ntilti9n. ........ GPil ....... MPil . .... MP.il .. ......... % ... % 

T-1 ?OQ 1 0!11 1RR? 40 47 

T-L, 193 1002 1631 43 50 
surface 
T-L, mid 204 1000 1619 42 42 

olane 
T-L, mid 206 1015 1641 40 40 

olane 
S-T 210 1009 1551 38 38 

S-T 211 1003 1616 43 49 

L-T 210 991 1620 43 49 
surface 
L-T 192 1026 1565 42 45 

surface 
L- T mid 204 977 1614 44 52 
olane 

L- T mid 198 994 1639 42 48 
olane 

E = Young's modulus, yield = yield strength, UTS = ultimate 
tensile strength, EL= Elongation (Un = uniform, Tot= total) 

Table 3: Fracture toughness test results of Type 316LN 80 mm 
thick plate sample designated as C 516 at 7 K with 
respect to different orientations 

Specimen Critical J K1c 
orientation N/mm MPa..Jn 

T-L, surface 251 226 
T-L, surface 306 250 

T-L, mid plane 280 239 
T-L, mid plane 255 228 

S-T 232 218 
S-T 246 224 

L-T, surface 220 212 
L-T, surface 296 246 

L-T, mid plane 290 243 
L-T, mid plane 259 230 

The fatigue crack growth rate (FCGR) tests of the material was 
conducted using small compact tension specimens of the size 
45 mm x 43 mm x 4 mm. Altogether three specimens were 
tested at 7 K. The results of these test are given in Figure 4. The 
drawn line gives the worse case of the investigated results and 
hence the Paris line coefficients are calculated using this trend 
line as C= 2.1 10-9 mm/cycle and m = 3.15. 
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Fig. 4: Fatigue crack growth rate test results of the material 
C516 (Type 316LN) at 7 K and at R = 0.1. 

Results with 25 t cast steel 

Following the experiences of the trial casting with one ton weight 
produced by company CLI the casting for the model 2 as a final 
piece for the ITER mock-up were investigated in a similar way 
with respect to cryogenic mechanical tests given in the paper 
[1]. Table 4 gives the obtained cryogenic tensile results 
determined in different spatial orientations of this heavy sample. 

Table 4: Results on tensile properlies of 25 t cast steel mock
up between 4.2 K and 7 K 

Size, mm& Young's Yield UTS Uniform 
Temp. & modulus strength elongation 

Grientation GPa MPa MPa % 

40,7 K, Y 159 944 1086 25 
40,7 K, Y 124 852 1055 40 
12 0, 4.5 K 179 800 1231 26 
He gas, Y 

12 0, 4.2 K, Y 173 870 1183 17 
40,7 K, Y 162 911 1216 33 
40,7 K, Y 176 847 1048 27 
4 0, 7 K, Y 214 877 1060 20 
40,7 K, Y 168 869 984 20 

As given, the Table 4 shows the results obtained with different 
size of specimens. ln fact, the measurements are carried out 
also between 7 K and 4.2 K resulting no significant differences 
of the major engineering tensile behavior. For a final judgement, 
the average of all results with respect to trial casting (1 t) and 
the 25 t casting were compared considering the spatial 
orientation. The results shows so far !hat the yield strength 
variation regarding the orientation is less significant for the final 
casting. Also the Young's modulus values are more 
homogenous and higher in case of the 25 t mock-up. The 
fracture toughness properlies at 7 K are also improved in case 
of the final casting. 

ln addition, the cast stainless steel showed no anisotropic 
behavior of the FCGR data. The measurements carried out at 7 
K show for the casting material a superior FCGR behavior 
compared with other alloys even compared to the aged lncoloy 
908. The fatigued surface appearance of the tested cast steels 
differ also considerable from the 316LN type structural steels. 
The high resistance against the cyclic loading with respect to 
crack growth can be attributed to the completely different 
microstructure owing to the big grain sizes, a common feature of 
cast steels. 

Results with 80 mm thick MAG weid meta! 

The welded 80 mm thick weid meta! sample (Fravit) showed 
after specimen machining ( see Fig. 2) several weid process 
related defects. The X-ray diagnostics of the compact tension 
specimens showed in both long and Iransverse weid 
orientations statistical distributed defects in the entire weid meta! 
(pores and flaws). To check the weid meta! performance in as 
received condition it was decided to perform fatigue life 
measurements at 7 K with the already machined common 
standard 4 mm 0 tensile specimens. All fatigue life tests were 
carried out in a temperature variable helium flow cryostat 
equipped with a MTS servo hydraulic uni! of +1- 25 kN Ioad 
capacity. The tests were performed at a Ioad ratio R ( Pmin I Pmax) 
of 0.1 and at 7 K. Prior to the test of specimen No 2 the stress -
strain behavior of the weid meta! was measured with loading 
and unloading of the specimen twice up to 1 % strain. This 
tensile measurement resulted a yield strength value of 1119 
MPa. The yield strength of the weid meta! with 1119 MPa 
shows !hat the weid metal has a considerable higher strength 
compared to the base meta! of Type 316LN. Therefore the 
thread section (with a cross section of 15.9 mm2

) of specimens 
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machined from transverse weid orientation and consisting of 
base metal is assumed to be the weak link of the system which 
could be confirmed by the tests. All specimens were directly 
cyclic loaded to the envisaged stress Ievei and the cyclic Ioad 
was held constant throughout the experiment. The plotted data 
with respect to stress versus cycle number in semi logarithmic 
scale confirm the following findings: Between the transverse and 
long orientation specimens there is an obvious tendency 
indicating that the transverse specimens cyclic life are inferior to 
the longitudinal specimens life. This can be attributed to the 
following circumstances; the longitudinal specimens consist of 
pure weid metal having higher yield strength values compared to 
the base metal and therefore this implies to a higher fatigue life. 
Contrary to that, the thread region of the transverse specimens 
consist of base metal and therefore these specimens are 
weaker compared to the specimens with pure weid metal. These 
tests are also not comparable with smooth section standard 
fatigue life specimens because of the failure of specimens at 
early stages due to the severe thread region. However, even 
with the existing high concentration stress at the thread region 
the material could resist stresses of circa 600 MPa for > 100 000 
cycles at 7 K. 

Results with heat treatment investigations on lncoloy 908 

During the heat treatment of the TFMC pancake consisting of 
lncoloy 908 jacketed conductor large SAGBO (Stress
Accelerated-Grain-Boundary-Oxidation) related cracks [2, 3] 
were observed after the process. Despite the precautionary 
measures including shot peening of the outer jacket surtace and 
keeping the oxygen content du ring the aging at 650°C below the 
0.1 ppm Ievei several longitudinal cracks were formed thus 
resulting to a rejection of the fabricated pancake. To investigate 
the oxidation conditions of the cable a measurements program 
has been started at Forschungszentrum Karlsruhe comprising 
heat treatment tests carried out in a resistance furnace specially 
installad for the aging process. The conductor or jacket samples 
were placed in the temperature constant zone (+/-0.2 K) of an 
one side closed 150 mm diameter quartz tube. A turbomolecular 
pumping device maintained a vacuum of 3 10-4 hPa at the 
process temperature of 923 K inside the quartz tube. The 
pressure was measured at the outlet, near the pumping unit and 
could be maintained constant throughout the process. The 
oxygen concentrations and the temperature was measured in 
situ directly at the vicinity (circa 10 mm apart) of the specimens 
using a high precision commercial gauge (Zirox Company, 
Greifswald, Germany) based on zirconia emf cell capable of 
measuring oxygen concentrations lower than 1 0'20 ppm between 
873 K and 1273 K. The aging process started after a 
temperature ramp up to 923 K and holding this temperature 
constant for the rest of the time. However, the oxygen could be 
recorded starting from 873 K. Oxygen content in ppm versus 
time data were acquired for several sample combinations, such 
as original as received non heat treated TFMC sample (Fig. 5) 
or lncoloy 908 jacket removed from the superconductor strands 
and calibration tests with empty furnace. 

The measured initial oxygen concentration of -1- 10-13 ppm (Fig. 
5) refers to an oxygen partial pressure of -1- 10'21 hPa (or 
-1- 10 '25 MPa or- 1· 10 '24 bar) accounting to the pressure of 
3. 10·4 hPa at the furnace outlet (with respect to air as reference 
of 210000 Vol ppm oxygen). The initially extremely low oxygen 
partial pressure is related to the rapid reaction of the oxygen 
with alloy constituents forming the reaction products (oxidation). 
This can be confirmed by the equilibrium oxygen partial 
pressures at 923 K of chromium and nickel according to the 
thermodynamics yielding for pure substances (chemical activity 
equal to unity) -10 '33 MPa and -10 '17 MPa, respectively. The 
nickel equilibrium oxygen partial pressure are thereafter much 
higher than the measured oxygen content by the emf cell. 
Therefore, in this initial stage of the aging the majority of the 
oxygen gas in the furnace atmosphere are involved with the 

oxide formation of the nickel surface and the emf cell region was 
oxygen depleted (low oxygen ppm) as the measurement shows. 
The oxidation phenomenon at the surface of the lncoloy 908 
forces the diffusion of the oxygen along the grain boundaries of 
the material. The drastic increase of the measured oxygen 
concentration to -2 ppm (or -3 10 '13 MPa) after a certain time 
at 923 K shows that the oxidation process is almost stopped and 
the equilibrium between the alloy constituents and oxygen 
partial pressure is maintained during the remaining aging time. 
The higher content of the oxygen is most probable given by the 
furnace system (leaks, pumping unit or eise). These in situ 
measurements could verify these phenomena owing to the 
capability of the oxygen content determination at the very site of 
the aged alloy. 
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Fig. 5: Oxygen content versus time diagram obtained for 
different samples during the 650° C aging process in a 
vacuum emf cell monitored furnace system up to 2000 
minutes. The dotted line at the far right gives the oxygen 
content of the empty furnace at 650° C as reference. 

As shown in Fig. 5 the oxygen take up kinetics of the lncoloy 
908 material in form of a jacket (tube) is very slow and takes 
several thousands of minutes up to thermodynamic equilibrium. 
Here the lncoloy 908 material determines the kinetics of the take 
up. Stainless steel structures (wraps) or analready aged lncoloy 
908 tube (saturated with oxygen) reach in a very short time their 
thermodynamic equilibrium. The stainless steel reaches at 
around -40 minutes whereas the once aged jacket structure 
reaches within some minutes the equilibrium. Cable without the 
jacket which consist of chromium plated superconducting 
strands or as received cable (complete cable including the 
jacket) show almost the similar kinetic behavior because the 
oxygen partial pressure conditions are determined by the 
chromium. However, this means that the oxygen gas still will 
diffuse through the jacket material(- 2 ppm after- 500 minutes) 
because of the high partial pressure. This concludes that the 
origin of the cracks observed in the lncoloy 908 pancake are a 
combination of an initial welding residual stresses and oxidation 
during the aging. lnvestigation of the oxidation indicates a fully 
penetration of the oxygen inside the jacket metal. A safe 
manufacturing of thin lncoloy 908 jacket would need first an 
understanding of grain boundary diffusion mechanism and 
setting up conservative actions to avoid it. 

Determination of friction coefficient at 7 K 

For the design of the ITER intercoil structures the necessary 
friction coefficient between plasma nitrided surfaces and 
machined 316LN material pairs were determined using a 
developed novel device capable to measure the axial and 
transverse forces during pressing of different material 
combinations. The obtained results show a decrease of the 
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friction coefficient from an average value of 0.3 at 300 K to 0.25 
at 7 K for the above given material combination. 

Installation of a new cryogenic test facility 

The need of axial fatigue life tests with ITER central solenoid 
superconductor jackets half size cross section necessitate the 
use of servohydraulic machines with high Ioad capacity. The 
target conductor jackets cross section of about 1 000 mm2 

require a cyclic peak Ioad of 1000 kN considering the upper 
point of S-N curve to be around 1000 MPa. This high Ioad 
restricts the to date worldwide existing machines considerably, 
because most machines have limiting Ioad capacities 
approximately around 200 - 100 kN. The problern is in the 
reality not so much the tensile testing machines but the 4 K rig's. 
So e. g., the existing 1200 kN machine at Breda Scientifico, 
Milan has the Ioad capacity but the 4 K rig is placed into an open 
dewar, which will Iead to high liquid helium Iosses due to the non 
existing helium recovery system. Therefore at 
Forschungszentrum Karlsruhe, it was decided to use the 
existing 630 kN servo hydraulic machine for such a task. The 
present 630 kN four column testing machine was in recent years 
part of the FBI test facility. To keep the FBI facility with the 100 
kN capacity rig in its original state the mechanical screw driven 
test machine (200 kN) of the materials testing Iabaratory was 
moved to the FBI site. At present state the 630 kN machine is 
positioned at the former site of the mechanical testing facility 
after structural reinforcement of the platform. The machine's 
control unit is foreseen for modemization with a new electronic 
control system. All necessary orders are placed and according 
to the present time schedule the new facility will be able to work 
at the end of 2000. 
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T 400-1/01 
TF Model Coil (TFMC) 

Subtask : 3d Quench Analyses with the Code System MAGS 

To investigate the effect of 3d heat conduction during quench at 
a delayed shut down a set of 3+ 1 pancakes of the Toroidal Field 
Model Coil (TFMC) was analyzed [1]. The pancakes were 
selected such !hat heat conduction between pancakes in the 
same radial plate and heat conduction between pancakes in 
different radial plates could be investigated. The fourth pancake 
is to provide undisturbed boundary conditions for the Helium 
flow analysis outside of coil. The shut down delay time was 
varied between 1 (s) and 10 (s) after quench initiation. 

The analysis has shown !hat 3d effects within one pancake, i.e. 
between the turns of the same pancake, are negligible here. 
This is because eddy currents and radial plate heating is 
considered, providing !arger heat fluxes to the downstream turns 
than the fluxes due to turn to turn conduction. Also heat 
conduction between the pancakes in the same radial plate is not 
important. One reason is that for the adjacent pancake quench 
propagation takes place via the inlet joint, causing such 
disturbances that effects due to transversal heat conduction are 
not to be seen. Another reason is the high current. This Ieads to 
a sharp temperature ramp and gives not sufficient time for heat 
conduction to become effective. Heat conduction to the pancake 
in the other radial plate is even less effective because of the 
insulation layer between the plates. 

ln terms of quench propagation the analysis has shown that 
propagation via the inlet joints within a radial plate is a reliable 
effect. Quench propagation via the manifold is also possible and 
will occur in TFMC if dump is considerably delayed. 

Literature: 
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T400-1/01 
Stress Analysis for the TFMC Tests in TOSKA 

Under this task finite element electromagnetic and mechanical 
stress analysis is performed to prepare, support and evaluate 
the Toroidal Field Model Coil (TFMC) tests in TOSKA (Task 
M44). 

The work to perform test predictions starting in the last period [1] 
was continued. The mechanical model used during the test 
design [4] was modified to meet the final design and extended 
concerning the supporting structure of the test assembly. First 
the predictions for the TFMC tested alone (single coil test) being 
the first test step were calculated [2,3] for the maximum current 
of 80 kA. As expected, the stress Ievei in this test is lower than 
in the two coil test and reaches a Ievei of about 40% The 
deformations of a coil slice are shown in Fig. 1 . 

Fig. 1: Single coil test (80 kA): undeformed (top) and deformed 
(bottom) coil slice 

A special aspect of the analysis was the effect of friction 
between winding pack and casing on the coil behaviour. So far 
in all predictions perfect sliding was assumed which should be 
pessimistic concerning the winding pack. But during the test the 
real friction behaviour may have some influence on the stressing 
of the different coil parts, especially on the joints which were 
recognized to be critical during the design phase. Since the 
actual friction parameter is unknown a parameter study with 
limiting friction values was done to get its importance. E.g. the 
uttermost influence on the coil part with the joints could be an 
elongation reduction of about 30%. 

Before the tests the predictions for the quantities going to be 
measured have to be assembled in the 'Test and Analysis 
Summary Report' [5] being in preparation. Our contribution is to 
give predictions for the mechanical sensors mounted on the 
outer coil case surface shown in Fig. 2. By post processing the 
results this has been done for the single coil test. But it could 
only be done using the above mentioned friction as parameter 
and the question arises, whether the measured values will allow 
for a determination of the actual friction behaviour. This was 
discussed in some detail in [3]. 

ln preparation of the two coil tests further analyses concerning 
the highly loaded side wedge is being done. Although, as 
reported in [4], local plastic deformations occur on that side 
wedge the Ioad bearing capacity of the wedge was judged to be 
not exceeded since it was shown by a submodel investigation 
that the plastic deformations will not accumulate during cyclic 
loading. But the used FEM model has some deficiencies 

concerning the applied coil loading and possible Ioad 
redistributions caused by plastic deformations. Therefore an 
extended submodel shown in Fig. 3 is under investigation. 
Compared to the previous model a quarter of the coil was added 
allowing for a better simulation of the Ioad transfer between coil 
and wedge for varying Ioad and plastic deformations. 
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Fig. 2: Mechanical sensors on the coil case: uniaxial strain 
gauges (GEl), rosettes (GRI) and displacement devices 
(GOI) 

side wedge L2 intercoil structure 

Fig. 3: Submodel with the highly loaded side wedge for plastic 
analysis 
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T 400/1-01a 
Test of the ITER Model Coils, Contribution to 
the Test of the ITER Central Solenoid Model 
Coil (CSMC) 

The goal of the Task is the participation of members of the 
European Horne Team (EUHT) in the installation and test of the 
CSMC as weil as application of existing and new developed 
codes for the evaluation of the lest results. The Task shall 
assure the transfer of experience of the CSMC test to the EUHT. 

The Forschungszentrum Karlsruhe is involved in the following 
fields: 

• Assessment of the croygenic system and the operation 
du ring testing of the CSMC 

• Behaviour of the CSMC against transient voltages 

1. Behaviour of the cryogenic system and the operation 
during beginning of testing of the CSMC 

The participation in the test from Forschungszentrum Kalrsruhe 
covered the period after an interrupted cool down and the start 
of the current tests aftersecend cool down. 

The first cool down had to be interrupted because a leak opened 
at the 20 K temperature Ievei. One staff member supported 
JAERI staff over a time of 3 weeks in the localization of the 
helium leak. 

After the secend cool down one staff member participated in the 
start-up of the current test. The CSMC was energized in steps to 
50, 80 and 100 % (46 kA) at a magnetic field up to 13 T. After 
each step the coil was ramped down and in a secend step a 
safety discharge with a time constant of 't = 20 s was performed. 
Most of the stored energy (99.8 %) was transferred into the 
dump resistor during the safety discharge. The cooling system 
was not disturbed. 

After 100 % current was reached and the coil stable operated at 
nominal current, current sharing measurements were performed 
by the injection of heated gaseaus helium slugs. Due to the 
powerful refrigeration system with a cooling capacity of 5 kW 
there was no restriction of the heater power used to generate He 
at current sharing temperature Tcsh· 

For the Tcsh measurements, the He inlet temperature of layer 1 
and 2 of the inner module was increased slowly at constant 
conductor current of 46 kA until current shearing valtage could 
be observed at a temperature of 7.2 K. At a valtage Ievei of 600 
mV the coil was manually dumped without a quench. The impact 
on the cryogenic system was negligible. 

This test was repeated with a conductor current of 40 kA and a 
temperature up to 9 K. Shortly after the manually dump the coil 
quenched with a !arge influence of the refrigerator system 
because of the heat input caused by the quenched conductor. 

The experiences gained during this test period will be used for 
planning and testing of the TFMC in TOSKA. The developed 
code (Multi conductor MITHRANDIR) for the TFMC test was 
already validated du ring the CSMC lest. 

The lower refrigeration power of 2 kW of the TOSKA facility has 
to be Iaken into account by the selection of the current sharing 
measurement parameters. 

2. Behaviour of the CSMC against transient voltages 

Counteracting switches are applied in the dump circuits of 
superconducting coils if the discharge valtage comes in the 
range of 5 kV. Fast capacitor discharges generate fast valtage 
transients across magnet winding which can Iead to non
linearities of the valtage distribution in the winding. This effects 
were studied by an electrical network model for the ITER TF full 
size coil and the TFMC. 

A network model for the CSMC is under development in 
collaboration with Institut für Energiesysteme und 
Hochspannungstechnik (I EH) of the University of Karlsruhe. 

Assuming a linear behaviour of the coil a low valtage pulse 
generator with pulse rise Iimes down to 1 j.!S was constructed 
and tested for experimental investigation of the ITER model coils 
and validation of the network model codes. 

S. Fink 
W. Herz 
A. Ulbricht 
G. Zahn 
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T 405-2/01 
Conductor Layout and Optimization 

The task has the objective to improve the performance and to 
find means to reduce the costs of the ITER conductors which 
means to use more effectively the current carrying capacity of 
Nb3Sn and NbTi. This requires a better quantification of the 
actual current behaviour inside large cable-in-conduit con
ductors as weil as qualification tests of new Iayouts. The related 
work program is divided into two parts: (i) investigations on the 
impact of end and self field effects and (ii) conductor 
optimization tests considering the tolerance of broken strands, 
the impact of transverse resistivity, the potential of separating 
copper from the superconducting strands. 

ln the stability experiment SeCRETs in SULTAN, CRPP, two 
cable-in-conduit conductors (CICC) are investigated considering 
the effect of additional copper strands besides the Nb3Sn 
strands. 

For having a data base about this conductors to evaluate and 
assess the experimental results of the SeCRETS experiment, 
four conductor samples, two of each type were investigated in 
the high field test facility FBI at Forschungszentrum Karlsruhe. 

The specified test program of the samples was as follows: 

• lc versus B curve at 0 applied Ioad, starting from 14 T, 
decreasing the field in steps of 0.5 T as long as the range of 
the power supply allows it 

• lc versus e curve at 14 T applied Ioad, in loading steps < 
0.05% 

• Load versus strain curve (taken during the lc versus e) 

The measurements were performed. The Final Report was 
submitted to EFDA July 2000. The Task was concluded. 

1. Conductors tested 

Two conductors, A and B, are manufactured by VNIINM 
(Moscow) with different Iayouts. Gonductor A is a typical ITER 
last but one cable stage, with all stabilizing material copper 
included in the superconducting strand cross section. Gonductor 
B has the identical non-Cu cross section and almost identical Cu 
cross section by adding pure copper strands. The Cu:non-Cu is 
reduced in the superconducting strands and the number of cable 
stages is three instead of four [1]. 

From each type of conductor two samples (SeCA112) and 
(SeCB112) have been prepared and heat treated for 150 h at 
575 oc and 200 h at 650 oc at CRPP. After the reaction heat 
treatment the samples were completed with terminal grips for 
force and current transmission. 

2. Results 

2.1 Critical current versus magnetic field 

The lc versus B results of all samples tested without strain are 
summarized in Fig. 1. The big scattering of the data of the two 
identical A- and B- type samples may reflect the different care 
during sample preparation and I or reaction heat treatment. 
According to the basicstrand test at the University of Twente the 
A - and B -type samples should have the same lc data. 

2.2 Strain dependence of critical current 

The typical lc versus e characteristic shows Fig. 2. The numbers 
attached to the curve represent the sequence of testing under 
loaded and unloaded conditions. First lc was measured at e = 0 

(10) (lco = 6.47 kA), then under Ioad up to (29) and without Ioad 
at (30) where plastic deformation amounts to 0.61 %. The 
sample was then loaded again up to (32) and 
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unloaded at (33). The peak, lcm = 8.49 kA, occurs at a prestrain 
of Em = 0.74 %, where the stress on the Nb3Sn filaments is 
expected to be zero or a minimum. The pre-strain results mainly 
from the difference in thermal stress between 316L conduit (and 
copper) and the filaments during cool down from reaction to 
liquid helium temperature. The ratio lco I lcm is a measure of 
critical current degradation due to pre-strain. lt amounts to 0.70 
- 0.81 at B = 14 T for these conductors. Former investigations 
reveal 100 I lcm"' 0.5 at 13 T [2] and should be even lower at 14 
T, since lco I lcm decreases with increasing magnetic field based 
on the strand results [3] , the lco data obtained in this work 
seemed to be reasonable, which means that lcm values are too 
low. The reason for this behaviour is not clear. One possible 
explanation could be that the axial loading of the conductor 
release the internal stress (axial and I or radial) on the Nb3Sn 
filaments of this complex cable 144 I 122 strands is less 
effective than at more simple composed cables (3 x3 x4 strands 
in [2]. 
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2.3 Stress - strain curve 

The stress - strain characteristic at 14 T and 4.2 K of the sample 
SeCB2 is shown in Fig. 3 and is representative for all samples. 
The stress is related to the total conductor cross section 
including voids. The run numbers attached to the curve 
correspond to those of lc versus E plot Fig. 2. Under these 
conditions the Young's modulus (E) and the yield stress (o;,) 
amount to about 70 GPa and 220 MPa, respectively. 
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Fig. 3: Stress - strain curve at 14 T and 4.2 K of conductor 
SeCB2 

2.4 Conclusions 

I 
1,2 

The big scattering of the of the lc versus B data reflects the 
difficulty of preparing identical samples. The results with respect 
to pre-strain (Em) confirm former experiences, however the max. 
critical current (lcm) is too low in this work. lnvestigations at 
conductors with similar parameters but smaller number of 
strands and more simple cable configuration may clarify this 
problem. 
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T 228.1 
lnfluence of Higher Hydrocarbons on Vacuum 
Pumping 

Higher hydrocarbons have systematically been found in the 
fusion exhaust gas of tokamaks with graphite first wall materials. 
The formation of these substances may be explained by radio
chemical reactions, induced by ß-radiation emitted by the tritium. 
The presence of higher hydrocarbons in the ITER-FEAT exhaust 
would necessitate highly demanding regeneration techniques of 
the cryosorption panels and it should therefore be kept at a 
minimum Ievei. Moreover, as the pumping speed performance of 
the cryopump provides a considerable contingency with respect 
to what is required for ITER-FEAT, a certain poisoning effect 
can be tolerated, thus requiring less frequent high temperature 
full regeneration, which is the ultimate regeneration stage within 
the three-stage concept developed for ITER-FEAT [1). 

To assess the regeneration conditions in detail, experiments 
were performed using an ITER-FEAT cryopanel mock-up in the 
component test facility TITAN, which was upgraded so as tobe 
able to inject defined quantities of liquid substances into the 
vacuum vessel. As the production mechanisms of potential 
higher hydrocarbons are still not yet weil understood, a broad 
range of gas Ioads was investigated. The panel was preloaded 
in the range of up to 0.1 Pam3/cm2• Due to the complicated 
Iransport path between the first wall region and the cryopump, 
the arrival of hydrocarbon species from the torus on the 
cryopanel becomes less probable with increasing molecular 
weight. On the other side, the regeneration problems are more 
drastic for high-boiling substances. Thus, to detect the operation 
Iimits of the pump, two untypically heavy hydrocarbons were 
used for the poisoning tests, namely n-hexane and i-octane. 
Pumping speed tests were performed with two different ITER 
exhaust model gas mixtures, so as to simulate DT-shot and H2-
shot conditions. The measured pumping speed decreases due 
to the accumulated gas Ioad are illustrated in Fig. 1. lt is re
vealed that the poisoning influence of water and n-hexane is 
quite moderate, but i-octane causes drastic pumping speed 
lasses. However, it should be noted that such !arge molecules 
are contained in the exhaust gas only to a very little percentage, 
if at all. The test results obtained in the TITAN facillty will be 
cross-checked at the Ievei of the model pump within the up
coming TIMO test programme (Task VP 1). 
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Fig. 1: Poisoning effects of higher hydrocarbons on pumping 
of two different model gas mixtures, comprising 
hydrogens and helium as indicated. The water results 
are given for comparison [2) 

To assess the impact of the pumping speed curves plotted in 
Fig. 1, they have to be related to the actual gas compositions 
(impurity contents) and flow rates encountered in ITER-FEAT. 
For a typical scenario [3), 17 allowable pumping cycles with only 
85 K regeneration in between are obtained. The 50% decrease 

in pumping speed (which is just the contingency compared to 
what is required for ITER) accompanied with that is caused by 
poisoning due to air-likes with 30% and owing to the hydrocar
bons with 20%, whereas the water influence is negligible. After 
the 17 cycles a complete regeneration may be initiated. An only 
300 K regeneration step performed at that point of time would 
release the air-likes and still allow for 7 more cycles to follow. 
The Iongest pulse of 3000 s presently foreseen for ITER-FEAT 
operation corresponds to only 4 consecutive pump cycles. This 
illustrates tne !arge margins and flexibilities available in the 
cryopump system, thus affering enough time to regenerate 
earlier than necessary from the poisoning point of view to allow 
for reducing the tritium inventory [1). 
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VP 1 
Cryopump Development and Testing 

1. lntroduction 

The final acceptance tests with the ITER-FEAT-model pump 
have been performed in the test facility TIMO. Travelling time, 
positioning accuracy and leak rate of the main valve were 
checked. The cryogenic consumptions of the 5 K and the 80 K 
circuits were determined. Pumping cycles with pure gases have 
demonstrated the pumping behaviour under different 
throughputs, valve positions and loading capacities. 

Parametrie tests with ITER-FEAT-relevant gas mixtures using 
the 700 I cryostat have also been started. 

On the basis of the pumping and regeneration tests performed 
in TITAN pumping seenarios for the future ITER-machine were 
developed. 

The COOLSORP facility for qualification of charcoal materials at 
cryogenic temperatures (5 - 15 K) has started its operation. 

The components for upgrading the TIMO-facility have been 
prepared. 

2. Final acceptance tests 

The objective of the final acceptance tests was the verification of 
the contractual design values during certain specified operating 
conditions [1]. 

Valve actuator of 
tne main inlet va\ve 

Fig. 1: 3D view of ITER model pump 

2.1 Main valve 

The combined regeneration and throttling valve at the pump inlet 
is an integral part of the pump assembly (see Fig. 1). A travel 
time of less than 10 s is specified in order to adapt pump per
formance to fluctuations in divertor pressure and exhaust gas 
flow rate. 

The specified pressure range of 0.1 - 10 Pa over which pump 
throughput is to be held constant by throttling, requires a posi
tioning accuracy of ±1 mm over the total stroke of 400 mm. 

The valve disc is cooled with 300 K water to avoid heating up by 
the 450 K hot walls of the test vessel which simulates the diver
tor duct of the ITER-FEAT. During closed position a metallic 
HELlGOFLEX HND 229 sealing with a diameter of 700 mm is 
used to achieve the specified leak rate of 1 o·3 Pam3/s. With 1 0 
KN force of the pneumatic actuator a leak rate of 1 o·5 Pam3/s at 
a pressure difference of 2 x 103 Pa was measured which is weil 
below the design value. 

2.2 Cryogenic supply rates 

The requirements of the maximum allowable heat Ioads to the 
80 K circuit and the 4.5 K circuit are a criterion for the quality of 
the insulation and consequently for the consumption of the 
cryogenic fluids [2]. 

The heat Ioads were determined by the enthalpy difference of 
the 4.5 K supercritical Helium flow and the 80 K gaseous He 
flow. To include the heat Iosses in the cryotransfer line with a 
total length of 6000 mm and the heat Iosses in the pump struc
tures the inlet and outlet temperatures have been recorded in 
the cold box. The pressure of the model pump and the insulation 
vacuum in the cryotransfer line were kept below 1 o·3 Pa for all 
measurements. 

With a mass flow rate of 1 0 g/s supercritical Helium a heat Ioad 
of 18.7 W to the 4.5 K He circuit was measured which is ap
proximately a factor 2 better than the designed value of 30 W. 

The measurement for the 80 K GHe circuit was performed with a 
mass flow rate of 50 g/s and yielded a value of 258 W which is 
also a factor 2 better than the specified target value. 

Table 1: Heat Ioads to the 4.5 K and the 80 K circuit 

Circuit Component Specified Measured Pressure in 
included heat Ioad heat Ioad cryotransfer 

line and 
modelpump 

[W] [W] [Pa) 
Cryotransfer 

80 K 
line 80 K-
shielding, 500 258 < 10'3 

80 K-baffle 

Cryotransfer 

4.5 K 
line 4.5 K 

panels 30 18.7 < 10-3 

2.3 Contractual pumping requirements 

For verifying the designed pumping speeds the single gases Ne, 
He, Hz and 0 2 were used. 

For the tests the opening position of the main valve has been 
kept constant while the throughput of the process gas has been 
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adjusted to 100, 300, 500, 800, 1000, 3000, 5000 sccm; the 
latter corresponds to about 50 % of the ITER-FEAT maximum 
throughput. in a series of test runs the valve has been progres
sively opened to 5, 10, 25, 35, 50, 1 00 %. For each step the 
given parameters of throughput were checked. The pumping 
time for each throughput was 3 min. Between each interval there 
was a stop of 5 min to reestablish the equilibrium pressure. After 
the last dosage step the gas Ioad on the pumping panel was 
3250 Pam3 which is close to the ITER-FEAT value. The pump 
was regenerated by heating up the pumping panel with an 80 K 
gaseous Helium flow of 100 g/s maintaining the baffle and 
shields at 80 K. The achieved heating up times with this flow 
were approximately 150 s. After pumping down the released 
process gas the pumping panels were recooled to 4.5 K and the 
next lest run with increased valve opening was started. The 
cooling down Iimes are in the range of 150 s with a supercritical 
He mass flow of 30 g/s. 

The max. pumping speed values for single gases at a 100 % 
opened inlet valve are shown in Table 2. As expected the H2 

gas with the lowest molecular weight has the highest pumping 
speed. But there is not a strict proportionality to the square root 
of the reciprocal value of the molecular weight, because He will 
be fixed by adsorption to the charcoal partielas while the other 
three gases will be pumped by a combination of condensation 
and adsorption. That causes different sticking coefficients for 
each gas, which explains the above mentioned difference. 

Table 2: Pumping speeds for single gases with throughputs of 
1 00 - 5000 sccm. 

Gas Valve Max. Max. SC He 80 K Panel tem-
opening pumping gas mass GHe perature 

speed Ioad flow mass distribution 
on rate flow du ring 

panels rate pumping 
[%] [m3/s] [Pam3] [g/s] [g/s] [K] 

Ne 100 34 3250 30 50 5.0-6.5 

He 100 54 3250 30 50 5.0-6.5 

D2 100 58 3250 30 100 4.5-6.5 

H2 100 72 3250 30 100 5.0-6.5 

The design value of 40 m3/s pumping speed for D2 was weil 
achieved. 

3. Parametrie tests 

3.1 Pumping behaviour of pure gases 

The influence of the valve opening and the throughput of the 
process gas is shown in the 3D-diagramm, Fig. 2. lt shows the 
specific pumping speed of Ne, related to the pumping panel 
area of 4 m2, versus the valve opening and the throughputs. 
There is a strong throttling efficiency until an opening ratio of 
35 %. Then the inlet gap of the main valve increases and throt
tling efficiency diminishes. However, there is no constant Ievei of 
pumping speed at 1 00 % opening, but an increase at higher 
throughput. That means the conductance of the valve is a Iimit 
for the pumping speed and the valve can still be used to control 
the throughput even when nearly fully opened. 
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Fig. 2: Pumping speeds for Ne at different valve openings 
and throughputs 

ITER-FEAT relevant throughputs (10 000 sccm = 4.6 Pam3/ 
s-m2) which have been doubled compared to the ITER-FDR 
values, were checked with helium and a valve opening of 35 %. 
Table 3 lists measurement results obtained at approximately 
1 0 %, 40 % and 100 % of that typical flow rate. lt becomes 
obvious that the pumping speed is not very much influenced by 
the resulting increase in panel temperatures at higher flow rates. 
The increase in flow rate by a factor of 10 (at constant valve 
position) is accompanied with a simultaneous increase in the 
inlet pressure, but an even stronger increase of the pressure 
inside the pump. 

Table 3: Dependance of pump performance on He throughput 
conditions at 35 % valve opening 

Surface- Surface- Pressure Pressure Panel 
related flow related inside outside temperatures 

rate pumping pump pump 
speed 

[Pam3/s•m2] [l/scm2] [Pa] [Pa] [Pa] 

0.435 0.42 10'2 10'1 5.5-5.7 

1.832 0.50 6•10"2 5•10"1 5.9-6.3 

4.600 0.50 3•10"1 9•10"1 7.6-7.9 

3.2 Pumping behaviour of mixtures 

Fig. 3 gives a more detailed insight into the interrelation of 
pumping speed, valve position, throughput and the pressure 
conditions upstream and downstream of the main valve for a 
fusion exhaust model gas mixture, containing 86.6 % D2, 10 % 
He, 1.3% CO, 1.1 % CH4, 0.6% co2. and 0.4% C>2. The 
pumping speed values obtained at 4 different valve positions 
(100 %, 35%, 25% and 10% open) and varied throughputs 
(between 100 and 5000 sccm) are plotted twice, firstly, vs. the 
pressure inside the pump, and, secondly, vs. the pressure at the 
pump inlet. lt is revealed that the pumping situation inside the 
pump depends only on the throughput, but is completely de
coupled from the valve position, whereas the pressure at the 
pump inlet can be adjusted by appropriate choice of the valve 
position. This demonstrates that the inlet valve has excellent 
control properlies and is suited to establish the specified inlet 
pressure range between 0.1 Pa and 10 Pa [3]. 
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Fig. 3: Pumping speed characteristics for a fusion exhaust 
model gas, illustrating the control influences of variable 
throughput and valve position 

Due to optimised pump design by Monte-Cario simulation, the 
dependence of pumping speed on gas composition could be 
reduced to an absolute minimum. This is illustrated in Fig. 4, 
where 4 gas compositions are compared, viz. pure helium, pure 
deuterium, D2-base (deuterium containing 3.6% impurities), and 
D2·base mixed with 1 0 % helium. All these gases have approxi
mately the same molecular mass, which means that any differ
ence in pumping speed is not caused by mass discrimination 
effects but by the physics of pumping. He and deuterium, which 
have different sticking coefficients by a factor of 5 show almost 
the same pumping speed behaviour. These characteristics allow 
for a simple and uniform pump control by the main valve, inde
pendent from the actual gas composition. 
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Fig. 4: Dependance of pumping speed on composition of the 
gas mixture to be pumped at two different valve 
positions and varied throughput 

Within cross-check tests, it could be demonstrated that the 
pumping speed values can be exactly and reliably reproduced. 
The parametric tests made so far confirm a robust and well
determined pump design. Presently, additional pump tests 
covering H2-containing systems are performed and more de
tailed tests are scheduled to follow after the upgrade of the 
TIMO facility. 

4. The leak detection operation scenario 

The leak tightness within the primary vacuum boundary and the 
torus is a crucial point, as the impurity influx due to leaks must 
be reduced to an absolute minimum. Thus, for ITER-FEAT a 

10-10 Pam3/s He leak rate shall be detectable in a background 
hydrogen isotope flow of 5·10·3 Pam3/s (4], which corresponds to 
a required sensitivity of the leak detection system of 5-107

• The 
idea for ITER-FEAT is to combine a selective pumping system, 
which suppresses the hydrogen relative to the helium, with the 
sensitivity of a high-resolution mass spectrometer. To achieve 
this, the cryopumps shall be operated partly (half of the pumps) 
at elevated temperature. This Ihreshold temperature has to be 
chosen in such a way that hydrogen isotopes are still pumped 
with He pumping being suppressed. Thus, a certain selective 
amplification of the He flow signal relative to the lowered hydro
gen background is achieved. 

As the relevant He flow rates are extremely small, no direct 
pumping speed measurements could be made to assess the 
needed temperature range. But own experiments were consid
ered to be mandatory as the values for zero He pumping given 
in Iiterature are very diverse, covering the whole range from 
20 K up to 60 K. Therefore, pumping speed data were derived 
from rate of pressure change measurements when the facility 
was filled up with helium or a helium containing gas and the 
cryopanel was cooled to 5 K and warmed up again. Such meas
urements were performed in the component test facility TITAN 
and validated for the model pump in TIMO, see Fig. 5. 
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Fig. 5: Helium ad- and desorption behaviour as a function of 
panel temperature during natural warm-up of the 
cryopanel in the two facilities TITAN and TIMO 
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Fig. 6: Pumping speed values for helium vs. panel tempera
ture. The bold curve indicates a common fit of static 
(small symbols) and dynamic (big squares) 
measurements 

The final pumping speed measurements which were derived 
from Fig. 5 are plotted in Fig. 6. This figure also contains some 
results from dynamic measurements at high throughput condi-
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tions, which fit the overall impression very weil. A decrease in 
He pumping speed by four orders of magnitude is achieved at a 
panel temperature of about 30 K. Thus, in combination with the 
best high resolution mass specs offering a maximum resolution 
of 5000 to 10000 (at mass 4), a dynamic range of 8 orders of 
magnitude in total is possible. This demonstrates that the very 
high requirements for the ITER-FEAT leak detection system are 
technically feasible, when the cryopumps are involved. As hy
drogen desorption starts at temperatures not below 50 K, the 
optimum temperature window for this operation of the cryopump 
system is between 40 and 50 K. 

5. Upgrading of TIMO 

The main objective of the TIMO upgrade is to achieve ITER 
relevant cooling times of the panels of the model pump and a 
significant increase of the number of experiments. Therefore, it 
is necessary to install a new 2600 I cryostat and a new 200 I 
water bath in the TIMO facility. The new cryostat with a maxi
mum super critical helium mass flow-rate of 250 g/s has been 
manufactured by Air Liquide, whereas the new water bath is 
produced by an industrial company. ln the period of this report 
the new cryostat has been delivered and installad in a new steel 
scaffold. Afterwards the new cryostat was connected to power 
and compressed air supply. Furthermore the cryostat devices 
and sensors were wired to its switch board. ln the meanwhile 
the old cryostat and water bath were removed from the facility 
and preparations were made to install the new water bath which 
will take place in October 2000. The cryostat is going to be 
connected to the valve box and the liquid helium supply line by 
cryo transfer lines which are supplied by the company CryoVac. 
The cryo transfer lines are already manufactured, pre-checked 
and delivered. They will be assembled also in October 2000. 

