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Next Step Technology Programme 

The Association FZK-EURATOM contributes to various fields of 
the European Next Step Fusion Technology Programme. The 
work is strongly focused on the ITER Engineering Design Activ­
ity. Development of superconducting magnets and microwave 
heating systems are equally important for the stellarator project 
Wendelstein 7X. 

FZK has upgraded the TOSKA magnet test facility to be able to 
test, successively, the prolotype coil for W7X (from mid 1998 
on) and the ITER toroidai field modei coil (alter 1999). Pre­
paratory steps were qualification of the LCT background fieid 
coil for a field strength of 10 Tesla at superfluid helium tem­
peratures, adaptation of the data acquisition system and opera­
tion of the cryogenic system including separate loops for 1.8 K 
and 4.5 K cooling circuits for the background field coii and the 
test coil, respectively. Conductor- and flat coii tests were 
performed for quality assurance of the W7X-conductor, 
paralleling the industrial fabrication of the prolotype coil. The 
prolotype coil for W7X was delivered to FZK, preparations for 
the test are ongoing at the time of this report. 

Major modifications are belng made to the power supplies and 
the fast switching system in view of high current (80 kA), fast 
discharge operation of the ITER model coil. The test 
programme for the ITER model coil was elaborated. A first test, 
beginning 1999, will be devoted to evaluating the performance 
of the coil in its self generated field. ln a second test, the 
background field of the LCT-coil will be applied. 

Forces on the coils (W7X and ITER) as expected in full machine 
operation shall be simulated in the TOSKA experiments. Finite 
element calculations are improved to describe stresses and 
displacements under Ioad. Studies for ITER-EDA include mag­
net safety aspects and the mechanical behaviour of low tem­
perature structural materials. 

The extended engineering design activity for ITER leaves time 
for improvements on the microwave heating system. More 
power per generator unit, higher power efficiency and more 
fiexibility in choosing the waveiength are development goais of 
the FZK gyrotron activity. Work splits into deveiopment of a 
coaxiai gyrotron (1,5 to 2 MW power at 170 GHz) and of 
suitabie high power windows. New matertals as CVD diamond 
are qualified for use as water cooied disk windows that cope 
with up to 2 MW of Iransmitted power. Progress was made in 
increasing the output power of the test tubes to more than 1.7 
MW. 

ln the field of Vacuum Technology and Fuel Cycle two important 
contributions are being made to the development and testing of 
prototypical components for the ITER machine. lt has been 
demonstrated that cryopumping can cope with all requirements 
for the vacuum system of ITER including very short 
pumping/regeneration cycles to Iimit tritium accumulation on the 
panels. A half-scale prototypical cryopump is being 
manufactured under industrial contract and will be extensively 
tested at FZK. 

Demonstration of a technical process for tritium recycling from 
the plasma exhaust with a decontamination factor in the 107 

range is weil underway in the Karlsruhe Tritium Labaratory 
(TLK). After the different conversion and separation steps have 
all shown excellent performance, a facillty is being buiit the 
specifications of which have been adopted for the ITER Tritium 
Plant. Modelling has been continued on tritium behaviour in the 
environment. 

A small number of individual activities, based on available 
expertiss and testing facilities, has been ongoing for ITER 
contributing to the field of Plasma Facing Components. They 
cover three different aspects of First Wall behaviour under the 
Impact of the plasma: tritium uptake, plasma erosion and cycllc 
heat Ioad. 



T 221 (G 17 TT 13) 
Plasma Facing Armour Materials (2) 

Within this task the tritium amount and thermal desorption 
behaviour of tokamak tiles, co-deposited layers and flakes is 
determined and trltium removal by burning shall be investigated. 

ln the previous Annual Report results on tritium amount and 
desorptlon behaviour of JET tiles have been discussed [1 ). 
These tlles were employed during the first tritium campalgns in 
1991 and were examlned in detail - within a JET task - by full 
combustion thermogravimetry and thermal desorption [2). 

ln the reporting period JET carbon flakes received October 1997 
were studied [3). The flakes (- 40 fJ. thick, up to 2 cm length) 
were collected from the botiom of the divertor atter the 
campaigns (- 2000 plasma pulses) from April to October 1996 
(before the second tritium compaigns). The flakes were 
specified by JET to consist of carbon saturated with D and with 
a Be content of 0.5 wt% and a lritlum activity of - 4 : 106 Bqlg 
[4). 

The total carbon content of the flakes was determined by 
burning in oxygen and measuring the C02 concentration ln the 
offgas by infrared spectroscopy and was found to be only 32.6 
wt%. Optical mlcroscopy and SEM analysis showed !hat the 
flakes are mostly pieces from flat layers (thickness - 100 f!.), 
which consists of many sublayers (thickness several f!.). ln 
addition, metallic partielas (consisting mainly of Fe, Ni and Cr, 
i.e. stainless steel components) were observed (fig. 1). 

Fig. 1: JET flakes 

ln addition, element analyses were performed by wavelength 
dispersive X-ray microanalysis in the eiemental range from 
beryllium to the actinides and by X-ray diffractlon. Metallic and 
ceramlc Ingots up to 0.5 mm diameter were observed consisting 

.• 2 .. 

of Al, AI20s, Al-Mg, Mg2Si, austenitic steel and nickel base 
alloys. The major phases are graphlte with stratified layers of 
aluminium, austenltic steel and nlckel base alloys up to 2 f!.m 
thickness on the surface and within the flakes. The graphite also 
contains about 3 % oxygen. The carbon fractlon is higher than 
80 % of the total material. This is in contradiction with the result 
of the burning test. 

Tritium inventory and release klnetics has been studied by 
thermal desorption, purging with He + 0.1 % H2 and heating 
continuously up to 1100 oc. The maximum release rate is 
observed at - 800 oc. The speclfic tritium inventory for different 
samples varied between 1.2 · 107 and 1.8 · 107 Bq/g. Huge 
weight Iosses of up to 40 % were observed after annealing. 

ln collaboration with the Fusion Centre, Moscow, the retention of 
deuterium in Ion sputtered Be films and in co-deposited Be/D 
layers has been studied [5). 

Deuterium retentlon in Ion sputtered beryllium films and, as a 
reference, in beryllium plates irradiated with 400 eV D Ions has 
been deteiTflined. The data on 400 eV D ion implanted berylllum 
are in a good agreement with the results for 0.5 • 10 keV Ions 
published by other researchers. lt has been found !hat the 
amount of deuterium retalned at 300 and 600 K is about the 
same, suggesting a large role of radiation defects on deuterium 
retention even at 400 eV Irradiation. 

For 300 and 600 K Irradiation the deuterium retention in 
thermally grown BeO film is of the same order as that in metallic 
beryllium. lt ls essential !hat the retained amoun! remains 
unchanged up to 900 K Irradiation temperature which might be 
ascribed to the formation of additional deep traps for implanted 
deuterium. 

Deuterium retention in Ion spultered beryllium oxide films 
appears to be smaller than that in thermally grown near-surface 
beryllium oxide films by about a factor three. Thls disparity might 
be due to differences in their mlcrostructure and, in particular, 
different sizes of the crystallites. 

lt has been found that in the codeposition conditions used in 
present work, beryllium is deposlted in the form of a 
polycrystalline beryllium oxide film. An important result is !hat 
deuterium concentration in the film increases with increase of 
substrate temperature. At 600 K the average deuterium 
concentration is calculated to be 0.032 D/BeO. The deuterium 
desorption flux from the film deposited at 300 K is less than !hat 
for 600 K deposition by a factor of - 5. Correspondingly the 
value of deuterium concentration in the film is calculated to be 
less than 0.005 D/BeO. Sticking coefficient of the Ion sputtered 
berylllum atoms at the growlng BeO film decreases with 
substrate temperature increase from 300 to 600 K by a factor of 
two. 

ln collaboration with TRINITI Troltsk, Russia, the production of 
redeposited graphite layers in disruption slmulation experiments 
at the MK-200 UG pulsed plasma gun is investigated and the 
hydrogen uptake during plasma Irradiation ls determined. 

lmportant results from the first series of tests (August to 
December 1997) were [6): 

• Redeposlied graphite layer of about 1 flm thickness was 
produced at the graphite and tungsten collectors. 

• Specific weight of redeposited graphite is -1.2 g/cm3
• 

• Retained deuterium is observed in the redeposlted graphite 
layers produced in disruption simulation experiments. 
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• Deuterium atomic concentration was measured to be D/C = 
2 - 30 % in the redeposited carbon layer. 

• Deuterium concentration seems to depend on the collector 
temperature. 

These studies have been continued in 1998. 

Literature: 

[1] R. Rolli, H. Werle, "Bestimmung der Tritiummenge in 
Graphit-Ziegeln von JET durch thermische Desorption", 
FZK Interna! Report, PKF 098, September 1997. 

[2] R.-D. Penzhorn et al., "Determination of tritium profilas in 
first wall fusion reactor tiles and development of a process 
for their detritiation", to be published in J. Nucl. Mater. 

[3] R. Rolli et al., "Untersuchungen an Graphitflocken 
("Fiakes") vom JET-Divertor", FZK Interna! Report, PKF 
105, March 1998. 

[4] A.T. Peacock, JET, private communication. 

[5] A.P. Zakharov et al., "lnvestigation of Deuterium Retention 
in Ion Sputtered Beryllium Films and Composited Be/D 
Layers", Fusion Centre, Moscow, unpulished report, June 
1998. 

[6] N.l. Arkhipov et al., "First lnvestlgation on Redeposited 
Graphite Layers", TRINITI Troitsk, unpublished report, 
December 1997. 
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T226b, DV7b 
Plasma Disruption Simulation (1, 2) 

During the period to be reported here the main activities were 
on validation and application of the 2 dim radiation 
magnetohydrodynamlc (R-MHD) code FOREV-2 for analysis of 
disruption erosion under realistlc ITER conditlons [1, 2]. One 
example of validation of FOREV-2 against results from 
disruption simulation experiments and results of a 2 dim 
analysis of MHD motion of plasma shields and of erosion by 
vaporization of the ITER slot dlvertor for power densities of the 
impacting hot plasma along the separatrix in the range of 3 to 
100 MW/cm2 are presented. 

y 
dump plate (horizontal target) 

Fig. 1a: Poloidal cross section of the outboard wing of the 
ITER slot divertor and coordinate system for the 
2 dim calculation. 

.Yif!lL ________ ~ide ~all ___ _ 

B = (Bx ,By •~z )= (0.5T,0,5T) 
i I target 

! separatrix 

~ ...... , ............. . 

horizontal target 
hot Plasma 

-------------..J-------...p:;.... 

Fig. 1 b: Simplified geometry for the 2 dim calculation tor 
the slot divertor with vertical and horizontal target 
(dump plate) in poloidal plane. lncoming hol 
plasma along magnetic field lines . 

The outboard wing of the slot divertor is shown schematically in 
Flg. 1 a in the poloidal plane. The distance from the x point to 
the dump plate is about 2.0 m. The side wall distance is about 
60 cm. The upper part of the side walls, the dump plate and 
most part of the dome are inclined (vertical target) with respect 
to the separatrix with downstream separatrix strike point (SSP). 
During disruptions and ELMs a shlft of the separatrix can't be 
excluded [3]. Therefore the smaller dump plate and the tungsten 
dome could be hit during such an event too. in this case the 
following two different situations might arise: horizontal target 
and vertical target with separatrix upstream. This case ls shown 
in Fig. 1b indicating the geometry as used in the 2 dim 
calculations with FOREV-2 and the asymmetrical (realistic) 

power density proflle of the impacting hot plasma across the 
scrape oft layer (SOL). in the case of separatrix downstream the 
power density profile is inverted in comparison with the case 
shown in Fig. 1 b. For the vertical target the inclination angle is 
assumed to be 20°. in x direction the computational region 
extends up to 2.5 m. The unperturbed magnetic fleld lines Ba 
have components in x- and z-dlrection accordlng to Ba = (Bx, 
By, B,) = (0.5 T, 0, 5 T). Thus the Impact angle of the hot SOL 
plasma in toroidal direction is 5°. 

I • ,1, .C?ITI, . I X 1 cm 
I" I I. I I I. I X 

Fig. 2: Calculated contour plots of plasma density and 
plasma flow (r=nv, arrows) in a carbon plasma shield 
tor a perpendicular graphite target, for the dlsruption 
simulation facllity 2MK-200 CUSP. For further details 
see Fig. 3 . 

y 

Fig. 3: 

density range y 

4~1J)16~ 1 0 1bm -a 

·, ............ ··· 

. c" 

~~~1~~«?~~·~ X 1 cm ,,,,,,,,,,, X 

t=10~ t=20~ 

Calculated contour plots of plasma density and 
plasma flow in a quartz plasma shleld. Perpendicular 
quartz target, Gaussian power density profile of the 
hot plasma with peak value of 20 MW/cm2

• Guiding 
magnetic field is 2T. 
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Results of magnetized hot plasma target experiments 
performed at the plasma gun facilities 2MK-200 CUSP [4] and 
MK-200 CUSP [5] at TRINITI Troitsk with perpendicular and 
tilted targets were used for code validation. For perpendicular 
targets an erosion value of 0.2 ~-tm was obtained for graphite 
and 0.75 ~-tm for quartz under otherwise identical experimental 
conditions. The reason for the quite large difference in erosion 
was investigated with FOREV-2. The term quartz plasma is 
used below. The plasma actually consists of sillzium and 
oxygen Ions. Calculated 2 dim plasma denslty contours and the 
plasma flow r = nv are shown in Figs. 2 and 3 for a carbon and 
a quartz plasma shield at two different times. At early Iimes the 
carbon plasma close to the target flows across the magnetic 
field llnes to the separatrix (inward flow) and then along the 
separatrix upstream. Later in time (t <: 20 ~-ts) the plasma flow 
close to the target changes its direction and flows outward as 
shown in Fig. 2 at t = 20 !!S. 

The target heat !Iux by electron heat conduction is shown in Fig. 
4. During the period of plasma flow to the separatrix with high 
plasma density and low plasma temperature the target heat !Iux 
by electron heat conduction at the position of the SSP is small. 
After plasma flow reversal (t > 20 !!S) the plasma density close 
to the target decreases but the plasma temperature increases 
and thus the electron heat conduction !Iux to the target 
increases again. The calculated erosion value is 0.25 ~-tm in 
comparison with the measured value of 0.2 ~-tm. lt is fully 
determined by electron heat conduction. 

Quartz has a smaller electric conductivity than graphite. The 
plasma shield is experiencing no lateral magnetic force and 
momentum transfer from the hot plasma Ions is dominating the 
movement. The plasma close to the target all the time flows 
along the target in outward direction away from the separatrix as 
shown in Fig. 3. The outward flow just from the beginning 
results in a higher electron heat conduction !Iux to the target as 
shown in Fig. 4. 

4 

0 10 20 30 40 
time (!!s) 

Fig. 4: Comparison of calculated electron heat conduction 
fluxes to the target at position of the separatrix strike 
point for a perpendicular graphite and quartz target. 

Fig. 5 shows a comparison of measured and calculated time 
dependencies of erosion of quartz. The calculated erosion 
values are in good agreement with the measured ones. in the 
experiment the time dependent erosion left and right from the 
center differs because of the asymmetric power density profile 
of the magnetized plasma [6]. 

For ITER the disruptive hot SOL plasma of energy of 10 keV 
hits the target while flowing along the originally unperturbed 
inclined magnetic field lines B0 • The time evolution of 
calculated ITER target heat fluxes at the SSP is shown in Fig. 6 

for the case separatrix upstream. Direct heating by the hot SOL 
plasma dominates the target heat Ioad at 10 MW/cm2 at least 
up to 1 ms. For 100 MW/cm2 the radiative target heat Ioad 
becomes about 0.15 MW/cm2 and essentially remains constant 
up to 1 ms. At times later than 20 I!S the radiative target heat 
Ioad becomes the domlnating heat Ioad. Direct target heating by 
the hot SOL plasma alter 1 00 I!S becomes rather small 
indicating efficient target shielding by the plasma shleld. 
Electron heat conduction fluxes are negllgible. This is rather 
different to the situation at the disruption simulation 
experiments. Radiation fluxes to the upper slde wall are shown 
in Fig. 7 at different times. Typlcal heat !Iux values are 0.15 
MW/cm2 as long as no side wall vaporization occurs. Afterwards 
the radiative heat Ioad drops to about 90 kW/cm2 and the 
deposition width increases up to 2m. For horizontal targets the 
heat fluxes and the deposition widths are comparable. 

eO.G 
a. 
Ii 
~ 0.4 
u 
tl 
~0,2 

center 

0.2 
calculatlon 

10 20 ao 40o 10 20 30 40 
time (~s) time (~s) 

Fig. 5: Comparison of measured and calculated time 
dependent erosion of perpendicular quartz target at 
different positions. 

101 ~------------------------~ 
radiolive !Iux to target 
target heating by hol 

100 MW/ 2 SOLplasma b. cm heat !Iux into target 

;::~-.-/ ... , ~~''i:;t ..... 

I
I /~~ ..... ~:~~ 

100 MW/cm 2 -., - ;""' 

r- lt 
I \ 

I I ' 
I 

10 MW/cm 2 l t 
1 0-3 -l-~--L,-~~~~~~~--_.,__._;.~~-

1 0° 1 0
1 

1 <f 1 0
3 

time (f!s) 

Fig. 6: ITER target heat fluxes at positlon of maximum 
eroslon for vertical target and two different peak 
power densities. 

The radiative heat Ioad to the ITER slot divertor side wall scales 
llnearly with the peak power density of the impacting hot plasma 
(6]. A first estimation on darnage of side walls was performed 
for a vertical graphlte target. For a peak power density of 10 
MW/cm2 and times up to 100 ms the surface temperature of 
tungsten side walls remains below 3000 K. At graphite side 
walls evaporation would startalter 0.1 ms. Below 10 MW/cm2 

melting of tungsten side walls does not occur within 1 sec. For a 
peakpower density of 100 MW/cm2 melting and evaporation of 
tungsten and graphite side walls occur. After 1 ms tungsten side 
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walls start to melt over a length of about 1 m. Tungsten 
evaporation starts after about 5 ms. Wlth graphite as side wall 
material evaporation of the upper side wall will start after 0.12 
ms. After 1 ms peak erosion is 3 j.!m and the half width of the 
erosion profile is 1 m. 
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Fig. 7: Radiative fluxes from carbon plasma shield to upper 
side wall of the ITER slot dlvertor. Vertical target, 
realistic power density profile, peak power density 100 
MW/cm2 along magnetic field lines, slde wall distance 
60cm. 

FOREV-2 allows a consistent 2 dim damage analysis of the 
rather complicated ITER slot divertor. The good agreement 
between numerical and experimental results from disruption 
simulation experiments at the CUSP facilities demonstrates the 
adequacy of the physical models used in FOREV-2. Information 
on the important question of long term stability and MHD 
movement of plasma shields will be gained from a numerical 
analysis of recently performed erosion experiments at the 
QSPA facility at Kharkov [7]. 
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T 227 (G17 TT 25) 
Tritium Permeation and lnventory 

Subtasks: 16, 17 

1. lntroduction 

Studies of processes in fusion power machines include the 
study of the interactions of the thermonuclear plasma with the 
materials of the first wall and the divertors. ln today's fusion 
reactors these parts are mostly covered with graphite. The low 
atomic number and the high meltlng-point are advantageaus for 
the use as plasma facing material. But the !arge adsorption and 
accumulation of hydrogen isotopes and the desorption due to 
heating, also the erosion of graphite by hydrogen are 
dfsadvantageous. Therefore the investigation of these 
processes is important for the qualitative and quantitative 
understanding of the hydrogen isotope balance as weil as the 
trapping and reiease mechanisms of hydrogen isotopes in/from 
graphite. 

ln this report we describe an UHV setup, wflich was used for the 
"Temperature Programmed Desorption" (TPD) of hydrogen iso­
topes from graphite. lt was developed and realized at the Otto­
von-Guericke-Universität, Magdeburg, in cooperation with the 
Forschungszentrum für Technik und Umwelt, Karlsruhe, and the 
Max-Pianck-lnstitut für Plasmaphysik, Garching. Furthermore, 
we describe the measurements of the released amounts of 
hydrogen isotopes from graphite and tungsten coated graphite 
samples and our results for the round robin experiment, which 
serves to investigate the comparability of the quantitative results 
of different analysis method. 

2. Experimental setup 

The investigations on the hydrogen isotope inventory in graphite 
samples required special experimental conditions is the setup: 
Owing to the loading of energy and the bombardment by 
hydrogen Ions of the vacuum vessel walls in tokamaks the 
hydrogen Ions are implanted or co-implanted with carbon into 
the graphite plates. The originated hydrogen-carbon bonds 
require high desorption energies and high temperature, 
respectively. Therefore, the vacuum system, the sample 
heating, the Iamperature measurement, and the measurement 
software were adapted to these requirements. For the 
measurements of the hydrogen inventory we used the 
"Temperature Programmed Desorption" (TPD). 

2.1 Vacuum system 

The UHV system used in our measurements (see Fig. 1 and 
Fig. 2) based on a combination of a turbo molecular pump 
(Balzers TPU 240) and a rotary vane pump (Balzers, DUO 
0168). The chamber containing the sample holder is 
represented by a CF100-T-piece and evacuated by the turbo 
molecular pump. By the compact arrangement of the UHV 
system and the only use of copper gaskets a base pressure in 
the 10"10 mbar range can be reached in the vacuum chamber. 

For the measurement of the total and the partial pressures a 
Bayard-Aipert ionization gauge (Leybold company, IE 414 
+IM520) and a quadrupole mass spectrometer of the 
Transpector type (Leybold company) are used, respectlvely. 
Therefore, the quadrupole mass spectrometer and the 
ionization gauge are connected to the sample chamber via 
reducing coupfing and elbows at equivaient positions with 
respect to the sampie and with no direct line of sight between 
both. 

QMS 

Quartz viewport 
,---1--___l_---, 

TMP 

Fig. 1: Experimental setup 

Power 
supply 

! ~ilament 
Sampie 

Bagauge - Bayard-Aipert gauge, QMS - Quadrupole 
mass spectrometer, TMP- turbo molecular pump [1]. 

For calibration of the two measuring systems a gas inlet system 
is connected with the vacuum vessel via an all meta! leak valve. 
The gas inlet system can be differentially pumped by a rotary 
vane pump and the pressure can be determined by a Pirani 
gauge (Leybold company, TR305) [1]. 

Fig. 2: Pielure of the measurement arrangement. 

2.2 Sampie heating 

ln many prellminary lnvestigations it was shown that a 
Iamperature up to 1900 K is needed for a complete outgassing 
of the samples. To ensure a low outgassing of the chamber 
walls it is necessary that the Iamperature of these walls is kept 
as low as possible. Other problems are the uniform heating of 
the samples, the adjustment of the sample holder to the sample 
shape and the measurement of the sample temperature. For all 
these reasons an electron bombardment heating from the rear 
side was chosen. 

The advantages of this sample heating are the high reachable 
sample Iamperature (up to 2100 K), the good uniformity of 
heating and the use of a photo-electric pyrometer. The electron 
source, a hol tungsten filament cathode (with a Iamperature of 
about 2000 K), is fed by a Iabaratory Iransformer (NG 303, Ch. 
Beha GmbH) with a maximal power of 90 W. The hol filament 
cathode consists of a tungsten wire of 0.2 mm diameter, which 
is wound to a coil of 1 mm diameter and 14 turns. The 
acceleration energy is provided by a programmable high voltage 
Iransformer (PFG 10000 DC, Fa. HOttinger, blas voltage from 
10 to 1000 V). 
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A special sample holder was constructed for the above 
described sample heating. The first model of it is shown in Fig. 
3. Due to the high temperature the holder consists of 
molybdenum wires with a thickness of 0.8 mm. The sample 
holder and the hol filament cathode are fixed to an electrical 
feed-through which is connected to the chamber wall too. The 
special shape of the sample holder is needed for the 
temperature measurement with a photo-electric pyrometer (SP-
51, INFRA SENSOR GmbH, measuring range from 350 K to 
2000 K) [1]. 

Fig. 3: First sample holder. 

2.3 Measuring process 

The measuring process is divided into partial processes: The 
preparation of the measurement includes the initialization of all 
gadgets and the recording of a residual gas spectrum using the 
secondary electron multiplier (SEM) of the quadrupole mass 
spectrometer (QMS). The gas spectrum is needed to determine 
the outgassing of chamber walls (alter heating) and possible 
leaks in the vacuum apparatus. 

For the measurement of the sample outgassing a time schedule 
is given. After the initialization of the quadrupole mass 
spectrometer and the residual gas analysis using the Faraday­
cup of the QMS, the measurement starts with the increase of 
the heating current up to the maximum value. Then the 
accelerating voltage is linearly increased from 10 to 1000 V. lt 
needs about 165 seconds. Then the maximum voltage is kept 
for 35 seconds. The measurement ends when the current is 
switched oft. After one hour a second measurement wis started 
(1]. 

3. Determination of the released flux denslties 

3.1 Calibration of the quadrupole mass spectrometer 

To analyze quantitatively the released gases during the 
measurement a calibration of the quadrupole mass 
spectrometer for the different occurring gases is required. 
Basically, a quadrupole mass spectrometer measures the 
currents caused by Ions alter ionization and partial cracking of 
original molecules. The partial pressure PM can be given by 
equation (1) 

IM 

PM= SM' (1) 

where IM is the Ion current and SM is the calibrated sensitivity of 
the mass spectrometer at the mass M. 

Due to the dependence of the mass spectrometer sensitivity on 
the properties of the vacuum system, the QMS was calibrated 
for the investigated gases in the used measuring system. 
Therefore, the Bayard-Aipert gauge was previously calibrated in 
the UHV-calibration system CS1 001 (Leybold AG) by direct 
comparison with a reference gauge. Additionally, the Bayard-

Alpert gauge was calibrated versus a Spinning Rotor gauge in 
the UHV system which is used for the TPD measurements. The 
resulting correction factor for the Bayard-Aipert gauge for a 
molecule mass M is given by 

BA pßA 
GM = ---sfiG , (2) 

PM 

where PMBA is the pressure measured by the Bayard-Aipert 
gauge and PMsRG corresponds to the Spinning Rotor gauge. The 
correction factors CM8

A for all investigated gases can be seen in 
Table 1. 

Table 1: Calibration factors for the investigated gases [1]. 

Gas H2 02 CH4 CO N2 02 Ar co2 

Main Peak 2 4 16 28 28 32 40 44 

CMBA 2.77 2.69 0.80 0.97 1.00 1.01 0.80 0.70 

Used peak M 2 4 15 28 14 32 40 44 

SM 10.4 11.9 7.64 7.13 7.36 8.44 8.29 6.42 

The correction factors and sensitivities of gases containing 
deuterium were not available for calibration measurements (HD, 
CD4). They are calculated by averaging or the parameters were 
Iaken over from the equivalent gas. 

ln the second step the quadrupole mass spectrometer was cali­
brated against the Bayard-Aipert gauge. Therefore, the 
sensitivity of the quadrupole mass spectrometer for a selected 
gas is given by 

(3) 

PMBA is the total pressure of a gas with the main peak at mass 
number M measured by the Bayard-Aipert gauge during the 
calibration [1]. 

3.2 Calculation of the flux denslties 

The quantitative analysis of gas flow requires the determination 
of the flux densities rM(T) of atoms or molecules released from 
the sample at a certain temperature. A quadrupole mass 
spectrometer measures the Ion currents of available gases, 
from which the partial pressures can be calculated. These 
pressures are the result of the superposition of gas flows from 
the sample (i.e. rMA, when A is the area of the sample), from 
the chamber walls, and from the Bayard-Aipert gauge to the 
turbo molecular pump. ln our case the pressure changes 
originating not from the sample can be neglected because of 
the low basic pressure in the chamber and the high release 
rates from the sample. Therefore, the total particle flux can be 
given by equation (4) 

dN dNP 
dt=rMA-dt, (4) 

where N is the present particle number, Np is the number of 
pumped particles, rM(T) is the flux density of the molecules re­
leased from the sample and dNpldt is the particle loss rate, 
which is given by 

dNP = PMSeff;M 

dt kTM 
(5) 

Seff,M is the effective pumping speed, PM is lhe pressure in lhe 
chamber, TM is the mean temperaturein the chamber and k is 
the Boltzmann constant. The effeclive pumping speed Seff.M can 
be calculated with lhe nominal pumping speed SN (160 1/s) and 
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the conductance GM between pump and chamber related to the 
mass number M: 

1 1 1 
--=-+-. 
Seff,M SN GM 

(6) 

G -G TM MA/r 
M- Air---

TAir M 
(7) 

GA1r is the conductance of air, TA1r and TM are the temperatures 
for air wlth the mass MAir and for the gas with the mass M, 
respectively. The conductance for air was simulated with the 
help of the Monte-Cario simulation program "Movak 30" [2]. A 
value of 381.25 1/s was calculated for the used chamber 
geometry. Using the ideal gas law, equations (4)·(7) can be 
rewritten to 

r =_V_( dpM + PMSeff;M). 
M kTMA dt V 

(8) 

The first term in equation (8) can be neglected for large 
pumping speeds like in our case. The flux density released 
from the sample is given then by 

rM= Seff,M ..!.M._. 
kTMA SM 

(9) 

The equation (9) is only valid, if the partial pressure in the 
ionization zone of the quadrupole mass spectrometer is the 
same as in the vacuum chamber and if the gas temperature in 
the ionization zone of the QMS is Independent of the sample 
temperature [1]. 

Finally, the amount of hydrogen and deuterium 'l' M released in 
the form of molecules with the mass M can be calculated from 
equation (9) by integrating the desorbed flux densities 

'PM =..:!_JT"rMdT. 
ß To 

(10) 

ß is the heating ramp, To and TE are the starting and the end 
temperature of the TPD measurements. The total hydrogen and 
deuterium inventory, QH and Oo, respectively, can be calculated 
from the amounts of all released hydrogen or deuterium 
containing molecules: 

(11) 

nMH,o ls the number of hydrogen or deuterium atoms in a 
molecule with the mass number M [3]. 

4. Used samples 

The samples for our measurements originate from the 
AxiSymmetric Divertor EXperiment ASDEX Upgrade. Flg. 4 
shows a poloidal cut through one of the 16 ldentical sectors of 
the vacuum chamber of ASDEX Upgrade. For our investigations 
samples from the graphite covered lower inner and outer 
divertor are interesting. All used samples had a diameter of 10 
or 12 mm and a thickness of 3 mm. The analyzed tiles consist 
of graphite type EK98 (1850 kglm\ an compressed and 
Isotropie fine grain graphite with pores of about 1 ~m. Some of 
the samples were coated with tungsten [3]. 

4.1 Graphite samples 

The respective tiles were installad in March 1991 and removed 
alter the experimental period from December 1994 to July 1995. 
Before the experiments were started the vacuum chamber with 
all inner wall components had been degassed for about live 
days at about 420 K. Previously, the graphite tiles were heated 

alter the manufacturing and before installing at ASDEX Upgrade 
at 1800 to 2100 K for about two hours. in Fig. 5 the divertor tiles 
of sector 10 and the sample positions of this series are shown. 

Sampies from the 85 tile of the inner divertor and of the A2 tile 
of the outer divertor were not used. The lower part of the E tile 
is shadowed from the plasma by the upper part of the A tile. 
The samples of this part of the E tile were only reached by the 
background gas and/or neutral hydrogen atoms. Therefore, 
these samples can serve for the measurement of the 
background hydrogen and deuterium inventories [3]. 
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Fig. 4: Poloidal cut through the tokamak ASDEX Upgrade [3]. 

1 

inner 
divertor 

outer 
divertor 

Fig. 5: Positions of the samples cutting from the sector 10 of 
the ASDEX Upgrade divertor plates (view from top) [3]. 

4.2 Tungsten coated samples 

For the experimental period from December 1995 to July 1996 
graphite divertor tiles with a 500 ~-tm thick tungsten layer on the 
plasma exposed surface have been Installad in the ASDEX Up· 
grade. As it can be seen in Fig. 6, the divertor tiles were located 
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in the CD region of the inner divertor and the BC region of the 
outer divertor. They were tilted in toroidal direction. Therefore, a 
part of each tungsten coated dlvertor tiie is plasma shadowed 
by the ad)acent tiie. This area (shadow region} receives much 
less piasma fiux than the non-shadowed part (plasma region} of 
the dlvertor tile. 

ln this experimental period about 700 discharges, 450 of it with 
additional heating by neutral injection, were performed. Mostly, 
deuterium was used as filling gas for the discharges, especially 
in the case of neutral injection. Nevertheless, an amount of 
hydrogen in the range of 10% to 20% was still present in the 
discharges, in the case of neutral injection with H0 a value of 
60% hydrogen (H} was found. Some discharges in the middle of 
the experimental period and the last 10 discharges were 
performed with hydrogen as fllling gas. Finally, the mean H/D 
ratio in the plasma core can be estimated to about 0.5 [4]. 
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178 ~ "'"'' / 780 

~ 620 

Fig. 6: Location of the tungsten coated divertor tiles of ASDEX 
Upgrade [4]. 

4.3 Round robin samples 

The samples, with a size of 10x10x3 mm, were made from 
EK98 fine grain graphite. They were mechanically polished on 
one side. The samples were cleaned in an ultrasonic bath of 
Isopropanoie and degassed for 4 hours in a vacuum system at a 
temperature of 900°C and a pressure of 1•1 o·5 mbar. 
Subsequently, the samples were cleaned in a hydrogen 
discharge at a pressure of 2•10'2 mbar for the second time. 
After cleaning an amorphous, deuterated carbon film was 
deposited on the polished side. Therefore, the samples were 
fastened onto a stainless steel electrode in a 13.56 MHz radio­
frequency plasma using CD4 as precursor gas. Prior to the 
distribution to the different groups the round robin samples were 
analyzed with the oeHe,p}o: NRA at 790 keV [6). 

5. Results 

5.1 Graphite samples 

5.1.1 Total inventories of analyzed gases 

Fig. 7 shows the released amounts 'I' of H2, D2, HD, CH4 and 
CD4 as weil as the total hydrogen and deuterium inventory (QH 
and Oo, respectively} of samples from the inner and outer 
divertor of ASDEX Upgrade. The small contribution of higher 
hydrocarbons and mixed methane (CHxDy,x+y=4} can be 
neglected. The hydrogen molecules (H2} have the main 
contribution for the amount of released hydrogen as weil as HO 
for the amount of released deuterium. Apart of HO (10-15% of 
all released D2} originales, depending on the wall conditions of 
the vacuum vessel of the TPD setup, from the recombination of 
deuterium atoms with hydrogen atoms during the heating. Aside 
from H2, D2 and HO the hydrogen and deuterium atoms in 
compounds with carbon (CH4, CD4) contribute about 10% to 
15% to the total released amount of hydrogen or deuterium. 

The maximum of total inventory of hydrogen or deuterium calcu­
lated with the results of our measurements are of the order of 

6•1023 H/m2 and 3•1023 D/m2 at the inner divertor tiles and 
nearly the half at the outer divertor. ln comparison with the 
assumption of a saturated surface layer under the conditions of 
the ASDEX Upgrade divertor experiment (ion energies of about 
100 eV} the inventories of hydrogen and deuterium are about 
three orders of magnitude !arger. However the described 
inventories are two orders of magnitude lower than the total 
incoming hydrogen or deuterium fluence (FH+D}, resulting from 
the Integration of the particle fluxes during the discharge 
experiments. The total numbers of hydro~en and deuterium 
atoms in the divertor tiles are about 3•102 . These are two to 
three orders of magnitude higher than the stationary particle 
content in a typical ASDEX Upgrade discharge experiment (1 021 

to 1 022} [3). 
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Fig. 7: Poloidal distribution of the released amounts of 
deuterium (top) and hydrogen (bottom} and their 
compounds and the hydrogen and deuterium total 
inventories in dependence of the sample position at the 
inner and outer divertor tiies of ASDEX Upgrade. [3]. 

5.1.2 Desorption spectra 

Fig. 8 shows the desorption spectra of hydrogen isotope 
molecules (H2, HD and D2} of four samples from different 
positions of the divertor tiles. Due to the minor plasma contact 
the first two samples were cut out from the Inner divertor tiles at 
sector A (s = 82 mm} and at the shadowed region of sector E (s 
= 488 mm). The second two samples were Iaken from the 
sector D of inner and outer divertor tiles (s = 324 mm and s = 
846 mm), respectively, because the maximum inventories were 
measured here. 

The spectra of all samples show a characteristlc main peak at 
about 1150 K and further peaks or shoulders for hydrogen near 
a Iamperature of 600 K, 850 K and above 1300 K. 1t is 
supposed !hat the lower Iamperature peaks for hydrogen are 
probably caused by water in the near-surface region. lt can be 
adsorbed during the storage of the samples at the air between 
the end of the ASDEX Upgrade experiments and the beginning 
of the TPD measurements. ln contrary to the lower Iamperature 
peaks the high temperature shoulder can be originated by 
desorption of deep trapped hydrogen or hydrogen containing 
molecules from the chamber walls, the sample holder or other 
heated parts of the surrounding vacuum vessel. Above a 
Iamperature of 1600 K all hydrogen and deuterium were 
released from the sample. 
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ln order to confirm the complete out-gassing of all analyzed 