Another essential objective is to verify the quality of the regen
eration of the cryo-panels. Forthis reason it is important to have 
an appropriate equipment to store the desorped and exhausted 
gases of one pump cycle in a gas collecting tank. ln this gas 
collecting tank a uniform gas temperature distribution is 
achieved and the sampling and analysing of the collected gases 
with a quadrupole mass spectrometer can be carried out. An 
exact analysis of quality and quantity of the released gases of 
one pump cycle will be possible. The gas collecting tank has a 
volume of 1 00 litres and is designed to store hydrogen by a 
maximum absolute pressure of 1.5 bar. The calculated maxi
mum hydrogen explosion pressure of 14.5 bar and the design of 
the vessel were proofed and accepted by the TÜV. The manu
facturing of the vessel is presently running and it is anticipated 
to be installad until the end of the year 2000. 

6. COOLSORP Facility 

The COOLSORP facility for characterisation and optimisation of 
cryosorbent materials has successfully been built and been set 
into operation, see Figs. 7 and 8. 

The lowest temperature measured at the cold head was 2. 6 K 
(at zero refrigeration power). The long-time temperature con
stancy was excellent, e.g. 4.20 K ± 0.05 K over 24 h to simulate 
LHe conditions. Typical cool-down times from ambient to about 
4 K with filled sample holder are about 6 h. Due to the 1 00 W 
heating device installad at the cooler's second stage, the whole 
temperature range up to 100 K is achievable. Fig. 9 illustrates 
two first measurement results for the microporous granular 
charcoal material SC-11 which is the reference material for the 
ITER-FEAT cryosorption panels. The intended test programme 
will include several charcoal materials of different porosity and 
activation. 

Fig. 7: View of the COOLSORP sample holder, filled with 
granular activated charcoal material 

Fig. 8: Photograph of the cryocooler part of the COOLSORP 
facility, providing 1 W cooling power at 4 K 
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Fig. 9: Measured sorption isotherms in the COOLSORP 
facility. The pressure is related to the saturation vapour 
pressure, which is about 1 atm in both cases. 
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TR 1 
Tokamak Exhaust Processing 

Demonstration of CAPER with Tritium 

The requirements of the tritium plant for ITER have been 
persistently detailed in the last decade and have led to 
increasing demands, especially for the Tokamak Exhaust 
Processing (TEP). Efficient multistage processes have been 
designed and commissioned to demonstrate the very high 
detritiation factors required. The CAPER facility of the Tritium 
Labaratory Karlsruhe (TLK) is operated under different 
conditions expected during the various operational phases of 
ITER to validate by integrated experiments the three step 
process proposed by TLK and to test main components on a 
long term basis. 

For plasma burn pulses of up to 450 seconds two front-end 
permeators are foreseen for the separation of molecular 
hydrogen from impurities in the present TEP design of ITER
FEAT, each with an active Pd/Ag area of 1 m2

• They are 
operated at 400°C and feed pressures of up to 0.25 MPa 
supplied by feed and transfer pumps used to evacuate the torus 
cryo-pumps. At TLK the performance of the CAPER permeator 
PP001 (first process step) was tested under the operational 
conditions expected for the ITER front-end permeators. 
Hydrogen isotope mixtures (approx. 12% H, 83% D and 5% T) 
from a reservoir and impurities (He with 2% 02 and 1% 02 
passed over a catalyst to generate water) were fed into the 
permeator while keeping the feed and permeate pressures 
constant by control valves at the bleed and permeate outlets. 
The flow of impurities was automatically controlled to achieve 
the selected impurity concentration. The break-through 
behaviour of the permeator PP001 (active Pd/Ag area 0.21 m2

) 

is plotted in Figs. 1 and 2. 
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Fig. 1: Break-through behaviour of PP001 for mixtures of 6% 
helium and 0.12% water vapour in hydrogen at different 
feed pressures. The permeate pressure is kept constant 
at 0.025 MPa. 

Fig. 1 clearly shows that an increase of the bleed pressure from 
0.11 to 0.17 MPa moves the occurrence of any break-through of 
hydrogen from 12 to 18 mol/h. Fig. 2 presents various break
through curves for different permeate pressures demonstrating 
low 02 bleed at high feeds and low permeate pressures. ln 
summary, high pressure operation of the front-end permeators is 
possible and advantageaus with respect to their permeation 
behaviour, maximum acceptable impurity concentrations, 
number and size of pumps on the permeate side and finally cost 
of the auxiliary equipment needed. The experimental results will 

be employed to further refine the mathematical model developed 
to predict the performance of permeators operated under ITER 
conditions. 
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Fig. 2: Break-through behaviour of PP001 for mixtures of 6% 
helium and 0.12% water vapour in hydrogen at different 
permeate pressures. The feed pressure is kept constant 
at0.15 MPa. · 

The main components of the CAPER facility, !hat is the methane 
cracker (KT001), the water gas shift reactor (KT002) and the 
permeators (PP001 and PP002) have been operated almost 
continuously since their commissioning in 1994 at 500°C, 200°C 
and 400°C, respectively. The catalyst reactors and the Pd/Ag 
membranes are heated by one and two thermocoax cables, 
respectively, and each inlet tube of these components by one 
pre-heater. Next to each heater a spare one is installed. The 
heaters are controlled in burst firing mode with zero valtage 
switching. Four of the main heaters of KT001, KT002 and 
PP002 no Ionger function. ln the case of KT002 and PP002 the 
spare heaters are currently in use. Both main heaters of KT001 
are defective and the reactor can only be heated by means of 

'the inlet tube heaters - a solution now used until a new methane 
cracker is installed. Each of the main heaters of KT001 failed 
after approximately three years of operation, whereas those in 
KT002 and PP002 functioned for more than six years. The 
thermocoax heaters of these first generation components are 
simply wound around the primary containment, are kept in 
position by stainless steel foils spot-welded to the primary wall 
and are installad in weil evacuated secondary containments. 
The heat Iransport from the thermocoax cables to the reactors 
occurs mainly via radiation and not by heat conductance. 
Furthermore, the shielded thermocouplas used for the control 
loops are not in direct contact with the heaters which can Iead to 
higher local temperatures of the thermocoax heaters than 
actually indicated. These factors probably caused the limited 
lifetime of the heaters. ln recently built components, e.g. the 
PERMCAT or the new methane cracker to replace KT001, the 
thermocoax heaters are installed in grooves machined in the 
outer surface of the wall to permit good heat transfer, which is 
the recommended construction technique for ITER-FEAT. 

Before the replacement of the defective methane cracker from 
the impurity processing loop (second process step) of CAPER the 
tritium inventory in the catalyst bed was determined and tritium 
removed as far as possible. The 02 inventory in KT001 was 
measured to be 0.055 moles from exchange reactions of pure 
deuterium with the catalyst material assuming that the 02 
inventory is constant and that the hydrogen isotopic ratio in any 
hydrogen containing species is the same as in the catalyst. 
6.2% of the hydrogen inventory was tritiated, yielding a tritium 
inventory of 7.32 TBq (200 Ci). Five detritiation runs removed 
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6.3 TBq (170 Ci) from the catalyst. During the first two cycles 
!arge amounts of methane were generated, but afterwards a 
rapid decrease in CQ4 product was observed as the catalyst 
became depleted in carbon. 

The PERMCAT (third process step) is a TLK development of a 
permeator with the main feature that the feed/bleed volume is 
filled with a catalyst and that the permeate side is operated in 
counter flow mode with H2. The impurity stream leaving the 
PERMCAT is thereby detritiated and the protium purge gas 
tritiated. The catalyst supporting the exchange between protium 
and chemically bound tritium plays an important role in 
achieving the very high detritiation factors. A flow through 
apparatus equipped with an FT-IR spectrometer was therefore 
built for the analysis of various gas mixtures (e.g. CHJD2/He, 
HdCO/He) before and after their passage over a variety of 
catalysts at 400°C. The optimum catalyst supports the isotope 
exchange reaction in any hydrogen containing species, but does 
not promote side reactions such as the conversion of carbon 
monoxide to hydrocarbons (methanization) and is not poisoned 
by other gas species present in TEP. From quite a number of 
different catalysts prepared at TLK a Pd catalyst supported on 
silica showed high isotope exchange rates with the CHJD2/He 
mixture, but almost no methanization at the Operation 
temperature of 400°C with the H2/CO/He mixture. Very recent 
results however indicate that in the presence of CO the isotope 
exchange rate on the Pd catalyst is reduced due to (reversible) 
poisoning. The preferred catalyst for the PERMCAT is therefore a 
Ni based catalyst supported on kieselguhr. 

M. Glugla 
K. Günther 
R. Lässer 
T.L.Le 
R.-D. Penzhorn 
K.H. Sirnon 
Fa. D. Niyongabo 



-- 64 --

TR2 
Development of Tritium Instrumentation 

Analysis of Tritiated Species by Laser Raman Spectroscopy 

The unprecedented Ieveis of Raman signal and sensitivity 
enhancements that have been achieved at the Tritium 
Labaratory Karlsruhe (TLK) with the new Laser-Raman analysis 
system LARA have been submitted for publication in a 
manuscript "Enhanced Raman Sensitivity using an Actively 
Stabilized External Resonator". Earlier observations of 200-fold 
enhancements interred from measurements of circulating power 
within the ßctively §tabilized E;xternal ßesonator (ASER) have 
been affirmed by comparable enlargements in Raman signals. 
Also significant improvements in Raman detectability have been 
achieved using LARA. Hence Laser Raman spectroscopy is weil 
suited to provide real-time quantitative analyses in tritiated gas 
mixtures of all tritiated chemical species as weil as analyses of 
impurities and other species simultaneously, including excellent 
differentiation among hydrogen isotopes as seen in Figure 1 
showing the rotational Raman spectrum of a sample from a 
deuterium cylinder containing traces of HD. 
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Fig. 1: Rotational Raman Spectrum of D2 with HD impurities 

LARA is operated within a movable glove box currently located 
inside a small room especially constructed in the TLK main 
experimental hall for Laser protection purposes. After alignment 
and calibration the LARA glove box can be repositioned and 
directly connected to experiments such as CAPER or to 
infrastructure units such as the Isotope Separation System for 
on-line and in-line analyses. ln these cases Laser protection is 
provided by shutters installad at all window sides of the LARA 
glove box. 

Quantitative analyses of tritiated gas mixtures with completely 
unknown compositions require the precise calibration of LARA 
for both spectral locations and intensities of Raman lines. As the 
first step of an absolute calibration of LARA, initial rotational 
Raman spectra such as shown in Figure 1 have been recorded 
of both deuterium and hydrogen, and a software program 
LARAROT.C has been written to analyze the relative hydrogen 
isotope concentrations. As these spectra were recorded right 
alter aligning LARA for optimal vibrational Raman signals from 
hydrogen, an inconsistency in the basic wavelength drive of the 
Triax-320 spectrometer from the company ISA was observed 
from the displacements of the rotational Raman lines by as 
much as 60 pixels from their expected locations. This problern is 
currently being solved in collaboration with ISA. ln parallel 
efforts continue to improve the software for LARA. Another 
peculiarity in the TRIAX-320 spectrometer/CCD that had not 
been notable in previous Raman systems is an apparent tilt in 
the spectral focal-plane at the CCD, which also requires 
appropriate adaptations in calibrations. After satisfactory 
completion of all calibrations and alignments have been 

demonstrated using mixtures of protium and deuterium, the 
subsequent sealing of the glove box will bring to LARA the 
capability of quantitative analyses of tritiated gas mixtures with 
sensitivity unprecedented by Raman spectroscopy. 
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TEP3A 
Tritium Storage in ZrCo 

Zirconium-cobalt (ZrCo) is the currently accepted reference 
material for the Storage and Delivery System (SDS) of the ITER
FEAT Tritium Plant to store and handle pure deuterium and 
deuterium/tritium mixtures. This has triggered intensified and 
increasingly practice oriented ZrCo-related research at the TLK. 
To permit good comparison between uranium and ZrCo, the 
Tritium Storage System of the TLK, previously equipped with 
only live uranium storage beds, was recently upgraded by four 
additional uranium beds and one containing ZrCo (max. storage 
capacity 8.9 g tritium). All ten beds of the Storage System are of 
identical construction. 

Loading/unloading experiments were carried out using the 
combined Tritium Storage and Tritium Transfer Systems of the 
TLK. ln practice, the accountancy vessel of the Transfer System 
was first filled with deuterium and then the gas was loaded on to 
the cold getter bed containing either zirconium cobalt or 
uranium. The gas absorbed by the getters was determined by 
pvt-procedures. After completion of the getter loading, the getter 
was heated and the released gas pumped into the accountancy 
vessel employing a pump combination. To simulate conditions at 
the SOS of ITER-FEAT two different heating procedures were 
applied: 

• heating the getter bed up to 300°C followed by pumping into 
the accountancy vessel maintaining the temperature 
constant 

• heating the getter bed up to 300°C followed by pumping into 
the accountancy vessel while progressively increasing the 
temperature 

The results indicate that under the employed conditions the 
sorption rate by zirconium-cobalt is slightly Iaster than that of 
uranium. The experimental evidence also shows that deuterium 
is released Iaster from ZrCo than from U. 

To investigate the isotope effect of the hydrogen release from 
the ZrCo/02 (Q = H, D, T) system, the getter was first loaded 
with tritium and subsequently with deuterium. The absorbed 
hydrogen isotope mixture was then released into the 
accountancy vessel of the Tritium Transfer System and 
analysed by radio gas chromatography employing a grab 
sampling procedure. Then the released hydrogen isotopes were 
again loaded on the now cold ZrCo getter and the treatment, i.e. 
heating of the getter up to 320 oc, repeated. Sampling and 
partial de-loading of the getter bed was repeated several times. 
Typically, when deuterium/tritium mixtures were released from 
ZrCo, the tritium concentration of the initially liberated gas was 
found to be higher than ofthat initially loaded onto the getter. ln 
agreement with this, when similar experiments were performed 
with H/D-mixtures, deuterium was predominantly released. 
Summarising, it can be concluded that at 320°C the heavier 
hydrogen isotopes are released more readily from ZrCo than the 
lighter ones. ln ongoing experiments this kinetic effect is being 
further investigated at other temperatures and at various getter 
loading. When the ZrCo bed was loaded with a T2 90%- D2 10% 
mixture, tritium was found to be enriched in the initially released 
gas. However, the effect was found to be comparatively small. 

During several consecutive experiments the ZrCo getter of the 
Tritium Storage System was fully disproportionated and 
thereafter completely regenerated. ln general, after the 
maximum release pressure (570 mbar) was attained a 
progressive pressure decrease was observed until the 
disproportionation of ZrCoOx (Q = H, D, T) was completed. 
When equilibrium conditions were established the gas pressure 

remained constant. Experiments with D2 and T2 indicate that 
Iaster disproportionation rates occur with the lighter hydrogen 
isotopes. The getter was regenerated by heating up to 470°C 
while fully evacuating with the available pumping system. After 
an integral pumping time of 15 h the loading/deloading 
properties of the ZrCo were completely restored, which 
demonstrates that this getter fulfils important requirements for 
the storage and handling of tritium. 

The residual amount of tritium remaining trapped in a uranium 
getter bed after baking depends on the prolongation of the 
heating and on the temperature. Results of earlier investigations 
indicate that the hydrogen tenaciously trapped in uranium after 
baking at 527 oc is about 1.8 x 1 o·5 mole/g uranium. Analogous 
experiments were performed with tritium using ZrCo. To this 
effect a transportable storage vessel identical to those 
containing uranium presently used at the TLK for the transport of 
tritium was designed and build. The bed was filled with 160 g of 
ZrCo turnings and hydrided. After four loading/de-loading cycles 
the storage capacity reached a Q/ZrCo ratio of 2.69. The getter 
bed was then loaded with 1.21 x 1015 Bq tritium. ln two tests the 
bed was heated up to 470°C and then evacuated while the de
sorbed gas was collected in the accountancy vessel. The 
residual tritium in the bed was determined with a calorimeter. 
The measurements show that under the employed conditions 
the amount of tenaciously trapped tritium is higher in ZrCo than 
in uranium. According to the Iiterature the tritium remaining 
trapped in uranium was estimated to be 9 x 1 012 Bq/mole, which 
is about ten times higher than the value found for ZrCo. 

U. Besserer 
R.-D. Penzhorn 
R. Brandt (Uni. Marburg) 



TR4 
Tritium Extraction from Plasma-Exposed 
Graphite and Carbon Fibre Composite Tiles 

For the development of technology for the removal of 
tritium from first wall materials previously exposed to 0-T 
plasmas it is first necessary to determine accurately the 
total content in and - even more important - the distribution 
of tritium within the tiles. Forthis reason i) a TFTR graphite 
tile exposed to 0-0 plasmas only, ii) a JET graphite tile 
exposed to low tritium Ievel 0-T plasma, and iii) several 
JET carbon fibre composite (CFC) divertor tiles as weil as 
a graphite poloidal limiter tile, all previously exposed to 
high tritium Ievel 0-T plasmas, have been examined with 
respect to their plasma-facing surface and depth tritium 
content employing a full combustion technique and a pin 
diode. method. 

Basically, cylindrical specimens were drilled from the tiles 
using a hollow drill and from the cylinders disks were cut 
employing a diamond-grinding disk. For a tritium depth 
determination by the "coring"/pin diode method the rear 
side of each disk was marked with a small scratch to allow 
the unequivocal identification of the obverse and reverse 
sides. Each disk was then examined from both sides 
employing a portable, windowless pin photodiode detector. 
Measurements were performed while flushing the chamber 
with approx. 50 [ml/min] of helium. The depth resolution of 
this technique is less than one micrometer and the 
detection Iimit under helium is of the order of 109 [T/cm2

]. 

Results from pin diode measurements performed on disks 
obtained from JET divertor tile IN8s1 have been compiled 
in Table 1. The minimum and maximum depths correspond 
to the obverse and reverse side, respectively. From the 
results it is evident that with progressing distance from the 
plasma-exposed surface a decrease in tritium 
concentration is clearly detectable. 

The full combustion technique was chosen because of its 
simplicity, sensitivity, and high accuracy. To obtain 
accurate tritium depth profilas in graphite and CFC tiles 
cylinders were drilled at pre-determined positions of 
selected tiles and disks were cut as above. The tritium 
content in each disk was determined following a technique 
which basically consists in full combustion followed by 
liquid scintillation counting (LSC) of the liberated tritium 
trapped in a bubbler placed downstream of the combustion 
chamber. 

The tritium depth profile determined by full 
combustion/LSC expressed as total tritium in the disks was 
compared with that obtained with the pin diode procedure 
for the surface tritium on each side of each disk. With the 
exception of a few pin diode values at a depth of about 15 
mm, the correlation between both measurements is 
surprisingly good. Even the increase in tritium 
concentration usually observed at the rear side of the tiles 
is registered by both techniques. The good correlation is 
possible because the surface concentration on each disk is 
mostly determined by that in the bulk of the disk and not by 
spurious surface concentrations originating from such 
plasma/wall interactions as co-deposition, implantation, 
erosion, etc. which as a rule Iimit the usefulness of a 
surface tritium detection. 

The surface concentrations of tritium on the analysed CFC 
tiles showed usually variations within a factor of 4 - 25. 
Occasionally, however, much !arger Variations, i.e. by a 
factor of 126, were observed, which is caused by an 
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exceedingly high contribution from a co-deposited layer at 
the plasma occulted side of the tile. in view that very high 
Ievels of co-deposits were found on the lateral side of tile 
OTE1/IN3s1 it was of interest to compare the depth profile 
from the plasma-facing side of the tile having fibre planes 
parallel to the plasma with one from an immediately 
neighbouring site but taken from the edge of the tile 
through the fibre planes. 

Table 1: Tritium depth profile from the JET inner wall 
divertor tile IN3s1 determined with the pin diode 
method 

Depth Upper side of Lower side of 
min/max disk disk 

[mm] [Bq/cm2
] [Bq/cm2

] 

1.45/2.45 2260 663 

2.90/3.90 640 605 

4.35/5.35 601 603 

5.80/6.80 552 381 

7.25/8.25 375 318 

8.70/9.70 345 311 

10.15/11.15 291 225 

11.60/12.60 229 192 

13.05/14.05 155 154 

14.50/15.50 173 151 

15.95/16.95 222 106 

17.40/18.40 427 133 

18.85/19.85 126 113 

20.30/21.30 82 85 

21.75/22.75 70 58 

23.20/24.20 65 45 

24.65/25.65 60 68 

26.10/27.10 72 68 

27.55/28.55 65 51 

29.00/30.00 61 73 

30.45/31.45 116 221 

The results show that in spite of the very high tritium 
concentration in the thin surface layer the concentration of 
tritium drops rapidly with depth and then changes only little 
in the direction through the fibre planes. The tritium profile 
between the planes from the plasma-exposed side on the 
other hand drops initially less sharply but then continues to 
decrease exponentially with increasing depth. The two 
lines cross at the depth/concentration point at which both 
tritium profilas have the same values, i.e. about 7 mm, an 
indication that diffusion between the carbon fibre planes is 
much more efticient than through the planes. 

Tritium was found to be present in the bulk of all examined 
JET and TFTR tiles (see Table 2). in general, the lowest 
tritium bulk concentrations were found in the graphite tiles, 
i.e. TFTR, JET FTE/004/2-20 and OTE1/PL4B Mod 78 
TOP. While the presence of tritium in the bulk of the first 
two tiles was identified with certainty, it was not possible to 
obtain reliable values due to the very low concentrations, 
i.e. barely above the background of about 10 Bq. ln the 
PL4B poloidal tile, on the other hand, removed from the 
torus after completion of the OTE1 campaign, the lowest 
activities were of the order of 20 kBq, which are easily 
distinguishable from the background. Since the activity in 
the PL4B tile is distributed fairly uniformly within the bulk 
without showing any clear depth profile it is probably 



located in the graphite macro porosity possibly retained by 
an isotope exchange mechanism. 

No correlation between the concentration on the tile 
suriace layer and that in the bulk of tiles is recognisable. 
The bulk concentration seems to be primarily determined 
by the ion flux. 

lt should be kept in mind that the measured tritium 
concentrations were obtained after the tiles had been 
subjected to numerous deuterium plasmas, glow discharge 
cleanings and other wall conditioning treatments. lt is 
therefore probable that the measured values are below the 
steady state values reached after prolonged machine 
operation. 

Table 2 summarises the impact of the tritium profiling 
results on the tritium inventory in the divertor region of 
JET. The large contribution of co-deposit layers on the 
shadowed edge of tile IN3s1, previously identified as 
highest, is now less than that in the bulk of tile IBN4. 
Another Observation is that the inner divertor tiles and floor 
constitute by far the most tritium-contaminated zone in the 
divertor. 

The following general conclusions can be drawn from the 
first obtained experimental results: 

• method for the detection of tritium on suriaces 
provided the tritium is distributed homogeneously. 
Under these condition a good correlation between the 
absolute amount in the bulk and on the suriace is 
achievable. Possible applications of the technique are 
therefore the characterisation of the bulk of tiles and 
waste certification. 
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• While in isotropic graphite poloidal tiles the bulk 
concentration of tritium appears to remain at very low 
Ievels, i.e. about 0.2 % of that on the tile suriace in a 
layer only a few 1 0 11m thick, in the case of CFC 
divertor tiles the tritium bulk concentrations can be as 
high as three times that found in the co
deposited/implanted suriace layer. 

• No straight torward correlation was found between the 
tritium co-deposited/implanted on the on the CFC tile 
suriaces and the tritium penetrated into bulk. 

• The pin diode technique is a rather reliable and 
sensitive 

• Some divertor tiles of CFC were found to contain a 
particularly large fraction of tritium in the bulk. This 
type of tritium retention, which comes in addition to 
implantation, Co-deposition and the production of 
tritium by transmutation, had not been recognised 
previously. The bulk fraction is likely to increase with 
temperature and appears to be influenced by the ion 
flux on the divertor target tiles. Further investigation is 
required to elucidate the mechanism of hydrogen 
isotope retention. 

• The existence of a significant tenaciously held tritium 
fraction in the bulk of first wall materials that 
accumulates and is released slowly represents an 
inventory with a long time constant. The Saturation 
Ievels in a routinely operated machine are expected to 
be higher than those found in this work and still need 
to be determined. 

Table 2: Camparisan of the tritium fraction in the bulk of a TFTR and several JET tiles 

Tile designation Cylinder Depth Totaltritium in Total tritium in Fraction of 
examined examined bulk first mm depth total activity in 

depth the bulk 
No [mm]* [MBq]# [MBq]** % 

TFTR 121-1 SN011 HOC/95-2 [a] many 12 0.0022 <2 

JET FTE/004/2-20 many 12 0.0066 < 1.1 

Poloidal tile DTE1/PL4B Mod 78 TOP 2 18.2 0.67 275.93 0.20 

Innerwall divertor DTE1/IN3s1 1 37.2 27.36 39.82 40.7 

Innerwall divertor DTE1/IN3s1 2 31.2 18.06 29.40 38.1 

Innerwall divertor DTE1/IN3s1 4 32.4 31.86 12.43 71.9 

Divertor base tile DTE1/1 BN4 1 35.3 185.44 99.30 61.6 

Divertor base tile DTE1/BN7 3 31.70 34.94 28.61 18.1 

Outer wall divertor DTE1/1 ON8 2 29.8 7.03 50.1 

The exammed depth was hm1ted by holes at the back or the t1le 1tself. 

# The total tritium in the bulk was obtained from the sum of the tritium concentration in all the disks plus that estimated to be in 
the cuttings plus that obtained by extrapolation of all measured tritium concentrations to a depth of 0.2 mm. 

lt was assumed that most of the activity in the first mm depth was in a layer < 50 11m thick. 
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• The large fraction of tritium present in the bulk of the divertor 
tiles is not recoverable with methods !hat only treat the 
surface, e.g. Iaser irradiation, exposure to an open flame or 
any gas/solid interaction treatment. Simple isotopic 
exchange with protium or deuterium is also not expected to 
be effective. 

N. Bekris 
U. Berndt 
J.P. Coad, JET-UKAEA 
D. Knebel, HVT-HZ 
R.-D. Penzhorn 
H. Ziegler, HV-HZ 
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TR5 
Tritium Recovery from Liquid and Solid Wastes 

Work on the detritiation of molecular sieve (MS) beds with the 
AMOR facility at the Tritium Labaratory Karlsruhe (TLK) is 
ongoing. So far almost 4 tons of MS's from the dedicated 
Tritium Retention Systems and from the Central Tritium 
Retention System of the TLK have been successfully 
regenerated without releases or contamination. The tritium 
Ieveis of the water collected from the MS beds have fluctuated 
within the range (4 - 40) x 1010 Bq/1. The water content of the 
beds containing about 15 kg of MS is reduced from < 1 0 to 
about 1 % by weight. The recovered tritiated water is collected in 
a transportable 50 I vessel and after cementing disposed of by 
the Hauptabteilung Dekontaminationsbetriebe (HOB). 

Valuable experience has accumulated at the TLK on the degree 
of tritium contamination of tubing, valves, components, sensors, 
etc. during the upgrading of the Isotope Separation System 
(ISS) by a new gas Chromatographie displacement column 
manufactured at the workshops of FZK. Because essentially the 
components of the previous ISS were only contaminated by 
molecular hydrogen isotopes, the observed contamination 
Ieveis, as determined by smear tests, were comparatively low. 
Most intervention activities were thus possible with the open 
glove box. Only when primary lines were opened was it 
necessary to work with a closed glove box while operating the 
dedicated Tritium Retention System. 

The development of technology for the detritiation of oils from 
pumps employed du ring the operation of the experimental fusion 
machine JET is continuing. The effectiveness of noble metal 
catalysts finely distributed within the oil to promote the exchange 
with gaseous hydrogen bubbled through the oil was examined 
and found to be successful. More work, however, is necessary 
to optimise the procedure. 

With the purpose of developing a water detritiation process for 
JET a new research activity was initiated in 2000 aimed at 
identifying a suitable hydrophobic catalyst for the exchange of 
hydrogen isotopes between molecular hydrogen and water. 
Three catalysts, manufactured in Russia, Romania and Belgium, 
are being compared in approx. 2 m long glass columns operated 
in counter current mode. The performance of the columns is 
being evaluated by analysing the effluent gaseous and liquid 
phase by mass spectrometry, infrared spectroscopy and 
conversion of deuterated water into deuterated molecular 
hydrogen species on a zinc bed. ln addition, a model has been 
developed that allows comparison between experimental results 
and theory. Fora better comparison the effect of gas velocity on 
the HETP's of the various columns is being examined in detail. 
After verification of the model it will be used for the optimised 
design of the large technical scale columns required for JET. 

H.-D. Adami 
N. Bekris 
U. Besserer 
I. R. Cristescu (guest scientist) 
I. Cristescu (guest scientist) 
L. Doerr 
R.-0. Penzhorn 
S. Weite 
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TR6 
Tritium Extraction and Helium Purification 

The ITER Helium Cooled Pebble Bed (HCPB) Test Blanket 
Module (TBM) will comprise helium loops for tritium extraction 
from the breeder zone and for purification of the coolant, both 
described in previous reports. One main component in these 
loops will be a cryogenic cold trap for the removal of tritiated 
water vapour. An existing cold trap has been installed in a pre
test facility in the TLK to investigate its efficiency to remove 
extremely small concentrations of water of the order of 10 ppm 
byvolume. 

The cold trap offers the following features: 

two separately operated pre-coolers, 

variable gas throughput and relatively small gas velocity in the 
freezing zone 

electrical heating in selected regions of the cooling plates in the 
freezing zone to adjust the temperature profile (Fig. 1 ). 

With this trap a series of tests was carried out. The first results 
obtained this year are presented below. 

Fig. 1: The freezing zone of the cold trap 

As shown in Fig. 2, under bypass conditions the three 
hygrometers show the same dew point temperature (point 1 
Fig. 2) almost corresponding to the 1 0 ppm water certified by 
Messer Griesheim (gas supplier). 

After the CT has reached a constant temperature, the helium 
gas flow was allowed to pass through the trap (point 2 in Fig. 2). 
The humidity Ievei measured by the outlet hygrometer dropped 
and reached a stable dew point temperature of nearby -82 oc 
corresponding to a water vapour concentration of about 
0,4 ppm. 

An increase of the LN2 flow rate from 24 to 35 1/min improved 
the efficiency of the water retention of the trap. This is shown by 
the outlet hygrometer, which indicated a -86 oc dew point 
temperature corresponding to 0,2 ppm of water vapour (point 4 
in Fig. 2). The same experiment repeated with high er throughput 
of He containing ab out 160 ppm of water vapour ( -38 oc in DP), 
with maximum peaks at 305, 605 ppm and 550 ppm water, 
showed once again, that at the outlet an extremely dry gas 
leaves the CT containing less than 0,02 ppm of water vapour (< 
-98 oc in DP). ln the most favourable case the resulting humidity 
reduction factor was approximately equal to 32 000 (Fig. 3). 
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Fig. 2: Low He flow rate containing 10 ppm of water vapour 
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. Fig. 3: High He flow rate containing high amount of water 

The results of these first experiments have demonstrated the 
ability of the cold trap concept to reduce very effectively the 
water vapour content of a helium stream at high flow rates 
(1m%), down to less than 0.02 ppmv even when the inlet water 
concentration is about 300 ppmv or higher. ln such conditions 
the water reduction factor achieved was nearly 15 000. 

ln the HCPB testprogrammein ITER-FEAT the test of neutronic 
and tritium production (NT-TBM) is foreseen. Forthis phase a 
Tritium Measuring System (TMS) has been proposed: 

ln this process the carrier gas (He+ 0,1% H2) will "rinse" the NT
TBM and exchange its hydrogen with the tritium produced in the 
breeder material. Then the hot gas passes through a reduction 
bed of Zr-Fe, Mn or Zn at a temperature of about 400 oc where 
the reduction of water to the constituent gases, hydrogen or 
hydrogen isotopes, and oxygen occurs. The oxygen is fixed as 
an oxide on the metallic or intermetallic alloy in the reduction 
bed while the hydrogen (HT,T2) is released downstream. After 
reduction the tritiated gas is cooled and the hydrogen isotopes 
are collected on appropriate Uranium or ZrCo beds. The tritium 
activity is measured either "on-line" or afterwards by calorimetry, 
by measuring the heat released by tritium decay. 

N. Bekris 
E. Hutter 
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T 456/02 
Development of a Tritium Compatible Roots 
Pump 

Pumping Test of a Roots Pump under ITER Relevant 
Conditions 

ln present and future fusion devices large mechanical pump sets 
are needed to evacuate the plasma volume and to cope with the 
large gas amounts released during the regeneration of the cryo
pumps. Due to the large gas streams to be processed in ITER
FEAT Roots pumps with a pumping speed of a few thousand 
cubic metres per hour (two parallel Roots pumps of 4200 m% 
each with one Roots pump of 1200 m% in series) are proposed. 

Large tritium amounts (in the average up to 100 Pam%) will 
pass through these Roots pumps. Therefore, an important 
requirement for their use is their adaptation for operation under 
ITER relevant conditions. The main aspects with respect to 
tritium compatibility are the achievement of a total leak tightness 
of better than 1 o·9 Pam%, the removal of any contact possibility 
between the radioactive gases and the oil needed for lubrication 
of the gears and bearings as weil as the use of materials which 
do not change their properties in the presence of tritium. 
Commercially available Roots pumps do not fulfil the three 
conditions. Roots pumps are normally sealed by elastomer 0-
rings which will become brittle when in contact with gaseaus 
tritium. Furthermore, the oil filled volumes of these pumps 
communicate with the pumping volume and as a consequence 
the oil will become tritium contaminated and the pumped gases 
oil contaminated. 

A fully tritium compatible Roots pump can be designed in the 
following way: 

1. The specified leak tightness can be achieved by the total 
replacement of the elastomer 0-rings with metallic seals. 

2. The transfer of gas between the oil filled volumes and the 
pumping volume is stopped by the use of special Ferrofluidic 
Vacuum Seals mounted 'inboard' of the four rotor shaft 
bearings. (ln ferrofluidic seals the high leak tightness is 
achieved by a special ferrofluidic liquid kept in position by 
magnetic field lines. A ferrofluidic seal contains two 
components: a liquid with a very low vapour pressure and a 
colloid of approximately 100 A magnetite (Fe304) partielas 
equipped with surfactants to avoid clustering. Such seals 
can withstand large pressure gradients and are nowadays 
used in computer hard discs to stop dust entering and in 
ultra high vacuum equipment as rotary feed through.) 

3. The use of only tritium compatible materials. 

Many weil known companies affering Roots pumps were 
contacted, but none was interested in installing ferrofluidic seals. 
Only one was willing to replace the 0-rings by metallic seals. 
Finally, a special company producing Roots pumps for the oil 
and chemical industry was found with experience in using 
ferrofluidic seals in blowers at higher pressures. 

As the companies selling the ferrofluidic seals were unable to 
guarantee the required leak tightness for ferrofluidic seals in the 
proposed application it was decided to build first an 
experimental test rig and to test the ferrofluidic seal under the 
conditions the Roots pump will be operated in. A tritium 
compatible Roots pump should be only designed and 
manufactured when the test proved the required leak tightness 
of the ferrofluidic seal. 

This special test rig equipped with a magnetic coupling 
transmission, with metallic seals and a ferrofluidic seal was 
designed and constructed. The tests showed convincingly that 

the ferrofluidic seal fulfilled the expectations. No He-4 leaks in 
the 1 o·9 Pam% range were detected at He-4 pressure up to 
more than 0.1 MPa(a) and Independent of the rotation speed of 
the shaft up to the maximum speed of 3000 rpm. lndications of 
very small leaks of 1.5x1 0'11 Pam3/s and 3x10'11 Pam3/s were 
observed at 1500 rpm and 3000 rpm, respectively. 

Quantitative leak determination in the 10'11 Pam% range is quite 
difficult, but it can be stated with confidence that the Installation 
of ferrofluidic seals and the addition of He to the oil filled 
volumes will stop the cross contamination between the oil filled 
volumes and the pumping volume. Further advantages are that 
the oil change and any maintenance to the bearings and other 
components can be done at a far lower risk as the tritium 
cqntamination is kept within the pumping volume. Finally the 
disposal of the oil will be far easier than when it is contaminated. 

The next step will be a contract with industry for the design and 
manufacture of a tritium compatible Roots pump fulfilling the 
three requirements discussed above and the demonstration of 
this pump in a closed loop, initially filled with inactive gases, but 
finally topped up with tritium to simulate the deuterium-tritium 
exhaust gases for ITER-FEAT. 

H.-D. Adami 
R. Lässer 
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Safety Analysis 
and 

Environmental Impact 
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SEA3 
Reference Accident Sequences - Magnet 
Systems (2) 

Subtask 2: Magnet System Safety 

Within the subtask 3.2 FZK investigates the thermal behavior of 
magnet systems du ring severe accidents. 

ln terms of code development the work concentrated on the 
development of a new module for MAGS to simulate conductor 
insulation failure in a toroidal field (TF) coil built with radial 
plates. The module named GOnductor INsulation LOSS 
(COINLOSS) solves the Laplace equation for voltage for those 
coil areas and/or radial plates, which have contact to the 
conductor, caused by insulation failure. From the voltage field 
currents are calculated and the resultant power for each mesh 
element. The module is based on the mesh of MAGS for 
solution of the heat balance and handles mesh elements with 
different material properties, e.g. conductor, steel or insulation. 
Boundary conditions are given by a) intact insulation mesh 
elements b) the first conductor mesh element with failed 
insulation and c) the last conductor mesh element with failed 
insulation. ln b) a current source is introduced with a source 
strength determined by the electrical circuit analysis of module 
MSCAP, in c) a voltage is placed, calculated by module OHM. 

For insulation failure presently a simple model is used: Failure is 
identified if eilher the insulation temperature rises above an 
assumed failure temperature, e.g. 700 (K) or an adjacent metal 
mesh element reaches melting temperature, e.g. 1700 (K). The 
consequence of failure is that the thermal and electrical 
conductivity of these mesh elements are set to those of steel at 
this temperature. lgnition of arcs is not yet included. This is 
possible in a next step and requires definition of arc ignition 
criteria and calculation of arc voltage or resistance, respectively. 
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Parallel to the development of COINLOSS the material 
properties in MAGS for copper and steel were extended to cope 
now also with melting and evaporation. 

COINLOSS has been used to analyze the unmitigated quench 
for ITER FEAT [1]. The complete coil including the coil case was 
modeled using about 110 000 mesh elements. Helium flow is 
not taken into account, see Figure below, quench front 
propagation was simulated with module HEXAN determining 
quench front location with a simple analytical formula. 

The solution proceeds pretty slow, only about 50 (s) of problern 
time could be solved so far. Nevertheless some important 
results can be deduced: a) due to the winding technique of 
double pancakes insulation failure progresses towards the outer 
turns b) while insulation is intact current, i.e. heat source, and 
heat are kept in the cable space. c) if insulation has failed 
current and heat sources are relocated and the stored heat can 
be redistributed because of better heat conductivity of the 
insulation mesh elements. 

For the ITER FEAT safety report a study of internal arcs has 
been performed considering the toroidal, poloidal and central 
solenoid coils [2]. lt could be shown that the darnage is limited to 
a small area in the coil. The seenarios with only one shorted turn 
show only some insulation destruction and dump can proceed 
regularly. ln all other cases, where more turns are shorted, a 
shorting arc ignites and destroys the conductor over a certain 
length. As the jacket is able to carry the short current, no 
subsequent arcs are ignited and dump proceeds almost 
regularly with almost all magnetic energy dumped into the dump 
resistance and the inductively coupled structure parts. No 
noticeable heating of significant coil volumes is observed. 

2 

Fig. 1: Voltage distribution in a high field coil cross section. 
counted from right pancakes, 1 through 4, running in radial direction, are superconducting, pancakes 5 through 9 are 
normal conducting and pancakes 10 through 12 are superconducting. For pancakes 6 through 9 conductor insulation 
has failed. lnsulation between radial plates, housing a double pancake each, is intact 



Another study considered a shorting arc at the bus bar of a 
TF coil near the cryostat wall [3). lt could be shown that the 
hole in the cryostat wall, burnt by the arc is in the order of 0.1 
(m2

). This hole is so small that there are no concerns in the 
context of a release of radioactive material. The analysis 
shows that an important effect in this accident sequence is 
the quench of the shorted coil. Most of the energy initially 
stored in the coil and commuted to the coil can be dissipated 
in the large coil mass and only a small fraction is converted in 
the arc. 
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SEA5 
Validation of Computer Codes and Models 

Magnet analysis code MAGS 

The validation of MAGS-module CRYOSTAT has been 
continued by predictions for the EVITA condensation 
experiments at Cadarache. A group of analysts from different 
Iabs accompany these experiments. Our results [1] were 
discussed and compared to the results of the other group 
members during a meeting with the EVITA staff, leading to an 
agreed test matrix for EVITA. 

For the specified tests pre-test calculations have been 
performed by all participants. ln these tests water steam at 0.7 
(MPa) and 165 (° C) is injected into the vacuum vessel at a mass 
flow rate of 2.1 (g/s). Condensation takes place at the VV wall 
and 1 or on the cryogenic plate of 0.1 (m2

) cooled with liquid 
nitrogen at different flow rates. The comparison and analysis of 
the results showed a big influence of heat transfer models and 
material properties data used. The CRYOSTAT results were in 
essence the same as found by the other codes. ln some cases, 
however, especially where a frost layer is covered by a liquid 
layer differences showed up. 

Therefore it was decided to axtend the single layer condensation 
model of CRYOSTAT to a multi layer model. This will allow to 
handle frost layers near the cryogenic plate covered by a liquid 
layer with individual properties data for each layer. 

Besides improvement of the MAGS code, for better analyses 
also meaningful experimental data have to be provided. ln two 
areas work has been done: a) contact resistance between jacket 
and copper braids and b) electrical properties of insulation 
material at elevated temperatures. 

Contact resistance experiments: ln ITER the es cable is 
surrounded for mechanical reasons by a thick steel jacket in the 
main coils. For the occurrence of arcs, MAGS calculates a rapid 
growth in arc length, and a high electric field strength. Hence, it 
must be investigated to which degree the electric current does 
not escapes into the steel jacket ('shunt effect'). Forthis parallel 
current to be calculated, not only the electric resistance of the 
jacket, but also the transition resistance between the cable and 
the jacket, also in the return direction, must be known. Therefore 
two experiments with a conductor piece of type CS1.2B, not 
heat treated, 100 (mm) long and rounded, have been done at 
temperatures between 20 ec) and 320 (0 C) to measure the 
transition resistance between cable and jacket as a function of 
temperature history. The experiment assembly is shown in the 
Figura below. 

ln the course of the experiments [2], it was found that in case of 
increase of the temperature of the conductor specimen, the 
transition resistance between cable and jacket is reduced. 
Simultaneously the structure of the cable will be altered. This 
can be seen by the fact, that the transition resistance at ambient 
temperature is changed after a temperature excursion to higher 
temperatures. lf the temperature excursion Ieads to 
temperatures higher than 200 (0 C), the transition resistance at 
ambient temperature will be enlarged. 

Using the analogy between electrical and heat conduction and 
using a computer program like CATIA-ELFINI it is possible to 
calculate the shunt Rsh (t) formed by the jacket in dependence 
of the length of the arc, the value of the transition resistance and 
the temperature t ec). The experiments showed, that within an 
accuracy of about 20% and in the temperature range of 20 (0 C) 
and 320 ec) the shunt formed by the jacket of a CS1 conductor 
parallel to an arc can be calculated in Ohms by the 
mathematical equation Rsh (WC)) = 5.43 * 10'10 * t2

- 3.78 * 10'7 

* t + 1.56 * 1 o·4
, assuming an arc of 20 (mm) length. The 

contribution of the jacket resistance is 2*10'5 (Q). 

Fig. 1: Test apparatus to measure the transition resistance 
superconductor strands versus conductor jacket. 

Two half shells of copper are pressed onto the cable 
jacket to provide a homogeneous current flow in radial 
direction. 

Electrical insulation experiments: lnsulators surround conductors 
in magnetic field coil systems. lf unmitigated quenches occur, 
temperatures higher than 2000 (K) can be reached. ln the case 
of ITER-FEAT the insulator is composed of polyimide film co
wound with pre-impregnated glass fibers. Because the behavior 
of such an insulation at temperatures higher than 300 (0 C) is not 
weil known, experiments were started, to measure the resistivity 
of such an isolation as a function of temperature. 

First experiments done with a double-sided printed circuit board 
of FR-4-type and then with a layer of impregnated spun glass 
Iabries and with copper electrodes revealed, that already at a 
temperature of approximately 130 (0 C) the resistivity of 
impregnated spun glass Iabries feil below 1·108 (Qm), the 
beginning of the wide range of semiconductors ( 1-10-6

- 1·108 

(Qm) ). The application seems sufficient. ln the temperature 
range from 20 to 700 e C) the resistivity p of the impregnated 
spun glass fabric in Ohms can be calculated by the equation 
p(WC)) = exp{28·exp[-(t/200)2

] +20*exp[-((t-450)/200)2
] 

+9,5*exp[-((t-700)/150)2
]}. To enlarge the knowledge to higher 

temperatures experiments with stainless steel electrodes and 
with specimens consisting of polyimide film co-wound with pre
impregnated glass are planned [3]. 
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SEP2 
Doses to the Public 

Dose assessment for potential European ITER sites is an 
ongoing task. Dose assessments for releases into the 
atmospheric under routine and accidental conditions were 
summarised for the potential European candidate sites 
Cadarache, Greifswald and for an ltalian site in [1]. Mainly 
potential individual doses and areas affected by proteelive 
measures were evaluated for three types of accidents, all of 
them placed in the event sequence categories IV ('extremely 
unlikely events') and V ('hypothetical sequences'). The results of 
both the accidental and routine release seenarios were also 
compared to site independent dose Iimits defined in the frame of 
ITER. 

Annual doses from routine releases (CA T-l) are close to 1 11Sv/a 
for the atmospheric source terms. ln none of the release 
seenarios of category CAT-IV the ITER Iimits were exceeded. ln 
addition, relevant characteristic quantities (e.g. 95% fractiles) of 
the early dose distributions from the hypothetical seenarios of 
type CAT·V are below 50 mSv or 100 mSv, values which are 
commonly used as lower reference values for evacuation in 
many potential home countries of ITER. These site specific 
assessments confirmed that the proposed release Iimits and 
thus the derived dose Iimits for a generic ITER side are unlikely 
to exceed the national criteria for evacuation. 

As banning of contaminated feed- and foodstuffs has been 
identified as potential important, investigations have been 
performed to evaluate the present guidelines with respect to 
tritium [2]. For tritium, new maximum permissible Ieveis of 
contamination are under preparation within the European Union. 
The proposed values are 10 times higher than those applied for 
cesium, the leading nuclide after the Chernobyl accident. 
However, the dose conversion factor of HTO is more than 100 
times lower than that of Cs-137, thus the present proposal 
seems to be too conservative. A similar situation is valid for 
tungsten, an important nuclide in case of releases of activated 
dust. For tungsten, the same Ievei of contamination as for 
cesium has to be applied whereas the dose conversion factor is 
more than 20 times lower. 

Work has been started to evaluate the compliance of ITER 
source terms with dose targets for emergency, delayed and long 
term actions which might be initiated after a potential accidental 
release of tritium and activation products. A methodology is 
being developed which allows the easy scaling of potential ITER 
source terms with respect to national intervention Ieveis. Tothis 
purpose the source term is subdivided into three parts, 
containing activated dust, activated corrosion products and 
tritium. Tungsten was selected as a first material to apply this 
approach. First results are expected by end of 2000 I beginning 
of 2001. 

Within the BIOMASS (BIOspheric Modelling and ASSessment) 
project testing of tritium models for routine releases into the 
atmosphere and hydrosphere is nearly completed. Five different 
seenarios have been set up covering both fixed environmental 
conditions to test individual model features and using measured 
data from sites in Canada, Russia and France to test the overall 
performance of existing assessment codes for routine releases. 
NORMTRI [3] together with a computer code describing the 
water movement in the upper soil participated in four of the five 
scenarios. The evaluation demonstrated, that NORMTRI can be 
applied for nearly all atmospheric release Situations despite its 
underestimation of the concentration in soil. For the scenario on 
the Canadian site, results obtained with NORMTRI were closest 
to the measured values. 
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FU05-CT 2000-00003 (EFDA/99-514) 
ITER Tritium Plant Design 

Design of the tritium fuel cycle of ITER-FEAT 

The Tritium Plant of ITER-FEAT is essential for the operation of 
the machine after the initial hydrogen phase, as tritium will be 
produced from DD reactions. Within the fuel cycle of the toka
mak deuterium and later also tritium will be provided to the 
fuelling systems and the unburned DT fraction recovered from 
the exhaust gases. The design of the fuel cycle has to be based 
upon weil proven technology to assure the safe handling of 
tritium along with credible accountancy and a high reliability of 
all components throughout the lifetime of ITER-FEAT. 

Despite the reduction in fusion power by a factor of about two 
between an earlier (1998) ITER design and ITER-FEAT, the DT 
flow rates for instantaneous fuelling remained essentially the 
same. The shorter pulse length together with the lower fraction 
of time spent in burn mode as compared to dwell time, however, 
dictates a complete re-examination of the previous design con
cepts for the fuel cycle. 

The two fuelling seenarios currently considered are a short 
(450 s) and a long burn pulse (about 3000 s). ln both cases the 
duty factor is specified to be 25 %, which Ieads to dwell times of 
1350 s and 9000 s, respectively. The cryo-pumps will not be 
regenerated during the short burn pulse, consequently the 
complete amount of fuel (equivalent to about 120 g of tritium for 
a DT shot at the specified flow rate of 200 Pam3s.1) must be 
supplied and can only be recovered during the following dwell 
period. The long burn pulse, on the other hand, requires a semi
continuous recovery in accordance with the regeneration 
scheme of the cryo-pumps and also return of the unburned fuel 
topped up to the required flow rate after purification and isotopic 
separation, including the removal of any protium. 

An outline flow diagram was developed at the Tritium Laboratory 
Karlsruhe (TLK) to provide a consistent design for the tritium fuel 
cycle of ITER-FEAT. This diagram is not only indispensable for 
the proper identification of all interfaces within the tritium fuel 
cycle, but also particularly for the preparation of clear and co
herent drawings defining the links to other systems, such as the 
cryo-pumps, the fuelling manifolds or the detritiation systems. 

Meanwhile, process flow diagrams and even detailed pipe and 
instrumentation diagrams have been prepared at TLK for certain 
subsystems of the fuel cycle, i.e. the Storage and Delivery 
System (SOS) including Long Term Storage and Load-in I Load 
out, Tokamak Exhaust Processing (TEP) system, Analytical 
(AN) system and auxiliary sections such as common vacuum 
manifolds or treatment of highly tritiated gaseous wastes. 

Data sheets have been produced for the interfaces identified 
from the outline flow diagram and developed to reflect all the 
detailed information typically given in pipe and instrumentation 
diagrams and chemical flow sheets. The corresponding Iist 
currently comprises more than fifty interfaces between different 
subsystems of the tritium fuel cycle and to other systems of 
ITER-FEAT. 

The initial version of the outline flow diagram of the tritium fuel 
cycle was used to develop a conceptual design of the entire loop 
and to make information about interfaces available to the differ
ent subsystem designers. With the highly detailed drawings and 
descriptions existing for Analytical (AN) system, Isotope Sepa
ration System (ISS), Storage and Delivery System (SOS) and 
Tokamak Exhaust Processing (TEP) system, the current overall 
flow diagram given in Fig. 1 now reflects all the essential fea
tures of the tritium fuel cycle. Some guidance for the eye is 
offered in Fig. 1 by different grey shading for the subsystems. 

Details of the complex diagram can not be discussed in a rather 
short report. However, some key information about some sub
systems designed by TLK are given in the following: 

An experimentally. validated mathematical model of the front-end 
permeators was used to calculate the effective Pd/Ag mem
brane surface area required for the short and the long burn 
pulse. For the short burn pulse scenario a single feed pump, 
type SRTI PBT 106 (France), and two front-end permeators with 
1 m2 each would be sufficient. However, a total surface area of 
5 m2 and two feed pumps, type SRTI PBT 1 06, are required for 
the exhaust flow rate from the sequential regeneration of the 
cryo-pumps during the long burn pulse. Since a slug of gas is 
expected each time the valve to a warmed-up cryo-pump is 
opened a small buffer vessel is used to smooth the flow rate. 
One permeate pump, type SRTI PBT 1 05, is required per m2 of 
installed permeator surface area, giving a total of five permeate 
pumps for the long burn pulse. 

The main tasks of the SDS of the tritium fuel cycle are the sup
ply of the required hydrogen mixtures (DT flow rate ::; 200 
Pam3s·1, but T2 flow rate::; 100 Pam3s-1

) plus inactive gases (He, 
Ne, Ar, N2, H2, He + 02) to the Torus for operation and also for 
the safe handling I storage of tritium in reservoirs and in ZrCo 
getter beds equipped with in-bed calorimetry. 

Two ZrCo getter bed batteries are required to store the D prod
uct (with 0.6% tritium) and the 90% T 11 0% D product of the ISS 
respectively. These getter beds, each with a nominal storage 
capacity of 100 g tritium, together with associated reservoirs, 
supply the deuterium and tritium during the first minutes of the 
plasma until, at least for the long burn pulse, the hydrogen 
isotopes processed in TEP and ISS are recycled to the supply 
tanks and can be added to the gases from the getter beds. 0-T 
mixtures of different concentrations are produced by actively 
mixing controlled flows from these reservoirs. A third ZrCo getter 
battery is used to store mainly D-T gases. Due to its low tritium 
concentration of less than 0.01 %, the deuterium for Neutral 
Beam lnjection is stored and supplied from a large tank. Ten 
further ZrCo beds of a simpler design (without in-bed calorime
try) are installed in the Long Term Storage Vault to accept, for 
example, the tritium recovered from co-deposits when the Iimit 
of the tritium inventory in the torus is reached. 

The ZrCo beds of each battery have common inlet and outlet 
manifolds which permit different actions to be performed at the 
same time, such as supply of gas to torus, transfer of a sample 
from any getter bed to the AN system, pressure-volume-tem
perature and composition (pVT-c) measurements for account
ancy purposes, absorption of gases from TEP or ISS, re-circula
tion of hydrogen to avoid blanketing of getter beds or simple 
transfer of the content of one bed to another one. Further tasks 
of SOS are the determination of the tritium supplied in special 
tritium shipping containers to the ITER site by dedicated calo
rimeters, transferofthat tritium to the 90% Tl1 0% D getter beds 
and performance of (pVT-c) measurements, evacuation of the 
various volumes by pumps, collection of the tritium decay prod
uct helium-3, and determination of the decay heat by accurate 
measurements of the He flow and temperature at the inlet and 
outlet of each getter bed. 

The final design package will be available for ITER JCT by 
March 2001. 
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TTBB-001 
Test Blanket Module (TBM) Adaptation to Next 
Step 

Assessment of Modified Machine Parameters 
on TBM Design and Testing 

ln order to reduee eost, a new eoneept of ITER ("ITER-FEAT") 
has been developed in 1998/99 leading to signifieant ehanges in 
design and operational eonditions. This neeessitated an as
sessment of blanket test program and objeetives as weil as a 
revision of the test module design and the test blanket subsys
tems. The related aetivities are reported in this eontribution. 

Objectives, test strategy and TBM design 

The main objeetives of testing tritium breeding blanket eoneepts 
in ITER-FEAT are as before: 

demonstrate tritium breeding performanee and verify on-line 
tritium reeovery and eontrol systems; 

demonstrate high-grade heat extraetion suitable for eleetrie
ity generation; 

validate and ealibrate the design tools and the database 
used in the blanket design proeess including neutronies, 
eleetromagnetie, heat transfer, and hydraulies; 

demonstrate the integral performanee of blanket systems 
under different loading eonditions; 

observe the influenee of possible irradiation effeets on the 
performanee of the blanket modules. 

These overall objeetives are the frame for the speeifie test pro
gramme and objeetives to be developed for the different blanket 
eoneepts taking into aeeount the partieular generie design fea
tures and issues, the capabilities and limitations of ITER-FEAT 
as test environment, and the alternatives to earry out partieular 
tests in out-of-pile faeilities or fission reaetors at lower eost or 
under more relevant eonditions. 

The review of the Helium Cooled Pebble Bed (HCPB) blanket 
has led to a test eoneept eonsisting of four test blanket modules 
(TBMs), eaeh devoted to a family of objeetives. The first test 
module with the Iabel "EM-TBM" serves to investigate the con
sequenees of eleetromagnetie transients and ferromagneUe 
effeets. The seeond module ("NT-TBM") is related to the test of 
blanke! neutranies and tritium produetion. The third module 
("TM-TBM") is to investigate the thermomeehanieal behaviour of 
pebble beds, a key issue of the HCPB blanket eoneept. The 
fourth module ("PI-TBM") is to demonstrate the integral perform
anee of a eomplete HCPB blanke! system under different load
ing eonditions. 

To reaeh the speeifie objeetives of eaeh TBM it is desirable or 
even mandatory to establish representative operational eondi
tions ("aet-alike" tests). Furthermore, the monitaring of the test 
modules, in partieular of parameters relevant for the speeifie 
objeetives, requires appropriate instrumentation. This is of par
tieular importanee with respect to the validation and ealibration 
of the design tools, one of the main objeetives of blanket testing 
in ITER-FEAT. Besides the data obtained by the on-line instru
mentation, post-test examinations in the Hot Cells will deliver 
signifieant information on the oparational behaviour and for eode 
validation. 

The envisaged test program and strategy (see below) allows to 
aehieve most of the general objeetives mentioned above. Re
strietions have to be made mainly with respeet to the last objee-

tive, the Observation of possible irradiation effeets: the maximum 
fluence of 31.5 MWd/m2 expected at the end of the high duty D
T phase is too low to eause any significant radiation damage. 

The arrangement of the HCPB-TBMs in the horizontal port of 
ITER-FEAT is shown in Fig 1. The port is shared with a Japa
nese helium-eooled solid breeder TBM whieh will be inserted in 
the upper eompartment of the frame serving as support and 
interfaee between the TBMs and the ITER-FEAT environment. 
The given port size allows outer dimensions of the modules of 
740 mm in poloidal, 1268 mm in toroidal and 600 mm in radial 
direetion. The radial thiekness of the breeding zone amounts to 
about 400 mm. This leaves a spaee of about 200 mm at the rear 
side of the module for the aeeommodation of the main headers 
and the eonneeting tubes. An additional spaee of 180 mm is 
available for the attaehment of the module to the frame. 

600 180 

SJp p o rt key with 
flexible 

Fig. 1: Arrangement of the EU HCPB-TBM in a horizontal port 
of ITER-FEAT 

The operation plan of ITER foresees a first operational phase 
extended over about 10 years. During this time, four different 
plasma phases follow one another: starting from the first plasma 
with hydrogen (H-phase), the operation goes on with the D
plasma phase, the low-duty DT-phase, and finally with the high
duty DT-phase. Neutrons will be involved from the beginning of 
the seeond phase with a D-plasma. Signifieant numbers of burn 
eyeles of signifieant duration ean be expeeted from the seeond 
half of the low-duty DT-phase. 

The strategy for HCPB blanket testing is adapted to this sehed
ule. The EM-TBM whieh does not need neutrons, will be in
stalled in ITER at the beginning of operation. The NT-TBM 
should be inserted already in the D-D phase and unloaded at 
about the middle of the low-duty DT-phase; it will be replaeed by 
the TM-TBM. This allows initial tests in the seeond half of this 
phase and final tests in the first half of the high duty DT-phase. 
The remainder of the latter phase will be devoted to tests with 
the PI-TBM. 

A detailed plan for further operation beyond this period of 10 
years has not been developed beeause it will depend on the 
plasma and operating experienee obtained thus far. However, 
an aeeumulation of an average neutron fluenee on the first wall 
of at least 0.3 MWa/m2 at the end of a total 20-years Operation 
program is envisaged. The PI-TBM ean be installed again after 
about 2 years of refurbishment of the ITER maehine to eontinue 
the test of the integral blanke! system in the long term. 

To avoid major irregularities of the plasma-faeing first wall, and 
to assure the neeessary shielding in the port region, test mod-
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ules must probably be present at each port position during all 
the operation of ITER. To assure this for the HCPB test blanket, 
the following strategy is recommended: the normal procedure is 
that each TBM is replaced by the foliower as envisaged in the 
test program if a significant test can be already carried out. lf 
this is not the case (e.g. the NT-TBM during the H-H phase in 
which neutrons are not produced), a standard dummy module 
will provide the necessary stand-by. This dummy module must 
assure the base functions of cooling and neutron shielding in 
any oparational phase of ITER. 

Necessary changes, e.g. of instruments and sensors, as weil as 
minor repairs (if possible), can be carried out during scheduled 
shut-down times. lf in case of an unexpected failure repair dur
ing shut-down is not possible, then the foliower will be inserted 
earlier than scheduled if a significant test can already be carried 
out. This is feasible because each TBM is compatible with the 
oparational conditions of ITER du ring the preceding phase. 

Helium cooling subsystem (HCS) 

The HCS for the TBMs to be tested in ITER has been revised 
because of the reduced size of ITER FEAT compared to ITER 
EDA and as result of the changed testing strategy of the HCPB 
blanket, which involves now testing of four types of TBMs du ring 
the first 1 0-year period of ITER operation. The changes implied 
a number of modifications in the Iayout, affecting all design data 
of the helium cooling subsystem, while keeping the basic con
cept unchanged. 

One significant difference compared to the original version is the 
reduction to a single loop design from the two-loop design used 
earlier for redundancy purposes. This became possible since 
safety assessment had shown that decay heat removal can be 
accomplished without any active cooling. Other major changes 
result from the relocation of the main components to the toka
mak cooling water system (TCWS) vault, implying much Ionger 
piping. Furthermore, the concept of neutranies testing at low 
TBM temperatures (around 100°C) with subsequent tritium 
release at high temperatures (500°C) requires a much larger 
temperature range to be covered by the cooling system. The 
thermal-hydraulic conditions are summarised in Table 1 for the 
two bounding cases of TBMs, i.e., the plant integration PI-TBM 
and the neutranies and tritium production NT-TBM. 

Table 1: Nominal Operating Conditions of the Helium Cooling 
System for two types of TBMs 

PI-TBM NT-TBM 
Total heat tobe removed (MW) 1.08 1.08 
Primary coolant helium helium 

Number of loops 1 1 
Tamperature at TBM in/out (0 C) 250/500 100/180 
System pressure (MPa) 8 8 
Mass flow rate (kg/s) 0.83 2.6 
Totalpressure loss (MPa) 0.07 0.43 
Helium inventory (kg) 15 20.6 
Typical tritium inventory (g) 10'3 10'3 

Secondary coolant water water 
Tamperature at HX in/out (0 C) 35/75 35/75 
System pressure (MPa) 2 2 
Mass flow rate (kg/s) 6.5 6.5 

Main components are the heat exchanger, circulator, electrical 
heater and dust filter (Fig. 2). The pipewerk with a total length of 
180m takes more the 50% of the helium inventory. The pres
sure control equipment is connected to several sets of tanks. All 
tagether requires a foot print size of 16 m2

• 

Fig. 2: HCPB helium cooling system arrangement (plan view) in 
the TCWS vault (footprint size 16 m2

, height ca. 5 m) 

Coolant purification subsystem (CPS) 

The cooling subsystem for the TBM has been reduced to a 
single loop. The consequences for the Iayout of the components 
of the CPS have not yet been investigated. As the mass flow 
rate of both the CPS for the NT-TBM and for the PI-TBM are 
expected to be nearly the same as of ITER-FDR (Final Design 
Report), the space requirements remain in the specification of 
the previous ITER-FDR version. 

Tritium extraction (TES) and measurement system (TMS) 

As the helium mass flow of the TES at PI-TBM does not change 
substantially the original design of TES remains valid. An addi
tionally implemented task is the assessment and removal of the 
tritium produced in the breeder of the NT-TBM. For the 
operation of the NT-TBM instead of the TES a special system is 
installad in the vault near the vacuum vessel door in order to 
remove and accurately measure the tritium produced in the 
TBM. The flow diagram of this system, called Tritium 
Measurement system (TMS), is shown in Fig. 3. 

The tritium extraction is achieved by purging the breeder with He 
containing 0.1% H2 in view to facilitate the tritium release by 
isotopic exchange. However, purging with He the pepble bed will 
release also some water. The later could also undergo isotopic 
exchange and give tritiated water. 

As tritium in water (HTO) is estimated to be 1 0 000 times more 
hazardous than tritium gas, it is reduced to hydrogen or 
hydrogen isotopes and the tritiated gas is collected in 
appropriate Uranium or ZrCo beds. Subsequently, the tritium 
activity is measured calorimetrically by measuring the heat 
released by the tritium decaying. 

To achieve a very high reduction of water (>90%) the use of an 
appropriate bed containing a getter alloy such as Zr-Fe-Mn or 
Zn is required. The advantage of such a method is that the 
hazardous water production is avoided. 

Humidity sensors before and after the reduction bed as weil as 
tritium monitors control the efficiency of the whole process. After 
water reduction the tritium accountancy could be performed by 
using a ZrCo bed couplad to a gas flowing calorimetry system. 
The method provides sufficient accuracy and possesses a 
detection Iimit of about 10mCi of tritium (10'7 mol). Such a bed 
could be used for "in-line" measurements, or after it is filled up 
with tritium it could be removed and transported to a separate 
facility where the tritium is released by heating and measured. 



Fig. 3: HCPB Tritium measurement system for NT-TBM 
operation 
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TTBB-002 
Blanket Manufacturing Techniques 

TTBB-002/1 
Second Cooling Plate Specimen Manufactured 
with lmprove HIP Parameters 

Two-step HIP experiments 

The diffusion welding experiments using two-step hot isostatic 
pressing (HIP) [1] to produce fusion blanket components out of 
MANET II with internal cooling channels were continued with 
specimen plates of the same first-wall and cooling plate 
geometry, while the welding preparation was modified. This 
experiment [2] (internal designation: the 6th series) were carried 
out using the same procedure of "Two-step HIP Process" as 
applied in the previous experiment series , i.e. first by pressure 
plates protected and encapsulated with relatively low gas 
pressure at max. 120 bar (1050 oc, about 2 h) and afterwards 
with open cooling ducts and a high pressure at 2000 bar (1 050 
oc, about 2 h). With this second HIP step the still existing defect 
zone in the HIP joint are pressed tagether and the strength of 
the HIPjoints can be improved by further diffusion procedures. 

Specimens preparation 

The joining surfaces of the specimens had been dry milled to a 
surface roughnass of Rt s; 3 Jlm. Cleaning took place in an 
ultrasonic bath with acetone. As getter material, zirconium wires 
had been inserted into the cooling channels of every second 
plate. Quartz glass mats of a fine structure were used as 
separators between the specimens, the pressure plates and the 
encapsulating jacket during the firstHIP step. 

Experimental results 

Post-welding examinations showed a still permissible 
deformation of the channel webs in both types of plates. For the 
first time, good strength values were achieved for both types of 
plates, with and without getter material after encapsulated HIP 
(1st step, Fig. 1) already [2]. Particularly for specimens with 
getter material higher strength values were reached in each 
case. Mean values of yield and ultimate tensile strength of 539 I 
684 MPa could be achieved for the first wall specimens and 550 
I 664 MPa for the cooling plate specimens, respectively. These 
strength values were further increased by open HIP (2nd step, 
Fig. 2) to 722 I 760 MPa for the first wall specimens and 645 I 
750 MPa for the cooling plate specimens, respectively. They 
were found to be in the range of the strength of the basic 
material. Ultimate elongation of specimens with getter material 
amounted to about 7 % for first-wall specimens and to about 12 
% for the cooling plates and, hence, by far exceeded the values 
reached by specimens without a getter material. 

Conclusion and Outlook 

These diffusion welding experiments with ''two-step HIPing" [2] 
for the first time succeeded in reaching a good quality of the 
welds for both types of plates. After this successful 6th 
experiment series further specimens were manufactured for the 
following y!h experiment to verify the good results and to further 
improve the HIP parameters. Furthermore, the specimens 
preparation will be modified, e.g. using ground joint surfaces 
instead of milled surfaces and sealing the outside edge of 
welding seam by EB welding. As the latter for the first time also 
specimens made from EUROFER will be diffusion-welded. The 
y!h experimentwill probably start in the third quarter of 2000. 

Fig. 1: Test specimens (FW and cooling plate) after the first 
HIP step 

Fig. 2: Test specimens (FW and cooling plate) after the second 
HIP step 
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TTBB-00212 
Blanket Box Section with HIP-Joined Stiffening 
Plate 

a) Determination of Optimum Diffusion Welding Parame· 
ters 

The basic tests to determine the optimum conditions for diffusion 
welding of ferritic-martensitic (FM) steels by hot isostatic 
pressing (HIP) were completed. The final tests have shown that 
the parameters found optimum for MANET are likewise suited 
for EUROFER and allow to produce joints with mechanical 
properties (strength, ductility, fracture toughness) in the range of 
the base material. On the other hand a HIP specimen with 
welding surfaces machined by wet grinding had a significantly 
reduced fracture toughness. This result confirms that dry 
machining, e.g. dry milling, i.s favourable for obtaining high 
quality HIP joints. 

b) Joining of FW and Cooling Plate by Diffusion Welding 

With respect to joining of the blanke! box and the cool
ing/stiffening plates, a small-scale mock-up representing a 90 o 

bend of the First Wall (FW) and a corner of a plate was welded 
successfully in 1999 applying the HIP parameters found opti· 
mum in the tests mentioned above. Tensile and impact samples 
showed perfect mechanical properties of the joint. 

As a final demonstration of the feasibility of this technique, a 
second mock-up with a U-shape FW (see Fig. 1) has been 
manufactured and is presently beeing investigated in non-de· 
structive and destructive tests. This mockup consists of a U
shaped 60 mm segment of a 300 mm wide blanket box with one 
cooling plate. Cooling channels were omitted to reduce cost. So 
the FW plate was machined of massive MANET II and bent to 
give it the required U-shape. 

After measuring and modelling by CAD it was machined to the 
intended shape. The cooling plate including the arched flange 
towards the FW was machined equally - the last milling step 
Uoining surface) was carried out without coolant/lubricant to 
prevent any contamination of the joining surfaces. 8oth pieces 
fitted practically with zero gap and were joined after the usual 
cleaning procedure. Seal-welding in a evacuated electron beam 
(EB) facility caused some problems due to remaining 
magnetization of a handling device. After several efforts the 
flange surrounding seam could be completed. As the leak tests 
result was better than 1 o-4 mbar · I · s-1 the diffusion welding 
process was done in a HIP facility at 100 MPa and 980 oc for 
3 hrs. Good bonding was achieved and stated by ultrasonic test. 

The shrinking of the FW plate during HIP and thermal treatment 
was zero which was expected since the joining of the two pieces 
was done without remaining gap. Now mechanical tests (tensile 
and charpy impact) are done to investigate the bonding quality. 

c) Manufacturing of a Semi-scale Mock-up 

The manufacturing of a semi-scale mock·up (SSM) is an integral 
demonstration of the feasibility to manufacture the structural 
parts of a HCPB blanke! according to the reference fabrication 
procedure. 

A first mock-up with a size of 500x250x280 mm including 8 FW 
cooling channels and five dummy cooling pl<jttes was designed 
in 1998. Manufacturing was started in 1999. However, insuffi· 
cient bonding of the dlffusion-welded FW caused the plate to 
break during bending before reaching the bending angle of 90°. 
Subsequently, it was decided to manufacture a second SSM, 
however with reduced dimension, and only two cooling channels 

and three cooling plates. in spite of these restrictions, the mock· 
up included the most important steps of the reference HCPB 
blanke! manufacturing sequence. 

Fig. 1: Second mock-up with diffusion-welded joint between 
FW and coollng plate 

As for the first mock-up, the two plane plates of the first wall 
were machined including the grooves representing the cooling 
channels. The rib between the cooling channels was tungston 
inert gas (TIG) welded from both sides wlth overlapping seams 
whereas the massive borders were only seal-welded by TIG and 
EB, respectively. Leaktightness of the seal weid was tested by 
He bombing lest and found to be better than 1 o-4 mbar . 1 • s-1

• 

This was sufficiently low to allow diffusion welding of the two half 
plates of the FW by HIP in a single step without encapsulation. 
Ultrasonic tests confirmed the correct bonding of the plates. 

Subsequently, bending was carried out without any problems. 
The bending angles were both within the specified tolerance of 
90 ° + 0.5 °/-0 °, 

Based on measurements on a coordinate measuring device, a 
complete 3D model of the bent plate was established by CAD 
allowing to design the final shape including the wedges and 
weid preparation. Machining was carried out on a CNC milling 
machine. Finally, the three dummy cooling plates were TIG
welded to the U-shape FW in a fully mechanized welding facility 
(see Fig. 2). 

After completion of the manufacturing steps, the mock-up is 
presently inspected. The accuracy achieved is within 0.3 mm for 
the distance and better than 0.2 mm for the parallelism of the 
plates. The shrinkage of the mock-up box in toroidal direction 
due to the 6 welding seams of the three cooling plates of 0.75 
mm is in agreement with earlier tests. The results of the de
structive tests are expected until the end of 2000. 

This report includes also work carried out in Oct. - Dec. 1999 
under former Task 83.1.1. 
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Fig. 2: Fully mechanized TIG welding of the cooling plates into the U-shape FW of the semi-scale mock-up 
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TTBB-003 
Pebble Bed Assembly Development and 
Testing 

TTBB-003/1, 2 
Operation and Analysis of HEBLO Test Section 

Firstexperiment series under steady-state condition 

After intensive preparations for the Helium Blanke! Test Loop 
(HEBLO) experiment containing Iayout calculations, 
construction, fabrication and assembly of the lest section as weil 
as the preceding tests of components (1] the first experiment 
series under steady-state conditions was accomplished 
successfully. Simulation calculations for this experiment were 
carried out in parallel which showed a good agreement with the 
measurements (2, 3]. in the following, steps of work are 
described and the experimental and calculation results are 
discussed. 

1. Pre-selected thermohydraulic conditions 

According to the DEMO Iayout condition [4, 5] different He 
temperatures in the neighboring FW coolant channels are 
simulated for the achievement of the maximum Iamperature 
stresses at the hol spot with the largest FW surface heat flux of 
50 W/cm2 which is realized in HEBLO by a high performance 
heating plate of 3.6 kW maximum power. in the HEBLO facility 
there are two possible split flow conditions I and II. For the 
condition I a smaller amount of the hol He gas is passed through 
the half channel and the !arger amount of cooler He gas is 
passed through the full channel or another way around for the 
condition II (larger amount of hot He gas for the !arger full 
channel). The thermohydraulic pre-checks in the HEBLO facility 
have shown, that only the split flow condition I can be fully 
realized as predicted, but for the split flow condition II about 80% 
of the theoretical flow rate could be achieved because of the 
uncertainty of the pressure Iosses especially in the gas heaters 
that increase strongly with the mass flow and with the higher gas 
temperature. This uncertainty will only have a negligible effect 

on the Iamperature distribution in the pebble beds and in the lest 
section during the experiments. 

2. Instrumentations 

ln each pebble bed four thermocouplas (TC) are installad across 
the poloidal thickness (Fig. 1) and are shifted arranged in 
toroidal direction especially for the ceramic pebble bed in order 
to reduce the mutual influence and disturbance between the 
TCs because of the small dimension of the pebble bed height. ln 
addition, because of the difficult spatial accessibility for the TC 
assembly it was not possible to place the TCs axes ideally on 
the isothermal lines (equidistance to the cooling plate and 
heating plate) at expense of the accuracy of the Iamperature 
measurements due to the Iamperature gradients along the TC 
axes themselves. 

3. Experimental results 

A series of experiments with altogether 61 measurements under 
various steady-state conditions with split flow mode I and II were 
carried out. For safety reasons not to over-strain the heating 
plates in these first experiments, the maximum heating plate 
Iamperatures were limited at ?oooc and should be increased to 
900 oc at the end of the experiment series in 2001. All 
measurement data (temperature, flow rate, heat power, purge 
gas flow and pressure drop, etc.) are full-automatically online 
recorded. Comparisons of repetition experiments show that the 
results of the Iamperature measurements are reproducible, an 
indication that the pebble beds and heating plates are still intact. 

For example the measured Iamperatures according to the 
thermocouples (TC) arrangement (a-d) in the Be and Cer pebble 
beds are shown in Fig. 1 for split flow mode II under stepwise 
increasing of heating plate powers. Because of the rather small 
bed heights the numbers of the TCs are limited and are not 
!arge enough for a more detailed Iamperature measurement 
across the pebble beds. With the extensions of the Iamperature 
slope within the middle range of the pebble beds (dotted lines) 

TC arrangement in the pebb/e beds 

250 300 350 400 450 500 550 600 650 700 750 

250 300 350 400 450 500 550 600 650 700 750 

Fig. 1: Steady-state experiment, measured Iernparatures across the Be and cer. pebble beds. 
(Measurement positions: a: NW-HP, b: PB, c: PB, d: NW-CP; CP = cooling plate, FW = first wall, HP= heating plate, 
NW = near-wall, PB= pebble bed) 
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towards to the heating plates (HPs) and cooling plate (CP) the 
near-wall temperature differences at the HP and CP can be weil 
recognized. The maximum FW temperature in this experiment 
series reaches a value of 453 oc and is lower than the expected 
DEMO value of 550 °C. Thai is because of the fact !hat a 1 mm 
!hin graphite layer was necessary between the FW and the 
heating plate for heat flux equalization and so to avoid the hol 
spots on the FW heating plate. 

4. Simulation calculations 

The !wo-dimensional temperature and stress calculations were 
carried out with the finite element (FE) program ABAQUS. For 
the stress calculations the steel structure containing the diffusion 
welded FW and CP and the outer frame is considered explicitly. 
The ground rules and the material data used for the calculations, 
i.e. thermal conductivity and the near-wall heat Iranster 
coefficient of the binary beryllium and the ceramic pebble beds 
as weil as thermal conductivity and strength data for MANET, 
are described in detail in the DEMO blanke! Iayout in [5]. 
Generally, the heat Iranster coefficient of the intermediate 
graphite layer mentioned above depends strongly on the contact 
pressure and on the sort of the gas atmosphere. The 
calculations for this experiment (high contact pressure by 
compression bars in He atmosphere) showed !hat a value of 
over-all heat Iransmission coefficient of 3000 W/m2K would give 
the best fit of the calculated FW temperature in comparison to 
the measured value. For the helium gaps between the inner 
frame carrying the heating plates and the surrounding outer 
structural frame in the test section heat transfer by gap 
conductance and gap radiation was Iaken into account. 

5. Calculation results 

Fig. 2 shows for example the calculated temperature distribution 
for a measurement with split flow mode II with poloidal 
temperature gradients across the Be and Cer pebble beds 
through the location of their maximum temperatures and the 
measured values at the respective thermocouples location. For 
the Be pebble bed there is a good agreement (within a range of 
about 10 K) between the calculation and the measurement. For 
the Cer pebble bed the measured Iamperatures are definitely 
lower than the calculated ones, in particular a remarkable strong 
difference of about 100 K for the value at the thermocouplas 
position b. This discrepancy is to be due to the fact !hat a large 
number of thermocouplas (0 1 mm) with a relatively !arge steel 
portion and much higher thermal conductivity than !hat of the 
ceramic in addition are densely accommodated in a close Cer 
pebble bed (4.5 mm high). Another explanation could be the 
positioning accuracy of the thermocouplas and the fact !hat their 
axes do not lie on the isothermal lines but partially even along 
the relative cooler wall of the cooling plate. 

For the 2D stress calculations with ABAQUS the external Ioad 
on the cooling plate possibly caused by the differential thermal 
expansion between the pebble beds and the surrounding steel 
structure was not Iaken into account here because of the Iack of 
calculation methods and formulas. The evaluation of the 
stresses is based on the ASME ground rules used in the DEMO 
calculations [3]. As calculation results, the maximum primary 
stresses amount to 54 MPa for the FW and 61 MPa for the 
cooling plate and are far below the allowable values of 230 and 
308 MPa, respectively, with respect to the local temperatures. 
For the calculation of the secondary stresses for some 
experimental cases with highest FW Iamperature attained the 
individual Iamperature distributions in the steel structure 
achieved from the temperature calculations above are used as 
input. The maximum primary plus secondary stresses here 
amount to 440 MPa for the first wall, 579 MPa for the cooling 
plate and 348 MPa at the TIG welding joint (cooling plate/first 

wall). ln all cases, the total von Mises stresses are weil below 
the allowable values, with respect to the local temperatures. 

Conclusion and outlook 

The first experiment series under steady-state condition with 
altogether 61 measurements with different flow modes and 
Iamperature Ieveis up to a maximum Iamperature at the pebble 
bed heating plates of 700° C was accomplished successfully. All 
components of the HEBLO lest section and of the HEBLO 
facility functioned weil and withstood so far all thermal
mechanical Ioads. The maximum helium mass flow in the 
HEBLO lest loop predicted in a Iayout and adaptation of the 
HEBLO loop for these experiments could be achieved. 
Comparisons of repetition experiments show that the results of 
the temperature measurements are reproducible, an indication 
!hat the pebble beds and heating plates are still intact. The 
results of 2D simulation calculations for the first series of the 
HEBLO experiment show good agreements between calculated 
and measured temperatures. 

The following HEBLO experiment series under Iamperature 
transient condition was defined and started successfully. By 
means of cyclic power control of the gas heaters and the pebble 
bed heaters a maximum Iamperature ramp of about 200 K within 
the pebble beds could be achieved (Fig. 3). These Iamperature 
cyclic tests for the pebble beds will continue till the end of 2000. 
Detailed calculations and evaluation of the experimental results 
are planned. The following experiments planned for 2001 
concern transient experiments under the simulated boundary 
conditions for accidental case (e.g. loss of flow). 
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TTBB-005 
Development of Ceramic Breeder Pebble Beds 

TTBB-005/1 
Characterisation of Li4Si04 Pebbles 

ln the period 1998-2000 a campaign of three long time 
annealing experiments (aging) was carried out at 
Forschungszentrum Karlsruhe (FZK) in order to study the 
behaviour of ceramic breeder pebbles in HCPB-blanket relevant 
temperature and atmosphere (He + 0.1% H2). The experiment 
were performed with Iithium orthosilicate (Li4Si04 + Si02 from 
FZK) pebbles, fabricated by the melting-spraying method, 
Iithium metatitanate (LbTi03 + Ti02 from CEA) and Iithium 
metazirconate (Li2Zr03 + Zr02 from CEA) pebbles, fabricated 
using eilher an extrusion-spheronization-sintering or the 
agglomeration-sintering process. To achieve representative 
HCPB blanke! End-of-Ufe conditions for the pebbles, a 
temperature of 970 oc and an annealing time of 96 days was 
chosen. ln April 2000 the third long time annealing experiment 
was concluded. ln this aging the following materials were tested: 

• Lithium orthosilicate (Li4Si04 + Si02) pebbles supplied by 
Forschungszentrum Karlsruhe and fabricated by SCHOTT 
Glaswerke by melting-spraying process. Fig. 1 shows the 
pebbles in initial conditions. Agglomerations of several small 
pebbles on the surface of larger ones originated during the 
spraying phase in the production process, and the number 
of such agglomerations can be reduced. The pebbles had 
natural 6Li-enrichment and the diameter was in the range 
0.25-0.63 mm. No pre-annealing of the pebbles was 
performed. 

• Lithium orthosilicate (Li4Si04 + Si02) pebbles supplied by 
Forschungszentrum Karlsruhe and fabricated by SCHOTT 
Glaswerke by melting-spraying process. The pebbles had 
50% 6Li-enrichment and the diameter was in the range 
0.25-0.63 mm. No pre-annealing of the pebbles was 
performed. 

• overstoichiometric LbTi03 + Ti02 pebbles supplied by CEA 
and fabricated by extrusion and sintering process(Fig. 2). 
The diameter of the pebbles was in the range about 1 mm 
Forthis material a pre-annealing of 1 0 hours at 500 oc in air 
was performed before starting the long time annealing. 

~~-....... ~==-.. 
2000 ~m 

Fig. 1: Li4Si04 pebbles (natural enrichment) 

The experiment was performed in an oven consisting of three 
tubes of AI203, one tube for each specimen, with separate purge 
gas flow (Fig. 3). At the tube inlets the pressure of the purge 
flow and its H20 content were measured. The maisture content 
in the purge flow was also measured at the outlets tagether with 
the mass flow. Sintered steel filters were used at the tubes 
outleis to have a qualitative indication of the Vaporisation of 
Iithium from the pebbles. The purge flow was 
99.9% He + 0.1 vol% H2 (0.6 1/h). 