gases during the TPD measurements, the samples were heated 
for Iew seconds about one hour alter the first (main) 
measurement. Between the two measurements the samples 
remained in the vacuum system under vacuum condltions and 
at room temperature. These measurements show that all 
hydrogen and deuterium containing molecules were totally 
released during the main (first) measurement [3]. 

5.1.3 Depth distribution 

ln order to get Information about the depth dlstribution of hydro­
gen and deuterium in the samples, a sample was cut into three 
pieces with a thickness of about 1 mm and the release of 
hydrogen and deuterium containing molecules from each piece 
was measured with TPD. Fig. 9 shows the obtained inventories 
of hydrogen and deuterium in comparison with those of a virgin 
sample. 
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Fig. 8: Desorbed !Iux densities of H2, HO and 0 2 for chosen 
samples from region with minor plasma contact and 
from the separatrix region [3]. 
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Fig. 9: lnventories of hydrogen and deuterium in pieces of a 
cut sample from the E tile (s = 421 mm) in comparison 
with a virgin sample [3]. 

A measurable deuterium inventory was only found in the first 
sample piece, situated nearest to the piasma exposed surface. 
This indicates that the maximum depth of deuterium in graphite 
is iower than 1.5 mm. ln contrary to deuterium, the hydrogen 

inventory is only slightly reduced for the second and third 
sample piece. A difference of about 1.1•1023 H/m2 between the 
first piece and the other two sample pieces was found. This can 
be probably attributed to the hydrogen introduction by the 
plasma [3]. 

5.2 Tungsten coated graphlte samples 

As in the case of the graphite sampies, the release of hydrogen 
isotopes from tungsten coated samples is dominated by H. The 
measured total hydrogen inventories are in the range of about 
5•1022 to 8•1022 H/m2 for all samples. While we assume that 
the largest part of the hydrogen amount is caused by near­
surface water, taken up during the air exposure of the sampies 
between the experiments at ASDEX Upgrade and the TPD 
measurements, the presented results and the discussion is 
restricted on deuterium [4]. 

5.2.1 Totaldeuterium lnventories 

Fig. 10 shows the total inventories of the tungsten coated 
samples, measured by TPD, in comparison with the results of 
the Nuclear Reaction Analysis (NRA) using the 790 keV 
3He(d,o:)p reaction. Further shown are the dlstribution of the 
mean surface temperature during the discharges and the 
incoming fluence of deuterium. Due to the differences between 
the inventories of the shadow and the plasma region of the 
divertor tlles, the figure is divided into parts. 
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Fig. 10: Total inventories and near-surface inventories of 
deuterium, measured by TPD and NRA, of tungsten 
coated graphite samples of the inner and outer ASDEX 
Upgrade divertor in comparison with the mean surface 
temperature (Tsurt) and the total incident deuterium 
fiuence. The surface temperatures were measured by 
infrared thermography during neutral beam discharges. 
The fluence vaiues were calculated by Integration of the 
particie fluxes, obtained from the measurements with 
Langmuir probes [4]. 

The deuterium inventories of the inner and outer divertor and of 
the shadow and plasma region of a divertor tile differ 
considerably. The hlghest inventories of about 5•1022 D/m2 

were found in the shadow region of the inner divertor tiles, 
outside of the separatrix region, where the inventory shows a 
mlnimum. The inventories of samples cut out from the outer 
divertor are generally smaller than the inventories of the inner 
divertor sampies by an order of magnitude. 



-- 12 --

The inventories of the plasma region of the inner divertor 
decrease in directlon to the separatrix and are smaller than the 
inventories of the corresponding shadow region. The smallest 
inventories were measured at the separatrix position of the inner 
divertor, as weil as, for samples of the plasma region of the 
outer divertor by NRA, in opposltion to the measurements by 
TPD, where the inventory reaches a maximum [4]. 

5.2.2 Desorption spectra of deuterium 

Fig. 11 shows four TPD spectra for the shadow and plasma 
reglon of the inner and outer divertor tiles at the same time. For 
the different regions, where the samples were cut out, four 
different peaks can be dlstinguished. The first small peak or 
shoulder at about 600 K can only be seen at TPD spectra of 
outer divertor samples. Further typic peaks or shoulders are at 
about 900 Kat spectra of samples from the shadowed region of 
the inner divertor. Furthermore all spectra show a /arge and 
broad peak in the range of 1000 K to 1200 K. For samples of 
the outer divertor tiles a different large peak is shown in the 
spectra [4]. 
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Flg. 11: Released fluxes of deuterlum (D2) of samples for the 

shadow and plasma region of the inner and outer 
divertor. The legend numbers are the sample position, 
as can be seen in Fig. 6 [4]. 

5.3 Round robin samples 

Within the context of the round robin experiment two samples 
were analyzed in our laboratories. Therefore the hydrogen and 
deuterium inventories were measured with TPD. The obtained 
values of 1.32•1018 and 1.19•1018 D/cm2 are in satisfactory 
agreement with the mean value of 1.57•1 018 D/cm2 for the 
deuterium inventory, especially under consideration of the 
different analysis methods. Furthermore, the hydrogen lnventory 
was determined with a value of 1.9•1018 H/cm2 for the first and 
1.4•1018 H/cm2 for the second sample. Desorption peak 
Iamperatures at 1150 K for D2, 900 K for CD4, 830 K and 1150 
K for HO were found. The results from the quantitative analysis 
are 53.8% as 02, 38.5% as CD4, 7.7% as HO for the first 
sample and 55.4% as D2. 37.7% as CD4, 6.8% as HO for the 
second round robin sample [6]. 

6. Discussion 

6.1 Graphite samples 

6.1.1 Comparison with other analysis methods 

For a verification of the results of our TPD measurements some 
samples were investigated by three different Ion beam analysis 
methods. The first method uses the measurement with a 
calibrated secondary Ion mass spectrometer (SIMS) [5]. The 
samples were eroded by 5 keV es+ Ion beam. The emitted 

negative Ions were analyzed and collected by a Faraday cup. 
Furthermore a deuterium depth profile from 10 J.!m down to 25 
J.!m was determined by means of the results from the 
measurement of the incident es+ Ion fluence and the spultered 
crater. in the second investigation the deuterium lnventory up to 
the depth of 1~-tm was measured by a 790 keV 3He(d,a)p 
nuclear reaction. Due to the surface roughnass and the limited 
depth resolution depth proflies have not been calculated. As the 
third analysis method the elastic recoil detection analysls 
(ERDA) with a 2.6 MeV 4He beam was used to measure the 
hydrogen amount in a surface layer of ~ 1.8 11m. Fig. 12 shows 
the results of these Ion beam analysis methods in comparison 
with the results of the TPD measurements. 

The reason for the differences between the Ion beam methods 
and the TPD measurements ls the lower analyzing depth of the 
Ion beam analysls methods. Whereas the total hydrogen and 
deuterium inventories can be determined by TPD, only a 
surface layer with a thickness of the order of Iew 11m can be 
analyzed by the used Ion beam analysis methods. For this 
reason il is assumed that a major part of the hydrogen isotopes 
is bound some hundreds of 11m deep Inside the graphite 
samples. 
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Fig. 12: Camparisan of the hydrogen (QH) and deuterium 
inventories (Oo) measured by TPD with the results of 
Ion beam analysis methods [3]. 

Furthermore, the hydrogen and deuterium release measured 
from the ASDEX Upgrade divertor tiles by TPD and the 
maximum releases of the JET beryllium and carbon covered 
divertor plates found alter the 4/94 to 3/95 experiments by NRA 
(down to 1 J.!m) are in the same order of magnitude. However 
for the slmilar measurements by 3He(d,p)a nuclear reactions 
analysis the inventories of hydrogen and deuterium are one 
order of magnitude /arger than these in ASDEX Upgrade 
divertor tiles [3]. 

6.1.2 Poloidal distribution of the hydrogen and deuterium 
inventories 

Fig. 13 shows the determined hydrogen and deuterium 
inventories in comparison to the average target surface 
temperature and the fluence distribution along the divertor tiles. 
For the samples of the inner divertor these three distributions 
correlate with each other, except a small local mlnimum for the 
hydrogen and deuterium inventories at the separatrix position. 
Unlike the results for the inner divertor, the inventories ot 
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samples of the outer divertor are generally lower by a factor of 
two and show a broad local minimum near the highest target 
surface temperature and the fluence maxima, indicating the 
separatrix position. 

The differences between the total lnventories of the inner and 
outer divertor plates and the minima of inventories at the 
separatrix position are probably caused by a hlgher surface 
temperature in the corresponding regions, leading to a depletion 
of the saturated surface/co-implantation zone. Furthermore, the 
desorption of hydrogen or deuterium from the graphite tiles into 
the plasma increases and the diffusive hydrogen !Iux into the 
graphite bulk is reduced, due to the smaller concentration of 
hydrogen at the higher surface temperatures. On the other hand 
the differences of the total inventories may be caused by the 
temperature differences between the single discharges, when 
the temperature of the divertor plates is high enough to desorb 
hydrogen. 

Considering the relatively high deuterium inventory in the range 
of a Iew 1022 D/m2 in areas with small plasma contact, i.e. in 
samples from the inner A tile and the shadowed region of the 
inner E tile, we assume, that the Implantation of charge 
exchange neutrals has an essential importance for the total 
deuterium inventory. However, the fluxes of charge exchange 
neutrals are three orders of magnltude lower than the ion fluxes 
hitting the divertor plates, but parttele energies of several keV 
are possible. That may compensate the low fluxes and could 
Iead to this relatively high deuterium inventory. 
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Ffg. 13: Comparison of the distribution of the total hydrogen 
(QH) and deuterium inventories (Oo) with those of the 
average target surtace temperature (Tsurt) and the total 
incident hydrogen and deuterium fluences (FH+D) The 
total fluences were obtained by summarizing the single 
fluences per discharge for hydrogen and deuterium 
plasma, respectively [3]. 

The deuterium depth profile was measured by Sun et. al. [5] for 
samples, cut out from the 8 tiles of the inner divertor and tiles 
A, 8 and D of the outer divertor, by means of the SIMS method. 
ln all samples, deuterium was found in a concentration of the 
order of several10-4 D/C up to a depth of 10 till 25 l!ffi, which is 
much !arger than the Implantation range. Comparing the depth 
profilas of the samples of outer and inner divertor tlles, the 
deuterium concentration in the range of the outer divertor 
decreases with increasing depth, whereas the deuterium 
concentration in the inner 8 tile shows a constant D/C ratio of 
0.08 up to a depth of about 2 l!ffi and only then it begins to 
decrease. The constant D/C ratlo down to a depth of about 2 
l!ffi indicates a co-implanted layer with this thickness. However, 
the D/C ratio ls reduced compared with the room temperature 
value of D/C=0.4. The most probable reason therefore is the 
higher temperature achieved during the discharges. For the 
amount of co-implanted deuterium, calculated from the above­
mentioned values, a value of about 1.6•1 022 results, which is an 

order of magnitude tower than the value determined from the 
TPD measurements. 

We can conclude from the above discussed results, that 
dominating processes for retention of hydrogen and deuterium 
are the dlffusfon and the subsequent trapplng at inherent 
trapping sites at a depth of more than 25 l!ffi. The hydrogen 
retention in the near surface layer is dominated by the Co­
desorption for the Inner divertor outside of the separatrix region 
and by the formation of a several l!ffi thick co-implanted layer 
and the build·up of a thin, several10 nm thick saturated surface 
layer, respectively, for the separatrix region of the inner divertor 
and the outer divertor. ln both cases, hydrogen and deuterium 
atoms are able to diffuse in considerable amounts into the 
graphite bulk. From the D/C concentration measured by Sun et 
al., the retention depth of hydrogen and deuterium in the 
divertor tiles can be estimated to be of the order of some 
hundred l!ffi, consistent with the results of the TPD and of the 
ion beam analysis [3]. 

6.1.3 Hydrogen/Deuterium ratio 

ln Fig. 14 the poloidal distribution of the ratio of hydrogen to 
deuterium inventories, determined during the TPD 
measurements and during the surface analysis by means of the 
ion beam analysis methods NRA and ERDA, respectively, are 
represented. The shown ratlos result from the fact, that the 
hydrogen release from the divertor tiles in our TPD 
measurements is !arger by a factor of 2 to 4 than the amount of 
deuterium, in spite of a hlgher number of performed deuterium 
discharges. The expected ratio of the hydrogen and deuterium 
inventories from the numbers of discharges performed with 
hydrogen and deuterium, respectively, are in the range of about 
0.2 to 0.4. The highest ratlos of more than 10 H/D result for 
regions with small plasma contact as for the A tile and the 
shadowed region of the E tile of the inner divertor. Further, a 
higher ratio of the amounts of hydrogen to deuterium appears 
for the surtace layer compared to deeper layer of the sample 
from the measurements by ion beam analysis methods. in 
contrary to this, constant values were found for the C and D tiles 
of the inner divertor as weil as for tiles of the outer divertor. For 
the inner C and D divertor tiles ratios of the hydrogen and 
deuterium inventories of about 1. 7 and for the outer divertor tiles 
of about 2.7, respectively, were calculated. 
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Fig. 14: Comparison of the poloidal distribution of the ratio of 
the hydrogen (QH) and deuterium inventories (Oo) 
measured by (top) TPD with the results of the ion beam 
anatysis methods NRA and ERDA. The open symbols 
in the upper part of the figure are the results from 
samples of the shadowed region of the inner E tile [3]. 



-- 14 --

Possible processes for the high H/0 ratio are a not complete 
out-gassing after the manufacturing process and an uptake of 
water due to the storage of the samples al the air. The 
dlssociation of a small amount of the surface water and a 
subsequent diffusion of lhe resultlng hydrogen atoms to 
inherent trapping sites as weil as lhe diffusion of lhls water into 
lhe graphite along open pores and a later dlssociation would be 
posslble. Another possible process ls lhe recycling of hydrogen 
atoms in the plasma caused also by the dissoclation of surface 
water, but which has been Iaken up between the manufacturing 
and lhe Installation of the tiles in the ASDEX Upgrade divertor. 
Furthermore, an increase of lhe hydrogen concentration in 
comparison to the concentration of deuterium would be possible 
by the isotope effects of lhe behavior of these gases ln graphite, 
such as diffusion and recombination. Also a different history of 
the surface temperatures during the hydrogen or deuterium 
discharges can Iead to a displacement of the corresponding 
ralio. However, the graphlte tiles were degassed before 
Installation at the ASDEX Upgrade divertor and the start of the 
discharge experiments. The highest hydrogen inventory is 
caused probably by lhe uptake of water between the end of the 
experiments and the beginning of the TPD measurements. 

ln order to examine the water uptake during the air exposure the 
amounts of hydrogen in two samples were measured after 90 
days again. ln Fig. 15 the resulted desorption spectra are 
represented. II can be seen, that the released hydrogen fluxes 
after 90 days of air exposure is !arger than these in the flrst run, 
especially below the temperature of 600 K. However, the 
maxima of the desorbed fluxes in the second TPD 
measurement are lower by more than one order of magnitude 
as in the first investigation. Further, the uptake of water was 
confirmed by the fact, that a !arge release for mass 18 {H20) 
was detected at the lower temperature range, although the 
quadrupole mass spectrometer could not be calibrated for 
water. Comparing Fig. 15 with Fig. 8 , a similarity appears for 
the lower temperature range of the hydrogen spectra. The small 
shoulders in the spectra of H2 and HO of the Fig. 8 could be a 
result of the release of near-surface water whereas the main 
peak of the desorption spectra has to be attributed to hydrogen 
which was trapped in C-H bonds at deeper regions in the 
samples. Furthermore, from the comparison of the spectra ln 
Fig. 15 it results !hat hydrogen originales also from the 
dissociation of surface water which is not chemically bound to 
carbon atoms. However, it would be possible !hat water was 
absorbed in the samples. The hydrogen inventories released 
from these two samples are about 8•1022 H/m2, which is 
approximately identical with the values measured in deeper 
regions of a sample and in a virgin sample, which was not 
exposed to a plasma discharge. 
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Fig. 15: Comparison of the desorbed hydrogen fluxes of the first 
and second measuremenl after 90 days air exposure of 
the two samples originated from the C and E tile of lhe 
inner dlvertor [3]. 

Furthermore, the water uptake due to air exposure can be also 
a reason for the dependence of the hydrogen deuterium ratio 
from the sample posilion and the poloidal dlstributlon along the 
divertor plates. Consequently, a hlgher H/0 ralio results in fields 
with small deuterium lnventory, as the inner A tile and the 
shadowed region of the E tlle or the outer divertor tiles. The 
similarity of the hydrogen and the deuterium distribution may not 
be explained by the effects resulting from the water uptake. 

The total amount of hydrogen or deuterium atoms introduced in 
the divertor plates can be specified finally to about 2•1024 

atoms. This is corresponding to a mass of about 6 grams, 
3•1020 hydrogen or deuterium atoms per second and an 
average retained flux of nearly 5•1019 m·2s·1. Comparing with a 
typical value of about 1020 to 1021 for a plasma discharge in 
ASDEX Upgrade the above-mentioned value is three orders of 
magnitude !arger. A further comparison with the typical 
hydrogen puff rate of about 1020 to 1021 s·1 shows, !hat the 
major part of the hydrogen or deuterium inserted in the plasma 
chamber, is pumped by trapping in the divertor plates [3]. 

6.2 Tungsten coated graphite samples 

The deuterium retention in tungsten coated divertor tiles differs 
from !hat in graphlte tiles. The main process for tiles of lhe Inner 
divertor is the co-deposition of deuterium with carbon Ions from 
the plasma, such as for graphite tiles too, whereas the retenlion 
in outer dlvertor tiles is dominalad by the Implantation. Further 
the co-deposited layers in the plasma and separatrix reglon of 
the inner dlvertor is depleted, due to the increased temperature 
in these areas. Nevertheless, the deuterium lnventories ln lhese 
layers are of the same order of magnltude as those in graphite 
tiles, in spite of the fact, !hat only about 700 dlscharges were 
performed with a tungsten coated divertor compared to about 
2000 discharges with a graphite divertor. 

The total deuterium inventory in the tungsten coated samples is 
only by a factor of less than 2 !arger as the near surface 
inventory, excepl for the separatrix reglon of the outer divertor, 
in cantrast to graphite samples, where factors up to 100 were 
found. Therefore we assume, that the diffusion out of the co­
deposited layer lnto the tungsten layer is limited by the 
tungsten/carbon Interface. At the separatrix region of the outer 
dlvertor, the combinatlon of high temperatures and fluxes Ieads 
to a depletion of the near surface layer and a !arger diffusion 
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into the graphlte bulk and the graphlte substrate, resultlng in a 
!arge deuterium inventory {4]. 

7. Summary 

The desorption spectra of graphite and tungsten coated 
graphite samples cut out of the ASDEX Upgrade divertor tiles 
and of samples from the round robin experiment were 
measured by TPD. For thls purpese an UHV setup with an 
electron-bombardment heater has been developed and realized, 
which allows a nearly uniform heating of the samples up to 2100 
K with a heating ramp of about 10 K/s. The temperature of the 
sample surface can be measured in the range of 350 to 2000 K 
by means of a pyrometer. For the qualitative and quantitative 
analysis of the different released gases a calibrated quadrupole 
mass spectrometer is used [1]. 

The lnvestigation of the graphite samples shows, that hydrogen 
and deuterium are released mainly in form of the molecules H2, 
HO, D2 and, with a contribution of about 10%, in form of the 
methane molecules CH4 and CD4. Therefore, the desorption of 
mixed methane and higher hydrocarbons can be neglected. The 
resulting desorption spectra show maxima of the hydrogen and 
deuterium release at about 1150 K, respectively. Further peaks 
and shoulders are caused by different processes of hydrogen 
and deuterium retention. 

For graphite samples the co-implantation of hydrogen with 
carbon, the build-up of a saturated surface layer, the diffusion 
out of these layers into the graphite bulk and the subsequent 
bonding at inherent trapping play a great role. The inventories 
found in this diffusion zone, can be greater by a factor of up to 
10 than the near-surface inventories in the separatrix region. 
Furthermore, we measured lnventories for the outer divertor 
lower by a factor of about 2 compared with the equivalent 
position of the inner divertor, with respect to the separatrix. A 
possible reason for this fact is the higher surface temperature 
on the outer divertor tiles leading to a depletion of the co­
implanted/saturated surface layer and a reduced diffusion into 
the sample. The maximum inventories at the inner divertor are 
of the order of 4•1023 m·2 [3]. 

The hydrogen isotope inventory in tungsten coated samples 
taken from the inner divertor, is dominated by the build-up of a 
several1-1m thick co-deposited layer. They are of the same order 
of magnitude as the inventories measured in the graphite 
samples. Similar to graphite samples, the high surface 
temperatures in the separatrix region Iead to a depletion of the 
co-deposited layer and to a deuterium inventory lower by a 
factor of about 5. Additionally, the diffusion of hydrogen out of 
the co-deposited layer into the tungsten layer is limlted by the 
tungsten/carbon Interface. For the outer divertor the measured 
fnventories are also generally smaller than the inventories of the 
inner dlvertor by a factor of about 1 0. The hydrogen isotope 
retention in this region is dominated by the Implantation and the 
diffusion out of the Implantation layer into the underlying 
tungsten layer [4]. 

The origin of the measured inventories differs for hydrogen and 
deuterium. Whereas the deuterium inventories in the samples 
were determined by the deuterium fluxes from the plasma onto 
the divertor tiles du ring the discharges, the hydrogen inventories 
are caused by two different processes. At first, the hydrogen in 
the samples originates from the hydrogen flux from the plasma, 
equal to the introduced deuterium. Thls hydrogen ls strongly 
bound by C--H bonds. Therefore, temperatures of more than 
1500 K are necessary to desorb thls kind of hydrogen. At 
second, the hydrogen inventory in the sample is partially caused 
by the uptake of water during the air exposure between the end 
of the ASDEX Upgrade experiments and the start of the TPD 
measurements. Tamperatures only up to 800 K are needed for 
the desorption of this kind of hydrogen, because the hydrogen is 

weakly bound to the graphite lattice most probably in the form of 
H20[3]. 

Aside from the graphite and tungsten coated graphite samples 
two round robln samples were investigated. The deuterium 
inventories of these samples were determined and the results 
were compared with the results from other laboratories. The 
agreement is considerable in spite of the fact that the different 
analysis method imply different analysis depths [6]. 
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Subtask 18, 19: Characteristic of co-deposited materials 
produced in plasma generator and via CD4 
chemical deposition. 

Graphite and different CFC materials are favorite materials for 
future fusion reactors. On the other hand, it is weil known !hat 
the eroslon by chemical sputtering, its strong dependence on 
the plasma parameters and the permeation of tritium in carbon 
based materials may Iimit thelr applicatlon. Therefore a 
systemalle study of the Interaction between different carbon 
fiber composltes (CFC) and a stationary hydrogen or deuterium 
plasma was started. The plasma generator PSI-1 proved to be 
weil suited for investigating these plasma· surface Interaction 
problems. The Ion flux and the Ion energy can be controlled 
independently in this device in the range of fluxes (1021 

• 1023 

o+ m·2 s"1
) where no Ion beam data are available. 

ln fusion experiments a close relation between erosion and 
codeposition is found. As endorsed in subtask 227 both 