Sampies of all the specimens were analysed before, during and 
after the aging. To characterise the ceramies following analyses 
were performed: 

• Measurements of Li-content (atomic emission spectroscopy) 
and of Si- and Ti-content (X-ray fluorescence analysis ) in 
the pebbles. 

• X-ray diffraction analysis (XRD) for the phase composition 
analysis; 

• scanning electron microscopy (SEM) and light-microscopy 
for the microstructure analysis; 

• He-pycnometry and Hg-porosimetry for density and porosity 
measurements; 

• Brunauer, Ernmet and Teller (BET) method for the specific 
surface area measurement; 

• crush Ioad determination; 

Fig. 2 Li2 Ti03 pebbles 

During the experiment 2 vpm of maisture were measured in the 
purge flow at the inlet of each pipe. After an increase at the 
beginning of the experiment (the oven was opened to put inside 
the specimens), stationary values of water content were reached 
at the outlet of each pipe after several weeks. About 3 vpm were 
measured for both Iithium orthosilicate specimens, and about 18 
vpm for the Iithium metatitanate. 

Results 

The results from the above mentioned analyses are: 

• ln Li4Si04 pebbles with natural enrichment the results of 
previous agings were substantially confirmed [1 ,2]. Du ring 
the annealing there was recristallization of the dendrite 
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microstructure with increase in the roughnass of the pebble 
surface, rearrangement of the void volume in round pores 
and diffusion of metasilicate through the material with 
formation of metasilicate partielas (1 - 4 1-1m size). Partielas 
with larger dimensions were present in microcracks and at 
the boundary of grains. After 96 days of annealing there was 
a reduction of the specific surface area from 0.17 m2/g to 
about 0.07 m2/g. The density increased from about 90 % to 
about 93 % T.D. (T.D. = 2.4 g/cm\ Crush Ioad tests were 
performed on 80 pebbles with 0.5 mm diameter. The initial 
average value of about 9.48 ± 3.54 N was reduced to 4.91 ± 
2.74 N at the end of the annealing. 

0,61/h He+0.1 vo!%H2 

Fig. 3: Schematic of the equipment used in the annealing 
experiments 

• ln Li4Si04 pebbles with 50 % 6Li-enrichment there was, 
during the annealing, recristallisation of the dendrite 
microstructure with increase in the roughnass of the pebble 
surface and rearrangement of the void volume in round 
pores. Metasilicate diffused through the material with 
formation of metasilicate particles. After 96 days of 
annealing there was a slight reduction of the specific surface 
area from 0.13 m2/g to about 0.09 m2/g. The density 
decreased from about 86% to about 82 % T.D. (T.D. = 2.4 
g/cm3). Crush Ioad tests were performed on 80 pebbles with 
0.5 mm diameter. The initial average value of about 8.88 ± 
2.60 N was reduced after 96 days to 1.69 ± 0.47. The 
differences in the density values in the enriched and not 
enriched pebbles might be explained by considering that the 
not enriched pebbles are produced by melting a mixture of 
Li4Si04 and Si02, whereas for the production of the enriched 
pebbles also LbC03 powder has to be mixed. ln this case 
Iithium carbonate could be still present in the produced 
pebbles, leaving, du ring the aging, the material as C02 , and 
causing the density reduction. Also the strong reduction of 
the crush Ioads could be attributed to the presence of 
carbonate in the produced pebbles. 

• ln LbTi03 the pre-annealing at 500 oc had no significant 
effect on the structure of the material. Du ring the aging there 
was an increase in the grain size (it was about 1.5 11m at the 
beginning and, after 96 days, it grew up to about 25 1-1m). 
After the aging the pebbles were black. This colour change 
did not correspond to any change in the microstructure of 
the pebbles, and no additional phase could be detected. The 
colour change was caused by a slight oxygen sub
stoichiometry of the material. After the annealing in Li2 Ti03 
there was no significant reduction of the density which 
remained about 90% of the theoretical density. The closed 
porosity in initial conditions was larger than the open one, 
after 96 days the situation was reversed and the open 
porosity was the larger one. An explanation for this could be 

that the change of the microstructure during the aging 
caused the opening of pores. The initial specific surface 
area of 0.23 m2/g was reduced to 0.07 m2/g after 96 days. 
the average crush Ioad was measured on 40 pebbles with 
diameter ;:.: 1 mm. The average crush Ioad decreased from 
49± 5 N at the beginning to 39 ± 14 N. 

ln the aging the purge flow maisture content at the inlet was weil 
under control and the atmosphere was strong reducing. This 
accelerated the reduction of the ceramies which rapidly changed 
their colour. As far as the not enriched Iithium orthosilicate and 
the Iithium metatitanate are concerned, there is good agreement 
between the results from this aging and those from the previous 
ones. On the other side the results with the enriched Iithium 
orthosilicate showed the need of further development in order to 
optimise the production of enriched pebbles (addition of Iithium 
carbonate). 
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TTBB-oosn 
Thermal-mechanical Pebble Bed Tests 

Present ceramic breeder blanket designs are based on 
ceramic breeder and beryllium pebble beds. Du ring operation, 
thermal stresses arise from different thermal expansions of 
the pebble beds and structural materials, and pebble bed 
swelling due to irradiation. The knowledge of this bed
structure mechanical interaction (BSMI) is important for the 
assessment of the blanket lifetime. 

The BSMI is predicted by finite element codes with 
appropriate pebble bed modules which as input require data 
on mechanical pebble bed characteristics such as 
relationships for the modulus of deformation, E, to describe 
the start-up and power cycling phases, and thermal creep 
strain, Ecr, relationships for extended phases of operation. 

Experiments were carried out in an uniaxial test facility at 
temperatures up to 850 oc and pressures up to 9 MPa with 
FZK-orthosilicate (Li4Si04) pebble beds (pebble diameters d = 
0.25-0.63 mm),and metatitanate (Lb Ti03) pebble beds 
delivered both by CEA (d = 0.8-1.2 mm) and JAERI (d = 0.85 
mm). The experiments were performed in the frame of the 
EFDA Programme and within an IEA lmplementing 
Agreement. 
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Fig. 1: Comparison of stress-strain dependence at T =25°C 
and T=750°C 

Figure 1 shows characteristic results for the different granular 
materials for stress-strain dependences at different 
temperatures for the first loading of the pebble beds which are 
used to determine the moduli of deformation, E = f(o). With 
increasing temperature the strains increase, mostly caused by 
thermal creep occurring during the loading period (Ioad ramp 
"' 1 MPa/min). Table 1 shows the correlations for the moduli 
of deformation at ambient temperature (As input in BSMI 
codes these correlations are recommended, all temperature 
effects are taken into account in the corresponding creep 
correlations). 

Figure 2 shows characteristic results forthermal creep strains 
of the different materials for a constant stress between 4.5 
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and 6.5 MPa at 750 oc. The data are quite close together for 
all materials except for the CEA titanate which was not long 
term annealed (1. t. ann.). The creep strain results were fitted 
by an expression of the type 

Ecr = A exp(-B!T) oP t", see Fig. 3 

Table 2 contains the values of the different coefficients. The 
temperature influence is, as expected, quite pronounced, the 
stress influence, however, is very small compared with 
homogeneaus materials. 

Table 1: Moduli of deformation for 1st stress increase 

Granular E(MPa) = C o(MPa)m 
material 

c m 
FZK·Li4Si04 130 0.47 
CEA-LbTi03 239 0.38 
JAERI·Li2 Ti03 154 0.32 
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Fig. 2: Comparison ofthermal creep data at 750°C 

Table 2: Thermal creep correlations 

Granular Ecr(1) = A exp(-B!T(K)) 
material a(MPa)P t(s)" 

A B ~ 
FZK·Li4Si04 4.5 9320 0.65 
CEA·Li2 Ti03 2.0 8760 0.65 
(l.t.ann.) 
JAERI-Lb Ti03 0.23 6428 0.65 

n 
0.2 

0.18 

0.19 

8000 

The proposed correlations represent a first complete set of 
pebble bed input data required for future calculations of the 
mechanical behaviour of ceramic breeder blanket 
components. 
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TTBB-005/8 
Calculations for Particle Flow in Biaxial 
Geometry 

The modeling of the mechanical behavior of solid breeder peb
ble beds for applications in fusion blankets is based on the finite 
element code ABAQUS for the use of which the required mate
rial properties have tobe extracted from experiments (calibration 
of the models). The models are those commonly used in soil 
mechanics. The granular material is considered as a continuum, 
which can undergo reversible elastic and irreversible plastic 
deformations. lmportant variables during modeling are the pres
sure stress p and the Mises equivalent stress q . 

A porous e!astic mode/ that relates the volumetric deformation to 
the pressure stress describes the elastic part of the deformation. 
Granular particle flow is described by the Drucker-Prager Gap 
model. The deformation due to shear failure is related to the 
internal friction angle ß of the material while the Volumetrie 
compaction depends on the cap position Pb(e,.01 ). The defor
mation during shear failure and consolidation is prescribed by 
flow potentials for both mechanisrns. 

Uniaxial compression 

The coefficients required for the model data have been adjusted 
in order to find best agreement with experimental data. One 
example is the oedometer test shown in Fig. 1. The agreement 
between calculated and measured data during the compression 
phase is acceptable. However, since vibrated beds behave 
qualitatively different than loosely filled beds it is necessary to 
use two different sets of parameters for the modeling. The mate
rial is very sensitive to the filling procedure so that future ex
periments should use initial conditions as close as possible to 
blanket applications in order to create a realistic data base for 
computational models. ln addition, experiments should be re
peated to ensure reproducible results. 
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Fig. 1: Uniaxial compression. cr"" versus uv for loosely filled 
and initially vibrated beds· · 

Granular flow of particles 

4 

The granular flow of particles has been experimentally and 
numerically examined for a plane strain geometry as shown in 
Fig. 2. For investigating the biaxial particle movements the 
vertical Ioad crw = Fv !(L,L

0
) is increased monotonically while 

the horizontal i6ad cr.u = F, !(LvLJ can not exceed a certain 

value. The volumetric compaction of the bed is measured by 
recording at the plate the vertical and horizontal displacements 
uy and u,. 

Fig. 2: Sketch of the plane strain experiment 

The results shown in Fig. 3 are normalized by the initial height 
H 0 of the bed. The biaxial particle flow experiments were per
formed in such a way that the vertical Ioad was increased up to 
the maximum value of about a vv = SMPa in a given time period; 
then the Ioad was kept constanftor 2h and finally, the force was 
reduced to zero during 15min. When the vertical force is in
creased above a certain value, depending on a.« the horizontal 
piston starts to move. lt moves more or less linearly with in
creasing vertical force over a wide range. The experimental 
Observations are compared with ABAQUS calculations using an 
internal friction angle of ß = 44" . The agreement is satisfactory 
and deviations are within the range of experimental uncertainty 
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Fig. 3: Biaxial granular flow 
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During simultaneaus vertical compression and lateral expansion 
the measured inclination angle a of the top plate has been 
recorded. The calculated values of a are compared with the 
measured data. A perfect agreement could be found with the 
carefully performed experiment for which the Ioad was increased 
very slowly over 16h. For other experiments, which are per
formed faster, the agreement is only qualitatively (see 
Fig. 4). 

Thermal creep 

Recent experiments showed that thermal creep of granular 
breeder materials becomes important at higher temperatures. lf 
for example a bed of Li4Si04 at SOO"C is compressed by a 
uniform vertical Ioad of cryy = 4.2MPa the thermal creep strain 
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already after one day exceeds the plastic and elastic strains so 
that thermal creep is essentially important for a realistic descrip· 
tion of the long-term behavior of a fusion blanket with pebble 
beds. Calculations using the ABAQUS standard creep laws 
reproduced the experiments only during a short initial stage. For 
modeling of the long-term behavior a flew fl~~2 potential is pro
posed for consolidation creep asGc =\l +i) from which the 
creep strain tensor is determined as e- ()Gc/dr.;. The magni
tude of creep strain is chosen to such a value that the volumetric 
creep consolidation follows a law Ec = A(T )p 11 t 111 with a coeffi· 
cient A depending on temperature T as A = floexp(Q/ RT). 
Q is the activation energy and R the is the gas constant. For 
stress and time dependence a power law with exponents n and 
m is used. lf the Ioad varies during the creep phase a formula
tion as Ec = Ec(E)according to a strain hardening mechanism is 
preferred instead of the time hardening law shown above where 
Ec =Ec(t). 
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Fig. 4: lnclination angle a versus horizontal displacement 

During creep compaction the contact surfaces between partielas 
increase so that the material becomes stiffer for subsequent 
compression. This effect has been taken into account by model
ing creep hardening as Pb(Evot•Ec). The new creep laws have 
been implemented in a user-defined subroutine of the ABAQUS 
code. Results are compared with an experiment as shown in 
Fig. 5. lt is possible to reproduce the experimental data obtained 
at T = 800'C almost perfectly with ·~~ = 0.705 and m =- 0.82. 
Even if the Ioad is increased a second time at t > 5605 nun to a 
higher value the agreement is surprisingly good. The results 
shown for other temperatures have been obtained by using the 
value QIR=9741K as proposed by Reimann and Wörner 
(2000). 

A technical report which outlines the details of the modeling and 
which shows additional results and camparisans with experi
ments is in preparation (Bühler (2000)). 
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TTBB-006 
Irradiation of Ceramic Breeder Pebble Beds 

TTBB-006/2 
Contribution to the PIE of EXOTIC-8 Pebbles 

The EXOTIC-8 irradiation experiment in the HFR Petten 
provides, in comparison with the previous 7 EXOTIC's 
experiments, a higher flexibility of breeder irradiation testing [1]. 
The new design (4 legs being operated independently) allows to 
perform experiments with dedicated objectives: 

• Tritium-release behaviour by performing in-pile thermal 
transients and post irradiation inventory measurements; 

• High burn-up for integrity of pebbles and obtain large 
quantity for post irradiation testing of mechanical and 
thermal properties; 

• Permeation studies; 

• Sweep gas chemistry. 

ln June 1997 EXOTIC-8 was started with two FZK capsules 
containing orthosilicate pebbles with a small addition of Te02: 

• Capsule E8/3 containing u.sio. + 2wt% Te02 pebbles with 
50% 6Li-enrichment. ln this capsule the behaviour of the 
material at high burnups (about 1 0%) should be studied; 

• Capsule E8/4 containing u.sio. + 2wt% Te02 pebbles with 
natural enrichment. This capsule should give information on 
the behaviour of Iithium orthosilicate at burnups up to 3%, 
and on the tritium release characteristics and tritium 
residence time. 

Unfortunately it turned out that these pebbles are not suited as 
breeder material because the tellurium is released at higher 
temperatures. Therefore the material in the capsules was 
replaced with pebbles without tellurium. ln particular other two 
capsules were inserted in the HFR Petten: 

• Capsule E8/8 containing u.si04 pebbles with 50% 6Li
enrichment substituting E-8/3; 

• Capsule E8/1 0, containing Li4Si04 pebbles with natural 
enrichment, substituting E-8/4. 

The Iithium orthosilicate pebbles containing tellurium from 
capsules E-8/3 and E-8/4 were sent back to Forschungszentrum 
Karlsruhe to be examined. 
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Results 

Post irradiation examinations of Iithium orthosilicate pebbles 
containing tellurium are being completed at hot cells and 
preliminary results can be given. Optical microscopy showed no 
significant change in the microstructure of the pebbles, which is 
plausible because, due to the Substitution, the pebbles were 
irradiated for short time and the Iithium burnup is very small. The 
tritium release kinetics of the pebbles of capsuleE-8/3 (enriched 
material) was measured (Fig. 1 ). Pebbles were heated with a 
temperature ramp of 7 °C/min from 20 oc up to 850 oc. Helium 
with 1 vol% of H2 was used as purge flow. Fig. 2 shows the 
tritium release rate as function of the temperature. There are 
three main peaks of release rate at about 200 oc, 600 oc and 
850 °C. 
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TTBB-006/3 
Thermomechanical Pebble Bed Analysis for 
High Fluence Irradiation (HFI) 
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Nuclear analyses have shown that high flux fission test reactors 
are weil suited to simulate fusion power reactor irradiation 
conditions and !hat representative ratios of dpa and burn up can 
be achieved provided !hat the neutron spectrum is weil tailored 
and the 6Li-enrichment is properly chosen, [1]. Based on this 
finding, high fluence irradiation experiments of ceramic breeders 
in the HFR Petten were suggested with the main objective to 
investigate the impact of neutron spectrum and the influence of 
constraint conditions on the thermo-mechanical behaviour of 
breeder pebble-beds. ln the frame of the EFDA Technology 
Work Programme 2000, FZK carried out some preliminary 
design and analytical studies to develop a concept for achieving 
the required constant axi-symmetrical temperature distribution in 
the ceramic breeder pebble bed and the constraint conditions. 
The studies were carried out for Li4Si04 as currentl reference 
material but apply basically for other ceramic breeders, too. 

Design recommendations 

The overall design of the HFR irradiation device consists of a 
TRIO type rig with Cd-shield as near as possible to the outer 
control gas gap [2]. 

The analyses have shown !hat the desired irradiation conditions 
can be achieved by simple design measures, and by using 
materials with appropriate properties. Cover plates at the axial 
ends of the pebble bed made of Nb foam, possibly combined 
with an additional heat source placed on the central region of 
the plates, allow to establish an axially constant temperature 
distribution and to minimize the disturbance of the temperature 
field by the thermocouple guide tube. The volumetric differential 
thermal expansion between the pebble bed and the Nb structure 
amounts to 3.8 %, which would Iead, without creep, to a bed 
pressure of 8.8 MPa. To provide a weak constraint it is 
suggested to replace the stiff distance tubes between the bed 
cover plates and the caps of the capsule by a plastically 
deformable tube. 

A confirmation of the thermal calculations is necessary when 
more reliable data are available on the thermal conductivity of 
the Nb foam. Furthermore, additional analyses are necessary to 
determine the influence tube on the precision of the temperature 
measurement of the heat generation inside the thermocouple 
and the guide. For a complete thermal-mechanical analysis of 
the capsules, pebble bed models are necessary which describe 
the elastic and plastic pebble bed compression, pressure 
relaxation by creep, the corresponding thermal conductivity and 
bed to wall heat Iranster coefficients. Such models are presently 
being developed. 
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TTBB-007 
Development of Beryllium Pebble Beds 

TTBB-007/1 
Characterization of Be Pebbles 

The Rotating Electrode Process (REP) is one of the candidate 
methods for producing beryllium pebbles for use as a neutron 
multiplier in the European Helium Cooled Pebble Bed (HCPB) 
blanket. This method consists of arc melting the end of a lang 
cast cylinder, which is rotating about its axis in a vacuum 
chamber filled with an inert gas (e.g. helium). Malten droplets of 
metal are thrown off the end of the rotating cylinder and solidify 
in flight. The size and quality of the REP beryllium pebbles 
depends essentially on the material used and on the production 
process parameters (e.g. electrode impurity content, electrode 
diameter, electrode angular velocity, cooling velocity, etc.). 
Usually, this method produces almost perfectly spherical 
pebbles with a very small surface roughnass the mean size of 
which ranges from 0.2 mm to 2 mm or more. 

REP beryllium pebbles with 1 mm diameter produced by the 
NGK lnsulators Company were investigated before and after 
thermal annealing by means of optical microscopy. 

Macroscopically, the pebbles Iook almost perfectly spherical with 
a very smooth external surface. As usually expected the pebbles 
are covered by a beryllium oxide layer the thickness of which 
was estimated to be about 50-150 nm. The optical microscopy 
of the as-fabricated pebbles show an almost fully dense 
metallographic structure characterized by the presence of large 
grains (average grain size 100-300 j.IITl). However, a quite large 
number of pebbles exhibit a big pore (up to 0.1-0.2 mm) at their 
center tagether with a fully dense region near the extemal 
surface. This kind of pebble structure (which has been already 
observed in other types of pebbles subjected to fast thermal 
treatments) is typically generated during the cooling phase of the 
fabrication process. 

After a stepwise heating process in a flowing helium atmosphere 
up to 790 oc for several hours, the external surface of the 
pebbles Iook still "metallic" (probably because of the relatively 
small oxide content of the pebbles). Furthermore, the pebble 
microstructure does not change significantly and only a small 
amount of new porosity has developed as a consequence of the 
annealing process (Fig. 1 ). 

E. Damm 
E. Kaiser 
F. Scaffidi-Argentina 
H. Ziegler 
F. Weiser 

Fig. 1: Metallographie structure of both as-received 
(top) and thermally treated (bottom) REP 
beryllium pebbles 
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TTBB-007/2 
Evaluation of Tritium Release and Swelling 
under Irradiation (ANFIBE-Code) 

ln order to better understand the physical mechanisms 
governing swelling and tritium and helium release behavior in 
beryllium, as weil as to generate confidence in the results 
provided by the code ANFIBE [1] and to assess its prediction 
capabilities, some experimental results on density change and 
tritium and helium release for beryllium pebbles irradiated in the 
EBR-11 lest COBRA-1A [2, 3] have been compared with the code 
predictions. 

Swelling calculations were performed for both 1-mm and 5-mm 
C03 and 003 material as weil as for 3-mm C03 material. The 
calculated volumetric swelling for C03 material ranges from 
0.61% to 0.91% depending on the respective helium content. On 
the other hand, the resultant calculated swelling in case of 003 
material is up to about 25% higher than in case of C03 material 
and ranges from 0.83% to 0.98%. The agreement between the 
calculated swelling data and the experimental estimated value of 
0.83% is satisfactory. The calculated diameter of the 
homogeneously distributed intragranular helium bubbles is 
16.8 nm and the corresponding bubble density is 2.4x1015 cm·3

. 

These values are in reasonable agreement with those estimated 
by means of Iransmission electron microscopy (TEM) 
examinations (mean bubble diameter 11.9 nm, mean bubble 
density 2.0x1 016 cm·\ This fact confirms the assumption !hat 
beryllium swelling under neutron irradiation is predominantly due 
to the development of internal helium bubbles, so that void 
formation from radiation darnage can be neglected. 

Helium release calculations were also performed on pebbles of 
both 1-mm C03 and 003 material. The calculated helium 
inventory after annealing as a fraction of the total helium in the 
sample was 7% and 29% for C03 and 003 material respectively. 

A comparison in terms of cumulative tritium release as a 
function of the annealing time between experimental data and 
predictions of ANFIBE for the C03 stepped-anneal lest is shown 
in Figure 1. ln agreement with previous studies it has been 
found !hat the release starts at about 500-550 oc and becomes 
significant for Iamperatures higher than 700-750 oc. 

The total cumulative released tritium at 350-850 oc has been 
calculated 883 MBq/g which represents 71% of the 1240 MBq/g 
total inventory. These values are in reasonable agreement with 
the experimental results. 

The experimentally observed different tritium release behavior 
between 1 mm and 3 mm pebbles of both C03 and 003 
materials is essentially due to the different helium release 
kinetics during the in pile irradiation. Calculations indicate in fact 
!hat, for both small and large pebbles, most of tritium produced 
du ring in-pile irradiation at about 390 'c is trapped into relatively 
small intragranular helium bubbles. Ouring the irradiation at this 
relatively high temperature the bubbles move into the lattice and 
tend to coalesce, thus forming bigger bubbles.' Because the 
bubble diffusion coefficient decreases strongly with the bubble 
radius (oc1/r4

) the integral migration distance 

x(l) = ~6D" (r)t 
covered by a growing bubble will attain rapidly an asymptotic 
value which is determined by the distance migrated during the 
early bubble lifetime. Therefore, tritium trapped in helium 
bubbles will reach the sample free surfaces much easier in the 
case of small pebbles than in the case of larger ones. 
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Fig. 1: Camparisan between calculated and experimental 
tritium release by stepped Iamperature anneal for 
C03 Be pebbles 

This "particle size" effect explains why in-reactor lass of tritium is 
dependent upon pebble diameter size, with greater lass in the 
1-mm pebbles than for the 3-mm pebbles. 
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TTBB-007/4 
Heat Transfer Parameters of Pebble Beds 

ln a helium cooled pebble bed blanket (HCPB) for power 
reactors the neutron multiplier and the breeder material are 
arranged as pebble beds between flat cooling plates. The 
maximum temperatures in the breeder and the beryllium pebble 
beds are in the range of 900°C and 650°C, respectively. 
Because of large temperature differences between pebble beds 
and the structural material, different thermal expansion 
coefficients and irradiation effects, constrained strains occur. 
The large compressive stresses in the pebble beds might result 
in plastic deformations of pebbles. These deformations influence 
the thermal conductivity of the bed which determines the 
temperature distribution. Therefore, for the thermal-mechanical 
blanket design, the relationship between bed stress and bed 
strain as weil as the thermal conductivity as function of strain 
and stress must be known. 

Compression tests 

D 

\• .. :.. ... 

Fig. 1: Experimental set-up 

displacement 
transmitter 
(in total4} 

At present, a considerable amount of data exists in respect to 
the mechanical behaviour of pebble beds (stress-strain 
relationships, thermal creep) at blanket relevant conditions, 
obtained by uniaxial compression tests (UCTs) [1 ,2]. The 
measurements of thermal conductivity, however, concentrated 
either on uncompressed pebble beds (3] or on pebble beds 
where a small degree of compression was reached due to 
temperature differences in the test section [4,5]. There is only 
one experimental investigation (6], performed at ambient 
temperature, where the conductivity was determined as a 
function of an external Ioad (varied up to 1.5 MPa), however, 
without recording the corresponding bed strains. Therefore, a 
considerable Iack of data exists in respect to the knowledge of 
the thermal conductivity of deformed beds in relevant 
temperature range as a function of bed strain and stress. 
Presently, the HECOP facility is being built at 
Forschungszentrum Karlsruhe for investigating the thermal 
parameters of strongly deformed Be pebble beds [7]. ln order to 
have in short term data for the design of irradiation test 
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Fig. 2: Heater surface transient temperature (30 FE modal): 
continuous curve: k = 6.7 W/mK, rx = 1500 W/m2K; 
dashed curve: k = 12 W/mK, rx = 1000 W/m2K. 

capsules, an activity was started to measure thermal parameters 
of deformed pebble beds by using the the hot wire technique (8]. 

Experiments with the "Hot Wire" method 

The Hot Wire (HW) experiments were performed with an 
uniaxial compression test (UCT) facility in a He filled glove-box 
used already for previous UCTs (Fig 1). After filling the pebbles 
into a cylindrical container (the filling is supported by vibration in 
order to obtain a high packing factor), the container is positioned 
in the press. The pebble bed has inside an indirectly heated 
electrical heater with 1 mm outer diameter. The hot wire consists 
of an inner electrically heated wire (0.3 mm diameter), MgO 
insulator (0.3 mm thickness) and outer stainless steel tube 
(thickness is 0.1 mm). For experiments at elevated temperatures 
the bed is first heated up without bed compression by means of 
the heating of the press. When the temperature in the bed has 
reached the selected value and is in steady state, the pressure 
on the bed is gradually increased, and, reached the at selected 
values, an external voltage is applied to the hot wire. On the 
basis of the measured time dependent hot wire's temperature 
increase (measured by 0.25 mm thermocouplas brazed on the 
hot wire surface), the effective thermal conductivity of the pebble 
bed can be calculated. 

ln order to test the experimental equipment, first experiments 
were carried out in air with aluminium pebble beds (pebble 
diameter 2 mm) and orthosilicate pebble beds (pebble diameters 
between 0.25 and 0.6 mm). For the beryllium pebble bed tests, 
1 mm pebbles were used manufactured by the Japanase 
company NGK and 2 mm pebbles produced by Brush and 
Welman. 

As this method was intended to be used for bed conductivity 
larger than normally recommended for (1 W/m K), and because 
of the relatively small dimensions of the wire length and pebble 
bed diameter, also a modelling work of the thermal response of 
the hot wire supported the experimental activity. The 
experimental conditions were modellad in two steps. ln the first 
step, a one dimensional heat conductance modal was used 
assuming an infinitely long hot wire and axis-symmetry of the 
surrounding bed. The finite bed dimensions were taken into 
account by assuming a bed radius of 50 mm (the heat 
resistances and heat transfer coefficients, respectively, between 
heater surtace and pebble bed and between bed and container 
wall were simulated by thin layers with small values of the heat 
conductivity). ln the second, a three dimensional modelling was 
done taking into account realistically all geometric conditions 
described above. The results of the modelling showed that the 
Hot wire method is still applicable for beryllium pebble beds. Fig. 
2 shows the heater surface transient temperature predicted by 
the 30 Finite Element modal. Two different couplas of bed 
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conductivity and heat Iranster coefficient were assumed: k = 6.7 
W/mK, a = 1500 W/m2K (continuous curve), k = 12 W/mK, a = 

30 

20 
0 
I=' 

10 

Al pebble bed in air 
~ p=0.1MPa;k=1.5W/mK 
-+- p=0.4MPa; k=3MPa 

Li4Si04 pebble bed in air 
--€}--- p=0.1MPa; k=0.3W/mK 
-------- p=0.4MPa; k=0.3W/mK 

0.1 10 100 
t(s) 

Fig. 3: Measured Iamperature response for Li4Si04 and Al 
pebble beds 

1000 W/m2K (dashed curve). 

Experimental results 

Fig. 3 shows characteristic HW Iamperature signals for two 
types of pebble beds: 

• 

• 

the aluminium pebble bed which is characterised by a large 
thermal conductivity of the pebbles and significant plastic 
pebble deformations during compression; 

the orthosilicate pebble bed, characterised by a small 
thermal pebble conductivity and negligible plastic pebble 
deformations during compression. 

After switching on the electrical power in the hol wire, its thermal 
response is first dominalad by heat conductance through the 
MgO insulation around the metallic wire and the outer stainless 
steel tube and the heat resistance between heater and pebble 
bed. After a certain time period the heat conductivity of the 
surrounding material becomes dominating and a fairly straight 
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curve in the half-logarithmic plot develops (after about 20s for 
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Fig. 5: Thermal conductivity of Be pebble bed for UCT at 

T=475°C 

the Al pebble bed). For the orthosilicate pebble beds fairly 
constant slopes of the curves are obtained after less than 1 Os. 
For the orthosilicate beds there is no significant influence of 
pressure on the bed conductivity and the influence of the heat 
resistance is not so clearly observed because of the small 
thermal conductivity. For !arge conductivity (Al beds at high 
pressures), the slope of the curve becomes quite flat which is 
unfavourable for the accuracy of the conductivity evaluation (this 
is the main reason why the HWM is recommended to be used 
for small conductivity). The slope can be increased to a certain 
extent by increasing the voltage applied to the wire. Analysing in 
more detail the measured slopes for !arge values of k, one 
observes that the slopes are not exactly constant in the time 
range between 20 and 300 s. This effect has the consequence 
that the evaluated conductivity depends somewhat on the time 

. where the slope is Iaken. For this reason detailed modelling of 
the thermal response was done. Assuming thermal parameters 
characteristic for the experimental results, the 3d modelling 
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Fig. 6: UCTs of beryllium pebble beds at different 
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shows !hat, for conductivity evaluation, the slope is to be Iaken 
at about 50 s. 
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Fig. 7: Thermal conductivity of Be pebble beds as a function of 
stress 

Results of beryllium pebble bed tests 

Fig. 4 shows the stress-strain dependence measured during the 
UCT for a Be pebble bed at ambient temperature and the 
evaluated conductivities at different pressure Ieveis. The first 
HW measurement was performed before the bed was 
compressed. During the pressure increase period, the stress
strain dependence is determined mainly by the relocation of 
pebbles and, to a smaller degree, by elastic and plastic pebble 
deformation. The increasing elastic and plastic pebble 
deformation, however, is the reason for the increase .of 
conductivity with increasing pressure. During the pressure 
decrease period , the pebbles can merely change their position, 
there are minor movements due to elastic deformations. The 
conductivity essentially keeps the value reached at the highest 
pressure; only at very small pressure the values become 
significantly smaller. This tendency indicates that the increase of 
conductivity during pressure increase is mainly caused by 
plastic deformations. 

With increasing temperature, the conductivity of He and Be 
increases and decreases, respectively. At elevated 
temperatures the bed conductivity should be, therefore, iarger 
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Fig. 8: Thermal conductivity of Be pebble beds as a function 
of strain (room temperature) 

for negligible compressions but considerably smaller for !arger 
compressions. On a first glance, the results for a bed 
temperature of 475°C ( Fig. 5), appear to be contradictory: for 
given pressures, the values of k are quite close or even !arger 
than those for ambient temperature. The reason is that, at 
higher temperature, the strains for a given pressure are larger, 
and, if this difference is mostly caused by plastic pebble 
deformations, then the effect of increased contact areas 
overcompensates the effect of the Be conductivity decrease 
(Fig. 6). ln the experiment with thermal creep at 475°C, a distinct 
increase of the thermal conductivity du ring creep was observed. 
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Fig. 9: Thermal conductivity of 1 mm Be pebble beds as a 

function of strain (475 °C) 

The thermal conductivity k can be correlated as a function of 
both stress a and strain E. Fig. 7 shows the measured data as a 
function of o: There is a non linear dependence between k and 
a, and the temperature effect is not very expressed. This figure 
contains also the linear data fit for 2 mm Be pebbles from [5] 
which exhibits an increasing discrepancy to the present data 

Fig. 1 o: Schema of the HE COP test facility 

with increasing pressure. The results from [5] are representative 
for a temperature range between 25 and 200°C. The results 
from [6] again for 2 mm Be pebbles for ambient temperature 
agree fairly weil with the present data. 

Figs. 8 and 9 show the correlation k = f(E) at two different 
temperatures. This kind of presentation is more appropriate for 
the determination of the beryllium structural material Interaction 
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in blanke! elements. ln fact, the strain can be directly determined 
from the temperature field (at least for the beginning of blanke! 
operation). 

The present data can be fairly weil fitted by relationships of the 
type k = ko+A(T) E, where ko is the conductivity t without bed 
compression. 

HECOP experiment 

The HE COP lest facility (Fig.1 0) [7] has been completed and 
tests out of glove box have started. The design of the machine 
aimed to minimise uncontrolled heat losses, in order to allow 
reliable measurement of the temperature gradients in the bed, 
and of the heat flux flowing through the bed. Presently the 
hardware and software for the control of the experiment and the 
data acquisition is being checked: all thermocouples were 
calibrated and also the response of the heating and controlling 
system to a transient is being tested. 

Till the end of this year HECOP will be built-up in a glove box 
already used for beryllium experiments (Fa. Goraieb 
Versuchstechnik). lt is foreseen to have the first results on the 
heat transfer parameters of a beryllium single size pebble bed in 
the first months of the next year. 
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TTBB-007/5 
Model Development of Beryllium Pebbles Beds 

The granular character of Beryllium pebble beds used in the 
Helium Cooled Pebble Bed (HCPB) blanket affects both their 
thermal and mechanical behaviour. Modelling that behaviour 
and using experimental results for calibration is essential for a 
prediction of conductivity and an engineering blanket design. 

1. Modelling of the mechanical behaviour in ABAQUS 

The mechanical Beryllium pebble bed behaviour has been 
reproduced successfully using a Drucker-Prager cap model 
approach. Recently, experimental data on the dependence of 
the thermal conductivity on bed deformation, and temperature, 
(sub-task TTBB-007/4) have been implemented in the finite
element code ABAQUS. Now, local deformations can be 
translated into local thermal conductivity. A coupled 
thermal/mechanical analysis [1], with mechanical interaction of 
Beryllium and ceramic breeder pebble beds, was carried out for 
the HCPB sub-module irradiation experiment that is pursued 
under Task TTBB-004. The figure depicts the locally varying 
Beryllium bed conductivity, with no structure or ceramic breeder 
bed plotted. Under the present conditions, the bed deformation 
guarantees a near-constant conductivity value for the largest 
part of the bed, despite a sharp axial temperature drop of about 
300 K. 

Th. cond. [W/mK] 
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Fig. 1: Beryllium bed conductivity in the HCPB sub-Module 

2. Modelling ofthermal conductivity 

The conductivity of Beryllium pebble beds is strongly affected by 
bed stress, and strain. Modelling this behaviour requires 
relevant experimental data; results from three independent 
experimental campaigns described in the Iiterature were 
employed to develop a model that predicts bed conductivity 
du ring the first loading of the pebble bed knowing bed pressure. 
Tothis end, a correlation between externalloading pressure and 

pebble contact was developed and the Schlünder conductivity 
model used to isolate the contribution of contact deformation to 
the increase in bed conductivity [2]. A reasonable agreement of 
all data was achieved, and open issues in the prediction at 
temperatures far above room temperature highlighted. lt was 
pointed out that two of the three experimental data series used 
did not offer strain data for the pebble bed, and that such data 
are needed to develop a model covering the range of operation 
that a pebble bed sees during its life time. 
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TTBB-007/6 
PIE of Be Pebbles lrradiated in EXOTIC-8 

The beryllium specimens consist of spherical beryllium powder 
with a diameter of 0.1-0.2 mm made by inert gas atomization 
(IGA) and centrifugal atomization at Brush Weilman lnc. The 
production process involves break up and rapid cooling of a 
molten metal stream to form powder. This powder has the purity 
Ievei of other commercial beryllium products and is usually very 
close to spherical in shape. However, there are a large number 
of variables which can theoretically affect sphericity of the 
particles, therefore the sphericity of the IGA pebbles is not 
always guaranteed. 

The specimens were irradiated for 200 days in the High Flux 
Reactor (HFR) in Petten at temperatures ranging from 500 oc to 
600 oc with a fast (>1 MeV) neutron fluence of about 5•1024 m-2 

[1]. 

1. Gas release measurements 

Annealing and gas-release measurements for the irradiated 
beryllium specimens were carried out with a flow-through tritium 
release facility installad in the hot-cell laboratory of the 
Forschungszentrum Karlsruhe. The system essentially consists 
of an inlet gas manifold, a sample furnace chamber connected 
by a short, heated line (T",300 °C} to a zinc-reducer (T",390 °C) 
which transforms any tritium water to tritium gas, and an 
ionization chamber downstreams from the furnace for analysis 
of the purge gas tritium activity. The use of the zinc-reducer 
avoids problems with tritium water absorption on the inner wall 
of the release facility pipes, thus allowing quantitative tritium 
measurements. The total released tritium is determined by 
integrating the measured release rate over the time. 

The release kinetics and total amount of released tritium are 
determined by annealing the specimens with temperature ramps 
at a constant heating rate of 7 oc/min from room temperature up 
to 1000 oc. The final annealing temperature of 1000 oc was 
kept constant for about 3 hours. Either a 50 cm3/min high-purity 
argon with 1 vol% H2 or helium with 0.1 vol% H2 was used as a 
purge gas for the annealing experiments to facilitate the tritium 
transport. 

Tritium release rates are measured with an in-line ionization 
chamber, while the gas composition in the process line as weil 
as helium release rates are measured with a quadrupole mass 
spectrometer (QMS) connected downstream from the specimen 
furnace. QMS signature were mass-2 for H2, mass-4 for 4He and 
mass-40 for 40Ar. Based on previous studies [2] the contribution 
of HT to the QMS mass-4 peak can be considered as negligible. 

The QMS was calibrated with gas standard mixtures flowing in 
the process line, while the ionization chamber was calibrated 
with a standardized tritiated gas mixture. Before a tritium release 
experiments is started a dummy release measurement is 
performed in order to determine the background of the system, 
which is then subtracted from the measured tritium release rate. 

2. Results 

According to previous studies [3, 4, 5], the result of the 
measurements indicated that helium and tritium release 
behavior is a complex function of both irradiation temperature 
and time at temperature. Anyhow, in agreement with the studies 
reported in Refs. 3 and 4, all beryllium specimens do not show 
any significant tritium release at temperature of 600 oc and 
below. Although tritium is released between 600 oc and 900 oc, 
no helium release is observed in that temperature range. ln all 
investigated samples, the tritium release rate starts to increase 
significantly above about 600-650 oc, reaches a maximum at 

about 900 oc and than starts to decrease monotonically quite 
slowly with the time when the annealing temperature is kept 
constant at 1000 oc. ln all cases, at the time when the largest 
peak of tritium release occurred a peak of helium release was 
always observed. Figures 1 and 2 show quite clearly that tritium 
and helium are unambiguously released concurrently from the 
beryllium specimen, thus leading to the conclusion that tritium 
and helium reside in common bubbles in the irradiated material. 
ln fact, the gas release is due to the migration of the helium 
bubbles to form interconnected grain-edge tunnels to the 
specimen-free surfaces. The tritium trapped in the helium-filled 
bubbles follows the destiny of the bubbles and will be released 
concurrently to the helium only after their migration and venting 
from an open-porosity network. Strong oscillations in the helium 
release rate curves have been usually observed. 

Time[s] 

Fig. 1: Tritium release from 0.1-0.2 mm beryllium 
pebbles heated on a linear ramp to an anneal 
temperature of 1000 oc 

Time[h] 

Fig. 2: Tritium and helium release from 0.1-0.2 mm 
beryllium pebbles heated on a linear ramp to an 
anneal temperature of 1000 oc 
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TTBB-007n 
Contribution of BasicLayout of Test Capsules 

in order to investigate the beryllium behaviour under 
End-of-Life (EOL) HCPB blanke! conditions, an irradiation test at 
high helium production rates (at least 3000 to 6000 appm/year) 
and, at the same time, high temperatures (up to 700 °C) would 
be strongly required. A preliminary conceptual study has been 
carried out by looking at the potential use of eilher the Russian 
fast reactor BOR-60 or the European High Flux Reactor (HFR). 

The main objective of the study was to investigate which reactor 
is the more suitable for such irradiation as weil as to estimate 
the irradiation time required for obtaining the desired EOL HCPB 
blanke! conditions. 

The result of neutron calculations in terms of He production vs. 
neutron darnage for the HCPB blanke!, the BOR-60 and the 
HFR reactors are shown in Fig. 1. 
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Fig. 1: Beryllium He production vs. neutron darnage in the 
HCPB blanke! as compared with the BOR-60 and 
HFR reactor 

Although neither the BOR-60 nor the HFR reactor are able to 
fully reproduce the conditions expected in the HCPB blanke!, the 
HFR seems to be more suitable than the BOR-60. in fact, the 
intrinsic disadvantage of the HFR with respect to the BOR-60 in 
term of required irradiation time is compensated by its higher 
availability (i.e. 77% and 55%, respectively). Furthermore, the 
"harder'' neutron spectrum of the BOR-60 would produce a 
much higher neutron darnage than that expected in the HCPB 
blanke!. According to !hat calculation and taking into account the 
reactor availability, the effective irradiation time necessary to 
produce 10000 appm helium in beryllium has been evaluated in 
4.3 and 5.1 calendar years for the BOR-60 and the HFR, 
respectively. 

in order to estimate the gas-driven swelling expected during the 
irradiation, calculations with the ANFIBE code have been carried 
out. As shown in Fig. 2, a swelling ranging from 2.5% to 7.5% 
would be expected after 4 full power years (FPY) viz. 
5.1 calendar years (i.e. 10000 appm He) irradiation in the HFR 
in a temperature range of 350-700 ac. 

in any case, it is quite clear that it is extremely difficult to 
reproduce irradiation conditions similar to those expected in the 
HCPB blanke! in a reasonable time with the presently available 
fission reactors. Similar conditions could probably be easily 
obtained if an appropriate fusion material irradiation facility (e.g. 
IFMIF) would be available. 
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Fig. 2: Swelling vs. He content in beryllium 
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TTBA-002 
Blanket Manufacturing Techniques 

TTBA-002/3 
Forming and Form Stability of Solid HIP 
FW and Cooling Tubes 

-- 115 --

A small-scale diffusion welding test of MANET plates with Cu 
compliant layer of 0.1 mm thickness was successfully carried 
out. The mechanical testing evidenced rupture strength values 
of about 587 MPa. This is rather high for Cu, but below the yield 
strength of MANET. The total elongation at rupture of the 18 mm 
long tensile test sample with the 0.1 mm Cu layer in the axial 
center was found to be about 1.4 %. ln total the results of this 
test are considered fully satisfactory for the envisaged 
application. 

After failure of bonding in the first attempt, HIPping of the me
dium-scale FW plate with three cooling tubes and Cu compliant 
layer was repeated. ln the subsequent ultrasonic test, again 
insufficient bonding was detected. As neither a leak of the seal 
welds nor of the tubes could be found, it is assumed that the 
welding surfaces were contaminated during the numerous han
dling, testing, and machining operations. ln parallel the manu
facturing of a second FW plate with only one cooling tube was 
started. Plate and tube material is now EUROFER. Presuppos
ing successful diffusion welding, bending is envisaged for Oct. 
2000. 

This report includes also work carried out in Oct. - Dec. 99 
under Task A 3.2. 
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TTBA-003 
Coating Qualification and Irradiation Tests 
TTBA-003/2 

Fabrication and Characterisation of Hot-Dip 
Specimens, Delivery of Hot Dip Specimen 

Tritium permeation can be significantly reduced by a suitable 
coating of the structural material. Previous experiments have 
proved that hot dip aluminised and heat treated steel sheets 
tulfil the goals required for a tritium permeation barrier (TPB). A 
further improvement of the coating structure was anticipated by 
HIPping of the specimens du ring the heat treatment. 

Hence, the hot dip aluminised samples were HIPped in an argon 
atmosphere at 1, 250, 500 and 750 bar, the temperatures and 
times chosen correspond to the instruction for austenisation and 
tempering for F82H-mod. steel: 1040 oc I 30 min, 750 oc I 1 h. 

Metallographical cross sections of the samples revealed the 
formation of three layers. A band of pores is only observed on 
the specimen heat treated under 1 bar. The specimens heat 
treated with superimposed pressure showed no vacancies, 
pores or holes in their layers. The formed phases analysed by 
means of EDX line scans (see fig. 1) were the same on each 
specimen. The brittle Fe2Ais phase formed during the hot dip 
aluminising process was completely transformed after heat 
treatment into three new compounds. The external layer con
sists of the FeAb phase with an Al content of araund 46 wt%. 
Just beneath the FeAI2, a region of FeAI phase was found. The 
concentration profiles for Fe, Al and Cr show a sharp change 
from the FeAb phase to FeAI which reflects the missing com
pounds between 36 and 58 wt% Al in the Fe-Al phase diagram 
at 1040 °C. According to the binary Fe-Al phase diagram the 
FeAI phase is stable between 18 and 36 wt% Al at 1 040°C. 
Beneath the FeAI phase the Al concentration decreases con
tinuously from 18 to 0 wt%. This composition corresponds to a
Fe(AI). 
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Fig.1: EPMA line scans of a hot dip aluminised F82H-mod. 
sample sheet after heat treating (1 040 oc I 30 min, 
750 oc I 1 h) under 750 bar. 

The micro hardness determined on the three phases FeAb, FeAI 
and a-Fe(AI) of all specimens are comparable. With decreasing 
Al content the micro hardness value decreases in all Fe-Al 
phases. Hence, the pressure has no influence on the micro 
structure. 

The thickness of the layers were measured in different zones of 
the samples. The thickness revealed for the FeAI and a-Fe(AI) 
layers is shown versus the superimposed pressure in fig. 2. The 

specimens heat treated with superimposed pressure showed 
only a little change in thickness of about 10 f.!m in maximum for 
each phase. ln the case of the 1 bar specimen the range meas
ured is bigger because the paraus band did not allow an exact 
distinction between the two phases. lt can be shown very weil 
by linear fitting of the data that the thickness of the FeAI layer 
increases with increasing superimposed pressure, the thickness 
of a-Fe(AI) layer show the opposite trend: it decreases with 
increasing pressure. 
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Fig. 2: The thickness of the FeAI and a-Fe(AI) phases versus 
the superimposed pressure existed during the heat 
treatment. 

lt is obvious that the transformation rate of Fe2AI5 into the 
phases FeAb, FeAI and a-Fe(AI) gets slower with increasing 
pressure. High pressure influences the number of vacancies, 
holes and cavities in a lattice, i.e. increasing pressure Ieads to a 
decrease in vacancies. This fact has led to a decrease in the 
diffusion rate which can be seen in the slower transformation of 
Fe2AI5 and FeAI2 and the absence of Kirkendall pores. 

Heat treatment with superimposed pressure has a significant 
influence concerning the scale structure of hot dip aluminised 
steels sheets. Two effects were observed on the HIPped sam
ples: 

• With increasing pressure the thickness of the FeAI phase 
increases and the thickness of the a-Fe(AI) phase de
creases . 

• The formation of pores were suppressed successfully. 

The absence of the pores could have a positive influence on the 
reduction of the permeation rate. Hence, permeation measure
ments of HIPped samples have tobe done. 
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TTBA-006 
Magneto Hydrodynamics (MHD) 

TTBA-006/1 , 2, 3 
Test and Modelling of Forced Convection MHD 

lntroduction 

ln currently investigated liquid-meta! (LM) blankets for fusion 
reactors the LM - a Iithium-Iead alloy - serves mainly as 
breeding material [1] and not as coolant. 

1. Thus the externally forced flow required for a continuous 
circulation of the breeding material is very weak within the 
breeding zone reaching there typically mean velocities on a 
scale of a few mm/s. Therefore, buoyant flow may become 
dominant in the whole blanke! influencing heat transfer and 
the distribution of the concentration of the tritium generated 
within the liquid meta! breeder [2]. 

2. However, in the blanke! header high flow velocities appear 
which due to the large amount of structural material lin the 
header generate high pressure drops. An even more 
peculiar feature of the MHD flow in the header is that 
uneven flow rates in the individual feeding and draining 
ducts appear, which are caused by the electric coupling of 
channels via the electrically conducting structural material. 
New fabrication technologies allow an electrical separation 
of the individual feeding/draining ducts and hence drastically 
reduce the MHD pressure drop and avoid uneven flow rates 
(the so called multi-channel effect). The electrical separation 
is performed via an electrically insulating coating being 
plasma-sprayed on the ducts. Afterwards the individual 
ducts are hipped to a full header module. 

3. A third feature of the EU-WCLL design is that the structural 
material being considered is MANET which is ferro
magnetic, having a magnetic permeability significantly !arger 
than unity (l!r= 50). This ferro-magnetism may Iead to 
changes of veloctiy profilas whithin the duct and probably to 
reduced MHD pressure drops, due to the modified electro
magnetic boundary conditions at the liquid-solid interface. 
This effect becomes most appearent especially if the 
magnetic saturation field strength is exceeded, which holds 
for the blanket. 

These features of the EU-WCLL blanket have been investigated 
within the R+D program and the results achieved are discussed 
below. 

1.1 Natural convection experiments 

Buoyant flow in breeding blankets can be caused by 
temperature differences within the LM due to volumetric heating 
and the heat removal through the cooled walls and/or tubes. The 
knowledge of the Velocity distribution is important for the 
evaluation of the heat transfer and it is of special interest with 
respect to the concentration distribution of the tritium generated 
within the LM [ 3] .in order to avoid tritium hot spots in the corner 
near the first wall a Iransport velocity of at least 10"6 rn/s is 
necessary. Out of pile experiments on natural convection of 
volumetric heated LM under MHD-conditions cannot be realized 
because any electrical heating would interact with the MHD 
phenomena to be investigated. Therefore we decided to restriet 
our experiments to the investigations of the natural convection 
flow between a heated and a cooled plate. With the 
experimental verification of numerical results reliable predictions 
of the flow patterns appearing in the blanke! can be made. 

The most relevant case in the EU-WCLL blanke! concept is the 
configuration shown in fig 1 a. There, in principle a vertically 

arranged box heated and cooled from the sides is exposed in a 
horizontally oriented magnetic field. 

The experiments are conducted in in the superconducting 
solenoid magnet of the MEKKA Iabaratory [4] which allow to 
measure in magnetic fields of up to 3.5 Tesla. 

A cross section through the test apparatus is shown in Fig. 1 b. 
The heated side wall - a 20 mm thick copper plate - is heated by 
20 electrical heater rods embedded and brazed in grooves in 
order to improve the heat transfer. This heater allows to operate 
with an electrical power up to 12 kW corresponding to a heat 
flux of up to 15 W/cm2 and enables Rayleigh-numbers up to 
105. The cooled side wall - again a copper plate - is cooled and 
kept at constant temperature of about 100 oc by a boiling pool 
of water. The other walls are of 1.5 mm stainless steel. To 
homogenize the boiling heat transfer a particle bed of glass 
spheres with a diameter of 5 mm is used. The vapor from the 
boiling pool is recondensed on water cooled heat exchanger 
located outside the magnet. A more detailed description can be 
found elsewhere e.g. [ 2,3,5] . 

Fig. 1: a.) Natural convection in substructures of the WCLL and 
the influence on tritium concentration. 
b.) Schemalies of the convection experiment performed 
in the MEKKA facility 

1.2 Theory: Two-dimensional (20) formulation of the 
problern 

ln 3D magnetohydrodynamic flows the energy of vortices whose 
axes are inclined to the direction of the magnetic field is 
immediately removed by Joule's dissipation and the vortices will 
be strongly damped (see e. g. [4-9]). Vortices whose axes are 
aligned with the direction of the magnetic field are not affected 
by the field as long as the fluid is of infinite extend in the 
direction of the magnetic field. So if the magnetic field is strong 
enough a 2D flow pattern of convective rolls aligned with the 
direction of the magnetic field will evolve. lf the fluid is of finite 
extent in the direction of the magnetic field, electric currents 
induced by the fluid motion can close in the viscous Hartmann 
layers and in the electrically conducting Hartmann walls. Thus, 
the fluid motion is damped by an additional Lorentz force. 
lntegrating along magnetic field lines, taking into account 
symmetry conditions and the thin wall condition, these 3D 
currents can be taken into account and the problern can be 
described by 2D equations (Bis parallel to the x-axis): 

_!.._ [J 1w + Jyv'Jzw- Jzv'Jyw]= (ayy + a::z~ + RaoYT _:!... 
~ r 

o1T + (v. v )r = (a YY + a ::z fr 
JQ Q·c 

-=-+--
r b b+c, 

Here x, y, z is a Cartesian coordinate for which the distance h 
between the heated and the cooled plate is taken as a 
characteristic length scale. The magnetic field is orientated in x-
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direction and the two dimensional flow evolves in the y,z-plane. 
The velocity components v and w are expressed in terms of a 
2D stream function \j!With V=dz\jfand (J):dy'V and (J):(\lxv)•ex is 
the vorticity component in the direction of the magnetic field. T is 
the dimensionless temperature obtained from scaling with the 
temperature difference across the layer ilT. The effect of 
magnetic field is accounted for by the last term of equation (2). 
The dimensionless parameter t is a characteristic time scale for 
the decay of vorticity by the effect of Hartmann braking. lts 
inverse 1/t is called the magnetic damping parameter, defined 
from equation (3) where b is the half dimensionlass extension of 
the layer in the direction of the magnetic field, c is the wall 
conductance ratio defined as c=s<W/(ha)with the thickness of 
the wall s and the electrical conductivities cr an <W of the fluid 
and the wall respectively. The magnitude of the applied 
magnetic field is expressed in terms of the Chandrasekhar 
number 0=h2B2 q:> -lv -I which is related to the more common 
Hartmann number like Ha=0.5Q0·5. Other dimensionlass groups 
in these equations are: The Prandtl number Pr=v/ K with v the 
kinematic viscosity and K=N (pcp) the thermal diffusivity, 
calculated from the thermal conductivity 'A, the density p and the 
specific heat capacity Cp. The Rayleigh number 
Ra=o:gil Th3

K -lv -I where a is the cubic thermal expansion 
coefficient and g the magnitude of the acceleration of gravity. 

1.3 Results of the convection experiments 

The heat transfer across the layer is denoted in dimensionlass 
from by the Nusselt number Nu=q"h'A -I il T" 1 with q" the applied 
heat flux. ln Fig. 2 the Nusselt-numbers are shown for different 
Hartmann-numbers Ha as a function of the Rayleigh-number 
Ra. For all Hartman numbers, the Nusselt numbers are 
increasing continuously with increasing Rayleigh numbers. 
Consistent with the concept of increased Joule's dissipation at 
higher magnetic fields the Nusselt numbers for the high 
Hartmann numbers Ha=800 and Ha=1600 are significantly lower 
than at ordinary hydrodynamic (OHD) flow at Ha=O. However, 
for moderate strengths of the applied magnetic field 50<Ha<400 
higher Nusselt numbers than without Magnetic field are 
observed. This can be explained by an erdering effect of the 
magnetic field on the convective flow patterns. The non-isotropic 
character of the electromagnetic forces gives rise to the 
transition of three-dimensional convective vortex structures into 
increasingly !wo-dimensional ones in the sense that vortex axes 
become aligned with the direction of the applied magnetic field. 
The reduced non-linearities of local non-isotropic flow cause the 
formation of large-scale coherent structures which exhibit much 
simpler temporal dynamics and higher convective heat Iransport 
than under ordinary hydrodynamic (OHD) conditions. 
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Fig: 2 a.) Measured Nusselt-numbers versus Rayleigh 
numbers Ra for different Hartmann-numbers Ha. 
b.) Fluctuating part of the temperature signals recorded 
by the probe, 0<Ha<1600, 5· 104 <Ra<8.7· 104 

ln Fig. 2b typical time recordings of the fluctuating part of the 
temperature signals recorded by the probe are shown. At a 
constant heating power of 7200W the magnetic field is varied in 
the range 0<Ha<1600. Due to the variation of the convective 
heat Iransport the Rayleigh numbers vary in the range 5· 
104<Ra<8.7· 104. At OHD flow (Ha=O) !arge amplitude random 
fluctuations of the temperature, typical for turbulent convection, 
are observed. The imposition of moderate magnetic fields in the 
range 50<Ha<200 causes a significant increase of the governing 
time scale and even larger amplitudes of the fluctuations. These 
findings are related to convective motions with larger scales. II 
the magnetic field is increased beyond Ha=400 the flow 
undergoes a fast transition from high organized temporal 
structures to stationary flow as it is indicated for the highest 
Hartmann numbers. ln Fig. 3(a) the Nusselt numbers obtained 
from the measurements shown in Fig. 2b are compared with 
predicted values obtained for Ra=1 o4 from a numerical solution 
of the 2D model equations. The strength of the applied magnetic 
field here is expressed in terms of the magnetic damping 
parameter 1/t. The calculations areweil reflecting the tendency 
of decreasing heat transfer at higher magnetic damping 
parameters. Additional information on the flow is obtained from 
the distribution of the stream function \j. plotted in figure 3(b). 
As the magnetic damping parameter is increased from left to 
right the time dependent convective flow pattern of multiple rolls 
evolves into a stationary one characterized by one single 
convective cell. At this stage the contribution of convective heat 
Iransport becomes negligible and the asymptotic behaviour 
Nu=1 is obtained. However this does not mean a full 
suppression of any convective motion and significant tritium 
Iransport in the blanke! due to thermal convection may be 
expected nevertheless. 

~ zsH-+++111lllf'><cH+IlfHI-+-+l-ll+HI 
~ 

zol--t-'+fflfttjjo-+f-fl'j,\HI-+-+J-ttfltl 

tsH-+++1111111-+t'I+Hl\\--+-+l-ll+HI 

t.of-++H-tttttl--++tttttltl>---+-t+fffl!l 
10' 10' 10' 10' 

(a) 

........... lncreasing eH 
-- lncreasing Ha 

(b) 

Fig. 3 : (a) Comparison of measured Nusseil numbers with 
values obtained from a numerical solution of 2D model 
equations. 
(b) flow patterns of the 2D numerical solution. The effect 
of increasing magnetic damping parameters 1/t. 

1.4 Summary of the natural convection experiments 

Natural convective flow of liquid metals under the influence of 
externally applied magnetic fields as they may occur in fusion 
blankets may be investigated in weil defined experimental set· 
ups. From the experimental results, complemented by the 
theoretical analysis it is concluded, that under fusion relevant 
conditions (Hartmann numbers Ha=5000, Rayleigh numbers Ra 
ii* 1 0 7) thermal convection is reduced to I arge scale stationary 
motions that do not significantly contribute to the heat Iranster in 
the blanke!. Nevertheless, the existence of the remaining 
marginal motion is crucial to avoid tritium hol spots. 

2.1 Forced convective flow in the ducts of the Blanket 
header 

One important question for the design of liquid meta! blankets is 
availability of a long term reliable electrical insulation of the duct 
walls, which is capable to withstand the high neutron fluxes 
present in the reactor. The research to develop such electrically 
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insulating materials is still an ongoing task although the 
insulation requirements for such a material with respect to MHD 
are far below the ones setup by the electric industry. ln the 
absence of an electric insulation of the duct walls global electric 
currents induced by the fluid moUon can circulate within the 
blanket structure. This effect known as multi-channel effect 
(MCE) may Iead especially for self-cooled blankets to pressure 
drops exceeding the allowable material stresses. But also the 
actually discussed Water-Cooled-Lead-Lithium (WCLL) blanket 
can be significantly affected by the MCE since it yields uneven 
flow distributions in the individual ducts. 

The pressure drop caused by MHD flows in most of the relevant 
duct geometries may be minimized by the use ofthin conducUng 
walls or by direct insulations (coatings or ceramics). Thin 
conducUng walls can be achieved by the use of so-called .Eiow
.Qhannel !nserts (FCI), where an electrically insulating ceramic 
sheet is sandwiched by thin steel plates. These FCI's are fitted 
loosely in the ducts. The physical effect leading to the reduced 
MHD pressure drop is that the electric current density is 
minimized, because the thin steel sheets represent a higher 
ohrnie resistance than a thick wall facing the liquid meta!. A 
second advantage are the low requirements on the FCI's with 
respect to their stiffness, since the pressure Ievel in- and outside 
the FCI is nearly the same. Nevertheless, the usage of FCI's in 
long geometries requires the insertion of several FCI's. At the 
juncUons where the FCI's overlap three-dimensional MHD flows 
appear due to the jump of the electrical conductivities. 

Another technical method to overcome the disadvantage of the 
overlapping of FCI's and their fitting into the ducts bores is 
discussed in the frame of the manufacturing of the WCLL test 
blanket module (TBM) for ITER [10]. This specific type of FCI is 
illustrated in figure 4 and the manufacturing of such a FCI is 
performed as follows: 

a.) Fabrication of semi-circular grooved thick MANET steel 
plates (using the hotisostaUe pressing or HIP method). 

b.) Spark-erosion of a thin-walled MANET steel tube and final 
machining of this tube. 

c.) Plasma spraying of the thin walled MANET tube with 
alumina oxide Al203. 

d.) Seal welding of the thick plates with the thin tube using an 
electron beam 

e.) Finally, diffusion bonding of the semi plates in a HIP facility 
at 50MPa and 980°C for three hours. 

Fig. 4: Photograph of the semi-fabcricated specimen foreseen 
for MHD flow tests in the MEKKA-facility of the FZK [1 0]. 

2.2 Results of the Electrical Decoupling 

The module shown in figure 4 has been embedded in the 
MEKKA-Facility. ln the pretesting phase of the test section the 

eutectic lnGaSn alloy has been used as liquid in order to 
measure the quality of the electrical insulation of the plasma 
sprayed alumina oxide AI203 layer between the inner duct and 
the massive hipped MANET structure. 

The measurements showed that no electrical Separation 
between the MANET and the stainless steel tube was achieved, 
although the inner tube was completely leak tight to the 
ambience. A metallographic invesUgaUon for this quite 
disappointing effect revealed that the glue necessary for 
attaching the alumina oxide on the stainless steel tube 
contained carbon. During the high temperature hipping 
procedure carbon and grahpite cristalls are formed, because of 
the carbon concentration difference between glue and the 
MANET. The cristalls penetrated through the alumina oxide 
layer in such a way that they formed an electrical contact. 
Unfortunately, the critalls are spread dense and quite regularly 
over the whole hipped domain. Thus no significant increase of 
the ohrnie resistance between the thin steel tube and the 
massive MANET block could be measured. 

A new test secUon using a different method of plasma spraying 
alumina oxide layer onto the steel tube is currently under 
fabrication. First tests of the specimen have shown a high 
degree of electrical separation. 

3.1 Forced convective flow in ferromagnetic ducts 

The structural material considered in the EU-WCLL blanket as in 
many other blanket types is the ferro-magnetic steel MANET a 
magneUe permeability ~r far above unity (W"' 50). This ferro
magneUsm Ieads probably to reduced MHD pressure drops, due 
to the modified electro-magnetic boundary conditions at the 
liquid-solid interface. This effect becomes most appearent if the 
magneUe saturation field strength of MANET is exceeded, which 
is about 1.65 Tesla. ln the blanket, however, this magnetic field 
strength is by far exceeded. 

As a consequence the electro-magneUc boundary conditions at 
the liquid metal-duct interface are different than in the case of 
non-ferromagnetic materials. Especially, the magnetic field 
produced by the electric current (,which originates form the 
interaction of moving liquid and plasma confining magneUe field) 
circulating within the liquid meta! and the magneUe field lines 
compressed in the ferro-magnetic duct interact with each other, 
leading to other current pathes. This modificaUon of the 
boundary condition Ieads to different MHD flow features than 
invesUgated in the past. 

Thus, new models have to be derived and verified by 
experiments in order to ensure a high performace of the blanket 
module. These models have not only to treat the fluid dynamics 
and the electrical properties of the fluid/ wall system but also the 
magneUe field, which can now not be treated as a constant field 
property. This magneUe field is a function of space when 
ferromagneUe duct walls are used. 

ln order to quanUfy the effect of a ferromagnetic material on the 
MHD flow, two geometrically identical thick-walled test sections, 
one consisting of stainless steel (W"' 1, see fig.5 ) and one being 
ferromagneUe (made of construction steel S355) have been 
fabricated. Both test modules have circular cross-sections. A 
photograph of the stainless steel secUon is shown in figure 5. 

A diagram of the magnetisation of the ferro-magnetic steel is 
shown in graph 6, where the externally applied magneUe field is 
shown as a function of the field within the duct. The graph 
shows that the ferro-magnetic material shields up to field 
strength of up to O.BTesla. Above this range the inner field 
grows linearly with the outer one. The implementation of the test 
sections in the MEKKA facility is scheduled for October 2000. 
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Fig. 5: Photograph of the stainless steel test section being 
fabricated at the FZK-IKET. The length is about 500mm 
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TTMS-001 
Irradiation Performance 

HFR Irradiation Programs 

HFR Phase IB 

The HFR Phase IB programme was pertormed at irradiation 
temperatures from 250 - 450 oc and a dose Ievei of 2.4 dpa. lt 
concentrated mainly on technological studies. Due to numerous 
problems and delays (politically motivated delayed granting of 
Iransport permits), the examinations will start in November 2000 
instead of October 1999. The following results are expected: 

• A study of EB and TIG weldings with F82Hmod and of 
diffusion weldings with MANET II. 

• A characterisation of the F82Hmod HIP base material and 
the influence of the notch root. 

• The influence of different annealing treatments on the 
mechanical properties of OPTIFER and F82Hmod. 

• Further insights for the improvement of the chemical 
composition (OPTIFER without boron, JLF1). 

HFR Phase IIB (SPICE) 

The Iayout and details of the new irradiation programme 
(SPICE) in the HFR have been completed. The sample holder 
fabrication has started, specimen fabrication is completed by the 
end of September. Irradiation is planned to start in December 
2000. 

Fig. 1: Reactor vessel of the HFR. The position of the SPICE 
capsule, which is surrounded by fuel assemblies, is 
marked 

The final design after thermodynamic calculations provides 
space for 130 charpy, 91 tensile, and (for the first time 
simultaneously) 160 fatigue specimens. The irradiation 
temperatures are 250/300/350/400/450 oc and the dose Ievei is 
15 dpa, reached in a central core position of the reactor (see 
Fig. 1 ). Activation detectors in the sample holders and 
temperature control by sodium are additionally applied to ensure 
the high quality Ievei of HFR irradiations even at higher doses 
(see Fig. 2). 
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Fig. 2: Irradiation capsule with sample holders. (1 ): sample 

holders, (2): vertical displacement unit for neutron flux 
control, (3) temperature control unit 

in the SPICE programme, the new low activation alloy 
EUROFER 97 - the result of the development from OPTIFER I 
to OPTIFER VII - will be investigated in different variations: 
Different heat treatments, a HIP powder steel, and various 
boron contents to investigate the effect of He embrittlement. A 
few samples will serve as a reference to former irradiations and 
to complete the data for several formerly investigated alloys. 
Regarding the EUROFER steel, an embrittlement behaviour 
comparable to the best alloys investigated in former irradiation 
programmes is expected, accompanied by good mechanical 
properties. The higher irradiation dose of 15 dpa will be a step 
towards fusion-relevant doses. 
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Work on OPTIFER- and F82H mod.-AIIoy 

A series of martensitic developmental alloys has been 
investigated after irradiation in the HFR. These 7-10%CrWVTa 
alloys have been optimised towards long-term activation and the 
properties are compared with the conventional 9-12%CrMoNb 
steels. 

The irradiation in HFR was carried out in the temperature range 
of 250 - 450 oc up to an accumulated dose of 2.4 dpa. The 
tensile specimens were manufactured of the alloys OPTIFER II, 
OPTIFER IV and the Japanese steel F82H mod .. The chemical 
compositions are given in Table 1. The heat treatments are 
collected in Table 2. 

Table 1: The chemical components of the irradiated alloys 

Elements OPTIFER II OPTIFER IV F82H mod. 

Cr in wt.% J, 9.5 8.5 7.61-7.64 

c 0.125 0.11 0.09 

Mn 0.49 0.57 0.16 

V 0.28 0.23 0.16 

Ta 0.018 0.15 0.02 

w 0.006 1.16 1.94-1.97 

Ge 1.2 - -
P in ppmJ, 43 40 20 

s 20 40 10-20 

B 59 40 2 

N 159 600 60-80 

0 90 35 -
Nb - - 1 

Ce <10 - -

Table 2: The heat treatments of the irradiated alloys 

Alloy Heat Treatment 

OPTIFER II 950 oc 0.5 h + 780 oc 2 h 

OPTIFER IV 900 oc 0.5 h + 750 oc 2 h 

F82H mod. 1040 38 min + 750 oc 1 h 

The tensile specimens were tested in the Hot Cells of the 
Forschungszentrum Karlsruhe. The tests were performed with a 
static mechanical tensile testing machine with a strain rate of 1% 
min·1

• The unirradiated specimens have also been tested at RT 
(Room Temperature). The irradiated specimens were tested at 
their irradiation temperature of 250, 300, 350, 400 and 450 oc. 
The results of the yield strength (Rpo2), ultimate tensile strength 
(Rm), and the total elongation (A) are plotted vs. the irradiation 
and lest temperature, Fig. 1-3. 

The influence of the irradiation is quite obvious by an increase of 
the strength in all materials at 250 and even more at 300 oc. At 
the higher lest- and irradiation temperatures, the strength of all 
alloys decreased again. This is not only due to the irradiation, 
there is the influence of the increasing lest temperature, too. 
The tensile tests with unirradiated specimens show the thermal 
effect as a continuous softening. The highest strengthening due 
to the irradiation was found at 300 oc and with lower values at 

350 oc. The total elongation, a measure of ductility, confirms the 
behaviour of the strengthening at 300 oc, too. All three alloys 
have a similar mechanical behaviour after irradiation. ln this 
series, OPTIFER II has the weakest strength and highest 
ductility. 

The influence of strengthening by the irradiation (0.8 dpa) could 
be explained by former microstructural investigations. Irradiation 
induced loops, fine precipitates and He-bubbles contribute to the 
strengthening in the material. They block the movement of the 
dislocations du ring the deformation of the material. 
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Cerrelation between Microstructure and 
Mechanical Properties 

Overview 

The correlation between microstructure and the form of ductile -
brittle transition as weil as the tensile properties of martensitic 9-
12CrMoVNb and 7-9CrWVTa steels have been analysed by 
physical models [1, 2]. Particularly the superimposed effects of 
helium [3, 4] and hydrogen [3] isotope generation with 
displacement damage, as weil as precipitation hardening and 
strain rate have been considered. Additionally, the possible 
contribution of second particles to enhance irradiation resistance 
by suppression of point defect (PD) concentration have been 
examined [4]. 

Irradiation hardening and DBTI 

ln accordance with model predictions for stress induced fracture 
appearance, the irradiation induced shift of ductile brittle 
transition temperature V=L'>DBTT/DBTTO observed in Charpy 
impact tests increases. This is combined with a pronounced 
widening of ductile-brittle transition interval mainly increasing 
with athermal strengthening, strain rate sensitivity of thermal 
strength and initial DBTTO value [1, 2]. An embrittlement with 
reduction in fracture stress by a probably irradiation enhanced, 
coarse Laves phase formation at higher irradiation 
temperatures and doses or coarse prior austenitic grains 
increase embrittlement shift V. Both, irradiation strengthening 
L'>oi1rr and embrittlement shift V increase logarithmically with 
displacement darnage dpa at 300°C as shown in Figs.1, 2 for 
11 CrMoVNb steels (MANET-1,11), and particularly of steel F82H. 
No saturation is observed in both properlies below 34 dpa for 
F82H. Such behaviour is expected by a weak decrease in defect 
nucleation rate with increasing darnage in absence of strong 
irradiation induced recovery processes. Mainly due to stronger 
defect hardening, shift V for MANET-1,11 is larger and the dose 
dependence is more pronounced compared to 7-9CrWVTa 
steels. lt correlates linearly with tensile strength. The strength 
dependence V(L'>q), however, is somewhat stronger for 7-
9CrWVTa steels due to additional effect from thermal 
strengthening. As the analysis has further shown, irradiation 
strengthening above araund T1= 300°C is mainly athermally 
caused by larger defects like loops, He- bubbles and fJ.'
precipitates. Below !hat temperature, however, progressive 
stronger thermal hardening occurs due to generation of a high 
density of small PD clusters (vacancy-helium-hydrogen) with 
size below 1 nm. Thus, in this low temperature region T1 :::; 
300°C, helium and even more stronger hydrogen [3] can 
enhance thermal cluster nucleation and hardening by increasing 
thei r density. 

Effect of He and H 

Fig. 3 shows the yield strength dependence of total elongation 
ER[a;,(T)] of unirradiated and neutron-irradiated 7Cr2WVTa steel 
F82H without and with helium generation (:::; 120 appm) by 10B 
doping in addition to displacement darnage of < 2,4 dpa. For 
unirradiated material a sharp minimum of ER,mln is observed 
araund 300°C. The 120 appm helium generated at T1= 250°C 
and 0.7 dpa reduces the tensile ductility strongly, whereby only 
a weak effect of a variation in the test temperature between RT 
and 400°C. is visible. ln contrast, a very strong irradiation 
temperature dependence of tensile ductility ER results, as 
indicated by the HFR irradiation data at T1= T F250-450°C, 0.8-
2.4 dpa with ~ 20-40 appm He. Similar, like in unirradiated 
material a very sharp minimum in ductility occurs araund 
T1= T r=300°C by formation of a distinct He-induced "nose" which 
propagates with increasing He content respectively darnage 
dpa. This minimum is caused by a high density of small He
bubbles formed at coarser M23C6 precipitates enhancing micro-
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crack nucleation and reducing the ductile fracture stress. Above 
and also below T1= 300°C, ductility ER decreases more strenger 
due to enhanced bubble growth and probably interfacial stress 
relaxation by vacancy absorption at these coarse precipitates 
involved in the ductile fracture process. This mechanism can 
exceed He-induced ductility reduction at higher temperatures 
and contribute to an irradiation-induced ductilisation. Such He
induced nose formationwas found at all7-12 steels irradiated in 
HFR to 0.8-15 dpa where --20-85 appm He are generated. This 
demonstrates Fig. 4 which shows the effect of helium content 
generated via 108 on the relative ductility degree D=,1ERH•; ER,mln 
for constant temperatures TI=TT=250-475°C and 0.7-15 dpa, ~ 
120 appm He. The ductility reductions are below D :50.5 and 
clearly tend to increase with increasing helium content, possibly 
somewhat strenger at higher irradiation temperatures. 
Particularly for steel F82H it becomes positive at higher T1=400-
4500C and lower helium contents. This might indicate that 
vacancy absorption at precipitates enhances interfacial stress 
relaxation at coarser M23Cs precipitates and reduces microcrack 
nucleation and increases ductile fracture stress. Summarising, a 
neutron-induced helium generation via 108 transmutation causes 
tensile ductility loss by a high density of small helium bubbles 
formed at coarser M23Cs precipitate interfaces. That is enhanced 
by segregation of boron in precipitates producing "locally" a high 
helium content. This explains, why He- implantation, where 
helium is distributed more uniformly within the matrix, only 
reduces tensile ductility to a lesser extent but not upper shelf 
energy of Charpy tests for 300 appm He. The generated matrix 
helium mainly contributes to thermal cluster hardening below 
T1=300°C, which enhances in addition to displacement darnage 
embrittlement shift V, but comparably weaker than athermal 
strengthening by larger defects. 
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Fig. 4: Effect of helium content generated by 108 on tensile 
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Effect of second particles 

Furthermore, it is frequently found that a high density of small 
second precipitates reduces strongly swelling similar as cold 
working by suppression of PD supersaturation. Regarding this, 
there is a clear different behaviour of coherent and incoherent 
precipitates. For ferritic 7 -12Cr steels as shown by rate theory 
calculations of defect absorption at defects, against incoherent 
particles, coherent precipitates can reduce PD concentration 
only within mean irradiation temperatures of 360-490°C and 
lower defect generation rates by the enhancement of point 
defect recombination. Thus, coherent precipitates could 
contribute to reduction of irradiation hardening below 450°C. 
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TTMS-002 
Metallurgical and Mechanical Characterisation 
of RAFM Steels 

Transformation Behaviour and Tensile, Creep 
and Impact Toughness Properties 

Within the framelfl!ork of the European Technology Programme, 
the Japanese steel F82H mod. is being investigated parallel to 
the European steels OPTIFER and the new common European 
steel EUROFER. 

Work on F82H mod. 

The characterisation work has been completed and documented 
(see Annual Reports 97/98 and 98/99). The latest and Iongest 
creep test over a duration of 40311 hours at 55o•c and 
160 MPa marked the completion of creep data collection [1, 2]. 

Work on OPTIFER 

Work with regard to the mechanical properties (tensile and 
toughness tests) of various OPTIFER types has now been 
completed [3]. lnvestigations regarding the creep strength and 
creep behaviour of annealing states at a reference hardening 
temperature of 95o•c have been completed largely (except for 
individual long-term experiments). The same applies to the 
experiments for determining the ageing behaviour following 
stabilisation annealing. Usually, test durations of 2104 h were 
applied in the test temperature range. The experimental data 
obtained allow to determine the design characteristics of 
Rp1%12oooo h and Rm12oooo h at a temperature of 400 - 6oo•c with the 
ageing behaviour taken into account. The curves obtained for 
the 1% W and W-free types of OPTIFER under reference 
annealing conditions at a hardening temperature of 1 075•c are 
shown in Fig. 1 a. The values obtained at a reduced hardening 
temperature of 95o•c are represented in Fig. 1 b [4]. 
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Using OPTIFER-IVc, numerous thermal treatment states and 
stabilisation annealings were investigated at variable 
T/t combinations with a view to determine the ageing 
behaviour [5]. lt was found out that annealings of 58o•cf3300 h 
and 6oo•c11 050 h led to nearly the same results in tensile, 
notch impact toughness, and creep strength experiments. 
According to the approach of Hollomon-Jaffe (P= T K"(18+1og t)), 
these temperature/annealing time combinations correspond to a 
Ioad of 550.C/20000 h. 

Work on EUROFER 

Since the middle/end of 1999, rod material of 100 mm 0 and 
14 mm sheet material has been made available for 
characterisation experiments. To determine the transformation 
behaviour, a continuous CCT diagram was plotted at an 
austenitisation temperature of 98o•c (Fig. 2). The behaviour 
largely corresponds tothat of the OPTIFER alloys [6]. Hardening 
experiments in the T range of 800 - 115o•c and tampering 
experiments in the T range of 300 - 85o•c allowed conclusions 
to be drawn with regard to the annealing behaviour and grain 
size formation. The hardness values following hardening and 
tampering above all depend on the C content and correspond 
accordingly to the OPTIFER alloys and F82H mod. [6, 8]. Grain 
size mainly depends on the Ta content. At 0.14% Ta, a fine
grained structure of 15 - 23 1-1m is achieved in the hardening 
temperature range of 950 - 1 05o•c [6, 8]. lt was demonstrated 
by first metallographic studies that a fully martensitic structure 
exists without ö-ferrite. Additional structural investigations are 
presently being performed with various heat treatments being 
applied. Tensile and notch impact toughness tests have been 
performed using specimens as delivered and specimens 
subjected to two different thermal treatments. The tensile test 
values obtained at a test temperature of RT - 7oo•c are found to 
be in the range of those measured for the alloys of OPTIFER 
(W) and F82H mod., whereas the Av-T curves of EUROFER are 
shifted to smaller temperatures as compared to F82H 
mod. [7, 8]. The results obtained in first creep strength tests at 
T = 450 - 65o•c over maximum periods of 4000 h correspond to 
the values reached by F82H mod. [9]. As far as ageing stability 
is concerned, results have been obtained from annealing tests in 
the T range of 550 - 75o•c and at annealing times of 20-3300 h. 
lt is obvious from Fig. 3 that the hardness of the tempered 
structure is hardly modified as compared to the initial state up to 
a design parameter of 55o•Cf20000 h. This means that 
EUROFER as weil as the alloys of OPTIFER and F82H mod. 
possess a good structural stability over the planned duration of 
use. 
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Material assessment and development strategies 

A comprehensive assessment of structural materials for nuclear 
fusion was elaborated which summarised the present status of 
knowledge of the different material groups, identified possible 
feasibility issues and proposed appropriate R&D activities for 
their further development [1 0]. An internationally harmonised 
strategy for fusion material development including necessary 
irradiation facilities was formulated as a guideline for further 
collaboration [11] and the development of steels and other 
materials for future fusion reactors was reviewed [12, 13]. 
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Thermal and Isothermal Fatigue 
Properties of Base Metal 

1. lntroduction 

Structural components of a DEMO-blanke! are subjected during 
service to alternating thermal and mechanical stresses as a 
consequence of the pulsed reactor operation. Of particular 
concern is the fatigue endurance of Reduced Activity Ferrite
Martensite (RAFM) steels like the Japanese steel F82H mod., 
the German steel OPTIFER IV and the European heat 
EUROFER 97 under cyclic strains and stresses produced by 
these temperature changes. in order to design such structures, 
operating under combined mechanical and thermal cycling, 
fatigue life has to be examined in isothermal fatigue tests for 
materials data generation and in thermal fatigue for verification 
of design codes. 

in this report isothermal mechanical (LCF) data with hold time of 
the RAFM steel F82H mod. is compared to those of MANET II 
ferrite-martensite steel. First results of thermal low-cycle fatigue 
(TCF) experiments without hold time of EUROFER 97 are 
compared to F82H mod. and OPTIFER IV. 

2. Experiments 

Solid cylindrical samples of F82H mod. have been used for the 
LCF-experiments. Hollow cylindrical samples of EUROFER 97 
have been used for TCF-experiments. 

The LCF tests have been performed with computer-controlled 
MTS servohydraulic testing machines operating in strain 
controlled push-pull mode. Triangle wave forms are applied with 
constant strain rates of 3x10·3 1/s in case of LCF tests. 

For the LCF experiments, solid specimens of 77 mm length and 
of 8.8 mm diameter in the cylindrical gauge length of the 
specimen have been used, where 21 mm is the initial gauge 
length of the axial extensometer. 

The TCF test rig consists of a stiff Ioad frame for mechanical 
clamping of the sample, which is directly heated by the digitally 
controlled ohrnie heating device. Cylindrical specimens are used 
with similar outer dimensions as the above mentionned solid 
specimens, but with a wall thickness of 0.4 mm. Variable strain 
rates are applied at TCF test mode, due to the constant heating 
rate of 5.8 K/s and variable temperarure changes. 