processes will be studied in the plasma generator PSI-1. For the 
understanding of the codeposition mechanism target 
Iamperature measurements as weil as Ion flux dependent 
eroslon yield data are requlred. With this aim in view, the 
chemical erosion, as a key element of the complex mechanlsm 
of carbon Iransport in a magnetized plasma, was studied for 
low Ion energies and divertor like conditions. A strong decrease 
of the chemical erosion with increasing Ion flux density was 
found when first measurements fcir flux densitles up to 5* 1022 

m·2 s"1 were carried out [1]. This result is in agreement with the 
theoretical predictions taking into account a formation of 02-
molecules dependent on fluence density. These systemalle 
measurements at high flux densities are a valuable extension of 
the Ion beam experlments at lower flux denslties and allow a 
rather safe extrapolation to ITER condltions. To complay with 
the request for ITER a comparison between different CFC· 
materials was carried out showing !hat the chemical erosion 
yield of the Si· doped graphite SEP NS 31 is signiflcantly lower 
than that of the undoped CFC Concept II from Ounlop. For 
nearly identical discharge conditlons there is no noticeable 
difference between deuterium and hydrogen plasmas; i.e. the 
isotope effects appear to be smail. 
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Fig. 1: Ion flux dependence of the chemical erosion yield in 
deuterium and hydrogen plasmas at a target temperature 
of soooc 

The generation of a·CO-coatlngs was establlshed by physlcal 
spultering of graphite and by injecting C04 into the plasma. We 
found that the formation of such coatlngs depends strongly on 
the plasma conditlons and on the Iamperature of the collector 
material. 

First tests revealed !hat such experiments Iead inevitably to an 
overall coating of all in-vessel walls with undesired a-CO·Iayers, 
wich may strongly contribute to the carbon production rate. 
Especially the background signal for all erosion measurements 
will be influenced. 

Furthermore, the collector temperature has an important 
influence on the growth rate of a-CO layers · and Iamperature 
controlling is necessary. To this end, air cooled and water 
cooled target holders were tested under high heat flux 
conditions. By flow variatlon of the cooling medium statlonary 
values of the target Iamperatures can now be realized between 
100 and 700°C. 

Experimental results achieved so far have been published at the 
PSI-conference in San Oiego (1998)[1 ], at the EPS-conference 
in Prague (1998) [2] and at the 8th Garbon Workshop (Jülich, 
1998)[3]. 

Literature: 

[1] H. Grote, W. Bohmeyer, P. Kornejew, H.-0. Reiner, C.H. 
Wu, "Chemical spultering yields of carbon based materials 
at high Ion flux densities", 13th PSI-Conference, San Oiego, 
May 18-22, 1998 

[2] W. Bohmeyer, P. Kornejew, H.-0. Reiner, C.H. Wu, erosion 
of carbon flbre components (CFC )", 25th EPS Conference 
on Contralied Fusion and Plasma Physics, Prague, June 29· 
July 3,1998 

[3] W. Bohmeyer, P. Kornejew, H.-0. Reiner, "Measurements of 
chemical erosion at PSI-1", 8th International Workshop on 
Garbon Materials, Jülich, September 3-4, 98 

W. Bohmeyer 
H. Grote 
G. Fußmann 
P. Kornejew 
H.-0. Reiner 

.. 16 .. 



-- 17 --

Subtask 2: HIT Retention Studies in Neutron Irradiated 
Graphites, CFCs and Doped C Composites 

Carbon-based materials and beryllium are candidates for 
proteelive layers on plasma-facing components of fusion 
reactors. ln contact with the 0-T-plasma these materials absorb 
tritlum and it is anticipated !hat tritium retention increases with 
neutron darnage due to neutron-induced traps, leading 
eventually to tritium inventories whlch represent a safety 
problem. Previous lnvestigations indeed show that for carbon­
based materials tritium retention increases with neutron darnage 
in the range ::; 0.1 dpa by two to three orders of magnitude [1, 2]. 
A similar effect, i.e. a 10 to 20 times larger tritium inventory in 
irradiated (- 1.6 dpa) compared to unirradiated samples has 
been observed recently also for berylllum [3] and has been 
discussed in a previous Annual Report. 

ln the reporting period investigations of ITER representative 
CFC's (carbon fibre composites) have been completed [4]. 

Three types of CFC were studied: 2-d type CX2002 U (Japan), 
3-d type N112 (SEP Bordeaux) and 2-d type A05 (Carbon 
Lorraine). The samples were irradiated in the tests CERAM and 
MACIF at temperatures between - 400 and 1000 oc to a fast 
neutron fluence corresponding to a darnage between 0.4 and 
1.8 dpa. 

-E c. c. 
CU - 1000 

... ~·· -

Tritium retention and its dependence on neutron darnage is 
studied by loading unirradiated and irradiated samples at 
elevated temperatures in a H2+5 ppm T2 atmosphere (2 bar, 
1000 oc, 6 h) and determining the tritium uptake by annealing 
(1100 oc, several h, purging with He+0.1 % H2). 

The main results of these studies with ITER representative 
CFC's are (fig. 1): 

• For all three investigated CFC's (A05, N112 and CX2002U), 
tritium retention increases by about a factor seven with 
neutron darnage in the range ::; 0.3 dpa. 

• For all dpa-values, tritium retention of N112 and CX2002U is 
comparable and about a factor three less than that of A05. 

• For identical loading conditions, tritium retention values of 
this study for A05 and N112 are estimated to be within a 
factor two in agreement with previous data. 

• 1t seems that at Irradiation temperatures above 800 oc 
annealing of tritium traps take place. At 1300 oc about 70% 
of the tritium traps are annealed within 2 h. 

The dependence of tritium retention on neutron darnage for 
beryllium and ITER representative CFC's is studied in an 
ongoing second series of tests using a loading gas with higher 
tritium activity (H2 + 50 ppm T2). The goal is to improve the 
accuracy of the experimental data. 

0 

··x ··· ... :.~·--·-·· '*· .. ~. 
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Fig. 1: Annealed tritium as function of neutron darnage for ITER representative CFC's (parameter Irradiation temperature). 



-- 18 --

Llterature: 

[1] H. Kwast, H. Werfe, C.H. Wu, Physica ScriptaT 64 (1996) 
41. 

[2] C.H. Wu et al., "EU Results of Neutron Effects of PFC 
Materials" ISFNT-4, Tokyo, April 6 - 11, 1997. 

[3] R. Rolli, S. Rübel, H. Werfe, C.H. Wu, "lnfluence of Neutron 
Irradiation on the Tritium Retention In Beryllium", Third IEA 
lnt. Workshop on Beryllium Technology for Fusion, Mlto 
City, Japan, Oct. 22-24, 1997. 

[4] R. Rolli, H. Werfe, C.H. Wu, "lnfluence of Neutron Darnage 
on the Tritium Retention of ITER representative Garbon 
Fibre Composites (CFC's), "41

h lnt. Workshop on Tritium 
Effects in Plasma Facing Components, Santa Fee, May 14 
- 15, 1998. 

E. Damm 
R. Rolli 
H. Werfe 
H. Ziegler 



DV7a 
Tritium Permeability, Retention, Wall 
Conditioning and Clean-up (Dust Removal, 
Baking) 

-- 19 --

Wlthin this task JET dust and flakes alter OfT operation should 
be delivered on order of the NET/ITER team by JET to FZK for 
characterisation. 

Sampie preparation techniques and characterisation methods 
(optical microscopy, SEM, microprobe, total carbon content, 
burning + liquid scinitallation countlng, thermal desorption) have 
been successfully tested with flakes recovered before the OfT 
operation (see T 221, this report) to determine: 

• particle size distribution (optical microscopy) 

• microstrucutre (optical microscopy, SEM) 

• total carbon content (burning + C02 measurement) 

• compositlon (SEM, microprobe) 

• tritium content (burning + LSC, thermal desorption) 

• tritium desorption behaviour (thermal desorption) 

Until now no samples are available at FZK. Within a JET task, 
tiles recovered alter OfT operation have been delivered to FZK. 
lt will be tried to recover some dust from these tiles for 
characterisation. 

E. Damm 
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V 59 (T 362) 
Neutron Streaming Experiment for JTER 

The neutranie pertormance of the ITER shielding system had 
been experimentaiiy investigated by means of a compact mock­
up assembly simuiating first wall, shielding blanke!, vacuum 
vessel and toroidai fieid coiis [1]. As part of the ITER Task 
T218, neutron and photon fiux spectra were measured and 
anaiysed for !wo positions Inside the assembly [2,3]. 

in the ITER machine, however, the shlelding efficiency will be 
signlficantly reduced by penetrations and channels in the 
blanke! and in the vacuum vessei. One of the criticai issues is a 
channel through flrst wall and blanke! used for the mechanical 
attachment of the (shielding) blanke! modules to the back-plate. 
The aim of ITER Task T362 is to provide experimental 
validation of the design parameters for such a streaming path 
with direct sight of the d-t plasma. Therefore, the mock-up used 
tor task T218 was modified to include an open channel on the 
central axis (inner diameter: 2.8 cm), crossing the first wall and 
the shielding blanke!, and a cavity positioned symmetrically at 
the end of the channel (inner dimensions: 14.8 cm x 4.8 cm x 
5.2 cm, see Fig. i). 

Shitted source 
' 

Source of 
14-MeV 
neutrons 

~--------------r---z 
0 100cm 

0 Perspex 
C2J ss 316 

R Cu 

llillJ Poly1hene 

Fig. 1: Horizontal cut of the mock-up assembly with positions 
of the spectrum measurements 

Neutron and photon flux spectra were measured at the same 
positions A (z = 41.4 cm) and 8 (z = 87.6 cm) as in the compact 
mock-up assembly. Now, the first one was located in the 
middle of the cavity. One series of measurements was carried 
out with the 14-MeV neutron source on the channel axis, and a 
second one with lhe source shifted oft the axis (AOS, 80S; a 
lateral source shift of 5.3 cm was chosen resulting in an neutron 
incidence angle of 45• at the channel mouth). Additionally, the 
detectors were shifted. The detector positions AO and 80 are 
located on the channei axis, whereas A 1, A2 and 81 are shifted 
oft the axis by 7.5 cm, 15.0 and 9.0 cm, respectively (Fig. 1). 

A NE213 scintiiiatlon spectrometer was used for neutron 
spectra measurements in the energy range between about 1 
MeV and 15 MeV and for flux spectra of y-rays with energies E 
> 0.2 MeV. A sei of gas-filled proportional counters was applied 
for the lower neutron energies, down to about E = 30 keV. The 
liquid scintlllator NE213 had cylindrical shape with diameter and 
length of 3.8 cm. lt's axis was perpendicular to the channel axis. 
All measured and calcuiated fluxes refer to this detection 
volume. The neutron fluxes measured wilh proportional 
counters were corrected for the different detector materials and 
shapes. 

The results were analysed by means of three-dimensional 
Monte Carlo calculations with the MCNP-code, version 4A [4], 

using nuciear cross section data from the Fusion Evaluated 
Nuclear Data Library FENDL-1 [5]. ln the MCNP calculations, 
the precise geometry of the mock-up, the neutron generator as 
weil as the surroundings (building walls, assembly rack etc.) 
was Iaken into account; also the energy-angle distribution of the 
source neutrons was described in delaii. Measured energy­
integrated fiuxes and ratlos of calculated-to-experimental values 
(C/E) are presented in Tables 1 and 2 for neutrons and photons, 
respectively. More detaiis are given in Refs. [7, 8]. 

At z = 41.4 cm, the open channel causes in the mock-up an 
increase by a factor of 9.7 of the neutron flux with E > 0.1 MeV, 
if the source is on the axis (AO), and by a factor of 1.2 with 
shifted source (AOS) compared to the compact assembly (A in 
Ref.[6]). For the neutrons with E > 10 MeV the enhancement 
amounts almost !wo orders of magnitude. This behaviour is 
reproduced by the calculations with small underestimatlons of 
about 10% for E > 0.1 MeV and of 20% for E > 10 MeV. The 
photon flux with E > 0.4 MeV is increased at z = 41.4 cm by a 
factor of 2.4 (AO/A) and 1.5 (AOS/A). This is also described by 
the MCNP calculations with a deviation of iess than 20%. 

Atz= 87.6 cm, the neutron flux with E > 0.1 MeV is larger by a 
factor of 6.0 when comparing the open channel to the closed 
channel arrangement (80/8 of Ref. [6]) and by 1.1 only, if the 
source is shifted (BOS/8). For the photon flux the corresponding 
ratlos are 5.8 (80/8) and 1 .6 (BOS/8). The underestimation by 
MCNP/FENDL-1 amounts to about 30% for the neutrons and 
20% for the photons . 

ln conclusion, the comparison of measured flux spectra and 
MCNP/FENDL-1 calculations shows !hat the fast neutron and y­
ray radiation can be predicted within about 30% for the mock-up 
assembly with streaming channel. The same result had also 
been oblained in the case of the compact mock-up system. A 
general small underestimation of the radiation is observed with 
increasing penetration depth. 
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Table 1: lntegrated neutron fluence per cm2 and per source neutron for different neutron energy ranges and calculation I 
experiment ratio (CIE 

Position Energy range I MeV 
0.1 ... 1 1 ... 5 5 ... 10 > 10 

AO Experiment (3.74±0.38)E-6 (3.64±0.20)E-6 (1.04±0.1 O)E-6 (3.98±0.1 O)E-5 
Source on Calculation (5.21 ±0.04)E-6 (4.82±0.07)E-6 (1.89±0.03)E-6 (3.11 ±0.04)E-5 

axis CIE 1.39±0.14 1.32±0.08 1.83±0.18 0.78±0.02 
AO Experiment (2.25±0.23)E-6 (1. 71 ±0.1 O)E-6 (0.42±0.04)E-6 (1.65±0.04)E-6 

Source Calculation (2.54±0.03)E-6 (1.65±0.02)E-6 (0.46±0.01 )Eo6 (1.38±0.04)E-6 
shifted CIE 1.13±0.11 0.96±0.06 1.08±0.11 0.84±0.03 

A1 Experiment ........ (2.1 0±0.12)E-6 (4.79±0.46)E-7 (1.26±0.03)E-6 
Source an Calculation (1.79±0.01)E-6 (4.72±0.08)E-7 (1.11 ±0.02)E-6 

axis CIE 0.85±0.05 0.99±0.10 0.89±0.03 
A2 Experiment ........ (1.25±0.07)E-6 (2.75±0.26)E-7 (5.97±0.16)E-7 

Source an Calculation (1.10±0.01)E-6 (2.66±0.07)E-7 (5.51±0.14)E-7 . 
axis CIE 0.88±0.05 0.97±0.09 0.92±0.03 
80 Experiment (3.26±0.33)E-8 (1.45±0.08)E-8 (0.26±0.03)E-8 (2.19±0.06)E-8 

Source an Calculation (2.34±0.01 )E-8 (1.18±0.01 )E-8 (0.27±0.01 )E-8 (1.35±0.04)E-8 
axis CIE 0.72±0.07 0.81±0.05 1.07±0.11 0.62±0.02 
80 Experiment (8.32±0.84)E-9 (2.95±0.16)E-9 (0.49±0.05)E-9 (1.26±0.03)E-9 

Source Calculation (6.10±0.04)E-9 (2.33±0.03)E-9 (0.44±0.01 )E-9 (0.85±0.03)E-9 
shifted CIE 0.73±0.07 0.79±0.05 0.90±0.09 0.67±0.03 

81 Experiment ---- (1.19±0.07)E-8 (1.84±0.18)E-9 (6. 71 ±0.17)E-9 
Source an Calculation (0.76±0.01)E-8 (1.61±0.03)E-9 (4.09±0.01 )E-9 

axis CIE 0.64±0.04 0.88±0.09 0.61±0.02 

Table 2: lntegrated gamma fluence per cm2 and per source neutron for different gamma energy ranges and calculation I 
experiment ratio (CIE 

Position Energy range I MeV 
0.4 ... 1.0 > 1.0 

AO Experiment (0.81 ±0.02)E-5 (1.43±0.04)E-5 
Source an Calculation (0.68±0.01 )E-5 (1.13±0.02)E-5 

axis CIE 0.85±0.03 0.79±0.03 
AO Experiment (4.27±0.12)E-6 (6.91 ±0.19)E-6 

Source Calculation (4.21 ±0.06)E-6 (6.81 ±0.08)E-6 
shifted CIE 0.99±0.03 0.99±0.03 

A1 Experiment (4.32±0.12)E-6 (7 .16±0.20)E-6 
Source an Calculation (4.38±0.05)E-6 (7.31±0.08)E-6 

axis CIE 1.01±0.03 1.02±0.03 
A2 Experiment (3.13±0.09)E-6 (5.16±0.14)E-6 

Source an Calculation (3.11 ±O.OS)E-6 (5.00±0.07)E-6 
axis CIE 1.00±0.03 0.97±0.03 
80 Experiment (2.52±0.07)E-8 (3.65±0.10)E-8 

Source an Calculation (1.95±0.03)E-8 (2.91 ±0.05)E-8 
axis CIE 0.77±0.03 0.80±0.03 
80 Experiment (0.68±0.02)E-8 (1.02±0.03)E-8 

Source Calculation (0.58±0.01 )E-8 (0.96±0.03)E-8 
shifted CIE 0.85±0.03 0.93±0.04 

81 Experiment (1.97±0.06)E-8 (2.91±0.08)E-8 
Source an Calculation (1.45±0.02)E-8 (2.19±0.03)E-8 

axls CIE 0.74±0.02 0.75±0.02 
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T 204/209/5 
Plasma Are Cutting of ITER Containment Vessel 

lntroduction 

The objective of this technology programme is the development 
of cutting technlques for the fleld disassembly of segments of 
the ITER containment vessel, required for remote replacement 
in the event of failure of TF coils. The backplate consists of two 
stainless steel plates of 60 mm thickness with a gap of 40 mm, 
and the distance between the outer backplate wall and the 
vacuum vessel ls not yet defined, but could be only 25 mm or 
even less. Thls represents a severe space Iimitation for the 
collection of dross and fumes required to avoid contamination of 
ITER and darnage to adjacent surfaces. 

During earlier werk, the feasibility of plasma arc cutting of 100 
mm stainless steel was successfully demonstrated under 
Iabaratory conditions. The current tasks were planned to 
optimise plasma arc cutting parameters of 60 mm stainless steel 
in different positions and to develop techniques for the 
confinement of blown dross in the narrow gap allowed between 
the segments. 

Basic cutting experlments 

An industrial 6-axis robot with horizontal Iorch cut vertical 
workpieces ln both horizontal and vertlcal, down and up 
directions. The 7 bar plasma gas consisted of a mixture of argen 
(58 1/min) and hydrogen (30 1/min). The arc amperage of 600 A 
was the same as that used for the earlier 100 mm thick plate 
experiments. At the beglnning and the end of the cut, the 
480 mm/min cutting speed had to be reduced to ensure a 
complete cut, with a concomitant widening of the kerf. 

A good quality cut with dross-free kerf was achieved; average 
peak-to-valley height of 0.06 mm, perpendicularity tolerance 
2 mm, hollowness 0.55 mm, cut angle 2 degrees and maximum 
kerf width 10 mm (Fig. 1). 

Fig. 1: Kerfprofile of 60 mm reference cut 

Backpiste protection development 

Experiments with a 3 mm water cooled copper plate fixed 
behind the 60 mm CrNi-steel plate were carried out. At 60 mm 
copper plate to workpiece spacing, the copper plate was only 
tarnlshed, while at a separation of 30 mm, the dross stuck to the 
copper plate and thermally damaged the plate at the cut start 
and finish. 

A proprietary 7 mm ceramic weid backlng of aluminum oxide 
was fixed on the 3 mm copper plate with the distance between 
the workpiece and protection at 23 mm. After the cuts the weid 

backing suitered considerable darnage but the copper plate was 
untouched (Fig. 2). 

Fig. 2: Vertical cut with ceramic weid backing 

The large flowrate of water (2 1/min) is not acceptable in ITER 
remote handling conditions so the water cooling was replaced 
by helium gas. The ceramic weid backing was replaced by 
silicon carblde plates (20 x 20 x 4 mm) attached on the 3 mm 
copper backing plate by a high temperature resistant adheslve. 
Silicon carblde has a melting point of 1 ,500 degree C, a better 
thermal shock resistance and thermal conductivity. The small 
gaps of about 0.5 mm between the plates allow a thermal 
expansion alter heat Input. 

The volume of dross between the plate and backplate protection 
was such that it partially stuck the plate to the backside 
protection, so the plate was reciprocated normal to the cut 
direction by a pneumatic cylinder with an amplitude of 40 mm at 
a frequency of 1 Hz (Fig. 3). Cuts were successfully carried out 
with a distance of 15 mm between the workpiece and the 
backside protection. The total space required for backside 
protection was 22 mm (15 mm + 4 mm SiC plates + 3 mm 
copper plate). 

ln spite of the gas cooling and the small gap the copper plate 
remained undamaged. The silicon carbide plates were partially 
melted and there was only a small amount of dross sticking to 
the ceramic. Although, the thermal resistance of this backplate 
protection concept is sufficient, the backside plate has to be 
replaced alter each cut. 

The cut quality of the workpiece was good with a smooth 
surface and no dross at the lower slde of the kerf. 
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Fig. 3: Plan of backside protection scheme (top view) 

Further proceeding 

The target of a concept for a backside protection of plasma cuts 
through a 60 mm stainless steel plate with a 25 mm rear gap 
with no water cooling has therefore been achieved. Work is 
under way to extend these eariy results into a functional system. 
The scope of the current design and test programme includes 
the following points: 

• Optimisation of edge startlstop parameters to allow for 
rewetd in 60 mm plate 

• Cutting tests in overhead position in 60 mm plate, including 
special torch protection devices 

• Design, development and . testing of prolotype dross 
collection system with reciprocating backplate 

• Tests of various high temperature resistant materials for 
melt flow absorption 

L. Wernwag 
G. Schreck 
H. Haferkamp 
Unterwassertechnikum Hannover 
des Instituts für Werkstoffkunde 
Universität Hannover 
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T 216 (C16 TT 76) 
Shield Blanket Fabrication and Testing (2) 

As part of the ITER work package WP4.1 three small scale first 
wall mock-ups (MU) shown in Fig. 1 have been received in 
November 1997 for thermal fatigue testing in the FIWATKA 
facillty. According to the first wall (FW) design at that time the 
MUs were manufactured by NNC and Framatome from OS- or 
PH-copper (Cu) and 316L stainless steel (SS) using the solid 
HIP Joining technique. HIP Joints are located 

• between the SS shield blanke! block and the Cu layer, 
• between the two half shells of the Cu layer, and 
• between the Cu layer and the embedded SS FW cooling 

tubes 
The MUs did not have a Be protection layer. 

ln order to fatigue-test the HIP Joints the MUs were designed 
such that under testing conditions and at the HIP Joints they 
develop maximum stresses and stress ranges which are close 
to those in a real module [1 ]. 

Thermal fatigue testing of the three MUs in parallel was started 
in January 1998. Each testing cycle consisted of 200 seconds of 
thermal Ioad (burn time) and of 100 seconds of nothermal Ioad 
(dwell time). The heat flux to the MU surface was on the order of 
78 W/cm2• Tamperatures in the MUs were measured in three 
posltions (Fig. 1) and they compared weil with the FEM 
calculated predictions. 

After 13000 cycles without obvious defects [2], the MUs were 
sent to VTT for ultrasonic examlnation (NDE), which did not 
reveal any changes compared to the pre-test condition. Fatigue 
testing was continued, until 20000 cycles were reached in early 
August 1998. Again no obvious defect had developed. A final 
NDE will be performed alter the final number of cycles, which is 
to be decided, will have been reached. 

Literature: 

[1] G. Hofmann, M. Kamlah; Seiaction of Test Conditions for 
Thermo-mechanical Tests of Small Scale ITER Primary Wall 
Mock-Ups; FZK Interner Bericht (December 1996) 

[2] G. Hofmann, E.Eggert; ITER First WallSmall Scale Mock-Up 
Thermal Fatigue Testing in FIWATKA; FZK Interner Bericht 
(May 1998) 
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Fig. 1: ITER flrst wall small scale mock-up 

Within the ITER project the EU has the Iead in testing of first 
wall (FW) mock-ups. FW mock-ups are investigated under 
representative thermo-mechanical loadlng conditions at FZK 
and JRC. The mock-ups are manufactured from dissimllar 
materials (copper/steel and beryllium/copper/steel) with the 
proposed joining techniques, l.e. ditfusion bonding, solid-HIP 
(hot isostalle pressing) and powder-HIP. Currently, medium 
sized FW specimen of SS316/copper with different copper alloys 
and different Joining techniques, both, with or without beryllium 
layer, are under investigation against thermal fatigue under 
different thermal loading conditions at the respective 
laboratories. 

Thus an activity in the frame of benchmark analyses has been 
initiated in order to make the experimental results from the 
different tests comparable. Elastic and plastic finite element 
calculations have been performed by four partlcipatlng parties. 

Currenty, the results of 3 participants are reported for the elastic 
analysis. FZK will summarize and compare the results of the 
complete benchmark. So far available, the results are in 'good 
agreement' due to the Iimits and criteria that have been 
formulated in advance. 

E. Diegeie 
G. Rizzi 
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V 60/1 
Blanket Mock-up Fabrication and Testing (1) 

Binary Be Pebble Bed Thermal, Mechanical and Pebble 
Filling Experiments 

With reference to the binary pebble bed therrnal-mechanical 
experiments in cylindricat geometry, a new experimental device 
named SUPER-PEHTRA has been built and tested. lt operates 
with an heating power of 15 kW, in order to ensure an 
interference value comparable to that Ioreseen in the ITER 
breedlng blanket also in presence of the volumetric swelling at 
the blanket-end-of-life. 

As in PEHTRA (1], the pebble bed temperatures is measured by 
32 therrnocouples placed in one axial position in the centrat 
region of the test section. Bestdes this, at the same axial 
position, in SUPER-PEHTRA four pressure sensors measure 
the pressure exerted by the expanding pebble bed on the 
containing walls. The external tube is eilher water or air cooled. 
80 therrnocouples are used to measure the axial temperature 
distribution on the outer tube and on the heating rod. 

Oparational as weil as calibration tests have been already 
performed. First experimental tests are in progress. The external 
tube is water cooled in order to achieve the desired maximum 
vatue of interference of about 0.3%. This value has required a 
maximum temperature in the beryllium bed of 350 oc couplad 
with a temperature of the outer tube of 60 oc and an average 
bed temperature of 160 oc. 

The cooling of the outer tube with pressurized air allows to 
achieve an outer tube temperature of about 150-200 oc with an 
average bed Iamperature of 200·250 oc, comparable to that of 
the ITER breeding blanke! for an interference value of about 
M/C"' 0.2-0.3%. 

The pressure measurements perforrned so far have allowed to 
establish a relationship between the bed linear expanslon M/C 
and the pressure on the containment outer wall. Fora bed linear 
expanslon of MIC"' 0.3% a pressure of 0.7 MPa has been 
measured (see. Fig. 1) .. 
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Fig. 1: Pressure on the containment outer wall as a function of 
M/C. 

For the design of the ITER Breeding Blanke! the Interaction of 