Since both, temperature and mechanical strain cycling are 
taking place, mechanical strain is available only after subtraction 
of the thermal strain from the net strain. 

in case of LCF tests F82H mod. samples have been cycled in as 
received conditions and compared to MANET II in reference 
condition. 

in case of TCF samples of EUROFER 97 have been tested in as 
received thermal treatment. The results are compared to data 
from F82H mod. samples, which were tested in the tempered as 
received condition (normalizing 1 040°C and tampering 750°C) 
and to OPTIFER IV with heat treatment of: normalizing 1075°C 
and tampering 750°C. 

3. Results 

The LCF tensile hold-time tests on F82H mod. have been 
extended to 450°C and compared to MANET II results. Fig. 1 
shows, !hat for this temperature the numbers of cycles to Iaiiure 
of both materials are nearly equal up to tensile hold-times of 1 0 
minutes. At the higher temperature of 550°C, F82H mod. 

samples had shown better fatigue lives for hold-times being 
equal or !arger than three minutes. 
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Fig. 1: Comparison of isothermal creep-fatigue behavior 
between the RAFM-steel F82H mod. and MANET II 

TMF-experiments on OPTIFER IV in the optimized annealing 
condition (normalized at 950°C, 31 min/air and tempered at 
760°C, 120 min/air), Iead in the temperature range between 200 
and 550-650°C to a small reduction in life time compared to the 
(1075°C/30')- condition of OPTIFER IV. 

First TMF results of as received EUROFER 97 in the 
temperature range between 100 and 500-600°C show a 
remarkable reduction in life time (a factor of 2) compared to 
F82H mod. and OPTIFER IV. TMF-experiments with hold Iimes 
of 1 00 and 1000 sec are continued on F82H mod. and on 
OPTIFER IV. 

The installation of a modified TMF-test facility for postirradiation 
TMF experiments on so called German samples (hollow 
specimens of 77 mm length and of 8.8 mm diameter in the 
cylindrical gauge length) to be performed in the hol cells of 
CRISM "PROMETEY", St. Petersburg, Russia, is still delayed 
due to licence problems of a binational contract between 
Germany and Russia. 
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TTMS-003 
Compatibility with Hydrogen and Liquid 

Thermal Fatigue Scoping Tests under Hydrogen 
Atmosphere 

1. lntroduction 

During seNice structural components of a DEMO-blanke! are 
subjected - under corrosive atmospheres - to alternating thermal 
and mechanical stresses as a consequence of the pulsed 
reactor operation. Of particular concern is the thermal fatigue 
endurance of Reduced Activity Ferrite-Martensite (RAFM) steels 
under test conditions and in atmospheres close to that operating 
in the reactor. 

2. Test facility 

The Vacuum Thermal Cycling Fatigue (VTCF) test facility 
consists of a stiff Ioad frame, built in a vacuum vessel, for 
mechanical clamping of the sample, which is directly heated by 
the digitally controlled ohrnie heating device. To apply a 
hydrogen partial pressure of 1 o-3 to 1 o-1 mbar, valves, 
Iransducars and the pump was modified and first calibration 
tests have been periormed. 

3. State of the art 

The hydrogen feeding system to operate an existing vacuum 
facility for thermal fatigue tests under hydrogen atmosphere is 
installed. 

The Iabaratory safety system that has to be specified according 
to the regulations of the FZK's safety authorities will be installed. 

C. Petarsen 
D. Rodrian 



-- 132 --

Cerresion of Reduced Activation Ferritic 
Martensitic (RAFM) Steels in Pb-Li 

The eutectic melt with 83 at% Iead and 17 at% Iithium is consid
ered as an attractive breeding material for future fusion reactors. 
The corrosion of structural materials is one of the issues to be 
investigated for the water-cooled liquid Iead-Iithium (WCLL) 
blanke! concept. Therefore long-term exposure tests have been 
made on the martensitic low activation steels MANET I, Optifer 
IVa and F82H-mod. up to 10000 h in a forced convection Pb-
17Li loop named PICOLO (Pb-Li corrosion loop). 

The beginning of the corrosive attack was found to be inhomo
geneous by means of metallurgical investigations. Unattacked 
areas which still showed the original surface of the specimens 
and areas which were already heavily attacked by the eutectic 
are visible. This fact is due to the presence of passivating oxide 
scales on top of the surfaces. The oxide scales have to be firstly 
dissolved before the basic material can be attacked. The time 
needed for this process is called incubation period. With a flow 
rate of 0.3 m/s at 480 oc an incubation period of about 3000 h 
was found. 

As published previously [1, 2] a porous layer was found on the 
steel surface after exposure to Pb-17Li. This remaining layer is 
enriched with steel elements which have a low solubility in Pb-
17Li, e.g. W, V, and Mo. Only small spots of such layers were 
observed by Electron Microprobe Analysis (EMPA). Up to now in 
Iiterature only the uniform dissolution of ferritic steels was 
mentioned. in order to clarify the mechanism some of the 
exposed specimens were not cleaned after testing and were 
examined with the remaining Pb-17Li on the surface. 

EMPA line scan analyses have been carried out on the cross 
sections of specimens exposed to Pb-17Li. An enrichment of 
tungsten was found in the near surface region on nearly all 
scans across the cross section of Optiver IVa and F82H-mod. 
specimens independent of exposure time and post treatments 
(see fig. 1 and 2; solidified Pb-17Li was not removed). The 
thickness of the enriched porous zone was about 5 11m and the 
layers were characterised by a strong iron depletion and by Iead 
and Iithium penetration into the porous area. The adherence of 
the porous layer on the steel surface is low and no protecting 
character can be ascribed to it. The thickness of this zone is 
dependent of the flow velocity of the liquid melt. The higher the 
flow velocity the higher is the probability that this zone is re
moved by erosion. 
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Fig. 1: EMPA line scan across the cross section of Optifer IVa 
after 4000 h of exposure to Pb-17Li at 480 oc. 

On MANET I steel sheets, no enrichment of Mo or V was ob
served independent of the exposure time to the specimens. A 
possible reason for this might be the content of tungsten which 
is much higher in F82H-mod. and Optifer IVa than that of Mo in 
MANET I. 
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Fig. 2: EMPA line analysis of F82H-mod. after 10000 h expo
sure to Pb-17Li at 480 °C. 

lt was found that two processes are responsible for the corrosive 
attack: firstly, the dissolution of the oxide scale during the so
called incubation period, which is dependent on temperature 
and flow velocity of the melt. Secondly, the main corrosion 
attack consists of a strong depletion of iron from the steel re
sulting in a porous low adherent layer on the surface of the 
steels in which Pb-17Li could penetrate easily in. The remaining 
porous zone shows a low adherence to the steel matrix and can 
be easily eroded from the surface by the flowing melt. The 
thickness did never exceed 5 11m. Hence, no protecting charac
ter can be ascribed to this layer. 
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TTMS-004 
Qualification of Fabrication Processes 

Mechanical Properties of Diffusion Weldments 

The influence of the roughnass of joining surfaces on notch 
impact toughness was studied in a diffusion welding experiment. 
lt is represented in Fig. 1. The surface roughnass range below 1 
11m cannot be used for technical purposes. An optimum notch 
impact toughness is obtained at a surface roughnass of about 
Rz = 4 ± 1 11m. Another experiment performed at a surface 
roughnass of Rz = 33 11m exhibited notch impact toughnesses 
which were far better than those at Rz = 8 + 9 11m. Apparently, 
other parameters (e.g. cold deformation, oxide layer, etc.) also 
play a certain role. 

Sr-------------------------------, 
Chg. 986489 
diffusion welded 

Roughness of surlaces R2 , 11m 

Fig. 1: Impact energy Av of diffusion welded steel OPTIVER-IV 
in dependence of the roughnass of joining surfaces 

lnvestigation of various martensitic chromium steels revealed an 
increasing weldability in the following order: (based on the 
measured notch impact toughness) MANET-11; F82H mod.; 
OPTIFER-IV; EUROFER97. 

L. Schäfer 
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TTMS-005 
Rules for Design, Fabrication and lnspection 

Local Fracture Criteria for EUROFER in the 
Ductile-to-Brittle Transition Regime 

Objective 

The objective of this subtask is the development and application 
of methods that enable the generation of design-relevant frac
ture mechanics material parameters on the basis of microme
chanical failure models. 

A characteristic feature of these models is the utilisation of a 
'hybrid' approach, which means extraction of material parame
ters for brittle or ductile fracture from (fracture) mechanics 
experiments by accompanying Finite Element Stress analyses. 

The main advantage of this so-called 'Local Approach' with 
respect to global failure criteria is the fact that a mechanism
based fracture description is combined with a numerical stress 
analysis. Geometrical size effects are thus already accounted 
for within this approach. Limitations of the local approach origi
nale from different fracture mechanisms. Knowledge of fracture 
mechanisms is therefore essential, so !hat fractography invaria
bly is an essential part of the evaluation of the experiments. 

Local fracture criteria establish a link between metallurgy and 
mechanical engineering and they are currently being incorpo
rated into design codes such as the R6 code of British Energy, 
where Local Approach methodology is covered in a special 
appendix issued in 1999 [1). 

Experimental results, fractography 

A summary of the cleavage fracture parameters obtained on 
notched tensile specimens is given in Fig. 1 tagether with the 
respective 90%-maximum-likelihood confidence intervals. 

TfOC rt 111 90% ML-CI c II I 90% ML-CI 

mm MPa 

1 11.6 [8.2, 16.6) 1943 +1-76 
-150 2 10.7 [7.5, 16.5) 2107 +1- 90 

5 78.9 [51' 125] 1913 +1- 13 

1 107.5 [70, 170] 1941 +/-14 
-75 

2 78.8 [51' 124) 1764 +/·12 

Fig. 1: Weibull stress analysis results (r-notch radius, 
111 , C u -Weibull parameters of cleavage stress) 

Two groups of results can be identified. The first group, associ
ated with small fracture strains, exhibits moderate values of m, 
whereas for the second group, associated with large fracture 
strains, m attains values of about 80-100. Complementary 
fractographic investigations on flat notched tensile specimens at 
ambient temperature revealed that, with increasing plastic 
deformation, martensite laths tend to orient themselves in Ioad-

Fig. 2: Grientation of martensite laths. 

ing direction. This is shown in Fig. 2 for two different regions 
located in the vicinity of the notch (right) and in an undeformed 
part of the specimen (left), respectively. This behaviour is feit to 
be the cause for the formation of axial cracks in case of large 
plastic strains, corresponding to the shaded regions in Fig. 1. A 
typical view of the fracture suriace in the presence of axial 
cracks is shown in Fig. 3. 

Fig. 3: Fracture suriace for 2mm notched specimen (-75°). 

For the Iransterability assessment, tests on pre-cracked speci
mens were periormed. Pre-cracking was done by rotation 
bending with continuous monitaring of crack depth. lt was 
possible to obtain a circumferential pre-crack with no significant 
eccentricity. A fractographic analysis showed differences in type 
and spatial distribution of fracture origins compared to notched 
specimens. Numerical evaluation of the results is pending. 

Statistical inference 

Transferability assessment requires statistical assessment of the 
uncertainty of the cleavage fracture parameters. Usually applied 
confidence intervals as given in Fig. 1 do not take into account 
that m and q, are correlated. A bootstrap approach was used to 
generate appropriate confidence intervals [2). Results of the 
bootstrap simulation procedure (see Fig. 4) clearly reveal the 
statistical dependency of m and q,. 
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Fig. 4: Pairs of (m, q,) from bootstrap simulation (-150° C). 

Perspective 

The local approach methodology provides a framework to apply 
fracture mechanics based design rules for RAFM steels in the 
spirit of R6 [1) or similar rules as currently developed e.g. in the 
framework of the European Structural lntegrity Society (ESIS). 
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Irradiation effects will be a subject of future investigations after 
generation of experimental data. 

Literature: 

[1] British Energy Generation Ud, Assessment of the integrity of 
structures containing defects RIHIR6, Rev. 3, Appendix 17 
'Guidance on Local Approach Methods', 1999. 

[2] H. Riesch-Oppermann, M. Waller, Fraetagraphie evidence 
and statistical inference for cleavage fracture modelling of 
F82Hmod low activation steel, Proc. 131

h European Con
ference on Fracture, 6-9 Sept. 2000, San Sebastian (CD
ROM). 

E. Diegeie 
M. Klotz 
C. Petarsen 
H. Riesch-Oppermann 
G. Rizzi 
M. Walter 



-- 136 --

Life Time Prediction Rules for RAFM Steels 

To describe darnage at high temperatures of reduced activation 
ferritic martensitic (RAFM) steels, the linear accumulation rules 
by Robinson for creep and by Manson-Coffin for fatigue and 
their linear and non-linear combinations for creep/fatigue 
interaction suggested in the ASME and RCC-MR design codes 
as weil as the continuum darnage model ISRM (lnelastic Strain 
Rate Modified) presented in the recent Iiterature were selected. 
The ISRM model has been applied successfully to several high 
temperatures alloys, among others the austenitic steel AISI 316 
L(N) in the pre- and post-irradiated states. 

For applications on F82H mod., data from isothermal creep and 
low cycle fatigue tests performed up to failure at 450 and 550 oc 
have been collected. ln a closer Iook to this data some important 
aspects have been recognised with respect to the applications 
of the life time rules: F82H mod. exhibits up to failure cyclic 
softening, which is not necessarily caused only by damage. 
Furthermore, the representative saturation cycle can not be a 
priori identified, because there is no saturation in the sense of 
finished softening. Therefore, the application of the life time 
rules selected needs proper criteria, which are presently being 
investigated. 

J. Aktaa 
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Development of Miniaturized Push-Pull (Creep-) 
Fatigue Specimen 

As long as Tokamak type facilities are the primary path towards 
commercial fusion power reactors, (creep-)fatigue remains one 
of the main lifetime limiting failure modes of structural materials 
as the limited data from reactor and higher energy accelerators 
have shown. The development of a miniaturised push-pull 
(creep-)fatigue specimen is essential in order to minimise flux 
gradients within the gauge volume and to fully utilise the 
available irradiation region of an intense neutron source like 
IFMIF. The requirements for a suitable miniaturised specimen 
include (i) data that represent material specific properties for 
widespread loading conditions, (ii) ability for fully remote 
handling operation before, during and after (creep-) fatigue 
testing, and (iii) universality, that is one common specimen 
design for different fatigue behaviour (e.g. cyclic 
softening/hardening) or loading conditions (e.g. 
thermal/isothermal fatigue). The early availability of a suitable 
miniaturised specimen helps also to use limited fission reactor 
volume in a very effective manner. 

Based on long-term experience with fatigue properties, neutron 
and charged particle irradiation as weil as hot cell handling, a 
specimen geometry has been developed and optimised with 
finite element calculations. The proposed fatigue specimen has 
a cylindrical geometry with a gauge width of 2 mm, a gauge 
length of 7.6 mm and a total length of 27.0 mm. Special 
emphasis has been put on the radius of curvature at the end of 
the gauge length to achieve throughout the gauge volume 
homogeneous stress-strain fields under uniaxial push-pull 
fatigue conditions (fig. 1 ). 

Fig. 1: Axial Stress (MPa); symmetry part (upper half and 
positive r) of the miniaturised creep-fatigue specimen 

Parallel to the specimen development a high performance 
extensometer has been successfully adapted that shows a 
resolution of less than 0.1 11m and can be clamped on qauge 
lengths !arger than 5 mm even in vacuum chambers and under 
high temperature. lt is also completely remote controlled and 
can be adjusted with high precision on cylindrical miniaturised 
gauge volumes even under hot cell conditions. 

LCF-tests in high vacuum have been performed using a 
universal testing machine equipped with a high vacuum 
chamber, an integrated vacuum Ioad cell and a high 
performance extensometer. Miniaturised fatigue specimens 
made of F82H mod. steel were push-pull fatigue tested between 
room temperature and 450 •c under strain controlled conditions 
in a limited strain range at R = -1 and compared with standard 
push-pull fatigue specimens having a cylindrical geometry. For 

specimens tested in high vacuum at 250 •c and a total strain 
range of 0.8 % typical examples for the stress behaviour are 
shown in figure 2 and for the related stress-strain hysteresis 
loops in figure 3. lt is relevant to note that the tensile and 
compressive stresses are symmetric throughout the fatigue test 
and that at least under LCF conditions the fatigue live of this 
miniaturised samples is in the range of massive fatigue 
specimens. Also the elastic and plastic fraction of the total strain 
are exactly in the range of conventional specimens. 

Fig. 2: Stress vs. fatigue cycles showing the continuous cyclic 
softening of F82H mod measured by miniaturised 
specimens. 

SOOr---------------------------------~ 

400 

ro 300 
0.. 

6 
(/) 
(/) 200 ~ 

Ci5 

100 

Miniaturized specimen 
F82H-mod 
25o•c, vacuum 
Ae

1 
= 0.76% 

10 100 

Cycle 

--tension 
-- compression 

1000 

Fig. 3: Stress strain hysteresis loops of miniaturised fatigue 
specimen made of F82H-mod. 
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Meanwhile several hundred of these fatigue specimens made of 
different type of RAFM steels are fabricated and surface 
polished for neutron irrradiation in the mixed spectrum reactor 
HFR, and in the fast breeder reactor BOR60. ln both reactors 
start of irradiation is scheduled end of 2000. 

S. Baumgärtner 
G. Bürkle 
E. Diegeie 
A. Möslang 
G. Rizzi 
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Quality Control and Distribution of 
EUROFER 97 

Production and distribution 

Reduced activation ferritic/martensitic (RAFM) steels are being 
considered for structural application in potential fusion energy 
systems. Based on the substantial experience with RAFM de
velopmental steels of OPTIFER type, produced as laboratory 
melts of 25 kg, a RAFM steel of the 9CrWVTa type, called 
EUROFER 97 had been specified under the leadership of FZK 
in close co-operation with another European Association (CEA). 
BÖHLER EDELSTAHL GmbH in Austria had finally been se
lected as manufacturer for about 3.5 tons semi-finished products 
(plates, forgings, filler wire material and tubes). Besides different 
technological goals the question of transferability of properties 
from laboratory to industrial scale melts was of major interest. 
Fig. 1 shows the product range of EUROFER 97. 

Product Size Length/ Area Mass 
Forged bar 0100 mm -10m 800 kg 
Plates d = 1.5, 8, 14, 25 mm -5 or7.5 m2 2500 kg 
FillerWire 01mm 200 kg 
Tubes 1 Ox1, 13x1.25, - 140, 100, 90 kg 

17x1.5 mm 60m 

Fig. 1: Product range of EUROFER 97 

The production of EUROFER 97 is now finished, the final in
spection and approval of all products took place in October 1999 
(bar, plates, wire) and February 2000 (tubes). The different 
semi-finished products have been delivered to the associated 
laboratoriss and a small reserve has been laid in stock. 

The production of EUROFER 97 has revealed, that at present 
the technical Iimits of metallurgy have been reached concerning 
raw materials, the melting processes and analytical methods 
due to the strict requirements for impurity Ieveis of specific 
chemical elements. 

From the technological point of view, the fabrication of the dif
ferent semi-finished products by means of traditional manufac
turing processes like rolling, forging, milling and drawing did not 
pose real problems for this new type of alloy. 

Quality Assurance and Characterisation Programme 

Tensile tests 

A quality assurance and characterisation programme has been 
launched to determine the relevant mechanical properties. The 
results are being compared to the previous conventional refer
ence steel MANET II and the Japanase RAFM steel F82H mod. 
and a precursor alloy with similar composition OPTIFER V. All 
examinations have been undertaken on specimens prepared 
from either a forged bar with 100 mm in diameter (Heat 
E 83699) or rolled plate material (Heat E 83698) of 14 mm thick
ness. 

The results of the tensile tests on cylindrical specimens of 5 mm 
diameter and 25 mm gauge length are given in Fig. 2. 
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Fig. 2: Ultimate tensile strength and total elongation of 
different RAFM steels in dependence of test 
temperature 

From these results following can be concluded: 

Up to a test temperature o.f 500 oc EUROFER 
reaches higher, at 600 and ?oo oc slightly lower 
strength values than F82H mod. 

The strength values coincide very weil with those of 
the developmental precursor alloy OPTIFER V. 

The strength and ductility values of 01 OOmm bar 
(E83699) and 14mm plate (E83698, not diagrammed) 
are almost congruent. 

Raising the austentising temperature to 1075 oc Ieads 
to lower strength values, most pronounced at lower 
test temperatures, whereas the ductility is less af
fected. This loss in strength is accompanied by higher 
ductile-brittle transition temperatures (DBTT) in the im
pact test. 
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Ageing at 580 and 600 oc up to 3300 hours causes 
only a marginal decrease in tensile strength. 

The total elongation is similar for all alloys > 15%. 

This applies also for the uniform elongation Au and re
duction of area ~(not shown). 

Impact bending tests 

Standard ISO-V Charpy-specimens have been machined from 
the 14mm plate material. The specimen orientation was Irans
verse (T-L), additionally in one case longitudinal (L-T) with re
spect to the final roll of the plates. BÖHLER BLECHE applies 
the so-called cross rolling technology to achieve isotropic me
chanical and physical properties, what has been verified here in 
an excellent way. Figure 3 shows the absorbed energy in de
pendence of the test temperature for EUROFER 97 compared 
with F82H mod .. 
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Fig. 3: Absorbed energy vs. test temperature of EUROFER 
14 mm plate material compared with F82H mod., sam
pling Iransverse (T-L) or longitudinal (L-T) to final rol
ling direction 

The upper shelf energy of both alloys with different heat treat
ments is roughly between 240 and 300 J. The Ductile to Brittle 
Transition Tamperature (DBTT); which is an important measure 
for the suitability of RAFM alloys for structural applications in a 
fusion reactor, is for all EUROFER-variants remarkably better 
than for the Japanase steel F82H mod. (solid line) in the as
received condition (1 040 oc 30 min + 750 oc 1 h). One reason 
for the higher DBTT (-20°C) of F82H mod. is the larger grain 
size (55 11m) which depends on the austenitisation temperature, 
another reason could be the higher oxygen content (124 ppm) 
compared to 10 ppm for EUROFER which for the as-received 
condition (980 oc 27 min + 760 oc 90 min) exhibits a DBTT of 
-70 oc. lncreasing the austenisation temperature to 1050 oc 
Ieads to a slightly better DBTT (-73 °C) although the grain size 
increases to 26 11m. A further increase to 1075 oc however 
increases the DBTT to -56 oc and -57 oc for the Iransverse 
(closed squares) and longitudinal specimens (open squares) 
respectively. The shift in DBTT can be related to a further in
crease of the grain size (45 11m), the shape of the energy curve 
not. The energy-temperature-curve (dotted line) shows in the 
transition region between upper and lower shelf energy a step
like behaviour which, more or less pronounced, could be ob
served frequently at this type of alloys. This behaviour in the 
transition region will be subject of further investigations. 

Conclusions 

The first results of the quality assurance and characterisation 
programme show that it is possible to transfer the good 

mechanical and structural properties of precursor Iabaratory 
melts to an industrial scale melt. The short term mechanical 
properties fully comply with the requirements. Concerning the 
activation behaviour it could be demonstrated, that it is possible 
to produce an industrial scale RAFM steel with low contents of 
radiologically undesired tramp elements. Nevertheless a further 
reduction into the sub-ppm-range is necessary on the way from 
reduced to real low activation alloys. 
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TTMS-006 
Qualification of High Performance Steels 

Specification and Characterization of a 
Reduced Activation (RA) Heat 

The efficiency of future fusion power plants is strongly depend
ent on the operating temperature. Presently considered conven
tional RAFM steels for structural applications Iimit the operating 
temperature to areund 550 oc. Oxide Dispersion Strengthened 
(ODS) materials would allow to increase the operating tem
perature by ab out 1 00 K. Therefore it seems to be necessary to 
develop Reduced Activation ODS alloys on the basis of the 
9%Cr RAFM steels using the results of prior activation calcula
tions. 

Reduced activation ODS steels are not available commercially 
at present. As a first step in developing a RAFM-ODS-steel an 
existing 9%CrWVTa-RAFM steel, called EUROFER 97 was 
chosen as base material. H.C. Starck was charged to produce 
about 150 kg of steel powder by gas atomisation after preceding 
vacuum melting. The EUROFER powder has a spherical 
morphology and a grain size between 0 and 180 microns (Fig. 
1 ). The oxygen content of the powder which is of some 
importance for the properlies of the later consolidated material 
could be kept below 200 appm. The structure of the atomised 
powder is martensitic. 

PLANSEE was selected for the manufacturing of 2 batches of 
ODS-EUROFER with 0.3 and 0.5 wt-% Yttria content. The steel 
powder was mechanically alloyed with the corresponding 
amount of Yttrium-Oxide in ball mills, which are commonly used 
in industry. Hot lsostatic Pressing (HIP) was chosen as the 
appropriate consolidation process for the production of bars with 
60 mm in diameter and 300 mm in length. The Hipping process 
is regarded as the most promising production route for nearly 
end-shaped structures for future fusion reactors. 

Specimens from the as-received furnace-cooled bars were 
subjected to a heat-treatment program similar to that applied for 
the base material EUROFER in order to study the hardening 
and tampering behaviour. lt turned out, that furnace-cooling, 
which corresponds to a cooling rate of approximately 3-4 Klmin, 
is not fast enough to cause a martensitic transformation. Air 
cooling was also not sufficient to produce martensite, the pre
requisite for a subsequent tampering treatment. On the other 
hand, the measured hardness values after austenitisation, air 
cooling and tampering showed only a moderate decrease up to 
temperatures of 900 oc, that gives a hint on a good structural 
stability. After water quenching it was possible to surpass the 
air-hardening EUROFER in Vickers hardness, but there is no 
doubt, that such a heat treatment cannot be performed on !arge 
reactor components with complicated structures. 

The microstructure of the different powders and consolidated 
materials in different heat treatments is being examined by 
appropriate methods like optical microscopy, SEM and TEM. 
Fig. 2 shows a TEM micrograph of a specimen in the as-re
ceived condition. Concerning the Yttria particles, that are among 
others responsible for the strengthening of ODS-EUROFER it 
can be stated, that there is a relatively uniform distribution of 
smaller and !arger particles. Neither depletion nor enrichment, 
especially on the grain boundaries, could be observed. 

Fig. 1: SEM micrograph of EUROFER steel powder 

Fig. 2: TEM micrograph of ODS-EUROFER (0.5wt·% Yttria) 

. First results of preliminary tensile tests in the furnace-cooled, as
hipped state are very encouraging. Ultimate Tensile Strength Rm 
(1000 MPa) and Total Elongation A (16%) at room temperature 
are in the same order as for some commercial ODS Fe base 
alloys. 

The work on the mechanical behaviour (tensile, creep, impact) 
will be continued. Further studies will be necessary to under
stand the deviating Iransformation behaviour compared to con
ventional RAFM steels with similar composition. This includes 
the determination of relevant physical properlies and the crea
tion of a continuous cooling Iransformation diagram. Comple
mentary microstructural examinations shall complete the knowl
edge. 
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Irradiation in a Temperature Controlled Test Rig 
of BOR 60 

1. Objectives 

ln an energy generating fusion reactor structural materials will 
be exposed to very high Ieveis of irradiation darnage of about 
100 dpa. Due to the fact, that fast reactor irradiation facilities in 
Europe are not available anymore, a cooperation with the 
Russian institution: State Seienlilie Centre of Russian 
Faderation Research Institute of Atomic Reactors (SSC RIAR) 
has been implemented. 

2. Irradiation project "ARBOR" 

The project has the name "ARBOR" (the latin name for tree) for 
6ssociated ßeactor Irradiation in BOR 60. The negotiations 
between State Seienlilie Centre of Russian Faderation Research 
Institute of Atomic Reactors (SSC RIAR), Dimitrovgrad, and 
Forschungszentrum Karlsruhe GmbH Technik und Umwelt, 
Institute for Materials Research II (FZK, IMF II) about a 
cooperation in the field of irradiation in a test rig with 
temperature measurement of BOR 60 for reduced activation 
ferritic-martensitic (RAFM) steels led to the following contractual 
terms and the contract has been signed by both institutions. 

150 mini-tensile/low cycle fatigue specimens and 150 mini
charpy (KLST) specimens of different RAFM steels have been 
delivered to SSC RIAR and will be irradiated in a special 
designed irradiation rig of BOR 60 at a temperature less than 
340°C. After hydraulic tests in destilled water, the irradiation will 
first start in position D-23, where temperature measurement is 
possible and later up to 30 dpa in an identical position of the the 
51

h row of BOR 60. 

The irradiation rig will be instrumenlad with neutron monitors in 
the central tube on three of ten Ieveis of specimen positions as 
weil as with three temperature detectors also on three of ten 
Ieveis. This rig is ready to be filled with specimens at SSC RIAR. 

For tensile and low cycle fatigue testing a small size cylindrical 
specimen and for charpy testing the KLST specimen have been 
accepted by both sides. Tensile, low cycle fatigue and charpy 
specimens of the following materials have been prepared, 
controlled and delivered by FZK, IMF II: EUROFER 97, as 
received; EUROFER 97, normalised at 1040°C; F82H mod., as 
received; OPTIFER IVc, normalised at 950°C EUROFER 97 
with 82 wppm nat. B, as received; EUROFER 97 with 83 wppm 
B10, as received; EUROFER 97 with 1160 wppm B10, as 
received; EUROFER 97 with ODS as received; EUROFER 97 
electron-beam welded and reference bulk material, from NRG, 
Petten. 

The postirradiation tests Iogether with microscopy will be 
performed in the hot cells of SSC RIAR beginning in 2003. 

C. Petarsen 
D. Rodrian 
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Neutron Source 

ERB 5005 CT 990061 (EFDA/99-507) 
IFMIF Test Cell and Accelerator Optimization 
and Cost Reduction 

Test Cell Design 

At the recommendation of the Fusion Power Coordination 
Committee (FPCC), January 1999, the IFMIF project focussed 
on exploring reduced-cost options during the reporting period. 
Reduced-cost strategies elaborated during related werkshops in 
Lausanne and Colorade Springs and Karlsruhe are the basis for 
significant design changes. The activities carried out included (i) 
assessment to what extend test cells, access cells, service cells, 
PIE hot cells, shielded glove boxes and related inventory and 
auxiliary systems could be reduced without loosing the capacity 
of a ''full performance IFMIP', (ii) Redesign of access cell and 
test cell based on two co-planar accelerator lines, and (iii) 
determination of new costs according to the methodology 
outlined du ring the conceptual design activity (CDA) phase. 

The need to develop a structural material that can withstand the 
high-energy neutron flux environment expected for the first wall 
and blanket regions of deuterium-tritium (D·T) fusion reactors is 
recognized as one of the key challenges remaining in the 
program aimed at producing commercial fusion power. IFMIFs 
mission is (i) to provide a neutron source with an energy 
spectrum simulating that of fusion neutrons at sufficient intensity 
and irradiation volume to test samples of candidate materials up 
to about full lifetime of anticipated use in a fusion DEMO reactor 
in a reasonably short operation time, and (ii) to calibrate data 
generated from fission reactors and particle accelerators. Initial 
studies have indicated that a volume of about 0.5 L is required in 
a region producing a flux equivalent to 2 MW/m2 (0.9 x i018 n/m2

-

s) or greater. A fraction of this volume, about 0.1 L would be 
available at a flux equivalent to 5 MW/in2 for accelerated testing. 
The design concept consists of a 40 MeV deuteron accelerator. 
The deuterons interact with a flowing liquid Iithium target (D·Li) 
producing high energy neutrons with a peaked flux around 14 
MeV. The resulting high energy neutrons will interact with a set 
of test assernblies located immediately behind the Li-Target. 
Designs for the four major technical subsystems 

• Aceeierater System 

• Lithium Target System 

• Test Facility System, and 

• Conventional Facilities 

has been developed in parallel during the CDA phase and 
extended during the conceptual design evaluation (CDE) phase 
(1997-98). ln 1999, progress was reviewed and checked by 
meetings of each of the three main facility groups (Accelerator, 
Target and Test Facilities). 

The Forschungszentrum Karlsruhe (FZK) has undertaken to 
contribute to the IEA project for the conceptual design 
evaluation of an International Fusion Materials Irradiation Facility 
(IFMIF) within the frame of the contract EFDA/99-507. ln line 
with the recommendations of the FPCC, Paris January 1999 and 
2000, the FZK activities concentrated on key cost reduction 
items of the test facility systems. Below, the activities of the 
reporting period are summarized [1-7]. 

1. Redesign and cost reduction of Test Facilities 

ln principle, the total capital costs are besides cost acceleration 
almost independent on the time scale of the construction. To 
obtain a flatter budget profile, a stepwise construction might be 

appropriate. The work included (i) specification of costs for 
different seenarios and cost-benefit evaluation, and (ii) 
implication of the one-beam-on-target option on operation 
requirements. 

With respect to test facilities, major outcomes of the cost
reduced design changes are: 

Reduction of the total construction cost by elimination of the 
previous plan for a potential upgrade beyond user 
requirements (4x125 = 500 mA at 40 MeV). The total 
configuration of the system is now rearranged by limiting 
the maximum number of accelerators from 4 to 2. As a 
result, size and complexity of the facility could be 
significantly reduced. These design changes imply a 
complete rearrangement of the test facilities. 

Elimination of the second test cell, including the Li-target 
station, as weil as elimination of a dedicated test cell for 
beam calibration. Consequently, the IFMIF project has in the 
present version only one test cell. 

Test cell size reduction 

A scenario for staged construction was explored. Three 
construction stages were suggested at request of Japan to 
best fit a spending profile that could be assumed for Japan. 
Presently the staged construction includes a first (50 mA, 40 
MeV) and second phase (125 mA, 40 MeV) with only one 
beam on target. Although the final goal of a full performance 
IFMIF (2x125 mA =250 mA at 40 MeV) will be achieved in 
the third stage, the impact of having only one beam for a 
long time on user strategy and test matrixes are considered 
to be significant. 

lt is important to note, that these cost reducing design changes 
are not for free, but are connected with (i) the risk of a certain 
reduction in robustnass and redundancy of the design, (i) a likely 
reduction in reliability and availability, and (iii) increased time for 
assembling and reassembling of vertical test assernblies (VTA), 
as weil as for unscheduled maintenance. That is, independent of 
staging scenarios, the total annual neutron fluence to be 
achieved in the irradiation experiments is potentially reduced 
compared to the original CDA design. Whether these findings 
can be compensated by future design improvements and 
general progress (e.g. accelerator technology) is of course not 
yet clear. 

1.1 Assessment of cell reduction 

Practically all rooms and cells were involved in the redesign of 
the entire IFMIF plant. ln the light of potential cost savings, 
during the reporting period, function, size and inventory of the 
following rooms and cells were evaluated: Test cells, test 
assemblies, test cell technology rooms, test facility control room, 
access cell, service cell, test module handling cell, PIE hot cell, 
shielded glove box Iabaratory and maintenance systems. Major 
design changes were made in the 

(i) access and service cell, 

(ii) remote handling procedures and equipment 

(iii) test cell areas. 

The essential basis of the design modifications are the 
elimination of the 500mA upgrade option as weil as the 
elimination of the second test cell and the beam calibration 
station including elimination of the related Li-target stations. As a 
consequence, the area above the test cells could be reduced 
significantly. ln addition, a reassessment of all handling and 
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maintenance procedures resulted in the conclusion that a 
combination of the former access cell and service cell to a 
multipurpese access cell seems possible with significant impact 
on cost savings due to greatly reduced hot cell area and volume. 

With respect to the remote handling procedures and the 
involved devices, it is now suggested to have only one universal 
robot system being responsible for any remote handling inside 
the multipurpese access cell. While in the CDA reference design 
two completely independent systems have shared the actions, 
namely a universal robot system and various power 
master/slave manipulators in connection with through wall 
windows. The original purpose of the universal robot system 
was (i) routine VT A removal and reloading operations, (ii) 
removal and insertion of the shield plugs and test cell removable 
cover, (iii) maintenance operations in the access cell and test 
cells including removal and replacement of Li-target 
components. The purpose of 5+3 power master-slave 
manipulators in the wall of the access and service cells was 
mainly the assistance of the universal robot system and 
independent handling of devices and maintenance Operations. 
ln the present design the universal robot system is upgraded by 
additional tools and features in order to allow completely 
independent operations in the multipurpese access cell and to 
compensate the elimination of the master/slave manipulators. 

Fig. 1: Bird view of the redesigned and instrumented PIE hot 
cell 

1.2 Cost assessment 

Based on the updated IFMIF KEP design and the related size 
reduction of the Test Cell, a revised cost estimate has been 
done by the same German lndustry company which has already 
outlined a significant fraction of the former IFMIF CDA design. ln 
order to allow a direct comparison with the CDA cost report, all 
costs were established on the basis of January 1996. That is, 
the cost estimate done by the German industry partner is done 
(i) assuming stable costs since January 1996 and (ii) assuming 
a DM/$ conversion ratio of 1.52 as it was valid at that time. 
Because this rate of exchange increased substantially since that 
time (presently about 2.00), the costs in this document would 
become smaller if they would be specified based on actual rate 
of exchange. 

The same standard spreadsheet formals of the CDA phase 
have been used to categorize the costs in terms of on-side and 
off-side costs with a strict differentiation between industrial and 
institutional contributions. For the explanation of "industrial" and 
"institutional" as weil as for the explanation of various 
abbreviations used in this chapter, see "IFMIF Conceptual 
Design Activity Cost Report, compiled by M.J. Rennich, Dec 
1996, ORNUM-5502". Only those Test Cell and VTA related 

spread sheets have been updated which were significantly 
changed as a consequence of the Test Cell modifications. For 
the significantly modified design of the cells (access cell, service 
cell) and related inventory the Japanase estimate seems to be 
realistic. According to the original work breakdown structure 
(WBS), mainly the following devices have been considered: 

Helium gas cooled high flux test assembly including related 
test module 

Encapsulated specimens 

Testmodule 

VT A shielding body 

Electrical cabling and piping for He-gas coolant loop 

Test cell shielding plug 

Test cell removable cover 

Sealing plates 

PIE facilities 

The Test Facility costs evaluated Iogether with the industry are 
shown in fig. 2 by comparing the CDA reference case (115.2 
Mio$) with the original assessment of the cost-reduced CDE 
version (89.5 Mio$). The final cost estimate from Dec 1999 
amounts to 95.4 Mio$, because a complete 2"d set of VTAs and 
related lest modules has been added. Piease note also, that in 
the cost reduced CDE design the service cell and the access 
cell has been unified to one common access cell. Significant 
cost savings are related to the elimination of the second test cell 
and related VTAs as weil as to the elimination of the NaK cooled 
option. The most remarkable cost saving is due to a 
reassessment of the tritium Iabaratory costs, based on the 
argument that experience with existing tritium Iabs becomes 
more and more available. The abbreviations in fig. 2 are as 
follows: VTAs = Vertical Test assemblies, Technol = Test cell 

· technology room, ContrR = Users control room, Ace Cell = 
Access cell, Serv cell = Service cell, Han Cell = Handling cell, 
PIE HZ = Post irradiation examination hot cell, PIE Lab = 
Shielded glove box laboratories for PIE, Trit Lab = Tritium 
laboratory, Mainten = Maintenance room. 
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2. User group area 

For the full periormance facility (10MW, 40MeV, 250mA) 
detailed neutronic calculations have been carried out during the 
CDA and CDE phases. These results can be found in detail in 
the supplementary neutranies report for the CDA phase and in 
the publications of the references listed in the previous FZK
contract report (ERB5004 CT 970072 NET, NET/97-453, 
February 1999, PKF Nr. 132). During the reporting year 
considerations were Iaken to reduce the IFMIF facility cost and 
therefore also the IFMIF periormance. As one part of the IFMIF 
cost reduction study, the impact of the beam power reduction on 
the irradiation conditions in the IFMIF lest cell had to be 
evaluated. Following the conditions based on the three stage 
proposal, starting with 50 mA, upgrading to 125 mA and 
achieving finally a periormance of 250 mA, the main parameters 
of interest are the Irradiation volume as a function of dpa, the 
spatial dependence of the neutron flux and the derived variables 
like H- and He-gas production, displacement damage, nuclear 
heating etc. 

The presented results are estimated from the detailed neutronic 
calculations which were carried out for the full periormance 
facility. ln principle there are two options if beam power gets 
reduced: Option one is the case of leaving the beam footprint 
size constant and reducing the beam current density on the 
target. Option two is the case of reducing the beam footprint size 
and leaving the beam current density constant. ln comparison, 
for both options the available irradiation volumes as function of 
the dpa is estimated. For option two the beam footprint height 
was set to 5 cm as in the full periormance case and only the 
beam footprint width is varied corresponding to the beam current 
reduction. 
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2.1 50 mA option 

A series of calculations has been periormed dedicated to (i) 
irradiation volume considerations, (ii) to beam footprint and 
target back wall loading, as weil as (iii) to irradiation conditions 
in the cost reduced IFMIF lest cell. As example, for the first 
stage, the "50 mA option" calculations of the He/dpa ratio, the 
dpa distribution, and the dpa gradients are summarized in fig. 3. 
The right half of the high flux volume is represented, showing 
above the abscissa a vertical cut through the front of the high 
flux test volume (HFTV), and below the abscissa a horizontal cut 
through the center plane of the HFTV. lt is eilher possible to 
reduce the beam footprint at the expense of volume or to reduce 
the beam current density at the expense of available damage. 
From the users point of view, there are arguments !hat the 
available dpa rate and thus the beam current density is more 
relevant than volume. Having a beam current density of 2.5 
mA/cm2 would allow the development of very few heats in the 
same time than under CDA-design conditions. Following these 
arguments it would be more attractive to have high dpa rates in 
a small volume than low dpa rates in a larger one. This is why in 
the following for the SOmA option a reduced volume is 
considered by keeping the beam current density at "reference 
conditions" of 2.5 mA/cm2

• 

2.2 Staged approach strategies from the users point of view 

lt is certainly clear !hat the overwhelming majority of the 
international users would prefer getting a "full periormance 
IFMIF source" with 250 mA beam current as soon as possible. 
On the other hand, on request of Japan a spending profile must 
be developed !hat meets also their national requirements. As a 
result, a concept for a staged facility deployment was developed 
in the second half of 1999 consisting of the three stages already 
mentioned before: 50 mA (stage 1, one accelerator at 40 MeV) 
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Fig. 3: He/pda ratio, dpa/fpy and dpa gradients for a reduced beam footprint of 4 cm width by 5 cm high for SOmA, 40 MeV and 
2 MW on target. 
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---7 125 mA (stage 2, one accelerator at 40 MeV) ---7 250 mA 
(stage 3, 2 accelerators at 40 MeV). Such staging would result 
in certain cost increase compared to a single stage construction. 
As advantage from a technical point of view, it has been claimed 
that staging with three dedicated stages would reduce some of 
the technical risks. 

During discussion with the majority of users, no strong reason 
was found why to do a first 50 mA step for a Ionger time period. 
Therefore, a fraction of the international user community 
suggested not to do a three step but a two step approach 
starting with a full performance 125 mA single beam line. From 
a technical point of view it is anyhow clear, that the beam would 
not start from scratch with 125 mA but begins with very low 
current and then smoothly increases by fully controlling the Li
target and the instrumented test modules. The advantages of a 
"2step strategy'' will be discussed below. When doing cost 
reduction to an existing facility design, a major problern is to 
minimize any drawbacks for the overall facility performance both 
from the users point and the technical point of view. Therefore, 
assessing the impact of the cost reduction opportunities on the 
neutranies performance requires to go through all options in 
detail. The strategy used here is to go from accelerator through 
the target to the test modules. For each beam current setup, 50 
mA, 125 mA and 250 mA several possibilities for irradiation 
seenarios come up. A detailed discussion of the different 
approaches can be found in Ref [8). 

2.3 Consequences of staged approach 

Especially during the CDA phase various test matrixes have 
been developed for the high and medium flux test volumes and 
for a variety of materials and test conditions. ln the case of 
structural materials the test matrixes include especially those 
heats and alloys that have priorities for the next 10 years and 
that are developed in the frame of related IEA programs in 
Europe, Japan, USA and Russia. Therefore the test matrixes 
are dedicated mainly to reduced activation ferritic/martensitc 
steels, vanadium alloys and SiC/SiC composites. The irradiation 
of these material classes implies that at any time the individual 
rigs must be able to allow temperatures between about 280 oc 
and 1000 oc and removal at intermediate fluence Ieveis. As a 
consequence, test module and VTA architecture are designed 
from the early beginning to accommodate for major changes in 
test matrixes, be it materials, irradiation temperatures or time 
schedules. 

For the HFTM comprehensive test matrixes have been 
developed for 11 different heats of primary candidate structural 
materials to be irradiated under "full performance conditions" 
(250 mA, 40 MeV) based on a footprint of 20x5 cm2

• With 
respect to the reduced cost IFMIF, a staged approach proposal 
for the 1st stage (50 mA, footprint Variations) is governed by 
basic investigations and ITER related irradiations due to the 
limited dpa Ieveis. ln the 2nd stage (125 mA, 20x5 cm2 footprint) 
higher dose irradiations come up at the expense of basic 
investigations, while in the 3'd stage DEMO oriented high dose 
irradiations would dominate as in the original CDA reference test 
matrixes. Already from the quality of irradiation (e.g. flux and 
related property gradients) it becomes immediately clear that 
any reduction in flux should go along with a related volume 
reduction. That is, a 50 mA beam should be focussed on a 
beam footprint of e.g. 5x4 cm2 in order to keep constant the 
dpa/fpy rates. Dpa/fpy rates significantly below the original 
mission are not adequate at all for an intensive neutron source, 
they would not meet the mission requirements and therefore 
would also not be attractive for an international user community. 
Therefore, we suggest to keep constant the original dpa/fpy 
values for any stage. This implies fora1st stage, 50 mA facility: 

(i) beam footprint of 5x4 cm2 

(ii) irradiation of typically 6 rigs (instead of 27); 2 rigs with about 
40 dpa/fpy, 2 rigs with 30 dpa/fpy and 2 rigs with 20 dpa/fpy 

lt is important to note that this strategy would still allow to get for 
about two different materials or heats the most relevant 
properties in almost the same time as for the ''full performance" 
CDA reference facility. ln the CDA reference case (250 mA, 27 
rigs) it was foreseen to create a database up to at least 150 dpa 
for 11 different materials or heats within 12-15 years of 
operation. 

As already said, the concept of a staged facility deployment 
consists of three stages, one accelerator with two operation 
phases at 50 and 125mA (Stage 1 and 2) with reduced test 
capacity and thereafter the installation of a second accelerator 
with another 125mA to achieve the full test capability of 
2x125mA in Stage 3. Consequences of such a strategy on 
available test capacities and research activities are outlined in 
ref. [8). ln essence, the research activities which would allow an 
aggressive search for high performance materials have - in 
comparison with the initial planning - to be postponed by 
roughly ten years into Stage 3, whereas in the initial Stage 1 
questions like fusion-fission data correlation, fundamental 
radiation darnage studies and the above discussed material 
concept confirmation for DEMO Test Breeding Blankets could 
be addressed. On the other side the expanded schedule would 
reduce the annual investment costs, relieve the financial burden, 
and would give more time to solve some of the technical risks 
du ring the development of the facility. 

3. Neutranies 

3.1 Source term of d-Li reaction: preparatory work for 
evaluating d+Li cross sections 

For validating the physics basis of the McDeli neutron source 
routine, an evaluation of deuteron cross sections on Li-6 and Li-
7 for the deuteron energy range 40 ... 0 MeV is required. The 
nuclear models employed in the known cross section calculation 
codes, however, are not valid for very light target nuclei such as 
the Iithium isotopes. Therefore, development of suitable 
methods was undertaken, again in co-operation with INPE, 
Obninsk, Russia. An extended version of the cross section 
calculation code DISCA/3 was produced, DISCA/3D, which 
permits calculation of deuteron cross sections. The difficulty of 
selecting optical potentials for target nuclei as light as Li was 
avoided by using a diffraction approximation. The methods are 
described in a forthcoming publication [4). 

3.2 20-50 MeV data evaluation 

3.2.1 Preparatory work for evaluating n+Li and n+Be cross 
sections 

An approach to calculate neutron-lithium interactions for 
intermediate neutron energies was developed together with the 
development work for calculating d+Li cross sections (see 
above). lt is described together with the d+Li work in Ref.[4). 
Calculating the interaction of neutrons with Iithium is required 
not so much for effects in the Iithium target of IFMIF (where the 
deuteron interactions will dominate), but in 'view of IFMIF 
irradiations of breeding materials. Beryllium, the important 
neutron multiplier material, is a similarly light nucleus as the 
Iithium isotopes. The new method will be useful as weil for 
obtaining neutron-beryllium cross sections. 
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3.2.2 Preparatory work for evaluating activation cross 
sections for light nuclides 

ln order to complement the Intermediate Energy Activation File 
(IEAF), development of suitable calculational methods for target 
nuclides with Z < 6 has been started at INPE, Obninsk, Russia. 
The goal is, to have in the future a complete 
activationltransmutation library for all target nuclides having a 
half life of 1 0 hours or longer, Z = 1 to 83, for neutron energies 
up to 150 MeV. 

3.2.3 Experimental benchmarking of IEAF cross section 
evaluations 

An activation experiment with structural material samples in an 
IFMIF-Iike neutron spectrum was reported previously. Since the 
IFMIF spectrum has more than 80% of the neutrons at energies 
less than 20 MeV, and the data in the IEAF library below 20 
MeV have been Iaken from the standard European Activation 
File (EAF), the experiment as a whole inevitably constitutes a 
test of mainly the EAF cross sections and only to a lesser extent 
a test of the new evaluationsbeyend 20 MeV. 

However, a test for the intermediate energy activation file (IEAF) 
evaluations proper can be obtained from these experimental 
data by considering only those activation reactions not 
contained in EAF, i.e., (n,po:) and (n,do:) reactions as weil as any 
reactions having thresholds above 20 MeV. Our results for these 
10 products, 12 CIE values, are given in Table 1, Iogether with 
reactlbns and minimum thresholds. Seven among these twelve 
C/E results (= 58%) do not deviate from unity by more than a 
factor of 2 if their experimental uncertainties are taken into 
account. This is considered to be a satisfactory first test result. 
However, more specific experimental benchmarking for some 
materials as weil as future improvements to IEAF will be 
required. 

Table 1: Products of activation reactions not covered in EAF-
97.1n case of several possible reaction channels, only 
the one with minimumIhreshold is given. 

Ethr : Threshold neutron energy 
C/E: Calculated activity/experimental activity 

Product Sampie Reaction Ethr C/E Exp. 
MeV Une. 

% 
Ca-47 V-pure V 51 (n,po:) 11.7 0.71 10 
Sc-43 V-alloy Ti46(n,nt) 23.4 0.02 30 
V-48 V-pure V50(n,3n) 21.3 1.14 10 
Cr-48 SS-316 Cr50(n,3n) 24.1 4.54 30 
Cr-48 F82H Cr50(n,3n) 24.1 3.25 30 
Fe-52 SS-316 Fe54(n,3n) 24.5 2.49 50 
Fe-52 F82H Fe54(n,3n) 24.5 2.33 15 
Ni-56 SS-316 Ni58(n,3n) 22.9 1.61 10 
Y-87 SS-316 Mo92(n,do:) 11.4 0.30 20 
Y-88 SS-316 Mo92(n,po:) 4.2 1.01 35 
Zr-86 SS-316 Mo92(n,3na.) 27.9 0.03 25 
Mo-90 SS-316 Mo92(n,3n) 23.0 1.69 60 
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Accelerator Design 

I. Ion Source 

1.1 lntroduction 

ln 1998/99 a new high current ion source has been developed 
and tested. This ion source is of a volume type and delivers 200 
mA W (corresponds to 140 mA o+, according to the Child 
Langmuir law) in continuous wave with a W fraction of about 
93 % [1 ,3]. The used triode extraction system has an aperture of 
8 mm in diameter and is designed for voltages up to 55 kV. 
Consequently, the beam energy is also 55 keV. For the following 
accelerator systems (RFQs) it is necessary to postaccelerate 
the 55 keV proton (deuteron) beam to an energy of 100 keV. 
Therefore, a new so-called tetrode system has been designed 
and calculated. 

1.2 100keV extraction system 

The following figure 1 shows a schematic drawing of the telrode 
system. lt consists of four electrodes: plasma-, puller-, 
screening- and ground electrode. ln difference to the triode 
system another so-called puller electrode is installed between 
plasma and screening electrode. Other geometric parameters 
(aperture radius, thickness of the electrodes, aspect ratio, gap 
field strength) are the same as in the experimental proved triode 
system. 
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Fig. 1: I GUN plot of the post accelerated 140 mA @ 100 keV 
deuteron beam 

An important step in the design study of the extraction system is 
the choice of the potential of the puller electrode and the 
distance between puller-, plasma-, and screening electrode. 
8oth, the electrical field strength and the distances between the 
electrodes should be carefully adapted to the proved values of 
the triode system. The neutral gas flow in the extraction system 
is responsible for voltages break throughs. Consequently, the 
maximum field strength in the extraction system is a function of 
the aperture radius, the neutral gas flow and the gap distances. 
For the triode system we determined a maximum field strength 
of 7.75 kV/mm for gap distances up to 8 mm. ln course of the 
design of the telrode system we used a more moderate gap field 
strength of 6.8 kV/mm to be sure that the probability of 
voltage break troughs are reduced. As shown in figure 1 the 
distance between plasma and puller electrode is 8 mm with a 
potential difference of 55 kV. The distance between puller- and 
screening electrode is also 8 mm with a potential difference of 
55 kV. 

Conclusions 

With the computer code IGUN[2] we designed a 140 mA@ 100 
keV extraction system. The ion beam is extracted in matched 
case with a radius of 2.9 mm (80%) and a divergence angle of 
35 mrad at the end of the extraction system. The normalised 

rms-80%-emittance is 0.008n mm mrad and fulfils the IFMIF 
requirements with a value of 0.27t mm mrad at the entrance of 
the first RFQ. This value is much better as we expected 
according to theoretical considerations. 

1.3 lnfluences of different auxiliary gases 

ln a second step, the influence of different auxiliary gases on the 
H+ fraction and on the beam noise was investigated. The goal 
was to reduce the beam noise and to enhance the W fraction at 
low arc powers. Figure 2 illustrates the H+ fraction as a function 
of the auxiliary gas pressure for different auxiliary gases. II was 
found !hat the W fraction increases from 75 % to above 92 % 
by increasing the auxiliary gas pressure from 0.02 to 0.8 Pa. 
The effect is stronger for higher atomic masses of the auxiliary 
gases. Helium has nearly no influence, xenon on the other hand 
has the strengest effect. Note, in all measurements, the 
extracted auxiliary ion fraction in the beam was below 1%. lt is 
assumed !hat the enhancement of the H+ fraction is caused by 
the reduction of the mean electron energy. ln cantrast to 
electron collisions with hydrogen atoms and molecules, the 
cross sections for vibrational and rotational excitations of the 
investigated auxiliary gas atoms are higher. A higher cross 
section Ieads to a shorter mean electron path with the 
consequence of a higher number of inelastic collisions, resulting 
to a reduction of the mean electron energy as weil as a 
reduction of the electron temperature. From this it follows that 
the fraction of the generated H+ ions rises. As shown in 
theoretical considerations, low energy electrons in the plasma 
are favourable for high H+/o+ fractions. Moreover, the use of a 
trace amount of an auxiliary gas reduces the beam noise Ievei 
from 4 % (without auxiliary gas) to less than 1 % (with xenon, 
figure 3) [3]. 
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Fig. 2: H+ fraction as a function of the pressure for several 
auxiliary gases 

Conclusions 

Density fluctuations of the ions at the plasma sheath are dc 
coupled with density fluctuations of the electrons. As shown in 
basic plasma investigations with a 127" cylinder spectrometer, 
traces of xenon in the plasma reduces the electron temperature. 
This results in lower electron density fluctuations. Consequently, 
the ion density fluctuations and noise reduces, too. Moreover, 
the use of xenon allowed the operation of the ion source with 50 
% (2.5 kW) of the conventional necessary arc power[3]. 
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1.4 Lifetime 

Besides a high current and a low beam emittance an 
appropriate ion source lifetime is another important requirement. 
The ion source lifetime is determined by the lifetime of the 
filament. During the Operation the filament the material wear is 
exposed due to the positive ion bombardment out of the plasma. 
For a given filament arrangement and Operation gas, the lifetime 
is approximately antiproportional to the duty cycle, the arc power 
and the arc valtage (energy of the ions). ln order to obtain a long 
ion source lifetime, one should employ several filaments with 
large cross sections. With the configuration used in these 
experiments (one tungsten filament with a diameter of 1.8mm) 
the ion source was operated 100 hat full arc power. During this 
time, the filament thickness was reduced from 1.8 mm at the 
beginning to 0.9 mm. For filament diameters smaller than 0.8 
mm the arc discharge bums more and more unstable. An 
operation with such filaments isn't recommendable. 

Conclusion 

With the used arrangement the lifetime is about 100 h [3]. As it 
is possible to use up to four filaments the life time will be four 
times higher, if the ion source is equipped with four filaments. 
Due to low arc powers (2.5 kW) the use of the auxiliary gas 
xenon increases the lifetime of the ion source, too. 

II Low energy beam transport 

11.1 lntroduction 

Varying space charge forces due to current fluctuations, source 
noise and rise time of space charge compensation negatively 
influences the low energy beam transport and the injection into 
the RFQ. Rotation of the emittance pattern as a function of time 
increases the time integrated emittance and varying twist 
parameters of the emittance inhibit proper injection into the RFQ 
and therefrom decrease the transmission. Numerical simulations 
have been performed for electrostatic and magnetic transport 
(including space charge compensation and Gabor lens systems) 
for a beam current Variation of +- 2 % at frequencies from 20 
kHz up to 5 GHz. 

11.2 Electrostatic (decompensated) transport 

Simulations on the influence of varying beam current on beam 
transport have been performed using the IGUN code under 
assumption of varying plasma density in the ion source as the 
main course for the current fluctuation. Therefore the beam 
extraction Simulations have been included into the simulation as 
weil. Figure 4 shows the emittance at the beginning of the 

electrostatic LEBT for the 3 different ion currents (137.2 mA, 140 
mA, 142.8 mA). Due to the space charge forces the beam radius 
and angle increases slightly with the current. The decrease of 
the RMS-emittance indicates that the extraction system is 
optimised for an slightly higher current than 140 mA. 
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Fig. 5: Emittances at the exit of the LEBT system (RFQ 
entrance) for varied extracted beam currents. The 
simulations have been performed using the computer 
code IGUN 

Figure 5 shows the emittance at the exit of the electrostatic 
LEBT for the 3 different cases. Due to the space charge forces 
the beam radius decreases slightly (1.6 mm, 1.5 mm, 1.3 mm) 
and the envelope angle increases stronger (50 mrad, 60 mrad 
and 80 mrad) with the current. This increase in angle can be 
explained also with the increasing space charge leading to an 
higher degree of lens filling in the last electrode leading to a 
stronger deflection. The increase of the RMS-emittance shows 
the effect of higher lens aberrations due to the increased degree 
of lens filling. 
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Fig. 6: Input (left) and output (right) Emittance of the 
electrostatic LEBT gained by simulations of 3 different 
ion currents (source noise) and superposing them for 
time integration 

Conclusions: 

Figure 6 shows the effective (time integrated) emittance at the 
entrance (left) and the exit (right) of the electrostatic LEBT. Due 
to the current fluctuations the RMS-emittance at source exit is 
slightly (12 %) higher than for the nominal current. At the LEBT 
exit the RMS-emittance growth has already increased to 33 % 
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(total 77 %) compared with the nominal current. The additional 
21 % is mostly due to the higher space charge in the 142.8 mA 
case. This Ieads to extensive redistribution due to lens 
aberrations. 

11.3 Magnetic (space charge compensated) transport 

For the simulation of the influence of varying beam current on 
space charge compensated beam transport the knowledge of 
the time scale of the disturbance (fluctuation frequency) and the 
reaction time of the compensated beam plasma is necessary. 
Therefrom two frequencies can be defined. The maximum 
frequency ( fmax ) is given roughly by the plasma frequency (for 
IFMIF fmax~ 0.5 GHz) and the minimum frequency ( fmin) defined 
by the production mechanisms of the compensation. Below fm1n 
the compensation is adiabatic and can be neglected for beam 
transport properties above fmax the compensation can not follow 
the disturbance. 

11.3.1 Measurements of the rise time of compensation 

For IFMIF fm1n has been determined from rise time 
measurements at the H+ injector in Saclay [4]. Figure 7 shows 
the development of the beam current (for a pulsed ion source) 
as a function of time. 
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Fig. 7: Normalised ion current measurements as a function of 

time gained by faraday cup and CCD camera 
measurements on a pulsed ion beam 

The rise time of the ion current (given by the ion source) can be 
estimated by measurements of an faraday cup and by CCD 
camera measurements to be approximately 7 J.IS. Fig. 8 shows 
the reaction of the beam radius on the changing space charge 
as a function of time. The time constant is again dominated by 
the source physics and pulsforming electronics. 

time resolved beam profile 
measurements 

Fig. 8: Transversal ion beam intensity distribution as a function 
of time determined by CCD camera measurement 

Fig. 9 shows the development of the beam potential on beam 
axis as a function of time for different residual gas pressures 

and therefrom for different theoretical rise times of 
compensation (2.3-10 J.IS). The rising potential for the first 2-3 J.IS 
is due to the rise time of the source, the falling potantials after 3 
J.IS is already the effect of the establishing space charge 
compensation (for 100% variation of the space charge !). 

Conclusions 

For IFMIF the lower boundary frequency (fm;n) for preservation of 
space charge compensation will be 200 kHz > fm1n > 20 kHz 
(depending on the residual gas pressure). Noise above this 
boundary will negatively influence the compensation degree and 
emittance growth might occur. 
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Fig. 9: Development of the beam potential as a function of time 

for different residual gas pressure, determined by time 
resolved residual gas ion energyspectrommetry 

11.3.2 Beam transport calculations 

Therefore simulations have been performed using the LINTRA 
[5] code for 3 different seenarios (fnolse < 20 kHz ; fnolse~ 100 kHz 
; fnolse > 500 MHz). Figure 7 shows the results of Simulations 
gained from the LINTRA code under assumption of source noise 
frequencies below 20 kHz (constant space charge forces, see 
chapter 11.3.1 ). The variation of the emittances at the exit of the 
magnetic LEBT section is due to the varying input emittances 
delivered by the ion source (see fig. 4). 

1=137.2 rrA H40rM 
r. ,,~L·==0.0749arrmmrad r.,., ,.,,.""0,0750 r.mrnrmd c rr •.. ;;=0,0828 ;cmrrmrad 

\ \

i< 

' \ 
Fig. 10: Simulation of beam transport for space eh arge constant 

(fnolse < 20 kHz) using entrance emittances according to 
fig. 1 

Figure 11 shows the results of simulations gained from the 
LINTRA code under assumption of source noise frequencies of 
100kHz (space charge fluctuations are partly compensated the 
resulting Variation is +- 1.2 %, see chapter 11.3.1). The variation 
of the emittances at the exit of the magnetic LEBT section is still 
mainly influenced by the variation of the input emittance 
delivered by the ion source (see fig. 4) only the simulation with a 
space charge higher than nominal show a minor reduction of 
emittance growth. 
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Fig. 11: Simulation of beam Iransport for app. +-1.2 % space 

charge variation (20kHz< fnolse <100kHz) using 
entrance emittances according to fig. 4 

Figura 12 shows the results of Simulations under assumption of 
source noise frequencies above 500 MHz (space charge 
fluctuations are +- 2 %). The variation of the emittances at the 
<?Xit of the magnetic LEBT section is still mainly influenced by 
the variation of the input emittance delivered by the ion source 
(see fig. 1 ), in this case the simulation using the low space 
charge shows a minor increase (1 %). 
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Fig 12: Simulation of beam Iransport for space charge Variation 

of +-2% ( fnoise > 500 MHz) using entrance emittances 
according to fig. 4 
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Fig. 13: Time integrated emittance gained from a simulation of 
beam Iransport for constant space charge ( fnoise > 20 
kHz) using entrance emittances according to fig. 4 

Conclusions 

For a variation of the beam current of +- 2 % minor changes in 
beam Iransport have been found. An overall growth of the time 
integrated emittance of 9 % from the nominal 0.075 rcmmmrad) 
to 0.0817 rcmmmrad (see fig. 13, overall all emittance growth 
42%) is not significant and mostly caused by the variation of the 

input emittance delivered by the ion source. Under the 
consideration that the necessary focussing field strength for 
space charge compensated Iransport is mostly a function of ion 
energy and mass and not the space charge forces a variation of 
+-2 % is not dominant for Iransport properlies and therefore this 
result was not too surprising. 

11.4 Beam transport using a Gabor lens 

Gabor lenses used for beam Iransport not only deliver streng 
cylinder symmetric focussing but also totally compensated the 
space charge of the beam within the lens. This is valid up to the 
plasma frequency (app. 5 GHz). Outside the lenses the degree 
of compensation is reduced compared with magnetic focussing 
[6,7]. This is due to the heating of the electrons inside the lens. 
On the other hand this exchange of lens electrons and 
compensation electrons increase the boundary frequencies for 
fluctuations also outside the lens. An magnetic field for electron 
enclosure below 0.2 T and an eisetrode potential.of 15 kV is 
necessary to fulfil the injection requirements at RFQ entrance. 
The degree of lens filling was 84 % for the chosen geometry. 
Figura 14 shows the results of Iransport simulations for IFMIF 
for an variation of beam current of +- 2 %. An overall emittance 
growth of 54 % (0.088 rcmmmrad) is prognosted. The additional 
emittance growth due to current fluctuations is mainly caused by 
the variation of the input emittance. An additional emittance 
growth of 15 % is found. This is valid for frequencies up to 5 
GHz. 
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Fig. 14: Time integrated emittances gained from a simulation of 
beam Iransport using Gabor lenses) using entrance 
emittances according to fig.1. Left for space charge 
variation of +- 1.2 % (20kHz < fnolse < 500 MHz) right 
for a variation of +- 2 % ( 500 MHz < fnols• < 5 GHz) 

Conclusions 

For a variation of the beam current of +- 2 % minor changes in 
beam Iransport have been seen. An overall growth of the time 
integrated emittance of 15 % is not significant and mostly 
caused by the variation of the input emittance delivered by the 
ion source. 

Summary 

The influence of current fluctuations of +-2 % on low energy 
beam transperl has been determined numerically for 3 different 
Iransport systems. For electrostatic systems the largest growth 
of the time integrated emittance has been found (77 %, at app. 
50 % degree of lens filling) partly caused by the variation of the 
delivered source emittance and the varying space charge in the 
lens. Space charge compensated Iransport shows better results 
(42% for solenoids below a frequency of 20kHz at 50% degree 
of lens filling, and 54 % for Gabor lenses below a frequency of 5 
GHz at 84 % degree of lens filling). For compensated Iransport 
the main source of emittance growth is the variation of the 
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source emittance. Gomparison between magnetic systems and 
Gabor lenses show only at very low frequencies a slightly better 
performance of the solenoid systems. On the other hand the 
magnetic field strength is reduced by at least a factor of 7. 
Therefore the investment costs for Gabor lenses is app. 50% of 
the solenoid solution. 8oth fulfil the requirements for IFMIF 
even at a current variation of +· 2%. 

111. Beam Dynamics Calculations 

111.1 lntroduction 

Beam dynamics calculations have been performed for the RFQ 
and DTL in the IFMIF scenario to study the effects when 

a) the electrode voltage is lowered in the RFQ, leading to a 
lower sparking risk, which is essential for he required cw 
operation of the IFMIF accelerator. 

b) the outpul energy of the RFQ is lowered from 4.0 MeV/u to 
2.5 MeV/u, giving a shorter RFQ 

c) the DTL has to start with an injection energy of 2.5 MeV/u 
only. 

Galculated RFQ outpul emittances have been injected into the 
DTL instead a somehow idealized input distribution like 
waterbag or K-V type, mismatch and filamentation have been 
observed. 

111.2 RFQ 

ln the RFQ design the electrode voltage has to be distributed in 
an appropriate way to achieve both: strong Iransverse focusing 
as weil as sufficient beam bunching and acceleration at the 
same time. Lowering the electrode voltage and by !hat the 
sparking risk means in the first approximation eilher less 
Iransverse focussing which is not possible for high currents, or 
less acceleration and a Ionger RFQ. The planned lower end 
energy of the RFQ of 2.5 MeV/u is therefore complementary to 
the simultaneaus reduction of the electrode voltage. 

A Iot of parameter sets have been studied to when the electrode 
voltage in the RFQ is lowered to a value corresponding to 1. 7 
Kilpatrick, which is considered to be sufficiently safe. First 
simple estimations show, !hat for a high current Iimit a high input 
energy of the RFQ is favourable, which again increases the 
length of the RFQ. But from the technical view new results 
show, !hat voltages up to 400 kV can be used for ion source 
operation [8]. Table 1 shows a parameter set found with the use 
of GURU and RFQUIGK for a non equipartitioned RFQ for 1. 7 
Kilpatrick and a Iransmission of 95.3%. The rms emittance 
growth is with 30% moderate. 

From the table 1 we can see two special design features'. First 
is, in our RFQ design study we used 6 RMS-in cells which gave 
the best match to the RFQ acceptance and for a better transition 
of the beam into the following Alvarez DTL, we used as a 
matehing out cell a Grandall cell. ln such a Grandall cell the 
modulation of the RFQ goes to 1 and the focussing strength B 
goes to zero which Ieads to a good beam quality at the entrance 
of the following DTL [9]. 

The next three figures 15, 16 and 17 show beam dynamic 
calculations which were made with the multi partielas program 
called PARMTEQM, we used 5000 macro particles, a 2d space 
charge solver and a matched 4d waterbag input distribution. The 
calculations includes multipoles and image charge effects which 
are very important for high current and high intensity 
applications like IFMIF. 

Table 1: Structure parameter of 175M Hz 1.7 IFMIF RFQ 

Ion n+ 
Design NonEP 
Frequency f [MHz] 175 
Number of oarticles 5000 
Input distdbution 4d Waterbag 

Wtn I Wout [MeV Iu] 0.125 I 2.5 
Voltage V [MV] 0.136 
Bravety factor b 1.7 
Focussing factor B 3.551 
Cells I Lenght [m] 633 I 14.85 
RMS-in 6 cells 
RMS-out Crandall cell 
Aperture [cm] 0.815-0.595 
Av. apetturero [cm] 0.774 
Phase [0

] -90- -35 
ltu[mA] 140 
lout [mA] 133.2 
Transmission 95,3% 

(Mult.+Imag.) 
Modulation m 1 -1.55 
Input- I Output EN.RIII> tmns [cmxmrad] 0.020 I 0.026 

(0.04) 
Input- I Output EN,RMS!ong [MeVxDeg] 0.0 I 0.199 (0.4) 

Fig. 15: Transverse and longitudinal phase profiles of the 1. 7 
IFMIF RFQ 

ln figure 15 the phase profiles of the RFQ are plotted. From the 
Iransverse plane we can see !hat the most Iosses are at the 
beginning of the Buncher at an energy of Ws = 0.3 MeV which 
are uncritical and 1% at the end of the Buncher at his "bottle 
neck" with an energy of W9 = 2 MeV which is still tolerable. ln 
the energy area over 2 MeV we have nearly no Iosses which is 
quite important for the maintenance of the structure. From the 
phase space profiles we can see some longitudinal Iosses 
during the bunching process of RFQ. These Iosses are uncritical 
as long as the particle do not hit the wall. 

Figure 16 shows the input and outpul emittances of the RFQ. 
For matched 4d waterbag input distribution with the IFMIF N
RMS emittance of 0.02 [cmxmrad] the outpul distribution Iooks 
satisfying. No halo in the Iransverse plane and in the longitudinal 
we have only a small energy spread of ßW = ±1.5 % and in 
phase of ßq> = ±30° and no filamentations. 

The figure 17 shows the real space of the beam at the end of 
the RFQ and the longitudinal phase space again. From the real 
space we can see that the beam has a nearly round shape, no 
halo and is centred. This outpul distribution was used for 
injection into the DTL in our lest calculations. 
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Fig. 17: Real space and energy-phase distributions at the end of 
the 1.7 IFMIF RFQ 

The studies of the costs of an 4-Rod-RFQ showed a 
considerable reduction in comparison with the 4-Vane-structure 
which is of the order of 30%. This calculation is based on our 
experiments with the 4-Rod-RFQ; many of those have been built 
in the last years by Prof. Schempp and his team in the IAP and 
by close cooperation with the industry. For example, weeks ago 
an RFQ has been delivered to the Rutherlord Lab in Great 
Britain, which has a high duty cycle of 20%. But to get an exact 
price for a 4-Rod-RFQ working in cw operation mode is still 
difficult at the moment. We have to make a complete and 
detailed Iayout of the system, before, for example, taking into 
account the cooling system for he high power losses. The costs 
of he power supplies, the ion source and the LEBT could not be 
reduced, the old prices are correct. May be in the case of the 
power supplies a reduction can be done in the tuture, if the 
ongoing development for the American Spallation-Neutron
Source (SNS) will be successful. We are in contact with our 
American colleagues, first results can be expected at the end of 
the year. 

Conclusions 

A new RFQ designwas made with a new set of parameters (1.7 
Kilpatrick, Win=0.125 MeV/u, Wout=2.5 MeV/u). The design study 
fulfils the key requirements of the IFMIF project (low sparking 
risk through cw operation with 1.7 Kilpatrick, high Iransmission > 
94 % , nearly all Iosses in a energy area of :s;2 MeV to prevent 
the structure to get radioactive and guarantee hands-on 
maintenance, low emittance growth and small energy and phase 
spread for a good transition into the next structure). 

111.3 DTL 

The new set of design parameters of the IFMIF RFQ requires a 
new set of design parameters for the IFMIF DTL. Therefore a 
new design with a lower input energy of 2.5 MeV/u and an 
unchanged output energy of 20 MeV/u was necessary. The 
other design issues could be taken from the former design (1 
Kilpatrick, normal conducting, FoDo structure, an electric field 
gradient of 2 MV/m ). The type of the LINAC assumed as before, 
a conventional normal conducting Alvarez DTL. The new input 
energy of 2.5 MeV/u Ieads to an input beta of ß = 0.072. The cell 
length determines the dritt tube length and therefore the length 
of the magnetic quadrupole lenses which are inside the dritt 
tubes. ln our case the first cell of the DTL is ßA, = 12.4 cm with a 
quadrupole length of 7 cm and a magnetic field strength of 0.97 
T in the FoDo lattice case. This is still in the normal conducting 
area of the magnetic field which is a design issue too and in 
addition we can take the conventional FoDo focussing scheme. 

Table 2 shows the structure parameter of the new 175 MHz 
Alvarez DTL for IFMIF. 

Table 2: Structure parameter of the 175 MHz Alvarez DTL for 
IFMIF 

MassA 2 (D+) 

Charge q 1 

Currrent I 125.0 mA 
Transmission 100% (+Multi) 

Number of particles n 5000 

Input disttibution 6d Waterbag 

Frequency J,r 175.0 MHz 
Focussing lattice FODO 

Number of tanks 1 

Power (Cu+ Beam) 6.15 MW 
lnjection energy lV.niA 2.5 MeV/u 
Extraction energy 20.0 MeV/u 
Wou.IA 
Energy gain ~WIA 17.5 MeV/u 
Cells N, 101 

Celllenght ßA- 12.5 ... 34.12 crn 
Quadmpollenght Lq 7.0 crn 
Totallength Ltot 23.87 rn 
Electric field amplitude 2.0 MV/rn 
Eo 
Total electric field 1.65 ... 1.75 MV/rn 
amplitudeE0T 
Synchronaus phase 1/1 -50--30 (20 deg 

cells) 
Apertureradius 1'0 1.2 crn 
Quadmpole gradient 8.19-4.10 kG/crn 
Gma:~L 
Gap lenght g/ 1.88- 8.6 crn 
Effective shunt 45.8 MQ/rn 
impedanz ( Z,ff) 
Brave1y factor b 1.0 

Input- I Output 0.025 I 0.027 cmxrnrad 
En,nns 

'""" 
(0.04) 

Input- I Output 0.178 I 0.213 (0.4) deg><MeV 
En.rm~long 

The cavity design was made with the field solver programme 
SUPERFISH. ln the cavity design we paid attention to some 
important engineering constraints. This means we used in the 
cavity design a face angle to provide some space for the cooling 
devices and the electromagnets [1 0]. Table 3 shows the 
SUPERFISH outpul with the most important cavity parameters 
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of the first two cavities with a beta of ß=0.072 and beta of 
ß=0.145. 

Table 3: SUPERFISH output of the first two cavities of the new 
175 IFMIF DTL 

Quantities Cavity 1 Cavity 2 
FREQuency 175 175 
BETA 0.0728503983913 0.145998502737 
LENGTH 12.48 5 
DIAMeter 113.5898447282 25.011 

0.1602564102564 113.5898447282 
G_OVER_Beta_1ambda 2 0.202205335320 
GAP_Length 2 9 
EO_Normalization 1.654133274768 5.05735764171 
EOT _Nom1alization 1.2 2 
CORNER_radius 1.2 1.791810912179 
INNER_nose_radius 1.2 1.2 
OUTER_nose_radius 1 1 
FLAT_1ength 15 1 
FACE_ang1e 16 1 

DRIFf_TUBE_Dian1et 0 34 
er 0 16 
BEAD_radius 3 0 
GAP_Change 1 0 
STEM_Diameter 1.2 3 
STEM_Count 180 1 
BORE_radius 1.2 
PHASE 1ength 180 

The next two figures 18 and 19 show the results of the beam 
dynamics calculations done with multi particle program 
PARMILA. The calculations were made with 5000 macro 
particles, a matched 6d waterbag input distribution and a 2d 
space charge solver. The multipale effects of the magnetic 
quadrupoles were included. The matehing of the input 
distribution was made with the envelope program TRACE3D. 

Fig. 18: Matched input distribution of the 175 MHz IFMIF DTL 

ln figure 18 the matched input distribution of the of the IFMIF 
DTL is plotted. ln the transverse plane the DTL requires a beam 
in the focus which means the twiss parameter a is nearly zero. 
For the simulation we used a input RMS-N-emittance of 0.025 
[cmxmrad] which is in the area of the output emittance of the 
RFQ (see table1 ). The matched energy spread and phase 
spread is with t:..W = ± 1% and t:..<p = ± 21° smaller than the 
output of the RFQ. This is an indicator for some difficulties for 
the direct injection from the RFQ into the DTL. 
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Fig. 19 : Matched output distribution of the 175 MHz IFMIF DTL 

Figure 19 shows the matched output distribution of the DTL. lt 
Iooks quite satisfying. No halo appears in the transverse planes. 
100 % transmission which is very important because of the 
activation of the structure due to deuteron-copper collision with 
energies over > 2 MeV and the beam is on axis. ln the 
longitudinal plane we have nearly the same situation. No halo, 
the beam has no great filamentations and is on axis too. The 
spreads are t:..W = ± 2 % in energy and t:..<p = ± 12° in phase. As 
a consequence the emittance growth is quite low (see table 2). 

111.4 Transition studies between RFO and DTL 

After simulations with a standard input distribution for the new 
parameter sets of the two structures, we tried a direct injection 
from the RFQ into the following DTL without some matehing 
procedures inside the DTL or between the two structures. This 
method was favoured from the LANL group to prevent some 
emittance growth through the lenses of a MEBT [11]. We only 
varied the dritt space between the two structures from 19.1 cm 
where the beam have a focus in the x-x' plane, to ß/.,=12.4 cm , 
ßA/2=6.2 cm and finally direct after the fringe field of the RFQ 
which we assumed with 3.9 cm. The preliminary results were 
quite promising. Without a special matehing procedure between 
the two structures we got with a dritt smaller than ßA/2=6.2 cm 
and greater than 3.9 cm 100 % transmission in the DTL. We 
only recognised some small halo production in both phase 
space planes and some filamentation in the longitudinal plane. 

Conclusions 

A new DTL design was made with a new set of parameters 
(W1n=2.5 MeV/u, Waut=20.0 MeV/u, 1 Kilpatrick, normal 
conducting, 175 MHz, FoDo lattice) 

The design study fulfil the requirements of the IFMIF project (no 
Iosses in the linac (< 1 nA!m) due to the activation of the 
structure, small emittance growth to produce a good beam 
quality for the following HEBT and the Li target) 

Even with no special matehing procedures we achieved with a 
direct injection from the RFQ into the DTL with a dritt < ßA/2=6.2 
cm a transmission of 1 00 % which is an important constrain of 
IFMIFtoo. 
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TTMN-001 
EFF/EAF Data File Update, Processing and 
Benchmark Analyses 

TTMN-001/5, 6, 8 

The European Fusion File I Activation File (EAF) projects aim at 
developing a qualified data base for nuclear calculations of 
fusion reactors. The related Task TTMN-001 of the EFDA 
technology work programme is devoted to the evaluation, 
processing, application and benchmarking of required nuclear 
cross section and uncertainty data. 

The focus of the FZK contribution to Task TTMN-001 is on the 
qualification of new and updated EFF data evaluations by 
means of computational benchmark analyses. This includes 
sensitivity and uncertainty analyses and the processing of the 
related co-variance data. ln addition, advanced computational 
schemes are being developed for sensitivity calculations based 
on the Monte Carlo technique. 

Integral Data Testing and Sensitivity/Uncertainty Analyses 
for EFF-3 Ni Data Evaluations 

New EFF-3.0 data evaluations were provided over the reporting 
period for Ni-58 and Ni-60. They have been extensively tested 
through benchmark analyses of two 14 MeV neutron 
Iransmission experiments performed previously on spherical 
nicke! shells at the Oktavian facility (University of Osaka, Japan) 
and the Institute for Physics and Power Engineering (IPPE), 
Obninsk, Russia. The analyses included calculations of the 
neutron leakage spectra using the MCNP code, sensitivity 
calculations for specified neutron flux integrals using MCSEN, a 
local version of MCNP4A with the capability for sensitivity 
calculations with the point detector technique, and assessments 
of the uncertainty on the basis of the newly processed EFF-3.0 
co-variance data [1 ,4]. For the IPPE Iransmission experiment, 
Fig.1 compares the calculated and the measured neutron 
leakage flux spectra; Fig.2 shows the corresponding comparison 
of calculated and measured neutron flux integrals. 

0,01 0,1 1 

Neutron energy [MeV] 

Fig. 1: Comparison of calculated and measured neutron 
leakage spectra for the IPPE spherical nicke! shell (7.5 
cm thickness). 

The resulting good agreement with the new EFF-3 data has 
been achieved only after a reduction of the inelasctic scattering 
cross-section around 14 MeV as had been suggested by the 
sensitivity and uncertainty calculations with MCSEN. 
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Fig. 2: C/E (calculation/experiment) comparison for neutron flux 
integrals of the IPPE Ni Iransmission experiment 

Processing of co-variance data with extended options 

Co-variance data with extended options for secondary 
distributions are being introduced in EFF-3 data evaluations to 
enable corresponding uncertainty calculations. Over the 
reporting period, co-variance data for Ni-58 and Ni-60 (file 33 
for excitation functions and file 34 for angular distribution data) 
have been provided. The co-variance matrices have been 
processed in the VITAMIN-J group structure and applied in 
sensitivity/uncertainty calculations of the IPPE and Oktavian 
nicke! integral experiments. A considerably reduced uncertainty 
has been obtained with the Ni EFF-3.0 co-variance data. As 
compared to FENDL-1 data, the uncertainty of the calculated 
neutron flux integrals is reduced by a factor 2 to 3, see Table 1. 

Table 1: Calculated uncertainties of neutron flux integrals due 
to Ni-58 cross-section uncertainties (IPPE nicke! 
spherical shell experiment) 

E[MeV] 0.1-0.5 0.5-1 1-5 5-10 E> 10 Total 

FENDL-1 

Uncertainty [%] 2.45 2.52 2.76 6.58 3.82 1.76 

EFF-3.0 

Uncertainty [%] 0.93 0.84 0.88 2.59 0.91 0.40 

A few problems were encountered when processing the co
variance matrices for Ni-58 [3,5]. A problem with negative 
eigenvalues for the total and the capture cross-section co
variance data was resolved in co-operation with the evaluators 
of IRK Vienna. Unphysical spikes appear in the elastic co
variance matrices due to the fact that they are derived by 
subtraction of the total and non-elastic co-variances. 
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The spike problern was shown to be eliminated by using an 
improved unified energy group structure in which the evaluated 
covariance data are provided, andlor using smaller values of the 
LB=8 parameter which represents the uncorrelated short range 
variance that scales inversely proportional to the energy group 
width. 