the beryllium pebble beds with the structural material must be 
known. For this purpese a test facility for uniaxial compression 
tests has been built-up in a glove box. Firsttests with binary Be 
pebble beds (!arge pebble diameter "' 2 mm, small pebbles 

diameters between 0.1 and 0.2 mm) have been perforrned in a 
temperature range between ambient and 500 oc. 
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Fig. 2: Uniaxial compression test with binary beryllium 
pebbte bed at 470°C. and 8 MPa 
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Fig. 3: Thermal creep of binary beryllium pebble bed at 

470 oc and 8 MPa. 

Figure 2 shows a first characteristic result: the first stress 
increase is characterised by pebble displacements and plastic 
deformations; the steep slopes of the first pressure increase and 
subsequent pressure increase indicate small elastic 
contributions to the strain. Keeping the stress constant at 8 
MPa, the strain increases due to thermal creep as shown as a 
function of time in Fig. 3. 

Further experiments will be performed in order to deterrnine 
quantitatively the moduli of deformation and the creep 
behaviour. 

Llterature: 

[1] M. Dalle Donne, et al., "Measurement of the Thermal 
Conductivity and Heat Transfer Coefficient of a Blnary Bed 
of Beryllium Pebbles". Procesdings of the 3'd IEA 
International Workshop on Beryllium Technology for 
Fusion, Mito, October 22·24, 1997. 
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Mechanlcal behaviour of Binary Beryllium Pebble Beds 

For the design of the ITER Breeding Blanke! the Interaction of 
the Beryllium pebble beds with the structural material must be 
known. For this purpese a lest facility for uniaxial compression 
tests has been built-up in a glove box. First tests with blnary Be 
pebble beds (!arge pebble diameter "" 2 mm, small pebbles 
diameters between 0.1 and 0.2 mm) have been performed in a 
temperature range between ambient and 500 •c. 
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Fig. 4: Uniaxial compresslon lest with binary Beryllium pebble 
bed at 47o•c and 8 MPa 
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Fig. 5: Thermal creep oi binary Beryllium pebble bed at 470 •c 
and 8 MPa 

Figure 4 shows a first characteristic result: the first stress 
increase is characterised by pebble displacements and plastic 
deformations; the steep slopes of the first pressure increase and 
subsequent pressure lncrease indicate small elastic 
contributions to the straln. Keeping the stress constant at 8 
MPa, the strain increases due to thermal creep as shown as a 
function of time in Fig. 5. 

Further experiments will be performed in order to determine 
quantitatively the moduli of deformation and the creep 
behaviour. 
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M 31 
Development of 60 kA Current Leads Using 
High Temperature Superconductors 

lntroduction 

The aim of the task is to develop a 60 kA current Iead for the 
ITER Toroidal Field Coil system using high Iamperature 
superconductors (HTSc) in the Iamperature range between 4 K 
and 77 K to reduce the steady state heat Ioad at the 4 K Ievei. 
The task ls being done in collaboratlon with the Fusion 
Technology Division of the Centre Recherehes en Physlque des 
Plasmas of the Ecole Polytechnique de Federale de Lausanne 
(CRPP-EPFL). 

The development program is consists of three stages: 

A-1 Test of different materials and concepts in 1 kA modules 

A-2 Test of a 10 kA HTSc binary current Iead using the 
material selected in stage A-1 

B Design and test of a 20 kA HTSc binary current Iead to 
prove modularity and scale-ability of the design 

C After completion of stage B, a 60 kA current Iead could be 
designed to replace an existing 80 kA current Iead in the 
TOSKA facility. This stage is an option, the decision will 
be made after completion of stage B 

Results of Stage A-1 (material selection) 

1. Comparing the three configurations tested up to now, i.e., 
Bi-2212 tubes fabricated by Hoechst AG, Bi-2223 tapes 
manufactured by American Superconductor Corp. (ASC), 
and Bl-2223 tapes fabricated by FZK, there is no difference 
in the 60-K He mass flow rate which is adjusted thus to fix 
the temperature of the upper end of the HTSC module to 70 
K. 

2. Looking to the heat Ioad at 4 K, the bulk material has a 
much lower value than the stabilized tapes, i.e., about a 
factor of 4. The contact resistances are however 
comparable. 

3. Comparing the transient behaviour, there is a clear 
distinction between bulk and stabilized tape material. 
lmportant for the safety margin during quench is the time du­
ration between 10 and 90 mV whlch is much !arger for the 
tapes. The stabilized tapes are safer than the bulk material. 
The use of bulk material requires the design of an electrical 
bypass which has to be high resistive during normal 
operatlon and to have a low current response time in case of 
a quench. 

4. The large degradation of the Bi-2223 tapes fabricated at 
FZK could be explained by the !arge stress sensitivity of the 
tapes even at room temperature. So, lt was decided to 
develop mechanically reinforced tapes with an interior 
Ag8%Au matrlx and an AgMg-alloy outer sheath. 

As a consequence, it was decided to proceed with task stage A-
2, i.e., the construction and lest of a 10 kA HTSC binary current 
Iead. As material, it was decided to use stabilized tapes because 
of their !arger safety margin. The use of bulk material would 
need further research for optimization of electrical by-pass. ln 
the mean time, also AgAu cladded Bi-2212 tubes have been 
developed by Hoechst. Because for the design of the 20 kA 
HTSC Iead (stage B), two 10 kA modules are needed and due to 
the fact that at the time of decision the results of the 1 kA Iead 
using reinforced tapes were not yet available, it was chosen to 

order one 10 kA module in industry and construct and built a 
secend one at FZK. 

Status of FZK 1-kA module 

For the manufacturing of a secend 1 kA module, 37 filamentary 
tapes were produced in an industrial technlque of bundling AgAu 
sheathed monocores lnto an AgMg tube. The typical critical 
current densities achieved were 10 - 11.5 kA/cm2 with best 
values of 15 kA/cm2

• The mechanlcal propertles of the 
reinforced tapes were measured and compared to the numbers 
of the AgAu tapes used in the 1 kA module. At room 
temperature, the tolerable axial stress values for the pure AgAu 
sheathed tapes are about 20 MPa whereas for the reinforced 
AgAu/Ag-alloy tapes they are between 170 and 200 MPa 
depending on tape optimization. 

The tapes were thermally cycled between 77 K and room 
temperature. Up to about 180 cycles, almest no dramatic 
degradation was observed. Even the use of a heater fan during 
warming up results in no dramatic current degradation. This also 
demonstrates the high mechanical stability of the tapes. 

As a consequence, a secend 1 kA module using reinforced Bi· 
2223 tapes was built and planned to be tested at CRPP. The 
results of these measurements are important for the design of a 
secend 10 kA module. 

Unfortunately, the manufacturing of the reinforced Bi-2223 tapes 
at FZK caused some problems concerning critical current and 
mechanical performance which have different reasons: 

1. The optimization of the manufacturing process results in 
HTSC tapes being not reproducible considering critical 
current. This caused some delays in finishing the tape 
manufacturing. 

2. A mechanical degradatlon resulting in a destructing of the 
tapes during warm up from 77 K to room Iamperature was 
observed recently whlch was probably caused by the 
soldering process during manufacturing of the HTSC 
module. lt sems that the AgMg reinforcement sheath is 
much more sensitive during the soldering process than the 
pure AgAu tapes. Detailed investigations are under way. 

As a consequence, the decision to built a second 10 kA HTSC 
module at FZK and to connect both 10 kA modules, i.e., the 
ASC and the FZK ones in parallel to form a 20 kA Iead whlch is 
needed for stage B, had tobe modified. A secend ASC 10 kA 
module is Ioreseen to reduce delays. The development of the 
AgMg reinforced AgAu stabilized Bl-2223 tapes will continue 
because of their principally high performance. The construction 
of a FZK type 10 kA HTSC module will be started after 
completion and test of the 1 kA module. 

Status of stage A-2 (construction and test of 10 kA Iead) 

The first 10 kA modulewas ordered from ASC. The design of 
the module is similar to those Ieads manufactured for the LHC 
project at CERN ,or for Fermilab, i.e., an appropriate number of 
Bi-2223 tapes sintered together, forming so-called stacks, and 
soldered on top of a sophisticated stainless steel support tube. 
At both ends, copper end caps are placed for current transfer to 
adapt the HTSC module into the apparatus of the customer. The 
support structure also serves as an additional heat sink in case 
of a quench. ln our case, the safety requirement is such that the 
module has to withstand the full current of 10 kA for 10 s in case 
of loss of active cooling of the copper heat exchanger part of the 
Iead without reaching room temperature. The number of tapes 
are such to get a critical current of at least 12 kA at 70 K. The 
total length of the Iead is 600 mm. To have the posslbility to 
measure current lmbalances during transients, e.g., during 
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quench, four of the stacks are equipped with voltage taps. The 
voltages of both end caps are monitored too. ln addition, four 
temperature sensors are positioned at 100%, 90%, 70%, and 
50% of the HTSC length, measured from the cold end to 
evaluate the temperature profile. ' 

The 10 kA HTSC modulewas delivered in June 1998 but dldn't 
fulfill the speclfications regarding geometical tolerances, 
boundary condltions for operation in vacuum, and sensor 
equipment. The module was improved by ASC. 

For reduction of the delay, as mentioned before, it was declded 
to order the incomplete HTSC module from ASC and one 
additional complete 10 kA module was delivered to have a back 
up solution for the construction of the 20 kA Iead. 

At the beginning of September 1998, both HTSC modules have 
been delivered from ASC. One of them is currently being 
installad in the test facillty at CRPP and will be tested in October 
this year. Figura 1 shows a picture of one of the modules. 

Fig. 1: Pielure of the 10 kA HTSC module manufactured by 
ASC 

A critical current measurement in a LN2 bath was done at the 
manufacturer and the following results were obtained: 

1 . The critical current at 77 K and self field of the Iead was 
about 9.5 kA. For 70 K, which is the maximum temperature 
in the experiment, this corresponds to a critical current of 
larger than 13 kA .. Figura 2 shows the critical current as a 
function of applied magnetic field perpendicular to the broad 
face of the tape as given by the manufacturer. in addition, 
the Ioad line and the operation point of the Iead are plotted. 
At 10 kA, the difference to the critical current would be about 
40%. 

2. The U-1 traces of four of the seven HTSC submodules show 
different shapes which is due to Iransverse reslstances in 
the individual stacks caused by incomplete removement of 
tape coatlng before the sintering process of stack formation. 
Figura 3 shows the U-1 traces. 1t should be mentioned that 
nevertheless all of the submodules fulflll the specifications 
with respect to critical current given by the conventional 
criterion of 1 J.tV/cm. 

3. The contact resistances at the cold and warm ends were 
measured by uslng the voltage taps on top of one of the 
HTSC stacks and on top of the copper end pieces. The 
results are 3.1 and 16.7 nn, respectively, for both modules 
which is much lower than specified. Moreover, taking into 
account the fact that the contact resistance at 4 K is typically 
one order of magnitude smaller than at 77 K, the cold end 
resistance is expected to be very low. 
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Fig. 3: Measured voltage as a function of Iransport current for 
the individual submodules of the 10 kA HTSC module. 

The test at CRPP will cover both the steady state and transient 
behaviour of the current Iead. The critical current of the HTSC 
module will be measured too. lf lc is larger than 12 kA and 
because the maximum current available in the test facility is 
limited to that value, the critical current would then have to be 
evaluated by increaslng the upper Iernperure of the HTSC 
module. From the steady state tests, mainly the Iamperature 
profile along the whole Iead, the thermal heat Ioad at 4 K, and 
the 60 K He mass flow rate needed to fix the upper temperature 
of the HTSC module to roughly 70 K will be obtained. The 
transient test will be done to study the quench behaviour of the 
HTSC module and to compare the results to the expectations. 

Outlook (Stage 8 - 20 kA HTSC current Iead) 

As for the 20 kA HTSC blnary current Iead, two 10 kA modules 
are needed, it was declded to use a modular concept even for 
this current range which allows an easy extension to hlgher 
currents, from an engineering point of view. 

Due to the modular concept, the effect of current distribution as 
weil as a detailed model of the contact region is being 
lnvestigated. 

ln 1999, a 20 kA HTSC binary current Iead will be constructed 
and tested in the STAR facility at FZK. 
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M 12 (N 11 TT 19) 
Preparation of the ITER TF model coil test 
facility 

and 

M44 
TFMC installation and test 

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

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

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

• Start of the lest of the TFMC (End 1999) 

The first step qualified the LCT coil for the use as background 
coil for the TFMC test configuration. The basic facility wilh i!s 
electrical and cryogenic supply system as wel! as data acquisi­
tlon and control was Iaken into operation. The specific facility 
configuration needed for the TFMC test is in progress. Specific 
components like a 80 kA dump circuit, two 80 kA current Ieads, 
a 20 kA power suppiy and supporting and handling tools are 
under construction. 

The W-7X arrived on TOSKA site beginning July 1998. The 
Installation work is running. 

The fabrication ollhe TFMC in the European industry is in prog­
ress. Four of live pancakes were heat treated. The weldlng of 
the coil case is completed. The fabricatlon and the preparation 
of the lest programme of the TFMC are accompanied by the 
special skills of the European superconducting laboratories. The 
areas of Euratom Association FZK are: 

• Instrumentation (included in M44) 

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

• Mechanical material and component testlng (EU Task No: 
M45) 

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

• Finite element analysis (NET Contract No.: NET/95-384) 

• Electromagnetic and thermohydraulic analysis (included in 
M44) 

• Transient valtage behaviour of the TFMC (included in M44) 

The Installation of the TFMC is scheduled for the second half 
1999 and the test end 1999 

1. TOSKA facility 

The remaining components requiring development work are the 
80 kA current Iead and the 80 kA dump circuit. A 20 kA power 
supply, Iifting beam and the supporting structure of the configu­
ration (gravitational support) are under construction. Data acqui­
sition and cryogenic supply system has to be configured for 
testing the TFMC. 

The 80 kA current Iead: Based on the experience gained with 
the 30 kA current Iead the construction of 80 kA Iead was 
started. The increased current by a factor 2.7 required some 
design changes for the cold and warm end of the current Iead 
(Fig. 1). The number of superconducting NbaSn Inserts had to 

be increased from 2 to 3 [1-1]. These Inserts are needed for 
adaptation of the length of the normal conducting part of the 
current Iead in order to achieve an optimized operatlon at differ­
ent current Ievels. A water cooled flexible busbar constructed 
from copper braids was successfully tested up to 80 kA in con­
tinuous operation. The copper current denslty was 45 A/mm2

• 

This development solved the space restrictions and alignment 
problems for jolning the current Ieads with the Al busbars. The 
components for two current Ieads are being under constructlon. 
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Fig. 1: A schematlc view about the const;uction of the 80 kA 
current Iead. 

The 80 kA dump circuit: The circult design is based on those 
used for the POLO and the LCT coil. The clrcuit was ordered at 
beginning of 1998 (Fig. 2). lt will be designed and constructed 
by the Siemens AG, Erlangen. The commissioning will Iake 
place in April 1999. 

S2 

R 

Fig. 2: The 80 kA dump clrcuit of the TFMC (EV: Power sup­
ply; ST: Separation switch; S1, S2, S3: Breakers, R: 
Dump resistor; L: TFMC; SN: Short circuit switch; RN: 
Current limiting resistor; OV: Overvoltage protection). 

For investigating transient valtage behaviour of the TFMC wind­
ing type, conductors embedded in radial plates, discharges will 
be performed by the POLO dump circuit at 25 kA with a coun­
teracting current switch. 

The 20 kA power supply: The TFMC is supplied by a current of 
80 kA by two existing power supplies (50kA and 30 kA) in par­
allel operation. Therefore a third power supply is needed for the 
operation of the LCT coil. The power supply was ordered Janu­
ary 1998. lt now under construction in lndustry. 

Tooling for assembling: A Iifting beam for Iifting the TFMC test 
configuration (about 120 t) in the TOSKA vacuum vessel was 
designed and ordered in industry. The support frame on which 
the TFMC, intercoll structure and the LCT coil rest has been 
constructed. The fabrication in the workshops is runnlng. As 
consequence of a change in the test programme (Testing of the 
TFMC in the firsl run without LCT coll) the technical specification 
for an auxiliary structure replacing the LCT coil was elaborated 
Iogether with the NET Team (see section 2). 

The cryogenic supply and control system as weil as the data 
acquisition: These systems are presently configured for the test 
of the W 7-X prolotype coil and need adaptations for the TFMC 
lest after completion of W 7-X prolotype coil test programme. 
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2. Testprogramme of the TFMC [2-1] 

ln collaboration with the European superconducting laboratorlas 
a test programme for the TFMC was elaborated. 

The goal of the test of the TFMC in the background field of the 
LCT coil is the verificatlon of the overall engineering design of 
the TFMC for the electromagnetic, thermohydraulic, mechanical 
and electrical insulation properties. 

The e/ectromagnetic propertles: They describe the relation 
between the magnetic field and current as weil as the operation 
Iimits in the three dimensional superconducting space (lc, 8, Tos)· 
Typical properties of the superconductor like AC Iosses and 
critical currents are measured under operation conditions. Typl­
cal engineering design features like joints and Instrumentation 
for protection can be tested under operation conditions. 

The thermohydrau/ic properties: These are the basis for the 
operation of the sc magnet. Weil defined operation parameters 
are needed for cooldown and warm up, the steady state opera­
tion and the mastering ol fault conditions. 

The mechan/ca/ properties: Large superconducting magnets 
need embedding of the sc cable in structural material. The force 
Iransmission to and the stresses in the structural material re­
flects the function of the engineering design. The measurement 
of the displacements between and from certain points has to be 
performed. The strain measurements on the surfaces of the 
structure in high loaded reglons Iead to the stress Ievels in the 
material. 

The electrical insulation properties: The radial plates Introduca a 
potential in the winding. Each radial plate potential has to be 
connected to its corresponding inner joint in order to give the 
radial plates a definite potential. Switching surges excite oscilla­
tions in the equivalent network which can Iead to over voltages 
in the winding. The TFMC is the first coil in radial plate design. 
The TFMC shall be investigated considering these properties for 
the validation of network codes applied for the ITER full slze 
coils later on. 

Addltionally, the radial plate winding type allows the investiga­
tion of the conductor lnsulation by partial discharge (PD) meas­
urements. This method has the potential to observe conductor 
insulation over the life time of the magnet. This shall be also 
investigated for the TFMC. 

Instrumentation: The TFMC is equipped with the common In­
strumentation of sc forced flow cooled magnets. The electro­
magnetic and thermohydraulic properties are measured by 
valtage taps, temperature sensors, pressure sensors and differ­
ential pressure sensors. The mechanical properties are investi­
gated by displacement transducers and strain gauges. The 
electrical insulation properties investigations need a different 
patehing of the radial plate valtage taps for operation and PD 
measurement. 

The valtage tap location and the thermohydraullc Instrumenta­
tion for the winding was fixed. The thermohydraulic and me­
chanlcal Instrumentation of the TFMC case and intercoll struc­
ture (ICS) is in progress. 

Test procedure: The test procedure of the TFMC can mainly be 
characterized by following sections: I) Cooldown; II) Testing of 
TFMC alone; 111) Testing of TFMC in the background field of the 
LCT coil; IV): Cycling of the TFMC in the background field of the 
LCT coil; V) Warm up. Sections II to 111 contain each one check 
outs at low currents and ramping up the current in steps. At 
each step a slow ramp down, an Inverter mode ramp down 
(Inverter mode operation of the power supply mearis max. 
negative voltage) and a fast discharge (dump) will be performed. 

The injection of heated supercritical helium slugs are integrated 
in these steps and the operation at higher temperatures (4 K to 
9 K). in addition, pulse valtage tests and PD measurements will 
be performed. 

2.1 Preparation of experiment evaluation 

For predlction and an effective evaluation of the test results the 
preparation of the calculation tools and necessary Input pa­
rameters gained from separate experiments are indispensable. 

E/ectromagnetic propertles: The scalability of the critical data in 
the superconductlng space is indispensable necessity for as­
sessing the TFMC design. The different operation conditions 
(higher current, lower field) need an experimental check of 
existing scaling laws. Validating Summer's rufe for TFMC 
strands, lc measurements were performed over the field and 
temperature range typical for the TFMC operation. Critical cur­
rent measurements on reacted strands for controlling the heat 
treatment of the TFMC are performed under NET Contract No. 
NET/97-458. 

The common homogeneaus current distribution over the winding 
cross-section can no Ionger be applied for calculating the field of 
the TFMC [2-2). The arrangement of discrete conductors Ieads 
to a strong field gradient over the conductor in the range of 1.6 T 
in the high field region. This has to be Iaken into account for 
assessing the operation Iimits of the TFMC. Field calculations 
were also performed in the joint reglon for assessing the Opera­
tion of the joints considering their lasses. An estimation of the 
ramp Iosses Iimits the ramp rate to about 700 Ns for being 
within the available cryogenic power of the TOSKA facllity [2-3). 

Thermohydrau/Jc propertles: The cable-in-conduit-conductor with 
a central cooling channel necessitates a new definition of the 
hydraulic parameters for the application of the codes SARUMAN 
and GANDALF which are used for the thermohydraulic analysis 
of the TFMC during quenching. Parameter studies were per­
formed investigating the behaviour of normal regions with differ­
ent boundary conditions [2-4],. Considering peak pressure ("' 2 
MPa) and peak temperature ("' 120 K) both codes gave com­
patible results (operation condition: 80 kA, TFMC excited alone). 
Eddy current Iosses in the stainless steel structure were ana­
lyzed by the code CORFOU. The Impact of heat diffusion from 
the radial plate to the conductor was investigated [2-5). The 
increased mass flow lnduced by the heat flux to the conductor 
Ieads to a reduced length of the normal zone compared to 
quench without eddy current heating. A propagation of a normal 
zone at 4.5 K operation Iamperature in comparison wlth 9 K 
operation Iamperature was calculated. At 9 K the normal zone 
was about 10 times !arger with a jump alter 8 s caused by the 
eddy current heating (Fig. 3). 

--- No hydrautlc netwc.vX, ext he!Ung, T--4.5 K 
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Normal conducting length of the ITER TFMC as a 
function of time for a quench in the high field region 
with eddy current heating (external heating) of the ra­
dial plates and inlet temperatures of 4.5 K and 9 K. 
For comparison, the results of a calculation at 9 K 
without eddy current heating is plotted, too. 
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Mechanica/ properties: The mechanical analysis were performed 
in two steps, a finite element analysis of the conceptual design 
by FZK/IRS [2-5] and of the englneering design by the European 
industry consortium AGAN. The last one was the basis for an 
elaboration of the sensor locatlon. The accompanying werk is 
performed by FZK/IRS under NET Contract No. NET/95-384 

Dielectric insulatlon properties: A network model with frequency 
dependent mutual lnductance's for the TFMC is being prepared. 
The pulse deformation of PD pulses propagating through the 
TFMC winding and joint area was experimentally investigated by 
a model. The PD diagnostics should be applicable for this wind­
ing type according to results achleved (Fig. 4). 

A 

L - J VCoilcase 

k- 1- Pancake 

_.,1----tt-- Radial shear plate 

f.\v."""'~"""'~l--?.+.s""""i!+""'""~·~· ~~ Warm vacuum vessel 

l ' :: :· ':·• :· ':·• :· ':·• :· ''' ·- feedthrough 

' .. . ' .. ' r, .. ·.·.:. f .. Ji.--- 1,2 Mn resistor 
: .... : :. ... :-.......... Resistor box 

B 

L - - J 

T T T l ·~:·., t)t:• 

Fig. 4: Fixing the potential of the radial plates durlng operation 
with current (A)and during partial discharge measure­
ments by AC valtage operation (B). 

The electromagnetic, thermohydraulic and dielectric insulation 
analysis werk is included in the TOSKA Task M44: 
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M45 
ITER Coil Casing and lntercoil Structures 

The aim of thls technology task is the characterization of ITER 
coil casing structural materials during the manufacturing stage 
of Mock-ups. These investigations comprise base and weid 
metal qualificatlon of industrial produced structural steel 
samples. ln addition to that, several components were 
necessary to be investigated during the ongoing phase of the 
TFMC fabrication. Finally, for the candidate superconductor 
jacket materials 316LN and lncoloy 908 the fatigue crack growth 
rate has been characterized and the Final Report with respect to 
Contract NET/96-408, ITER Task Agreement N11TT15(p) was 
submltted to the NET team and accepted. 

Base and Weid Metal Cryogenic Mechanical 
Characterization 

Within this task a 90 mm thick plate of Type 316LN material 
provided by Alstom Company France was investigated. 
Besides, measurements were performed with provided ca. 50 
mm thick GMAW (Qas Metal 8rc Weid) weid samples. These 
tensile and fracture tests were carried out with specimens 
machlned from the sample in transverse, longitudinal, and 
vertical orientations. ln Flgure 1 the provided plate metal sample 
and the position of the specimens are lllustrated. 

Fig. 1: 90 mm thick Type 316LN metal sample and the 
machined speclmens from the plate 

Table 1 gives the results with the carried out tensile tests at 7 K. 
The mechanical test results reveal the slgnificant difference of 
obtained uniform elongation between vertical and 
long/transverse orientated specimens. Whereas the yield 
strength values can be assumed that they are within a natural 
scatter band. The ultimate tensile strength data seems to be 
inferior in case of vertical orientated base metal specimens 
compared to long/transverse machined specimens. The latter 
two tests with the base metal carried out up to -4 % and -9 % 
strain were performed for the reason of confirmation of obtained 
yield strength values and therefore they were not fractured 
ultimately. 

Table 1 refers also to the measurements of the GMAW sample 
of the first trial welding procedure. Here also there is a 
significant difference between weid Iransverse and weid vertical 
orientation. This difference, however, results mainly from the 
performed weid process. The two ca. 50 mm thick Type 316LN 
plates were firmly hold during the welding process to avoid 
distortion. This resulted most probable high residual stresses 
during cool down of the final welded sample, thus giving less 
chance of elongation during tensile testing in weid Iransverse 
direction. 

For the fracture toughness measurements of the 90 mm thick 
Type 316LN plate material two methods have been applied 
comprising two different kinds of specimens; Compact tension 
(CT) and JETT (EDM notched round bar). The plan of 
machining is illustrated in Flg. 1. According to this Figure a 

comparison of these two different type specimens can be done 
by considering the crack plane orientation. ln addition, the CT 
specimens (63 x 60 x 14) were all side grooved having a 90° 
angle and a 0.5 mm depth. The width and thickness of these 
specimens were 50 mm and effective 14 mm respectively. The 
CT specimens were tested in LHe environment using the 200 
kN tenslle machine. The single specimen unloading compliance 
method according to ASTM E 813 was used for all these 
measurements. 

Table 1: Tensile lest results of Type 316LN 90 mm thick plate 
sample and the first trial GMAW weid sample at 7 K 

Specimen Young's Yield Tensile Uniform 
orientation Modulus Strength Strength Elongation 

GPa MPa MPa % 

Vertical 208 931 1522 31 

Vertical 209 890 1512 31 

Longitudinal 202 887 1635 49 

Transverse 200 903 1608 47 

Transverse 199 907 

Longitudinal 200 900 

Weid trans. 205 1091 1337 8 

Weid trans. 203 1107 1278 8 

Weid vert. 204 976 1533 30 

Weid trans. 203 977 1165 10 

Weid long. 195 1022 1508 49 

ln Table 2 all data obtained from the three orientations are 
collected together. The corresponding measured JETT ( A novel 
J-integral lest method using EDM notched round bars, 
prevlously described in [1] ) results are related to the CT 
specimen findings considering the crack plane orientation. As 
obvious there is a large scatter between CT bound 
measurements in case of vertical machilied specimens. The 
Iransverse machined CT specimen shows also slgnlficant high 
values compared to the JETT based vertical machined 
specimen. However, regardlng the very high fracture toughness 
values this !arge scatter is reasonable. 

Table 2: Fracture toughness properties tested with various 
type of specimens at 4.2 and at 7 K for base meta! 
and weid metal 

Specimen Type and Fracture Toughness, MPa ~m 
orientation LHe,CT 7K, JETT 

CT- Vertical 280 
CT-Vertical 310 

CT -Longitudinal 356 

CT-Transverse 270 

JETT -Longitudinal 278/220 

JETT-Transverse 355/314 

JETT-Vertical 217/215 

Weid CT-Transverse 172 

Weid CT-Longitudinal 150 

Weid JETT-Transverse 172/165 

Weid JETT-Longitudinal 162/163 
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Filler Material Cryogenic Mechanical lnvestigations for 
Welding Qualification 

This task was necessary to qualify the commercial filler 
materials which is Ioreseen for the welding procedure of ITER 
coil casing and intercoil structures. The company 8elleli, ltaly 
provlded 8 samples of ca. 40 mm thickness. The samples were 
the result of a joining of 304 Type 40 mm thick plates. The used 
weid procedures were GTAW (Gas Tungston Argon ARC), 
SMAW (Shielded Manual Are), and SAW (Submerged Are). The 
goal was to lest with the use of quallfled weid filler wires the 
performance of high deposltion rates allowing economical 
automatic weldlng. Tensile and JETI type fracture specimens 
were prepared from the mid weid position of the provided 
samples. Two tenslle (4 mm dlameter and ca. 20 mm reduced 
section) and two 6 mm dlameter JETI fracture specimens were 
prepared from each sample. Addilionally, the company provided 
from the same batches heat treated samples. The heat 
treatment of these samples were conducted at air at 800°C for 1 
hour. Altogether 64 specimens were tested at 7 K using a 
newly designed multispecimen cryogenic test rig allowing to 
measure 4 specimens one after the other with the test facility. 
Tabie 3 below shows the chemical composltion of the weid zone 
analyzed after the welding process. 

As the chemistry of the weid zone shows high chromlum and 
high manganese favors the solution of nilragen a promoter for 
the austenltizer and responsible for the high strengths. Nickel 
an the other side suppresses the nilragen solubillty by 
meanwhile increasing the stability of the austenite. This balance 
of all this elements decides the strength and toughness Ievei of 
the weldment. However, different other factors owing to the 
manufacturing variabllity (pores, inclusions, grain sizes, residual 
stress Ieveis, and etc.) given by the filler material overall quality 
decides the general cryogenic behavior of the ready product. 
The tensile invesligation results is given in Table 4 shows the 
significant lower Young's Modulus values compared to plate 
meta! of similar Type 316LN slainless steels. The lower 
stiffness of the lest specimens results in general from the weid 
microstructural quality. Especially, pores resulting from this high 
speed welding process reduce the Young's modulus 
considerable. The high yield strength of the weldments can be 
partly attributed to the existing residual stress components. 

The one hour heat treatment at 800°C affects adversely the 
mechanical behavior with respect to uniform elongalion, which 
ls an indicator for material's toughness behavior. To check lhe 
effect of an hour heat treatment for this type of materials a 
standard plate material of Type 316LN were heat treated at 
800°C and at 900°C for an hour. Two tensile and two JETI 
specimens were machined from these samples alter the heat 
treatment process. Table 5 gives the results of these tensile 
measurements conducted with some of heat treated weid metal 

samples and the heat treated plate material. 

The obtained low elongation values in case of plate material 
heat treated at 900 oc indicates that heat treatment above 
>800°C may affect the cryogenic mechanical values also in 
case of non welded structures. 

The fracture toughness weid material qualification was 
performed with the 6 mm round bar specimens. The necessary 
severe EDM notch araund the girth of the specimen was placed 
accurately Inside the weid zone having a net dlameter of 2 mm. 
Table 6 shows the obtained results with these measurements. 
Again the heat treated samples were inferior of those as welded 
samples. According to these flndings the code 2684A were 
selected as one of most promising candldate filler wire. 

Table 4: Tensile measurement results of deposited weid filler 
materials of as welded samples at 7 K 

Code Young's 
Modulus 

GPa 

Yleld Tensile 
Strength Strength 

MPa MPa 

Uniform 
Elongation 

% 
~··.-------------------------------------4 

2684A AW 190 1253 1550 17 

-?~.!3_4.~ -~'!I.-----~ ßß_------ _1_1_~1?------ _1_~~1?-------- _1 ?_-----
2677A AW 180 1170 1513 33 

_ -~~??ß.. A'IY_ ____ ~ ~!_ ______ _1_<!~? ______ _1_4.4? _________ ~J. ____ _ 
26768AW 136 1029 1155 6* 

2676E AW 150 1083 1285 25 

- -~~?~f._ A_Vj_---- ~ .!3_9_ ------ _1_(!~~------ _1_~~1?---------??_-----
2675A AW 168 1127 1451 27 

* Massive pores could be detected an the fracture surface 

Table 5: Tensile measurement results of deposited weid flller 
materials of heat treated samples at 7 K 

Code Young's Yield Tensile Uniform 
Modulus Strength Strength Elongation 

GPa MPa 
MPa 

% 

2684A HT 193 893 1253 16 

2677A HT 182 1162 1373 9 

26778 HT 201 1117 1407 9 

2675A HT 158 1064 1395 17 

Plate 800°C 186 1070 1559 48 

Plate 800°C 199 1069 1530 40 

Plate 9oooc 196 1030 1430 27 

Plate 900°C 191 1042 1427 24 

Table 3: Chemical composition of the invesligated GMAW joined weid metals 

Code C Si Mn p s Cr Mo Ni Al Cu Nb Ti V 8 N 

2684AAW .02 .15 4.43 .013 .005 24.5 1.96 20.1 <.00 .07 <.01 .01 .06 .0014 .3263 

26848 AW .01 .38 7.43 .012 .005 20.0 3.23 15.5 <.00 .06 .02 <.01 .01 .0014 .2669 

2677AAW .04 .63 6.40 .020 .006 19.0 3.19 15.4 <.00 .11 .01 .03 .05 .0010 .2407 

26778AW .04 .36 5.43 .012 .011 25.3 2.37 21.0 <.00 .01 .01 .03 .04 .0006 .2272 
--------------~------------------------------------------------------------------------------------------------------

26768 AW .02 .31 3.70 .016 .007 24.8 2.05 21.4 .04 .08 <.01 <.01 .05 .0007 .1963 

2676E AW .03 .64 6.31 .017 .005 19.1 3.22 15.4 .00 .11 .01 .01 .08 .0007 .2221 

2676FAW .03 .34 4.52 .016 .007 24.6 2.06 20.7 .01 .06 <.01 .06 .000 .0009 .1817 

2675AAW .02 .38 7.34 .013 .006 19.8 3.20 15.7 <.00 .06 .02 <.01 .10 .0016 .2389 
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Table 6: Fracture toughness measurement results of 
deposited weid filler materials of both samples as 
welded and heat treated ones at 7 K 

Weid 
Process 

GTAW 

GTAW 

SMAW 

SMAW 

SAW 

SAW 

SAW 

GTAW 

Code 

2684A 

26848 

2677A 

26778 

26768 

2676E 

2676F 

2675A 

Fracture Toughness, MPa -.Jm 
As welded Heat treated 

174/166 

131/156 

173/154 

146 

152/114 

135 

134/134 

148/171 

142/195 

132/101 

87/83 

89/86 

74/101 

92/102 

123 

99/120 

lnveatigations on Mechanimtl aehavior of the lnsulation of 
TFMC Jacket Structure at 4.2 K 

To determine the sliding behavior of the TFMC jacket a 
component was manufactured by Ansaldo, Genoa. This 
component consisted of the original jacket covered partly with a 
Teflon tape prior the epoxy/GFRP/Kapton insulation. 8y a 
special clamping arrangement it was possible to pull out the 
jacket by tensile loading in the 4 K rig of the FZK's 200 kN 
cryogenic tensile test facility. 

Load 
Extensometer 
for displacemenl 

Fig. 2: Schematic illustration of the test sample. 

Three strain gauges and one displacement transducer were 
placed in specific positions to obtain a maximum of Information 
during the test. This test assembly was foreseen possible to 
simulate sofaras the TFMC's jacketunder operation. 

The loading of the structure at LHe shows in an enlarged view 
(Figure 3) that the straln gauge No 3 has the similar unloading 
behavior after the debonding of the epoxy bonded zone. Strain 
gauge No 1 free of any secondary clamps shows from the Initial 
loading stage a clear material behavior giving the stiffness of 
the tube. Strain gauge No 2 whereas shows also a similar 
unloading behavior as strain gauge No 1, however, the 
hysteresis gives the Information about the friction of the tube 
Inside the clamped region. 
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Fig. 3: The output signals of the transducers during the final 
loading at LHe. 

Cryogenic Mechanical Loadlng of Mock-Up Structure for 
Outer Joint of ITER TFMC Task 

Subject of this task was the testing of the provided mock-up 
structure produced by Alstom Company, France. The Load 
displacement behavior was one of the major interest from the 
viewpolnt of structural mechanics. Figure 4 shows the built in 
structure Inside the 4 K rig of the 200 kN tensile testing 
machine. 

Fig. 4: Mock-up structure for the outer joint of ITER TFMC task 
prepared for the test at 4.2 K. 

After cool down of the sample and observing via fiberscope the 
entire coverage of the sample by liquid helium, three Ioad 
sequences were conducted. The cross head speed of the 
machine has been kept constant to 1 mm/min. The first Ioad 
has been applied up to 81011 N. Du ring this test no unusual 
events has been detected. The averaged extensometer output 
signals showed a slight plastic deformatlon of the sample. After 
unloading, the sample was loaded immediately again with the 
same cross head speed up to 184282 N. This time a significant 
plastic deformation occurred and a hysteresis of the Ioad versus 
displacement curve could be observed in real time. After 
unloading, a last time loadlng were performed up to 147077 N 
observing a plastic deformation similar to the secend Ioad 
sequence but without any hysteresis. This can be attributed 
partly to strain hardening of the copper material and partly to the 
mechanical stiffening of the joint section. 
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Fatigue Crack Growth Rate of Jacket Materials 

Subject of this task was the final cryogenic measurement 
results with respect to Fatigue Crack Growth Rates (FCGR) of 
Type 316LN and lncoloy 908 base metals used as jacket 
materials for ITER CS superconductors. Recently carried out 
FCGR measurements at Ioad ratio R = 0.1 with aged jacket 
materials of Type 316LN (Valinox) and lncoloy 908 using small 
slze ASTM standard CT specimens machined from an 
industrially manufactured jacket section bar resulted in 
preliminary data bases which were already reported [2]. The 
present tests are performed with same type of specimens but 
with an improved test technique using a newly developed 
software. These tests comprised beside the tests at two 
different Ioad ratlos, R=0.1 and R=0.4, also tests with unaged 
Type 316LN (Valinox) jacket materials to determine the 
eventual effects of aglng on structural Type 316LN extruded 
materials. Figure 5 shows the FCGR properties of both aged 
alloys. An important result within this context is that between 
unaged and aged Type 316LN materials so far no significant 
differences could be detected with regard of these 
measurements. At higher AK regime ( >30 MPaYm) the 
difference between lncoloy 908 and 316LN starts to be smaller 
compared to low AK regime. 
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Fig. 5: Comparison of the investigated two type jacket 
materials at R=0.1 and at 7 K 

100 

Also increaslng the Ioad Ievei from 0.1 to 0.4 resulted ln a ca. 
10% increase of FCGR in case of Type 316LN, whilst for 
lncoloy 908 the found effect lf any was insignificant. 
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D 327/2 (S74TD08) 
Interim Structural Design Criteria (ISDC) 

Within the ITER activity to develop a specific design code for 
fusion devices ISDC (ITER STRUCTURAL DESIGN CODE) it 
was found that fracture mechanics consideration should be 
added as a design requirement. The appendix A 16 of the french 
RCC code has been checked and is feit to be not appropriate in 
its current form. 

New rules have been formulated on the basis of the british R6 
fracture mechanics code. This approach is a two-criteria 
methods based on linear fracture mechanics and on Iimit 
analysis. 

The advantage is, that if the method is verified for fusion 
application, in designing only linear caicuiations have to be 
performed by structural analysts. 

These rules are currentiy tested with verification analyes for 
cracks of different size modellad at different iocations of an 
ITER-Iike first wall geometry for various loading conditions. 

Moreover, some simpiified ruies for FW geometries of 
reetangular shape are deveioped. This will reduce the work to 
be performed by anaiysing defect-free components. 

E. Diegeie 
G. Rizzi 
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T 228 (G 18 TT 22) 
Cryopump Development 

1. lntroduction 

Excellent progress has been made in the manufacturing of the 
various components of the TIMO (Iest facility for !TER .!!lQdel 
pump and the model pump itself. However, some delay in 
schedule ocurred due to problems in the manufacturing process 
of the prolotype maln valve for closure between lest vessel and 
pump. Nevertheless, the beginning of first operation of the TIMO 
facillty is expected for November 1998. 

ln the component lest facility TITAN the regeneratlon scheme 
for the ITER cryopumps was critically assessed wlthin tests 
under ITER relevant conditions. Finally, a regeneration strategy 
was derived, which was chosen as point design described in the 
ITER Final Design Report. 

A great deal of theoretical work focused on Monte Carlo simu­
lation of pumplng characteristics. The theoretical approach was 
cross-checked with experimental results from TITAN and finally 
transferred to the more complicated geometry of the TIMO 
facility. There, the simulation will be of great benefit to optimlze 
the test programme so as to come out with the minlmum number 
of experimental runs with the strengest evidence. lt may also be 
used as a tool for Interpretation ol the measurement results. 

The cryopump activities under ITER Task T228 (Green Book 6) 
will be continued as ITER-Task EU-VP1 (Green Book 8) and will 
predominantly be devoted to the paramelric performance and 
endurance testing ol the ITER model pump in TIMO and sup­
porting tests of critical issues. 

2. TJMOfacility 

TIMO is a lacility especially developed lor testlng the 1:2 ITER 
model pump [1]. The facility is located in the experimental hall of 
FZK-ITP to beneilt from the existing cryogenic infrastructure 
there. The model pump will be installad in a test vessel, accord­
ing to UHV standards. The required high cryogenic coolant flows 
(supercritical helium (SCHe) at 5 K) will be provided by the 
300 W LINDE facility via a novel 2600 I liquid helium (LHe) 
control cryostat. The coolant supply for the radlation shields and 
batfies with 80 K gaseaus helium (GHe) is ensured by a sepa­
rate 80 K helium cooling system. For controlling the various 
coolant flows, a cryogenic valve box is used. 

At present, the construction of the lacility has made good pro­
gress, based on a reduced scale 850 I LHe cryostat, which will 
be used for the acceptance tests, lor putting the facility into 
operation and lor the llrst stage of the test campaign. Du ring the 
year, the lest vessel, the 80 K system and the valve box (see 
Fig. 1) have been procured, set up and tested. in the lollowing 
sections, the status of the individual units of TIMO are described 
in more detail. 

2.1 The model pump 

2.1.1 Manufacturing status 

An order for labricating the model pump was given in Nov. 96 to 
the industrial company Air Liquide (AL), Sassenage, France in 
form ol a NET contract. This order covered the model pump with 
the pump housing, the main valve with actuator, the 80 K baffle, 
the 80 K shield system and the panels. The outline of the model 
pump is shown in Fig. 2. lncluded in the order was the cold 
valve box and the cryogenic transfer line from cold valve box to 
the model pump. 

Fig. 1: View of the cryogenlc valve box. 

Fig. 2: Sketch of the ITER model cryopump. 

The basic and detailed engineering was performed by the staff 
of AL. lt included the state of requlrements, definition of PID, 
lists and procedures, production ol general arrangement and 
detailed drawings and the necessary design calculations. Most 
of the mechanical work was given by AL to subcontractors. The 
status ol the manufacturing procedure was continuously moni­
tared and discussed in regular progress meetings. The ongoing 
activities, problems and the project status were flxed in monthly 
reports. 

The total time lor manufacturing and delivery of the model pump 
to FZK was estimated to be 18 months at the beginning of the 
project, which would have resulted in July 98 as dellvery date of 
the pump. Because ol technlcal problems during the cryopump 
acceptance tests at AL premises, the dellvery date ls now ex­
pected for beginnlng of November 98. After delivery of the 
model pump to FZK two more weeks will be needed for the 
Installation of the pump and the transferline to the cold valve 
box. Further two weeks are Ioreseen for the Initial vacuum pump 
down of valve box and piping. Then, the on site acceptance 
tests will start. 

2.1.2 Components 

The coating of the cryopanels (860x160 mm2
, quilted design 

with three cooling channels) with activated charcoal was per­
formed at FZK by an automatic procedure which had been 
developed within the activities for the component tests ol the 
cryopump. The coating of each panel is performed side by side 
and in two steps, flrst the coating with a layer ol an inorganic 
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bonding cement as adhesive, and then the spray coating of the 
activated charcoal partielas onto the cement base layer. The 
arrangement of the 16 pumping panals Inside the model pump is 
shown in Fig. 3. 

Fig. 3: Arrangement of pumping panals in the model pump. 

Each coating step was documented and controlled by an addi­
tional sample reference plate (aluminium, 50x50 mm2), which 
was placed aside the cryopanel du ring coating. Thus, a set of 64 
reference sample panals (32 panel sides, two coating steps 
each) has been produced for quality assurance. Statistics has 
been made for the controlled drying process. An average sorb­
ent coverage of about 400 g/m2 alter drying was determined. 

To avoid thermal radiation to the panals driven at 5 K, the sur­
faces looking in this direction were blackened. After preparation 
by low pressure sanding, the surfaces were initially coated with 
a 50 - 100 11m thick nickel/chrome layer by plasma spraying. 
The finishing coating was made by a 100 - 150 11m thick layer of 
AI20:/Ti02. The aim was to get a surface with maximum absorp­
tion (more than 0.8) and low porosity to resist the operating 
conditions of the cryopump. 

The pump plug delivered by FZK to AL was designed for a 
maximum allowable operation pressure of 10 bar abs. as a need 
resulting from the chosen safety concept based on oxygen­
hydrogen explosion hazards (see sectlon 2.5). Flg. 4 shows the 
plug, placed in front of the open test vessel. 

Fig. 4: View of the open test vessel and the pump plug. 

2.1.3 Cryogenic requirements 

The cryopump is operated intermittently. Starting from room 
temperature, the shlelds, baffle and sorption panels are cooled 
by 80 K GHe at 15 bar. After that, the sorption panals are cooled 
to 5 K by SCHe at a pressure of 4 bar while shields and baffle 
stay at 80 K. These are the conditions for the start of pumping. 
After loading of the panels according to the ITER relevant value, 
partial regeneration is started by Ieeding 80 K GHe into the 
cooling channels of the panels. According to recent results from 
component tests in TITAN (c.f. section 3) the required tempera­
ture for efficient release of the hydrogen isotopes from the char­
coal sorbent is 85 K. Therefore, a short pulse of 300 K GHe can 
be used alternatively to achleve the 85 K Ievei on the sorbent 
panel. After thermal release of the sorbed gas, the cryopump 
volume is pumped out and the panels are quickly recooled to 
5K. 

To avoid poisoning of the charcoal sorbents, total regeneration 
of the panels is needed alter a certain number of pumping cy­
cles. That means, panels, baffle and shield will be heated up to 
around 300 K by GHe. Afterwards the standard cycling can start 
again. The different operation modes are summarized in Ta­
ble 1. 

Table 1: Operating modes of model cryopump. 

Operating mode Panel tem- Shields Baffle tem-
perature temperature perature 

[K] [Kl [K] 
Stand bv A 5 80 80 
Pumping B 5 80 80 
Partial Regeneration 5H85with 

80 80 c 90 K GHe 
Partial Regeneration 5 H 85 with 

80 80 
C' 300 K GHe 

Total ReQeneration D 5H300 80H 300 80H 300 
Quench (accidental 

5H300 80H 300 80 H300 
air inbreak} Q 

The need for cryogenic fluids is defined by the heat capacity of 
the shields, baffle and panels for the different temperature Iev­
eis. During steady state pumping mode and regeneration mode 
the pump structures are heated by radiation, convection across 