Benchmark for sensitivity and uncertainty calculations 

A computational benchmark on probabilistic and deterministic 
sensitivity and uncertainty calculations has been conducted with 
the objective to check and validate the novel Monte Carlo 
technique for calculating point detector sensitivities as being 
implemented in MCSEN. A suitable 14 MeVneutronbenchmark 
problern on an iron assembly has been considered to this end. 
After removal of some minor bugs in MCSEN, good agreement 
has been achieved for the calculated individual sensitivity 
profiles, the uncertainties and the neutron !Iux spectra as weil. 
For the 28 cm thick spherical iron shell, Table 2 compares the 
uncertainties as calculated for the neutron !Iux integrals at the 
location of the detector. Nuclear cross-sections and co-variance 
data were taken from the EFF-3.1 Fe-56 data file. lt was 
concluded that the Monte Carlo technique for calculating point 
detector sensitivities and related uncertainties as being 
implemented in MCSEN is weil qualified for applications to 
sensitivity and uncertainty analyses of fusion neutranies integral 
experiments [6]. 

Table 2: Uncertainties of neutron leakage flux integrals as 
calculated for a 28 cm thick iron spherical shell with 
the Monte Carlo (MCSEN) and the deterministic 
(ONEDANT/SUSD) approach 

E [MeV] 1-5 5-7.4 7.4-10 10-13.8 E> 13.8 Total 

Uncertainty [%] 

MCSEN 

SUSD 

1.43 12.1 7.46 

1.59 12.4 7.45 

5.73 

5.74 

4.35 

4.54 

0.72 

0.72 

Algorithm for Monte Carlo calculation of sensitivities to 
secondary angular distributions 

The Monte Carlo calculation of sensitivities with the point 
detector technique is currently restricted to the excitation 
functions of the considered nuclear reactions. With the running 
EFF-programme, development work was started on 
computational schemes for secondary distributions with the 
objective to implement them into the MCNP code. The first part 
of the development work is devoted to the secondary angular 
distributions (SAD). 

Over the reporting period, suitable algorithms have been 
developed for the Monte Carlo calculation of SAD sensitivities 
based on the differential operator method [2]. A general 
algorithm was designed which enables to calculate the 
sensitivity independently on the actual representation of the 
SAD on the nuclear data file. Variants thereof were derived 
making use of special features of specific SAD such as the 
Kalbach-Mann representation of the energy- angle distribution. 
Finally, suitable formulae have been elaborated that can be 
implemented into the MCNP code to allow the calculation of 
these sensitivities with the point detector tally. Work on the 
coding of the SAD algorithms developed for implementation in 
MCNP is currently in progress. 
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TTMN-002 
Benchmark Experiments to Validate EFF/EAF 
Data 

TTMN-002/4 
Activation Experiments in Fusion Peak 
Spectrum 

11. Activation experiments in fusion peak neutron field 

Safety and environmental assessments are essential parts of 
fusion power plant development to ensure the attractiveness of 
fusion power. A central topic of safety-related investigations is 
the radioactivity induced by neutrons in the materials of the 
assembly. Radionuclides with a broad range of half-lives have to 
be included in the corresponding analyses. The short-term 
radioactivity (half-life, tv" ranging from the order of magnitude of 
minutes to weeks) is mainly of interest with respect to heat 
production and shut-down dose rates, whereas long-term 
radioactivity (t11 of the order of 10 - 100 years or more) 
determines the waste management. 

The European Activation System (EASY) [1] is a complete tool 
for the calculation of activation in materials exposed to neutrons. 
lt represents the reference system for corresponding analyses of 
the ITER design. ln order to validate EASY, several integral 
experiments are carried out. Complementary to investigations at 
Karlsruhe with a white spectrum of fast neutrons ranging up to 
energies of 20 MeV, 14-MeV neutrons (fusion peak) are used by 
TU Dresden, in collaboration with CCA Sergiev Posad and RRC 
"KI" Moscow, for activating the same materials. After 
experiments with steels (SS316, MANET, F82H) [2] and 
vanadium alloys (V3Ti1 Si, V4Ti4Cr, V5Ti2Cr) [3], in 1999 the 
investigations were extended to the low-activation structural 
material SiC and to Li4Si04, which is used as tritium-generating 
material in the European Helium-Cooled Pebble Bed blanket 
design [4]. 

ln a calculation with EASY -99 the materials were taken to be 
irradiated with 14-MeV neutrons of a flux density corresponding 
to the power of 1.0 MW, for a period of one year. The results are 
shown in Fig. 1. The dominant radionuclides are 28 Al, 29 Al and 
27Mg, mainly produced on Si. Al ready for decay times of to > 1 h, 
radionuclides originating from impurities determine the dose 
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rate. At about 10 years the recycling Iimit is reached. For to > 
100 y, more than 99% of the dose rate come for both materials 
from 26AI (tv..= 7.2-105y) produced by 27 Al(n,2n). 

The obtained dose rate profilas suggested carrying out two 
experimental runs with each of the materials. After a short 
irradiation the activities of 27Mg, 28AI and 29AI were measured 
and analysed (previous Annual Raport [5]). 

To determine activities originating from impurities, neutron 
fluences of 3·1014 cm·2 were applied in a secend irradiation at 
the high-intense neutron generator SNEG-13 [6] at Sergiev 
Posad. The sum of the measured and of the calculated activities 
are compared in Fig. 2. 

SiC: The underestimation at to = 2.4 h and 4.1 d is mainly due to 
the 24Na activity, which contributes 99% and 89%, respectively, 
to the total one. lt is all produced by the 27 Al(n, \7) 24Na reaction. 
Using the ratio of calculated-to-experimental value for 24Na, the 
Al content of the material can be estimated to 0.72 wt-%. This 
amount of Al in SiC Ieads, under fusion power plant conditions, 
to a doserate of the SiC of 274 :Sv/h at to = 100 y. To meet the 
hands-on Ievei, the Al content has to be reduced by a factor of 
1/27. 

A large underestimation was found for the 92mNb activity 
produced by 93Nb(n,2n). The measured value indicates a Nb 
content of at least 0.0003 wt·%. That has no significant influence 
on the long-term radioactivity induced by 14-MeV neutrons. For 
thermal neutrons the situation may be changed, as 94Nb, 
produced by 93Nb(n,y), has a ty, of 2·1 04 y. 

Li4Si04: The agreement of the measured with the calculated 
sum seems to be satisfactory. But underestimations are 
compensated in the sum by overestimated values for the Sc 
activities. As all Sc activities are produced by reactions on Ti, its 
eiemental content is estimated to be 0.054 wt-%, instead of 
0.021 wt-% as determined by X-ray fluorescence analysis. A 
92mNb activity was measured, but not predicted. The 
experimentally determined activity results in a Nb content of 
about 0.003 wt-%, with possible influence on the long-term 
radioactivity of an assembly, if thermal neutrons are present. 
The weak 58Co activity is overestimated by a factor of 5.8 due 
to uncertainties of the Ni and Co content of the sample. 
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Fig 1: Contact dose rates from the (-emitting radionuclides in SiC and Li4Si04 after irradiation with 14-MeV neutrons of 1.0 MW 
power for one year as function of the decay time. Fullline - total dose rate; thin line - contribution of the radionuclide indicated; 
dashed line - recycling Iimit by remote handling and hands-on recycling Iimit as recommended by ICRP 
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Fig. 2: Measured sum of (-activities ( ) in SiC e4Na, 46Sc, 47Sc, 48Sc, 51 Cr, 54Mn, 56Mn, 57 Co, 58Co, 89Zr and 92mNb) andin Li4Si04 
(24Na, 46Sc, 47Sc, 48Sc, 51 Cr, 54Mn, 56Mn,) in comparison to the corresponding calculated activities (solid line) at the decay times 
of measurement 
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Activation Experiments in White Neutron 
Spectrum 

1. Lithium Orthosilicate 

A sample of Li4Si04 in the form of a solid disc of 10 mm 
diameter and 1.5 mm thickness (produced by hot 
pressing/sintering) was activated in the Karlsruhe d-Be 
neutron field at a flux density of about 1011 n/cm2/s for 48 
hours. The chemical composition, as analyzed before the hol 
processing process, is given in Table 1. Gamma spectrometry 
with an efficiency calibrated HPGe detector was performed 
after 8 different cooling Iimes ranging from 15 minutes to 112 
days. A total of 20 product radionuclides were identified. A 
corresponding calculation was performed using EASY-99 
(European Activation System), which is the combination of the 
FISPACT inventory code and the EAF-99 cross section and 
decay data library. The calculation yielded 15 of the product 
nuclides, so !hat C/E ratios can be derived. These C/E are 
given in Table 2 below. The remaining 5 nuclides, all found in 
low concentration, were not predicted by EASY. They have 
mass numbers beyond A=90. lmpurities of such high mass 
numbers were not expected in Li4Si04, consequently, not 
sought for in the chemical analysis and therefore not specified 
in the input to the calculation. The main conclusions from the 
results in Table 2 are: 

• Be-7, produced by the sequential (p,n) nuclear reaction 
on Li-7, is relatively important, as it is the only gamma 
emitting product with half-life beyond 21 hours produced 
from Li4Si04 itself, not from impurities. lmproving the 
prediction quality of EASY for this special case of a 
sequential charged-particle reaction may be worthwhile. 

• The important short lived products from Si are all 
somewhat overestimated. 

• Even a small Al impurity in Li4Si04 Ieads to significant 
Na-24 activity. The Al impurity should be minimized. 

Table 1: Composition of Li4Si04 granulate 

I Element I weight% 

I~ 
22.12 ±0.13 
23.30 ±0.03 
54.29 

c 0.108 ±0.0005 
Na 0.0033 ±0.001 0 
Mg 0.0029 ±0.0006 
Al 0.115 ±0.023 
K 0.0076 ±0.0005 
Ca 0.0059 ±0.0001 
Ti 0.0214 ±0.0004 
Cr < 0.0006 
Mn 0.00030±0.00004 
Fe 0.0143 ±0.0001 
Co < 0.0004 
Ni < 0.0006 
Cu < 0.0004 
Zn < 0.0002 
Zr 0.0046 ±0.0002 
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2. Eurofer-97 

A sample of the low activation steel Eurofer-97 was activated 
in the same neutron field for 43 hours at a similar flux density 
as above. Gamma spectrometry on this sample is in progress. 

3. Re-analysis of Nickel and Copper Experiment 

The neutron fluence in the activation of pure Ni and Cu 
samples reported previously was re-determined by analyzing 
the nicke! foils, which in the experiment originally served only 
for monitaring the flux density decrease across the sample. 
Also, a chemical analysis of the Cu sheet used was made for 
impurities of Fe, Co and Ni. A new calculation with EASY-99 
yielded CIE ratios, that for the more important products are 
now compatible with unity within uncertainties. Exceptions are 
Cu-64 from Cu and Co-61 from Ni. Two more nuclides are not 
properly calculated by EASY because their production 
reactions, Cu-63(n,pa)Fe-59 (neutron energy Ihreshold 6.7 
MeV) and Cu-63(n,2na)Co-58 (neutron energy Ihreshold 16.5 
MeV) are missing in EAF. 

H. Giese 
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Table 2: Results of Li4Si04 activation compared with EASY-99 

Measurement and calculation at eight different cooling times, 15 min ... 112 d 
CIE averaged over cooling times where applicable 
fo ': Max. fraction of sample y dose rate at any one of these cooling times 
±., : experimental uncertainty ±c : EASY uncertainty 

C/E ::1:., ±., 
% % 

Be-7 53 d 4.8 0.68 10 ----
Mg-27 9.5mi 8.4 1.49 10 9 

Mg-28 21 h 0.07 0.39 12 199 

Al-28 2.2mi 53.1 1.54 25 25 
Al-29 6.6mi 25.6 1.68 15 25 

Na-22 2.6 a 2.5 1.36 60 
Na-24 15 h 97.4 0.83 20 

Ca-47 4.5 d 3.0 6.9 70 

Mn-54 312 d 13.3 0.98 10 

Y-88 107 d 0.01 1.8E-3 20 
Zr-89 78 h 1.0 6.93 10 

Generic pathways 
EASY 

Li(p,n) 
ovSi(n,a) 
27AI(n,p) 
28Si(n,2p) 
<"Si(n,2p) 
30Si(n,h) 
<oSi(n,p) 
<"Si(n,p) 
30Si(n,d) 

100% 
71% 
27% 

2% 
99% 

1% 
100% 
98% 

2% 

100% 
96% 

4% 
89% 

100% 
100% 

Remarks 

p induced 

Yim urit ? 
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T426 
Experimental Validation of Shut-down Dose 
Rates 

The neutranies design of ITER is based on calculations with 
sophisticated codes and nuclear data with inherent 
uncertainties. Experimental validation is required for design 
parameters which affect the feasibility and the safety. Present 
dose rate calculations for a complex geometry suffer from high 
uncertainties which are unacceptable for guaranteeing 
occupational safety during hands-on maintenance inside the 
ITER cryostat. Therefore, a neutranies experiment is being 
performed at the Frascati Neutron Generator (FNG) [1] with the 
objective to validate dose rate calculations for a radiation field 
similar to that outside the ITER vacuum vessel and inside the 
cryostat. The related ITER Task T 426 is conducted in CO

operation of ENEA Frascati, TU Dresden and FZK. The task of 
TU Dresden (TUD) is to provide the experimental data for the 
decay gamma spectra and the dose rates while the task of FZK 
is devoted to the computational analysis of the experiment and 
the development of the required computational tools. 

Measurement of spectra and dose rates (TUD) 

An ITER-specific material assembly was irradiated with 14 MeV 
neutrons at FNG to create a Ievei of radioactivity which can, 
after shut-down of the neutron source, be followed by dose 
meters for a time period of at least two weeks. This is a typical 
waiting time assumed to be required for ITER-Iike machines to 
allow personal access to the cryostat. 

The assembly consisted of a block of stainless steel (88316) 
and water equivalent material with a total thickness of 70 cm 
and a lateral size of 1 00 cm x 100 cm. The detectors were 
positioned in a cavity (12 cm x 12 cm x 15 cm) at about 23 cm of 
shield thickness. Between neutron source, located in front of the 
assembly, and cavity, a void channel of a diameter of 2.7 cm 
was realised to include the effect of a streaming path in the bulk 
shield. 

Complementary to experimental methods applied by the team of 
ENEA Frascati, the group of TU Dresden measured: 

• the neutron flux spectrum during the irradiation with a 
NE213 scintillation spectrometer [2] 

• the photon flux spectrum of the induced radioactivity with 
NE213 scintillation spectrometer, 

• the dose rate with a tissue-equivalent scintillator. 

The neutron fluence applied during two days of irradiation (1.8 x 
1015 source neutrons produced) was sufficient to measure the 
dose rate and the photon flux spectrum over three weeks of 
cooling with acceptable effect-to-background ratio. 

The experimental campaign was finished on September 21. The 
evaluation of the data obtained is in progress. 

Development of computational tools (FZK) 

The calculation of dose rate distributions requires the following 
computational steps: (i) neutron Iransport calculation for the 
neutron flux spectra distribution, (ii) activation calculation for the 
decay gamma source distribution and (iii) decay gamma 
Iransport calculation for the decay gamma spectra and the dose 
rate distribution. As for step (iii), various approximation 
methods are in use to enable these calculations for a complex 
geometry like the ITER machine. 

ln the framewerkofT 426, a computational procedure has been 
developed at FZK that allows a rigorous calculation of the shut
down dose rate distribution for full three-dimensional 
geometrical configurations. lt is based on the use of the use of 
the computer code MCNP (calculation of neutron and photon 
transport) for the Iransport calculations (neutron and decay 
gammas) and the computer code FISPACT (for activation 
calculation) for the inventory calculation (decay gamma source). 
A suitable coupling scheme has been devised to enable an 
automated routing of the MCNP neutron flux spectrum 
distributions to FISPACT (interface MCFISP) and the FISPACT 
decay gamma source distributions to MCNP (interface 
FISPMC), see Fig. 1. The decay gamma source distribution is 
sampled in a source routine linked to MCNP according to the 
distribution provided by the preceding MCNP neutron Iransport 
and FISPACT inventory calculations. This proceeding allows to 
apply the procedure for any complex geometry without 
restrictions. Therefore, it will also be used to check the 
approximate dose rate calculations for ITER inside the cryostat. 

Verification calculations so far have been performed for different 
models of the mock-up assembly being under investigation in 
the framewerk of T 426. 

.----.\source I 
L 

Fig. 1: Flow scheme for MCNP based shut-down dose rate 
calculations 
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Socio-economic Research on Fusion (SERF 2) 

International Power Supply Policy Globalisation 
of Research: 
The Example of Fusion Research 

Gontribution 2000 

Within the scope of the SERF 2 Macrotask 4: "Politics and 
mega-science: the global scale of fusion", Task Title: 
"International Power Supply Policy and the Globalisation of 
Research: The Example of Fusion Research", the activities of 
our group at the Institute for Technology Assessment and 
System Analysis (ITAS) are focused on the following research 
goals: 

• Which contribution does fusion make toward a "sustainable 
energy and research policy", which is slowly establishing 
itself at the national and international Ieveis in the shape of 
the principle of efficiency and prudent use of resources. 
Here, fusion is regarded as a strategy of future sources of 
energy in comparison to existing energy resources. 

• Fusion, as a project which can only be tackled 
internationally, is a manifestation of the globalisation of 
research at the organisational Ievei. Here, we should 
examine how 

a) Communication forms emerge in the "scientific 
community'' and 

b) New forms of cooperation and organisation of research 
processes are developed, to unite scientific research 
(fundamental research) and technological development 
in a single project. 

At the present state of our information, based on a Iiterature 
review, we can affirm that fusion research, as far as the 
necessary financial expenditures and their political justification 
are concerned, is being politically controversially debated. 

ln the political arenas, projects like controlled nuclear fusion are 
discussed primarily with regard to the controllability of complex 
technical systems and the sustainability of our future supply of 
electric power. 

The attempt to discuss this problern will have to consider: 

• on the one hand, already established concepts of 
sustainability, 

• and on the other, the - according to the present state of our 
knowledge - foreseeable characteristics of a system of 
power generation and supply based on fusion reactors. 

Not only do the goals of global technology projects have to be 
embedded in patterns of universally accepted legitimisation 
(sustainability), but the organisation of research and 
development is also changing into networks acting globally. ln 
this sense globalisation means not only the world-wide linking of 
financial markets and the permanent availability of information 
and communication networks, but above all the creation of 
global organisations of research and innovation processes. The 
globalisation of research and development of technology has 
several dimensions: 

• the recognition and treatment of global problems, 

• the Iransformation and evolution of new forms of 
organization and cooperation in a global community of 
researchers, 

• the constitution of Global Change Research. 

Fusion is playing a "pathfinder role" for these processes and is 
at the same time itself an expression of the globalisation of the 
production of technology. 

Results were presented at the 21st Symposium on Fusion 
Technology, September 11 - 15, 2000- Madrid, Spain 
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Power Plant Conceptual Studies 

TaskTRP 2 
Economic and Oparational Requirements 

TRP 2·0 1 
Critical Review of Economic-related Objectives 
Used in Earlier European, USA, and Japanese 
Power Plant Studies 

•• 175 •• 

A number of Fusion Power Plant Studies performed in USA, 
Japan and Europe du ring the last 1 0 years have been reviewed. 
Main emphasis has been placed on the economic related 
objectives and assumptions of these studies. 

The overall impression is, that, compared to the usual strategy 
in Europe, in the USA as weil as in Japan larger advances are 
anticipated in the areas of plasma physics and technology 
before a commercial power plant will be built. This Ieads to 
considerably higher wall Ioads, higher thermal efficiencies, and, 
related to the neutron wall Ioad, lower heat fluxes to the divertor 
plates. 

Other important differences are in the area of power core 
replacement. ln Europe the replacement methods are based on 
the ones investigated in more detail in the frame of NET and 
ITER. ln USA and Japan fast replacement methods are 
considered as an important key for a sufficiently high plant 
availability. For this reason, large replacement units (mostly 
entire torus sectors) are selected in order to allow for a 
replacement time of 1-2 months for the entire power core. 

ln a number of USA studies the blankets are subdivided in radial 
direction into two or three regions in order to take benefit for the 
potential increase in lifetime of the outer blanket zones. ln 
ARIES-AT for example, the inner blanket zone (30 cm thick) has 
to be replaced after about 3 years, whereas the outer part is a 
lifetime component 

Ferritic steels and SiC-composites are selected in USA and JA 
for solid breeder blankets, Vanadium alloys for Li-blankets, and 
SiC-composites for a self-cooled Pb-17Li blanket. There is one 
hybrid concept (ARIES-ST) with a self-cooled Pb-17Li breeding 
zone, helium-cooled steel structure and SiC flow channel inserts 
serving as electrical and thermal insulator (similar to our PPA 
2.5 concept) . SiC is considered in USA and JA as low activation 
waste material in agreement with their regulations. 

L. Boccaccini 
K. Kleefeldt 
S. Malang 
K. Schleisiek 
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Underlying Technology 

Operation and Upgrade of the Hot Cells and the Chemo
Analytical Laboratories of FZK 

The Hot Cells and the Chemo-Analytical Laboratories provide 
the infrastructure for the pertormance of tasks defined in the 
EFDA workprogramme related to the characterisation of 
irradiated and non-irradiated materials using methods such as 
optical and electron microscopy, He-pycnometry and Hg 
porosimetry, crush-, micro-hardness-and charpy tests as weil as 
long time annealing tests. 

lnvestigations on the ductile-to-brittle temperature of OPTIFER 
alloys and ORNL steel after irradiation (2.4 dpa) and the 
influence of trace elements such as boron and tantal have been 
pertormed in the frame of the materials development 
programme. Furthermore the impact properlies of a Vanadium 
alloy after irradiation has been investigated. 

in the framework of the Breeding Blanke! Task Area 
experiments for the characterisation and post-irradiation 
examination on ceramic breeding materials have been 
pertormed aimed to control the quality and to characterise 
Iithium orthosilicate pebbles (diameter 0,25 - 0,63 mm) before 
and after irradiation. The aim is to determine properlies such as 
microstructure, porosity and density, deformation and hardness, 
and tritium and helium release which are essential for the further 
development of the HCPB concept. For detailed results on the 
analysis of short time irradiated Li4Si04 pebbles which have 
been pertormed in the reporting period see TTBB-006: 
"Irradiation of ceramic breeder pebble beds". 

The characterisation of both large (d = 2 mm) and small (d = 0,1 
- 0,2 mm) beryllium pebbles before and after irradiation have 

concentrated on metallographic and mechanical properties, 
Belsteam chemical reactivity and Tritium and Helium 
retention/reactivity. lt turned out that heliurn and tritium release 
behaviour is a complex function of both irradiation temperature 
and time and that tritium and helium reside in common bubblas 
in irradiated material and thus indicate a common release 
pattern. For more details see TIBB-007: "PIE of Be pebbles 
irradiated in EXOTIC-8". 

For the investigation of the tritium and helium kinetics as a 
function of neutron fluence, temperature and darnage dose 
specimens of the plasma facing material candidates graphite, 
carbon fiber composites and beryllium were irradiated in the 
High Flux Reactor (HFR) Petten and post irradiation 
experiments were pertormed in the reporting period. lt turned 
out that the amounts of tritium found in the samples were 
significantly higher than expected which needs further 
clarification and the release kinects of tritium and helium were 
again found to be concurrent (see T 438/04: "lnvestigation of 
D/T retention in n-irradiated PFC materials"). 

Operation and Upgrade of the Tritium Laboratory Karlsruhe 
(TLK) 

The TLK is the only laboratory in Europe which provides the 
possibility to carry out experiments with tritium for the 
development and test of technologies in key areas of the fuel 
cycle. Present activities are focussed on technologies and 
components for the exhaust gas system for ITER-FEAT and on 
subjects of tritium balancing, detritiation and waste treatment in 
the framework of JET activities. Furthermore new analytical 
methods are developed and existing ones enhanced in order to 
increase effectiveness, frequency and quality of measurements. 
Another aspect is the reduction of sample waste. 

Fully automatic charpy testing device in a glove box of the hot cell complex 
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Chemo-analytical Iabaratory 

The concept of the Tokamak Exhaust Processing System (TEP) 
for ITER-FEAT is examined in the semi-technical facility 
CAPER. The performance of the permeator, which is the first 
process step of CAPER was tested under oparational conditions 
expected for the ITER front-end permeators. The operation of 
the main components (since 1994) which are the methane 
crackers, the water gas shift reactor and the permeators has 
been successfully continued in the reporting period. For more 
details see TR 1 "Tokamak exhaust processing". 

Analytical methods such as Laser Raman spectroscopy, gas 
chromatography, calorimetry and Omegatron mass 

spectrometer have been further developed and tested for 
specific applications. 

Significant improvements in Raman detectability have been 
achieved using the new Laser-Raman analysis system (LARA). 
Hence Laser-Raman spectroscopy is weil suited for real-time 
quantitative analyses of tritiated gas mixtures (see TR 2 
"Development of tritium instrumentation). 

A cryogenic cold trap constitutes the main process step for the 
removal of titriated water vapour. A series of tests have 
demonstrated the ability of the cold trap to reduce very 

A new calorimeter for the Tritium Labaratory 
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effectively the water vapour content of a helium stream at high 
flow rates. A further activity comprised the elaboration of a 
concept for the measurement of the tritium production in the 
HCPB lest blanke! module in ITER-FEAT (see TR 6 ,.Tritium 
extraction and helium purification") 

in the framewerk of the task TR 5 "Tritium recovery from liquid 
and solid wastes" the following activities were carried out: 

• Work on the detritiation of molecular sieve (MS) beds with 
the AMOR facility was going on; so far almost 4 tons of MS's 
have been successfully regenerated. 

• in the course of upgrading of the isotope separation system 
(ISS) valuable experience has been accumulated on the 
degree of tritium contamination of various components. 

• The development of technology for the detritiation of oils 
from pumps employed in JET was continued. 

• A new research activity was initiated regarding the 
development of a water detritiation process for JET. 

The tritium storage facility was upgraded by four additional 
uranium beds and the getter material zirconium-cobalt (ZrCo) 
was tested as additional getter material compared to uranium. 
The results indicate !hat under the employed conditions the 
sorption rate by ZrO is slightly faster than !hat of uranium. See 
TEP 3 A ,.Tritium storage in ZrCo". 

For the design of a tritium compatible Roots pump an 
experimental rig has been designed and constructed in order to 
test the ferrofluidic seal under ITER relevant conditions. The 
tests demonstrated !hat ferrofluidic seals fulfil the required 
specifications, see T 456/02 ,.Development of a tritium 
compatible Roots pump". 

New separation column for the isotop separation system of the 
Tritium Labaratory 
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Physics Integration 
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Microwave Heating for Wendelstein 7-X 

1. lntroduction 

The task includes the development, construction, test and 
operation of the complete 10 MW-140 GHz Electron Cyclotron 
Resonance Heating (ECRH) system for continuous wave 
operation (CW) on the stellarator W?-X at IPP Greifswald in a 
collaboration between Forschungszentrum Karlsruhe, IPF 
Stuttgart and IPP Greifswald/Garching [1]. The stellarator 
plasma will be created and heated from the neutral filling gas by 
this ECRH system. With 10 MW heating power the plasma 
parameter region of long free mean path length, which is 
relevant for fusion reactors, can be reached. ln addition, a 
stationary non-inductive current can be driven to influence the 
plasma profile for better plasma confinement. The 1 0 MW of rf 
power should be obtained using ten 140 GHz gyrotrons each 
having 1 MW output power. The millimeter wave power will be 
transmitted via two multi-beam waveguides (MBWG) with a 
length of about 50 m from the gyrotrons to the plasma torus. 

2. Development of a Prototype Gyrotron 

A 1 MW 140 GHz gyrotron with a chemical vapour deposition 
(CVD) diamond window for continuous wave (CW) Operation 
and a single-stage depressed collector for energy recovery and 
improvement of efficiency has been designed and constructed in 
collaboration with the Swiss Association EURATOM-CRPP 
Lausanne and Thomson Tubes Electroniques, Velizy. F. [2]. lt 
operates in the TE2a.a cavity mode and provides a linearly 
polarized TEMo.o Gaussian rf beam. The gyrotron consists of a 
diode MIG gun, an improved beam tunnel, a high-mode purity 
low-ohmic loss cavity (<2kW/cm2), an optimised non-linear up
taper, a highly efficient internal quasi-optical mode converter 
employing an improved launeher together with one quasi
elliptical and two toroidal beam shaping reflectors and a 
horizontal rf output. The large single-stage depressed collector 
is at ground potential and is equipped with a beam sweeping 
magnet. 

The superconducting magnet system has been delivered to 
Karlsruhe from Oxford Instruments in November 1999 with 6 
months delay. Due to a transportation damage, the whole 
system had to be shipped back to England. After repair the 
magnet system has been delivered to Forschungszentrum 
Karlsruhe in June 2000 and has been tested successfully. 

The first gyrotron tube (maquette) has been installad in our 
gyrotron test facility (Fig. 1) and put into operation. First rf power 

Fig. 1: Photograph of the 140 GHz gyrotron in the teststand 
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measurements at pulse lengths of 1 ms gave 0.65 MW at 40 A -50 
and 82 kV in the TE2a,a mode at 140.3 GHz. The measured 
frequency is in very good agreement with the design value of 
140.2 GHz. 

Table 1: Designparameters ofthe 140 GHz/1MW, TE2a.a 
gyrotron 

Aceeierating voltage Vb 80 kV 

Beam current lb 40A 

Cavity magneUe field Bo 5,56T 

Beam radius in the cavity 10,1 mm 

Average pitch angle (o:) 1,5 

Peak cavity wall loading <2 kW/cm2 

rf power 1 MW, CW 

Overall efficiency 45% 

Window material CVD Diamond 

-100 
-100 -50 0 

xlmm 

50 100 

Fig. 2: Calculated rf beam field distribution at the window plane 

Despite careful optimisation it was not possible to increase the 
output power and the efficiency. Measurements of the rf-field 
destribution by an IR camera showed a strong shift of the rf
beam downwards by 30 mm at the window plane (Fig. 2). The 
same shift also was observed in our low power measurements 
with a coldtest q.o. mode converter system. The shift Ieads to a 
power reflection of more· than 20% back into the gyrotron. ln 
former experiments with other gyrotrons it was shown that these 
reflections cause a deterioration of the quality of the electron 
beam, which influences the output power considerably. The shift 
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of the rf beam is caused by a design error of the q.o. mode 
converter. 

ln order to avoid the risk of damaging the diamond window due 
to non-symmetrically heating of the window cuffs, the rf-meas
urements were limited to short pulse operation up to about 10 
ms. Forthis pulse length, operation with depressed collector has 
been performed successfully up to depression voltages of 30 kV 
resulting in an efficiency enhancement by a factor of 1.6. ln 
order to prove the sufficient Operation of the collector sweeping, 
long pulse operation (up to 1 s) has been done at depression 
voltage (- 55 kV) without rf generation. The sweeping range of 
the electron beam along the collector has been shown to be too 
small, due to distortions of the AC power supply outpul signal at 
high amplitudes and high frequencies. The normal conducting 
AC coil power supply will be changed. 

3. Development of Quasi-Optical Transmission Line 

As the multi-beam waveguide (M8WG) mainly determines the 
Iransmission properties of the complete Iransmission system, a 
careful optimisation of the shape of the mirrors as weil as their 
orientation was performed [3,4]. 

Calculations give very low mode conversion resulting in a high 
Iransmission efficiency of the Iransmission system. For the 
design of the water-cooled mirrors, thermo-mechanical calcula
tions have been performed for several materials or combinations 
there of, and for a variety of frame structures on the backside of 
the mirrors. 

To test the Iransmission properties of such a system a test 
facility with diagnostic tools has been constructed. This includes 
a measurement system for ohrnie loss of mirrors and a 
reflectometer to detect possible deformations of its surfaces in 
case of thermal Ioads. A mirror mount for the M8WG-mirrors 
was equipped with position sensors to test stability, 
reproducibility, and sensitivity against external mechanical and 
thermal Ioads. The development of an alignrnent control system 
based on reflectometry from shallow gratings in Littrow 
geometry on the mirrors is continued. A prolotype Iransmission 
line has been installad at the IPF 8tuttgart. First experiments 
showed a Iransmission efficiency of 90% compared to the 
theoretical one of more than 94%. 

Fig. 3: lmaging properties of the M8WG 

The outpul beam patterns of the 6 beams are shown in Fig. 3. 
The reason for this difference is seen in the poor input system 

with too high non-Gaussian distribution. The input system will be 
improved. 

4. Development of ln-Vessel Components 

Development has been started to optimise the surface struc
tures for the back reflectors which will be mounted at the inner 
wall of the vacuum vessel of W7-X to redirect the non-absorbed 
part of the beam back into the plasma in a controlled way. This 
is necessary for heating of high-density plasrnas in 2"d harmonic 
0-mode, where the absorption is modest [4]. 

5. Auxilliary Systems 

The power supplies for depressed collector operation have been 
tested successfully in short pulse operation with the gyrotron. 
The water cooling circuits for the gyrotron were installed and it 
was proven that the designed pressures and water flow rates 
could be achieved. The flow rate for the cavity, however, is 
reduced strongly due to a too high pressure drop in the cavity
launcher system. Tests are being performed on a duplicate in 
order to find out the reason for the increased pressure drop. The 
RF-tight microwave box to house the mirrors, water Ioad and 
field distribution measurement devices for the rf tests are 
equipped for short pulse operation and adopted to the maquette 
tube. Long pulse Operation will be possible in the nearest future 
as soon as the water cooled mirrors to focus the beam into the 
CW Ioad are installed. 
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Appendix 1: FZK Departments Contributing to the Fusion Programme 

FZK Department 

InstituteforMaterials Research 

Institute for Pulsed Power and 
Microwave Technology 

Institute for Nuclear and Energy 
Technology 

Institute for Reactor Safety 

Institute for Technical Physics 

Central Experimental Department 

-Hot Cells 

- Tritium Labaratory Karlsruhe 

Central Department for Data Processing 
and Electronics 

Contributing: 

Institute for Nuclear and Particle 
Physics, 
Technical University Dresden 

Underwater Technology Centre 
of the Institute of Materials Science 
University of Hannover 

FZK Institut/Abteilung 

Institut für Material- und 
Festkörperforschung (IMF) 

Institut für Hochleistungs-Impuls-
und Mikrowellentechnik (IHM) 

Institut für Kern- und 
Energietechnik (IKET) 

Institut für Reaktorsicherheit (IRS) 

Institut für Technische Physik (ITP) 

Hauptabteilung Versuchstechnik 
(HVT) 

- Heiße Zellen (HVT-HZ) 

- Tritiumlabor Karlsruhe (TLK) 

Hauptabteilung 
Prozeßdatenverarbeitung und 
Elektronik (HPE) 

Institut für Kern- und 
Teilchenphysik 
der Technischen Universität 

Unterwassertechnikum Hannover 
des Instituts für Werkstoffkunde 
der Universität Hannover 

Director 

I. Prof. Dr. K.-H. Zum Gahr 

II. Prof. Dr. D. Munz 

111. Prof. Dr. H. Haußelt 

Prof. Dr. M. Thumm 

Dr. T. Schulenberg 

Prof. Dr. D. Cacuci 

Prof. Dr. P. Komarek 

Dr. K. Schubart 

Dr. W. Nägele 

Dr. R.D. Penzhorn 

Prof. Dr. H. Gemmeke 

Prof. Dr. H. Freiesleben 

Prof. Dr.-lng. Dr.-lng. e.h.mult. 
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3650 

3239 

5635 
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0511/7624311 
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Appendix II: Fusion Programme Management Staff 
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Address: 

Telephone No: 

Telefax No: 

world wide web: 

Dr. J.E. Vetter ext. 5460 
e-mail: joerg.vetter@pkf.fzk.de 

Mrs. I. Siekinger ext. 5461 
e-mail: ingeborg.sickinger@ pkf.fzk.de 

Mrs. I. Pleli ext. 5466 
e-mail: ingrid.pleli@pkf.fzk.de 

Mrs. V. Lallemand ext. 5466 
e-mail: vera.lallemand@pkf.fzk.de 

BW. G. Kast ext. 5462 
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e-mail: joerg.vetter@pkf.fzk.de 

Dl. 8. Grass ext. 5468 
e-mail: Sigurd.Gross@pkf.fzk.de 

Dl. W. Bahm ext. 5465 
e-mail: werner.bahm@pkf.fzk.de 

Forschungszentrum Karlsruhe GmbH 
Nuclear Fusion Programme Management 

Post Office Box 3640, D - 76021 Karlsruhe I Germany 

07247-82- Extensions ..... 

07247-82-5467 
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Appendix 111: Glossary 

BET Brunauer, Ernmet and Teller 

BIOMASS BIOspheric Modelling and ASSessment 

BSMI Bed-structure Mechanicallnteraction 

CBM Garbon Based Materials 

CCD Charge Coupted Device 

CDA Conceptual Design Activity 

CDE Conceptual Design Evaluation 

CFC Garbon Fibre Composite 

CICC Gable in Conduit Gonductor 

COINLOSS Gonductor lnsulation Loss (software module) 

COOLSORP Measurement of Sorption lsotherms at Cryogenic Tamperatures 

CP Cooling Plate 

CRPP-EPFL Centrede Recherehesen Physique des Plasmas 
Ecole Polytechnique Federale de Lausanne 

CS Centrat Soleno'id 

CT Cold Trap 

CVD Chemical Vapor Deposition 

CW Continuous Wave 

DBTT Ductile Brittle Transition Tamperature 

DP Dew Point 

DTL Drift Tube Linear, accelerator structure 

EAF European Activation File 

EASY European Activation System 

EB Electron Beam 

EC(R)H Electron Cyclotron (Resonance) Heating 

ECCD Electron Cyclotron Current Drive 

EDM Electro Discharge Method 

EFF European Fusion File 

EMPA Electron Miereprobe Analysis 

EOL End-of-Life 

EVITA Experimental Vacuum Ingress Test Apparatus 

FBI F = Force, B = Magnetic Field, I = Current 

FCGR Fatigue Crack Growth Rate 

FCI Flow-channel Inserts 

FDR Final Design Report 

FE Finite Element 



FEAT 

FEM 

FM 

FNG 

FPCC 

FW 

HCPB 

HCS 

HEBLO 

HE COP 

HETP 

HFI 

HFR 

HIP 

HP 

ICS 

IEAF 

IFMIF 

IGA 

I GUN® 

IPF 

ISRM 

ISS 

ITER 

JAERI 

JETT 

LARA 

LCF 

LCT 

LEBT 

LM 

LOFA 

LSC 

MAG 

MAGS 

MCE 

MEBT 

Fusion Energy Advanced Tokamak 

Finite Element Method 

Ferritic-martensitic 

Frascati Neutron Generator 

Fusion Power Coordination Committee 

FirstWall 

Helium Cooled Pebble Bed 

Helium Cooling Subsystem 

Helium Blanket Test Loop 

Heat .Qonduction Qf J:ebble Bed 

High Equivalent to a Theoretical Plate 

High Fluence Irradiation 

High Flux Reactor at Petten 

Hot lsostatic Pressing 

Heating Plate 

lntercoil Structure 

Intermediate Energy Activation File 

-- 192--

International Fusion Materials Irradiation Facility 

Inert Gas Atomization 

Ion GUN, program code 

Institut für Plasmaforschung der Universität Stuttgart 

lnelastic Strain Rate Modified 

Isotope Separation System 

International Thermonuclear Experimental Reactor 

Japan Atomic Energy Research Institute 

J Evaluation on Tensile Test 

Laser-Raman Analysis System 

Low Cycle Fatigue 

Large Coil Task 

Low Energy Beam Transport 

Liquid-metal 

Loss of Flow Accident 

Liquid Scintillation Counting 

Metal Are Gas (Weid) 

Magnet Safety (software module) 

Multi-channel Effect 

Medium Energy Beam Transport 



MEKKA 

MHD 

MS 

MTS 

PD 

PF 

PFC 

PFM 

PICOLO 

PIE 

QMS 

RA 

RAFM 

REP 

RF 

RFQ 

R-MHD 

RMS 

SAD 

SAGBO 

SDS 

SEM 

SULTAN 

TBM 

TCF 

TCWS 

TEM 

TEP 

TES 

TFMC 

TIG 

TIMO 

TITAN 

TLK 

TMS 

TOSKA 

TPB 
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Magneto-hydrodynamic Experiments in Sodium and Potassium Karlsruhe 

Magnato Hydrodynamics 

Molecular Sieve 

Material Testing Systems (Trademark of MTS company) 

Point Defect 

Polo'idal Field 

Plasma Facing Components 

Plasma Facing Material 

Pb-Li Corrosion Loop 

Post-irradiation Examination 

Quadrupole Mass Spectrometer 

Reduced Activation 

Reduced Activation Ferritic Martensitic 

Rotating Electrode Process 

Radio Frequency 

Radio Frequency Quadrupol, accelerator structure 

Radiation Magnetohydrodynamics 

Root Mean Square 

Secondary Angular Distributions 

Stress Accelerated Grain Boundary Oxidation 

Storage and Delivery System 

Scanning Electron Microscope 

Superconductor Test Facility, Villigen, Switzerland 

Test Blanket Module 

Thermal Low Cycle Fatigue 

Tokamak Cooling Water System 

Transmission Electron Microscope 

Tokamak Exhaust Processing 

Tritium Extraction 

Toro'idal Field Model Coil 

Tungsten Inert Gas 

Test Facility for ITER Model Pump 

Tieftemperaturadsorption 

Tritium Laboratory Karlsruhe 

Tritium Measurement System 

Toro'idalfest Spulentest Karlsruhe 

Tritium Permaation Barrier 
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TÜV Technischer Überwachungs Verein 

UCT Uniaxial Compression Test 

VHP Vacuum Hot Pressing 

VTA Vertical Test Assernblies 

WCLL Water Cooled Lithium-lead Blanket 

XRD X-ray Diffraction Analysis 

ZrCo Zirconium-Cobalt 