the process gas Inside the pump, heat Ioad of the process gas 
itself and solid state conduction along the supply lines. Table 2 
lists the calculated thermal heat capaeitles of the components 
and the heat Ioads for the different Operating modes. 
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Table 2 Refrigeration parameters for model cryopump. 

Component Temp. Parameter Value 
Ievei 

Shields, Baffle, 300/80 K Thermal capacity from 20.2 MJ 
Pipir1g 300 K -7 80 K 
Shields, Baffle, 80K Heat Ioad during stand 2.0KW 
Piping bymode 

ß T =2 K for 200g/s GHe 
Shields, Baffle, 80K Heat Ioad during pumplng 2.8KW 
Plping mode 

ß T =3 K for 200g/s GHe 
Shields, Baffle, 80K Heat Ioad during regen- 21.1 KW 
Piplng eration mode 

ß T =20 K for 200g/s GHe 
Cryopanels, 300/80 K Thermal capacity from 6.4MJ 
Pipil'lQ 300 K -7 80 K 
Cryopanels, 80/5 K Thermal capacity from 1.43 MJ 
Piping 80K-75K 
Cryopanels, SK Heat Ioad during stand 0.04 KW 
Piping bymode 
Cryopanels, 5K Heat Ioad during pumplng 0.15 KW 
Piping mode 

ß T =0.53 K across panel 
surface 

2.1.4 Pressure drop calculations 

The cryopump has two main circuits which can be supplied by 
cryogenic fluids at different Iamperature Ieveis, as shown in 
Table 1. The 80 K circuit includes the Iranster line from the cold 
valve box to the cryopump, the various shields (see Fig. 2), the 
baffie and the return Iranster line back to the cold valve box 
inclusive the valves in the llnes. The 5 K circuit includes the 
Iranster Jine from the cold valve box to the cryopump, inlet mani­
fold to the pumping panels, 16 pumping panals grouped in four 
parallel sections, outlet mainfold, return transfer line to cold 
valve box and the valves in the lines. 

The pressure drop calculations for both circuits were performed 
by AL using in house software. Results for the various operating 
modes and the quench case are glven in Table 3. The quench 
corresponds to an accidental leakage of the pump housing 
which would allow a minimum air inlet of 3 kgls with a maximum 
heat Ioad of 600 kW onto the cryosorption panels. 

Table 3: Pressuredrops in 80 K- and 5 K-circuits 

5 K-circult 

Stand-by Partial Partial Total 

For the theoretical calcula!lons equivalent hydraulic diameters 
were used. These assumptions involve uncertainties for such 
complex channel geometries used withln quilted deslgn. To 
validate the results, tests were performed with the cylindrical 
shield, the conical shield and the baffle rings using gaseaus 
nitrogen. For scaling reasons, same Reynolds numbers were 
used for the model gas N2 as for the 80 K gaseaus helium. lt 
was found !hat the calculated pressure drops were too low. The 
correction factors for the cylindrlcal shleld, conical shield and 
baffle are 1.07; 1.32 and 3.74 respectively (included in table 3). 

2.1.5 Theoretical description of the pumping performance 
in the molecular flow regime by Monte Carlo analysls 

The design of the model pump was developed ln reference to 
the ITER primary vacuum pumping requirements which were 
included in the model pump specification as target values. The 
basic pumping performance of the model pump will be checked 
withln the acceptance testing phase following the first beginning 
of operatlon. Therefore in parallel to the manufacturing, a theo­
retical study on the pumping efficlency was done to valldate a 
sufficient pumping performance of the designed pump. 

ln order to determine the capture probabilities of the pump for 
different gases a series of Monte Carlo calculations was carried 
out for different openings of the pump main valve. The objective 
of these calculations was to check the assessments made by 
the manufacturer for the deslgn study of the ITER candidate 
cryopump and of the model cryopump and to facilitate the 
transferring of the experimental results from TIMO test facility 
into the actual ITER oparational condilions. The Monle Carlo 
analysiswas performed with the MOVAK code using the pump 
geometry model developed on the basis of the final technical 
drawings for the model pump fabrlcation, see Figs. 5 and 2. 

80 K-circuit 

lncidental Stand-by Partial Total 
Pumping Regeneration Regeneration Regeneration Quench Pumping Regeneration Regeneration 

Mode ModeC Mode C' ModeD mode Mode A&B ModeC+C' ModeD 
A&B 

Mass flow rate 250 o/s 40 o/s 55.3 ols 52.5 als 3150 als 200 als 200 als 53 als 
Pressure absolute 4 bar 15 bar 15 bar 15 bar 31 bar/ 15 bar 15 bar 15 bar 

20 bar 
ifemperature 5K 80 K/42.5 K 300K/100K 300K/100K 17 K 80 K 80 K/90 K 300 K 
lllP valve box IN 57 mbar 527 mbar 7.48 bar 7.64 bar - 173mbar 114mbar 7.10 bar 
~P Iranster llne IN 14mbar 6 mbar 5.85 bar 5.2 bar - 45 mbar 29mbar 0.03 bar 
!llP cryopump 21mbar 5 mbar 0.18 bar 0.13 bar 2.29 bar 718 mbar * 523 mbar * 0.43 bar 
jßP Iranster line 14mbar 3 mbar 0.14 bar 0.10 bar 3.78 bar 46 mbar 33mbar 0.03 bar 
OUT 
ißP valve box OUT 36mbar 270mbar 0.31 bar 0.77 bar 4.81 bar 131 mbar 126mbar 6.04 bar 
Global calculated 141 mbar 812 mbar 13.96 bar 13.83 bar 10.88 bar 1113 mbar 826 mbar 13.64 bar 
jßp 

* with expenmental correction factors 



-- 41 --

Fig. 5: Geometry representation of the TIMO pumping struc­
ture (model pump embedded in the test chamber) for 
the analysis with MOVAK 

The created MOVAK model consists of six subassemblies: 5 K­
panels, 80 K-baffle, complete 80 K-shield system, outer shell, 
vacuum test chamber and the inlet vacuurn valve. The actual 
geometrical arrangement of pump components within the struc­
ture was fully Iaken into account. 

To characterise the lnteractions between the gas molecules and 
the cryopanel surfaces the proper sticking coefficients for differ­
ent gases were defined. The sticking coefficient of the charcoal 
surface for nilragen was assumed to be equal to 1.0, for deute­
rium to 0.95 and for hydrogen to 0.90. The sticking coefficients 
for helium gas used in the calculations were derived from the 
recent experimental measurements at the TITAN facility. They 
are dependent an the temperature and coverage of the 
cryopanel and vary for the ITER relevant pressures, in the range 
from about 0.2 down to zero [2]. Further, it was assumed that 
helium is only pumped on the rear of the panels, which Ieads to 
warst case results. 

The results of the Simulations show that the model pump pos­
sesses the intrinsic capture probabillty of about 0.45 for all 
condensable gases (i.e. nearly half of the gas molecules which 
cross the pump orifice will be removed), whereas the capture 
probability for helium dlminlshes to 0.4. This illustrates the very 
weak dependence of the capture probability an the sticking 
probability due to the rather obstructive geometry of the baffles. 

To determine the pumping speed of the whole TIMO pumping 
system by means of the MOVAK code, the reference plane for 
the calculations of the capture probability had to be placed in the 
vacuum vessel at the pressure measurement Ievel. The estima­
ted capture probability of the whole system was significantly 
decreased as compared to the correspondlng value for the 
pump. The pumping speed of the whole system was attenuated 
as weil, mainly due to the conductance of the chamber, the 
throttling effect of the valve on the molecular gas flow and fi­
nally, the relatlvely small ratio (0.15) between the model pump 
orifice cross-sectional area and the chamber cross-sectional 
area. However it must be emphasized, that the computed cap­
ture probabilities still Iead to the higher specific pumping speeds 
as compared to the corresponding values assessed in the con­
ceptual pump design phase, if related to the same reference 
plane. 

Table 4: Capture probability and pumping speed of the ITER 
model pump for different ITER relevant gases. 

Valve Capture probabillty Pumping speed at 273 K 
open- c[%] S[m%] 

ing 
c(N2) c(D2) c(H2) c(He) S(N2) S(D2) S(H2) S(He) 

100% 6.04 6.02 6.0 5.6 17.084 45.059 63.510 41.916 

50% 4.5 4.5 4.44 4.1 12.729 33.682 46.997 30.688 

2.2 80 K GHe system 

The 80 K GHe system is reponsible for the cooling to the 80 K 
temperature stage. lt is designed to circulate a mass flow of up 
to 200 g/s gaseaus helium at a temperature of approx. 80 K and 
a pressure of 15 bar. The principle of the facility is heat ex­
changing between boiling nilragen (LN2) and circulated helium 
gas through a heat exchanger vessel. The suppiy and discharge 
streams and the operation of the cold biower are controlled 
automatically by a PLC. The system includes the following 
components: 

• A heat exchanger designed as LN2·bath and spiral tubes for 
the transfer of the gaseaus helium, 

• a cold biower (Barber Niehals Company), 

• cryogenic lines for gaseaus helium at 80 K and 15 bar op­
eration pressure, 

• cryogenic llnes for LN2 supply and the gaseaus nilragen 
exhaust and 

• Instrumentation of the facility including the measuring tech· 
nique and a PLC (Siemens Siematic 87). 

The facility was manufactured and delivered by the company 
Criotec lmpianti from Turin (ltaly) and has already been con­
structed at the TIMO site. 

2.3 Status of the new cryostat 

The orders for the manufacturing of a new 2600 I cryostat as 
weil as for its interconnecting piping were given to industrial 
companies. Meanwhile, the detailed design studles and calcu­
lations for the cryostat have been finished and the drawings are 
ready. 

The LHe bath of the cryostat will be used as a reservoir for the 
surplus of helium coming from the LINDE helium refrigerator 
during pumping and non pumping operation of the model pump. 
And it will be a thermostat for the SC He cooling loop, especially 
for the peak Ioads during cooling down of the cryopanels of the 
model pump from 90 K to 5 K. An additional hellum buffer Inside 
the cryostat with a volume of 250 I at a max. operating pressure 
of 19 bar provides the SCHe cooling loop with more cold helium 
as the helium refrigerator is able to deliver during the fast cool­
ing down of the cryopanels within 75 s. 

in order to achleve the required temperature gradlents (< 0.7 K) 
along the cryopanels during the pumping mode of the model 
pump, the new cryostat contains a cold biower for SCHe that 
allows a mass flow of 250 g/s at 4.5 K and 4 bar. 

The different components like the cold blower, the cryogenic 
valves, the sensors for temperature, pressure, mass flow meas­
urement and so an have already been ordered. The manufac­
turing of dewar, !langes, couplings and internal components has 
started. 
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2.4 Exhaust gas system 

The TIMO facility has an exhaust gas and a blow oft line, used 
for the dlscharge of waste gas, which is emitted over the roof to 
the atmosphere. The piping system is designed for an allowable 
Operation pressure of 16 bar abs. 

The exhaust gas system (diameter ON 50, length of 16m) has 
primarily the function to discharge the exhaust gases du ring the 
regeneration of the ITER modal pump. ln addition all exhaust 
gases from different vacuum pump stations are also utilising thls 
facility. The vacuum pump stations are needed for conditioning 
of the gas dosage system, the lest vessel and the gas analysing 
system. The nilregen gas used for the pneumalle actuator of the 
main vacuum valve of the modal pump is also fed into the ex­
haust gas system, which has the advantage of flushing the line 
and prevents through this measure the enrichment of hydrogen 
in the pipes during the tests of the modal pump. Additionally the 
exhaust gas pipes have also a security function. ln the scenario 
where the overpressure in the modal pump or the test vessel 
exceeds 0.1 bar, firstly a bursting disk will rupture and then a 
security valve will open and relleve the pressure. 

lf any accident condition occurs, like e.g. an unexpected pres­
sure increase in the lest vessel or a hydrogen explosion, the 
blow oft line (diameter ON 150) has to discharge the explosion 
gases and to relieve the burst pressure to the atmosphere. 
Bursting disks for an overpressure of 0.2 bar have been installad 
between the test vessel, respectively the modal pump and the 
blow oft line. 

The design and Iayout of the lines were carried out under close 
consideration of safety issues (see below), which resulted in the 
need to use components that withstand the maximum explosion 
pressure of about 10 bar. ln the case of vacuum components, it 
has been necessary to spend time and money for additional 
special pressure tests supervised by the TÜV in order to verify 
that requirement. All the devices have now been purchased and 
the lines are currently being manufactured. The exhaust gas 
system will be ready on time, alter having obtained final TÜV 
approval. 

2.5 Safety report 

A safety report concerning oxygen-hydrogen explosion hazards 
has been assessed and discussed with the approval authorities. 
Several seenarios were agreed upon and their potential worst 
case effects were estimated in detail and used as the basis for 
the development of a catalogue of safety measures for TIMO. 
The gas mixtures regularly Ioreseen for testing in TIMO are not 
explosive, i.e. their content of explosive gas species is much 
higher than the upper explosion Iimit. The usual pressure Ievei 
during pump operation is by decades lower than the minimum 
ignition pressure. 

The safety concept is based on the absolute Iimitation of the 
potential hydrogen inventory in the facility to the content of a 10 I 
high pressure bettle, which is about 74 mol. Related to !hat 
restriction, calculations were performed to derive the potential 
maximum explosion pressures. II was found !hat the most criti­
cal case is not the explosion of a stoichiometric hydrogen-air 
mixture, leading to underatmospheric start pressures, but the 
explosion of the mixture resulting from complete air rush into the 
system. ln the latter case, maximum explosion pressures (i.e. 
without any relief device) of about 10 bar abs. for the modal 
pump and 8 bar abs. for the test vessel were estimated. These 
values were chosen as design pressures for the components. 
On top of that, additional measures of primary, secondary and 
ternary explosion safety were included in the TIMO design, such 
as for example: 

• Installation of a stationary gas warning device for hydrogen 
gas in air, 

• use of explosion-proof electrical devices and Installations, 

• use of safety devices for fast pressure relief in the case of a 
detonation/deflagration. 

3 Component tests 

3.1 Cycling tests in temperature range between 5 K and 
100 K 

The cryopanels must be designed to withstand the temperature 
cycling within partial regeneration (5 K +-t 90 K) and total regen­
eration (5 K H 300 K). Therefore a cycling test campaign be­
tween 5 K and 100 K was performed in addition to the theoreti­
cal stress analysis [3] and the cycle tests between 80 K and 300 
K already made [1]. 

For these long-term thermal cycllng tests at FZK three cryopan­
els in quilted design (500x107 mm2

) were installad in the test 
cryostat of the HELlTEX test facility [4]. As usual, the cycling 
lest panals were coated by means of the technique developed at 
FZK-HIT. ln order to avoid system-inherent fabrication defects 
during coating, the panals were not coated on the same day. 
Furthermore, components of different charges were applied for 
the preparation of the bonding material. 

For the cycling tests, the test panals and the supply and return 
lines were installad in the plping system of lhe test cryostat. To 
ensure fuliy automalle operation during the long-term thermal 
cycling tests, the PLC system (Simatic S5-135U) and the proc­
ess visualisation system (COROS-LSB, Siemens) were modi­
fied. During the cycling tests, ali valve movements were to be 
carried out by means of the PLC. Before the start of the tests, 
the required process parameters as the Iamperature set points 
for the heating and cooling phases, the set points for the change 
from the open to the closed cooling circuit and the number of 
Iamperature cycles desired were chosen by the operator via an 
Input mask of COROS. Du ring the heating phases, 300 K helium 
gaswas supplied from the compressor of the LINDE system and 
passed through the test panals at a mass flow of 25 g/s and a 
pressure of 15 bar. For cooling, SCHe with a Iamperature of 
4.3 K was passed through the test section at a mass flow rate of 
10 g/s and a pressure of 5 bar. 

The long-term thermal cycling tests with a total of 7000 Iam­
perature cycles between 5 K and = 100 K demonstrated that no 
degradation of the sorption layer occurs. At the end of the tests 
the total loss of activated charcoal amounted to 0.534 g. This 
corresponds to 0.23% of the sorption layer applled. Within the 
tests valuable experience was gained with the automalle con­
trolllng and monitaring architecture, which will also be used for 
the TIMO tests. 

3.2 Desorption and poisoning tests 

The experimental work in the component test facility TITAN was 
devoted to an extensive test campaign to develop the optimum 
cryopump regeneration schedule. 

The operation of the cryopump is based on two different regen­
eration modes: The partial regeneration up to an intermediate 
temperature, Ioreseen as the standard step alter each pump 
cycle, and the less frequent total regeneration up to ambient 
temperature. The Iimit temperature for partial regeneration has 
to be determined very carefully, as it has to reconcile the re­
quirement for the almest complete release of the pumped gas 
Ioad required to ensure high pumping speeds on the one hand 
with, on the other hand, the required effective reduction of cryo-
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gen consumption during the subsequent re-cooling of the 
cryopanel. 

Therefore, a study was performed in the TITAN facility at a 
parametric variation of the heating rate and Initial gas Ioad of an 
ITER cryopanel mock-up in order to investigate the dynamic 
desorption behaviour experimentally. The experimental strategy 
took pattern from thermal desorption spectroscopy. The loaded 
cryopanel was heated whlle the Iorepumps were active and the 
pressure evolution curves due to the gas release were mea­
sured. The narrow temperature range of thermal desorption is 
indicated by a corresponding pressure peak. ln order to derive 
the quantitative Information for the actual remaining gas Ioad at 
a certain panel temperature, a numerical evaluation of the mea­
sured data sets was performed. A typical example of the ex­
perimental results is shown in Flg. 6 for deuterium. lt shows a 
relatively weak influence of the gas Ioad and heating rate on the 
peak temperature, which is between 70 and 80 K. 
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Fig. 6: Pressureevolution curves forthermal desorption of 
deuterium, at different heating rates and initialloadings 
q(O). 

Analogaus measurements were made for helium and protium as 
weil as for the trace components (Ne, Ar, C02, CO, 02, CH4). 
The final desorptlon curves are given in Fig. 7. 
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Fig. 7: Thermal desorption characteristics for the ITER 

cryopanel. 

Judging from these test results, a minimum temperature of 85 K 
at the panel sorbent layer was considered to be necessary to 
achieve a quantitative gas release of helium and the hydrogens, 
which are more than 90 % of the exhaust gas mixture. This 
temperature is expected to be sufficient also for desorption of 
OT, which shows comparable thermodynamics; the radiochemi­
cal influence will be assessed in full detail in a parallel task at 
FZK-TLK. 

To confirm the 85 K Iimit for partial regeneration, a further test 
campaign was launched to study the pumping performance over 
subsequent complete cycles with only partial regeneration in 
between. As discussed above, the impurities will completely 

accumulate at the chosen partial regeneration temperature. The 
objective of the multi-cycle test campaign was also to detect 
quantitatively any pump speed drilts caused by potential poi­
soning effects of the charcoal due to incomplete regeneration 
and accumulation. The gas compositlon during pumping and 
alter partial regeneratlon was continuously monitared such that 
the corresponding mass balances could be set up for the indi­
vidual gases. The composltion of the gas released during re­
generation is an important Interface Information for the detritia­
tion facillties downstream of the fuel cycle. The tests covered a 
wide composition range of slmulated ITER exhaust gases (the 
tritium fractions were replaced by 02). They were made with two 
base mixtures (containing H2 or 02 as major component plus 
3.8% of impuritles), to which up to 10% inert gases (He, Ne, Ar, 
N2) were added. 

A typical result is shown in Fig. 8. lt presents two sets of pump­
ing speed curves, namely, the first 4 consecutive cycles and the 
curves for the 12th to the 16th cycle, plotted vs. the full ITER 
relevant cycle time of 900 s. The secend set has been obtained 
at a panel which had been pre-loaded with a corresponding 
amount of impurities. The measured pumping speeds deciease 
with time and increasing cycle number. However, even alter 16 
cycles, the final pumping speed of about 1.5 1/(s •Cm2) is still 
significantly better than the ITER-FOR requirement of 1 l/(s·cm2) 
alter 10 cycles. ln general, the averageIntegral pumplng speed 
loss per cycle is rather moderate. The results for other gas 
compositions are listed in Table 5. lt ls revealed that the combi­
nation of hellum and protium is the most critical. However, for 
nearly all lnvestigated mixtures it was found that the pumping 
speed stays higher than 1 l/(s·cm2)), even alter 15 cycles of con­
tinuous operation. 
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Fig. 8: Pumping speed changes during multi-cycle operation 
( cycles # 1-4 and 12-16) for a typical exhaust gas mix­
ture (0.4 mol% 02,0.6% C02, 1% CH4, 1.2% CO, 10% 
He, remainder 02), caused by impurity accumulation. 

Table 5: lnvestigated gas mlxtures. Given is the measured 
pumping speed S at the end (900 s) of the 15th cycle. 

System composition in % Send (#15) [l/(s·cm2J 

02-Base/He = 90/1 0 1.5 

0.-Base/Ar/He- 80/10/10 1.5 

02-Base/N2/He = 80/1 0/1 0 1.6 

D2-Base/Ne/He = 80/10/10 1.8 

H.-Base/He = 95/5 1.4 

H2-Base/He = 90/1 0 0.9 

H.-Base/Ne/He = 80/10/10 1.3 

The total and individual mass balances always confirmed that 
the hydrogens and helium, but also neon, are completely re­
leased within rapid partial regeneration. By experimental varia-
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tion of the impurity fractions it was shown that only the total 
amount of accumulated gas determines the poisonlng, not the 
individual type of gas species. Helium is the gas most sensitive 
to poisoning effects and, thus, dominates the mixture behaviour. 
The measured overall deterioration of pumping speed ls only 
due to the Interaction between helium and the (partly blocked) 
charcoal pores, which is reflected by the helium enrichment 
process during pumplng, which ls becoming strenger over the 
cycles. That He enrichment is therefore a sensitive indicator of 
sorption performance. For the mlxture from Fig. 8 with nominally 
10% He, a value of 47 mol% He at the end of the 16th cycle was 
measured to be compared with 37 % at the end of the first 
pumping cycle. Thls is due to the much smaller pumping speed 
of pure helium compared to the one for deuterium. For He-free 
mixtures, constant pumping speeds have been measured, i.e. 
the saturation capacity has never been reached. 

The safety margin found as a result of the poisoning tests may 
theoretically allow for regeneration temperatures below 85 K and 
higher remaining gas Ioads. However, this is made Impossible 
by the low crossover pressure between mechanical and cryo­
genic pumping, which would, in the case of hlgher gas Ioads, 
Iead to a pressure induced desorption with unsatisfying time 
demands [5]. 

Therefore, the strategy outllned above is regarded as an opti­
mum compromise between pumping efflciency and economic 
feasibillty. The whole concept will be validated on the Ievei of the 
prolotype model pump in TIMO. in parallel, the total regenera­
tion step, Ioreseen at 300 K, will also be subjected to critical 
assessment. With respect to the accumulation of high-bolling, 
water-like substances and to the Iimitation of potential tritium 
inventory in the cryopumping system, a three-step regeneration 
strategy has alternatively been developed [6]. 
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T332b 
Plasma Exhaust Processing (2) 

The Tritium Plant of fusion machines must rely on proven 
technology and on components thoroughly tested under relevant 
as possible conditions. For this purpese long-term tests are 
under way with the PETRA facillty at the Tritium Labaratory 
Karlsruhe since about four years. The endurance experiments 
are carried out wlth concentrations of tritium and concentrations 
and type of impurities such as expected to take place in the 
plasma exhaust clean-up. 

ln the following some of the results obtalned and experiences 
gained with several components are discussed. 

1. Palladium/silver permeator 

Palladium/silver permeators are considered essential 
components for the selective removal of hydrogen isotopes from 
a gas stream. ln the plasma exhaust clean-up process they are 
used a) in the fiont-end zone to recover the unburned fuel from 
the exhaust gas and b) in the down-stream impurity processing 
loop to continuously remove hydrogen isotopes catalytically 
liberated from tritiated impuritles. 

To avoid phase changes of the palladium silver the permeator 
was kept, practically at all times, at a temperature of 350 oc or 
above. To prevent tritium permeation into the glove box the 
permeator is housed in a 50.8 I evacuated vessel. To maintain 
the vacuum ln the vessel at low Ieveis and allow continuous 
operation of the permeator over extended periods of time the 
tritium permeated through the permeator outer walls is 
constantly geltered with a ZrCo bed. 

During routine processing of plasma exhaust gases two 
Situations need to be contemplated: a) the long-term bulld-up of 
decay helium in the bulk of the palladium sllver alloy when a 
steady state concentration of tritium establishes under constant 
upstream and downstream pressures and b) possible surface 
poisoning of the palladium silver by impurities in the process 
gas. 

Helium, is known to be poorly soluble in palladium-sllver. lt will 
therefore tend to build bubbles in the alloy, which eventually 
may Iead to material embrittlement. ln practice loss of 
mechanical integrity could Iake place, which would become 
apparent by leak of impurities lnto the pure gas stream. Forthis 
purpese an infrared photometer (MEKOS) cell, capable of 
detecting carbon monoxide, was installad downstream of the 
pure gas exit of the permeator. The cell has a length of 500 mm 
and ls designed to detect ppm concentrations of carbon 
monoxide in the permeated hydrogen gas stream. Within the 
duration of the tests now covering a period of more than four 
years of semi-continuous round the clock operation, no carbon 
monoxide was detected in the permeate, indicating that the 
mechanical integrity of the permeator has remained unchanged. 
This finding is substantiated by semi-empirical permeation 
curves that are belng measured periodically with deuterium or 
deuterium tritide at constant pure gas pressures of 200, 300 and 
400 mbar, which have given no indication of pinholes in the 
permeator palladium silver tubes. 

Concerning the effect of impurities, it ls necessary to take into 
account that deuterium tritlde undergoes radiation-induced 
reactions with carbon monoxide. The principal reaction products 
are polytritiated hydrocarbons, tritiated water and carbon 
dioxide. A typical result for a mixture of DT (94 vol. %) and CO 
(3 vol. %) at a total pressure of approx. 1 bar is shown in Fig. 1. 
When the gas is also recirculated through the hot permeator a 
much more rapid rate of carbon monoxide consumption is 

observed, indicating that the permeator has a synergistic effect 
on the reaction rate. 
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Fig. 1: Radiation-induced reaction of DT with CO: a) 
uncatalysed (white symbols, two runs) and b) catalysed 
by PdAg at 350 oc (black symbols). 

The enhancement of the radiation-induced reaction rate by hot 
palladium silver was not, however, accompanied by a reduction 
in hydrogen permeation rate. Thus either only volatlle products 
are produced when CO reacts wlth DT or possible deposits on 
the palladlum silver surface are re-gassified by reaction with 
deuterium tritide present at large partial pressures. 

When the permeator was exposed to 30 mbar partial pressure of 
polytritiated methanes in the presence of small partial pressures 
of hydrogen a progressive and fast permeator poisoning was 
detected that eventually stopped permeation completely. This 
poisonlng was found to be fully reversible by two or three 
treatments with air at 350 oc. 

The permeator of the PETRA facility, having a total permeation 
area 0.12 m2

, was routinely exposed to an equimolar mixture of 
deuterium and tritium (94 vol. %) containing helium, carbon 
oxides, polytritiated hydrocarbons and tritiated water (6 vol. %). 
After completion of a run the permeator was frequently 
subjected to a regeneration. Through all these exposures and 
treatments no noticeable degradation of the permeator has 
taken place. 

ln conclusion, the commercial, vacuum insulated permeator 
employed in this investigation was shown to operate reliably 
without any down-times, under conditions closely resembling 
those in the Tritium Plant, for a period of approximately four 
years. 

2. ZrCo storage vessel 

For tritlum storage and handling a storage bed designed for the 
JET machine containing ZrCo instead of U was used. This bed, 
which is axially heated and cooled, served the following 
purposes: 

• Delivery of DT to the primary system, 

• Recovery of DT after completion of an experiment, 

• Storage of DT, and 

• Evacuation of the secend containment of the permeator. 

For DT delivery to the experiment the bed is heated up to 400 
oc and the liberated gas is continuously pumped with a 
Normetex scroll pump in combination with a Metal Bellews 
pump. Under these conditions the disproportionation of ZrCo is 
avoided and isotope effects are minimised. ln spite of numerous 
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loading/deloading cycles no detrimental effects neither with 
respect to hydrogen absorption kinetics nor storage capacity 
became apparent. A reduction in gattering rate was only noticed 
when hydrogen isotopes contalning carbon oxldes were passed 
through the bed. Thls poisoning could easily be reversed by 
heating the evacuated bed for several hours at 400 oc (dlffusion 
of surface contamlnants into the bulk). in general, only pure 
hydrogen permeated through the PdAg tubes was gattered with 
the ZrCo when an experiment was completed and the facility 
needed tobe evacuated. 

The accumulated experience has shown that ZrCo is an 
adequate getter for the storage and handling of tritium. 

3. Magnetically suspended Edwards turbo molecular pump 
in combination with a Drystar forepump 

The Edwards turbo molecular pump installad in the PETRA 
experiment is only operated sporadically each time the entire 
system needed to be evacuated or during grab sampllng. 

in general, upon completion of an experiment most of the 
hydrogen Isotopes were flrst trapped in the ZrCo bed to avoid 
delivering an excessive amount of tritium to the Central Tritium 
Retention System of the TLK. Most of the remaining gas was 
then compressed into a 4 I stalnless steel vessel and only alter 
that was the remalning gas evacuated. 

Even though the pumped gas was at times very aggressive, no 
pump failures were registered. The operation of the pump was 
at all times satisfactorily. 

4. Infrared photometers 

MEKOS and SPEKTRAN infrared photometers from Perkin­
Eimer were used to investlgate the kinetics of radiation-induced 
reactions. The long-term stability of these infrared photometers, 
achieved by an Interna! callbratlon with interference filters on a 
rotating disk, proofed to be highly valuable to follow these 
comparatively slow rate reactions. 

The infrared photometers allow a quantitative determination of 
several gases in a mixture of approx. constant total pressure. 
Shortcommings of these photometers are the pressure 
dependence of the infrared absorption and the possible cross­
contamination by other species, particularly reaction products. 

Infrared photometers of the type employed in this work can be 
recommended for in-line continuous analysis of species in a 
strong tritium environment. 

5. Siemens two stage doubled contained Metal Bellows 
pump 

Two two stage double contained Metal Bellows pump from 
Siemens are installad in the PETRA facility. Their pumping 
efficiency is not dependent from the type of gas pumped. in 
combination with a NORMETEX scroll pump they constltute a 
pumping system capable of achieving vacua better than 1 mbar 
with all hydrogen isotopes. in thls case the achievable vacuum 
does depend upon the type of hydrogen isotope or gas 
pumped. 

6. NORMETEX scroll pump 

This pump showed a very good and reliable operation without 
any downtimes. A significant dependency of pumping efflciency 
from the type of gas is attributed to back diffusion. The pumplng 
efficiency increased markedly in the order protium, deuterium, 
tritium. 

7. Small process Ionisation chambers 

The small process Ionisation chambers developed at the TLK 
showed very good performance in a very aggressive gaseaus 
medium over a period of several years. The Ionisation chambers 
were regularly exposed to high concentrations of gaseaus 
tritium, tritlated water, tritiated hydrocarbons, carbon oxides, etc. 
Because they can be heated up to 350 oc they are easy to 
decontaminate. Maln drawback of these chambers (as weil as of 
any chamber) is the necessity to apply a pressure correction 
when hydrogen or helium are used as ''worklng" gas. 

8. Gas Transfers 

Waste gases from the PETRA facility were processed in the 
impurity processing loop of the CAPRICE facility. in the latter the 
tritiated impuritles were treated catalytically to produce 
molecular tritiated hydrogen, which was send to the Tritium 
Transfer Station of the TLK. Gas Iranster of the impuritles were 
performed with a 4 I stainless steel vessel. Because these 
Iransters were necessarily accompanied by contaminations, the 
two facillties have now been jolned via a double walled tubing. 
This will permit in the future a direct Iranster of gases from one 
facility to the other. Previous experience has shown !hat gas 
Iransters are possible without measurable tritium losses. 

9. Simatlc AG95 

For the safe control of the experiment PETRA during round the 
clock attended and unattended operation with up to 11 [bar x 
litre] of gaseaus deuterium tritide a programmable logic 
con!roller (PLC) was used. The Simatic AG95 took over the 
following functions: 

• Constitute the first safety Ievei prior to the hard wired 
Safety Circuit, 

• Control safety relevant absolute Iamperatures and 
pressures within pre-established upper and lower set 
points, and 

• Control drifts between redundant and diverse safety related 
sensors to allow verification of sensor status. 

The Simatic AG95 is considered a very reliable local control 
system during attended and unattended round the clock 
operation of a tritium facility. 

U. Berndt 
R.-0. Penzhorn 
E. Kirste 

Subtask 2: Catalytic Cracking Process 

The catalytic cracking process for the recovery of tritium from all 
torus exhaust gases was successfully demonstrated by 
operation of the technlcal facility CAPRICE (Catalytic Purification 
Experiment) at the Tritium Labaratory Karlsruhe (TLK) for more 
than three years with up to 7 g of tritium. Meanwhile the 
experiment has been substantially upgraded and is now part of 
the CAPER facility currently under commissioning. 

The CAPRICE process employ heterogeneously catalyzed 
reactions such as water gas shift and hydrocarbon cracking 
combined with the Boudouard equilibrium. Depending upon the 
type of catalyst material and catalyst support such as aluminum 
oxide or kieselguhr, a speciflc amount of tritium is reversibly 
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locked up in the solid as a function of the actual operation 
temperature of the catalyst bed. The typical tritium inventory per 
mass unit of catalyst may also vary with the composition of the 
gas phase and particularly with the atomic fraction of tritium with 
respect to the total hydrogen isotope content. Hence catalyst 
beds can act as tritium sinks or tritium sources during transients 
in gas phase composition, but only slightly contribute to the total 
tritium inventory of a fusion reactor. 

Two key methods are available for the experimental 
determination of the tritium inventory in sollds: 

Tritium containing samples can be burned in a moist, oxygen 
containing carrier gas stream. The off-gas is bubbled through 
water and the tritium content measured by liquid scintlllation 
counting. This method is particularly appropriate at low tritium 
Ieveis and of course measures the total tritium content, but 
requires representative grab sampling, which is nearly 
impossible for a large catalyst vessel, and destroys the sample 
material. 

Anothe; approach is known as isotopic dilution. ln case of 
heterogeneaus reactions, the method only account for the 
reversibly exchangeable tritlum. The main advantage of this 
technique is that it can be applied in situ and leaves the solid 
unchanged. 

The isotope dllution method is especially suitable to measure 
the reversibly bound tritium in technical catalyst beds and was 
employed to determine the characteristic source or sink 
capaeitles of the water gas shift reactor and of the methane 
cracking catalyst bed employed in the technical facility CAPRICE. 

The tritium inventory of the two main catalyst beds was found to 
be strongly varying with the actual atomic fraction of T with 
respect to the total hydrogen isotope content Q = H + D + T. 
Hydrogen isotopes are immobilized in the catalyst pellets and 
cannot be removed by e.g. evacuation. However, at nominal 
operation temperatures of the beds an immediate isotope 
exchange with the gas phase was observed each time a tritium­
containing catalyst bed was exposed to protium or deuterium, 
and vice versa protium or deuterium was liberated from the 
catalyst in case of tritium exposure. These exchange reactions 
were used to quantify the reversibly stored hydrogen isotope 
content of the two catalyst beds by gas chromatographic 
analysis of the gas phase and material balance under the 
assumption, that 

1) all hydrogen isotopes are equally distributed between the 
solid phase and the gas phase as weil as within the gas phase 
in species such as water or methane (no specific isotope effect), 

2) the overall hydrogen inventory of the catalyst is constant and 
only varies with the temperature of the bed. 

Whlle the first postulate is anticipated to cause only minor errors 
the second postulate is more critical, but likely valid for gas 
mixtures containing hydrogen isotopes or hydrocarbons. Water 
present in the gas phase from e.g. methanation reactions, 
however, is weil known to be sorbed by the ceramlc catalyst 
support and therefore expected to alter the total hydrogen 
inventory of the catalyst bed. Hence carbon oxides or water 
were carefully excluded during the inventory measurements. 

Online gas chromatography using speclfically developed 
ionization chambers as detectors was applied as sensitive 
analytical tool to measure the lsotopic abundance in gas 
batches processed subsequently over the catalyst beds. Only 
isotopic ratlos rather than concentration ratlos need to be 
measured for the isotope dilution method and hence the ion 
chamber slgnals are exclusively used to obtain the isotopic 
abundance of the equilibrated gas mixtures. 

Signlficant differences were obtained for the hydrogen isotope 
inventories in the methane cracker catalyst (nlckel on 
kieselguhr) or the water gas shift catalyst (zinc stabilized 
copper-chromite) of CAPRICE. For the methane cracker a total 
inventory of about 0.05 mole or 0.15 g tritium per kg of nickel on 
kieselguhr is obtained, when the gas phase contains 50 % of 
tritium in hydrogen. The water gas shift catalyst bed shows a 
total inventory of about 0.10 mole or about 1.2 g tritlum per kg of 
zlnc stabilized copper chromite, when the gas phase contains 50 
% of tritium in hydrogen. 

On account of the tritium Ieveis found in catalyst beds their 
inventories need to be contemplated when a tritium accountancy 
of plasma exhaust facilities is performed. 

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



TEP3A 
Tritium Storage Getter Development (2) 

The intermetallic compound zirconium-cobalt has been 
selected by the ITER-Team as reference material for the 
storage of hydrogen isotopes in the Tritium Plant. This 
selectlon is founded on the very good geltering properlies of 
zirconium-cobalt, which are only sllghtly less good than those 
of uranium. The single aspect of concern remaining with ZrCo 
ls the tendency of this alloy to disproportionate at elevated 
Iamperatures in the presence of a high pressures of 
hydrogen. 

To investigate the disproportionation of ZrCo an apparatus 
basically consisting of an UHV- light ceramic vessel 
containing a platinum crucible, in which the getter material is 
placed, was used. To heat the powder a 5 kw high frequency 
powergeneratorwas used, the platinum cruclble acting as the 
inductor. The ceramic vessel was joined to a 4 I gas volume 
via a manifold. Several sensors were used to measure 
pressures. With the equipment sorptionldesorption 
experiments could be carried out within a broad Iamperature 
reglon under isochoric conditions. So far the experiments 
have covered a Iamperature range of 300 - 400 oc and up to 
50 thermal cycles. As evidenced by a typical series of 
experiments performed at a Iamperature of 350 oc (see Fig. 
1) it is possible to cycle thermally ZrCo at least 50 Iimes 
without a measurable deterioration in its absorption 
properties. 

The determination of isotherms for the ZrCo - H2 systern at 
low temperatures, i.e. 50 - 200 oc, is continuing. These 
measurements are being carried out in the AL TEX facillty. 
The aim is to investigate the validlty range of the van 'I Hoff 
equation. 
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N. Bekris 
R.-D. Penzhorn 
M. Sirch 
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Fig. 1: Thermal cycling of ZrCo at 350 oc. The open symbols denote the Iamperature and the closed ones the pressure of hydrogen 
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TR 1 
Tokamak Exhaust Processing 

Demonstration of CAPER with Tritium 

The technicai facility CAPER, (CAPRICE/PERMCAT) which evoived 
from the CAPRICE ( Catalytlc Purification Experiment) experiment 
successfully operated with up to 7 g of tritium for more than 
three years at the Tritium Labaratory Karlsruhe (TLK) and from 
tritium experiments wlth a permeator I cataiyst combination 
(PERMCAT unit) for counter current isotopic swamplng, is 
currently being commissioned at the TLK. 

While CAPRICE was used to simulate the front end permeator 
and the impurity processing system of the plasma exhaust 
processing of a tokamak, CAPER will include a technical 
PERMCAT as the final clean-up step. 

A new inert gas glove box has been installed adjacent to the 
CAPRICE glove box. This new glove box houses lhe technical 
PERMCAT unit, which constitutes the main component of the final 
clean-up step to achieve overall decontamination factors of 
about 108

, as currently required for tokamaks . ln addition, an 
improved methane cracker combined with a water gas shift 
catalyst bed, an additional permeator and associated equipment 
such as vessels, sensors and pumps have been installed in this 
glove box. One of the pumps is a five stage positive 
displacement compressor with ceramic coated cylinders and 
pistons. This pump has been identified as particularly suitable to 
achieve high throughputs at low inlet pressures. Thirteen 
primary pipes, placed Inside of an outer tube to provide a 
secondary containment that joins the "old" CAPRICE glove box 
with the "new'' PERMCAT glove box, constitute the bridge 
between the three purification steps: front end permeator, 
impurity processing loop and counter current isotopic swamping. 
By these lines all three purification steps make common use of 
the HV pumping system and other services. 

As scheduled within the task agreement of the European 
Technology Programme the Installation of the facility is almest 
completed and first performance test will start at the beginning 
of 1999. 

M. Glugla 
K. Günther 
R. Lässer 
T.L. Le 
R.-D. Penzhorn 
K.H. Sirnon 
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TR2 
Development of Tritium Instrumentation 

Analysis of Tritiated Species by Laser Raman Spectroscopy 

Spontaneaus Raman spectroscopy uslng Iaser excitation is weil 
suited to · provide real-time quantitative analyses of chemical 
compositions in gas mixtures. Laser-Raman spectrometry is 
particularly advantageaus for monitaring mlxtures of hydrogen 
isotopemers containlng tritlum as weil as deuterium, because of 
lts excellent differentiation among the species. 

The sensltivity of Laser-Raman spectrometry is usually only 
modest and is IImiied by the low Raman scattering cross­
sections of most substances. Hence different techniques have 
been developed to enhance the sensitivity of Laser-Raman 
spectrometry. Angularly multiplexed multiple-pass Iaser 
excitatlon of the Raman volume has been applled for many 
years at the Tritium Labaratory Karlsruhe (TLK) and sensitivlty 
enhancements of typlcally 15 were measured. However, Raman 
enhancement by angular multiplexing is achieved at the 
expense of a less compact optical system that is difficult to 
optimize and stabilize. 

The sensitlvity of Laser-Raman spectrometry can be 
dramatically improved through the use of an actlvely stabilized 
external resonator (ASER) to enhance Raman sensitivity relative 
to single-pass excitation. Therefore the applicability of Raman 
spectrometry to quantitative analyses of gas mixtures containlng 
tritium has been consolidated for the first time by placing the 
entire optical system, including Iaser head, CCD Raman 
detector, and ASER, within the glove box necessary for 
secondary containment of tritium. This robust system can be 
accomplished due to the compact sizes and low thermal 
budgets of new Iasers and spectrometers/CCD detectors now 
commercially avallable. 

The Raman analysis system developed at the TLK, coined the 
LAser-RAman system (LARA), offers the unique advantages of 
unambiguous measurements of all molecular species withln 
tritiated gas streams in a short measurement time (typically <1 
minute) with highest possible Raman sensitivity and excellent 
mechanical stability, while simultaneously affering a reliable 
secondary containment for tritium. 

The implementation of LARA into its own glove box facilitates its 
appllcation for analyses in any of several major TLK 
subsystems, such as the Isotope Separation System (ISS) and 
the fuel-clean-up system CAPRICEICAPER, as weil as enabling 
self-contained experiments within LARA. Analyses can be 
conducted in LARA eilher by secondarily contained gas-llne 
Interconnections to the host subsystem or by an externally fllled 
Raman cell introduced into the LARA glove box through its pass 
box. Anticipated applications of LARA to ISS lnclude real-time 
analyses of hydrogen Isotopemers exiting the separation 
columns to achieve control of destinallen uranium beds during 
separations, analyses of isotopemers and potential impurities 
(such as lnleaking alr) in the Feed-volume prior to injection into 
the separation columns (for planning and assessing control 
parameters during a separation campaign as weil as for 
repeated tritium accountability checks), and the analyses of 
tritiated hydrogen isotopomer mixtures in the uranlum beds 
subsequent to separations. Real-time molecular analyses, not 
only of process gases such as carbon oxides, but also of 
tritiated species such as tritiated methanes, could provide 
valuable Information in fuel clean-up systems. Finally, once 
LARA has demonstrated its value in any of these potential 
appllcations, the design of LARA can provide a blueprint for the 
development of a dedicated Laser Raman system !hat can be 
lncorporated directly within the glove boxofthat subsystem. 

The Iaser for LARA produced nearly 7-W outpul power at 532 nm 
upon Installation into the glove box. The actively stabllized 
external resonator was custom designed for LARA jointly by TLK 
scientists and industry, comprising a frequency modulator, a 
Iaser mode-matching lens of focal length 15 cm, an injection 
mirror with 98% reflection at 532 nm and curvature radius 5 cm, 
a nearly totally reflecting mirrar mounted on a piezoelectric 
translator for active control of the external resonator length, two 
photodiedes to provlde control and monitaring slgnals, and 
electronics based upon the Pound-Drever stabillzation technique 
to achieve active stabilization of the external resonator length to 
lock onto the single frequency of the Iaser. For LARA, where the 
external resonator encloses a Raman cell filled with tritium gas, 
the active stabillzation must be capable of maintaining its lock to 
the Iaser frequency even during the rapid evacuation of the 
Raman cell, which from atmospheric-pressure requires a 
calculated piezo-drive travel of 9.7 micrometers, for whlch the 
piezoelectric translator with 25 micrometer travel capaclty is 
sultable. 

The spectrometer/CCD for LARA, an ISA Triax-320 with 2000 x 
800 pixel AR-coated back-illuminated CCD of 15 micrometer 
spaclng, is the first compact high-resolution astlgmatism­
corrected spectrometer !hat is commercially available as an 
integrated package with a high-sensitivity scientific-grade CCD. 
The LARA spectrometer is equipped with a 2400 llne/mm grating 
for the full range of lmportant isotopomer Rotational Raman 
Spectrometry (ARS) and a 600 llne/mm grating for Vibrational 
Raman Spectrometry (VRS). The gratings can be remotely 
selected via the Triax-320 serial connection to the CCD data 
acquisition computer. 

The Iaser head, spectrometer/CCD, external resonator, and all 
additional optical components are firmly mounted upon a 0.9 x 
0.75 m optical table system with Vibration damping provided by 
actively controlled air legs. The LARA glove box encloses the 
optical table, control electronics for the CCD and the external 
resonator , a closed-cycle chiller for cooling the Peltier-effect 
cooling system for the CCD, and space for pumps and gas 
manifolds connected to the Raman cell. 

The LARA Raman cell is custom-designed for the compact 
geometry needed for incorporation withln the actively stabllized 
external resonator. Various options considered for constructlon 
of the LARA Raman cell led to the choice of a cubical cell of 35 
mm sides with four diffusion-bonded windows sealed within 
CF16 flanges by UKAEA Special Technlques in England, as 
!arger windows of similar construction had proven rellability in 
containing tritium gases in the TLK Raman setup with angular 
multiplexing. Due to the complexities of diffusion bonding fused 
sillca windows, the clear aperture in these interferometrically flat 
windows is only 7 mm, so the Raman-collection windows are 
recessed Inside the cell to enhance their acceptance angle, to 
reduce dead volume, and to make the gas-flow within the cell 
closer to one-dimensional, whlle the laser-transmitting windows 
are mounted as far from the cell center as possible to avoid 
laser-lnduced damage. Tests of these windows in the Verdi 
slngle-frequency Iaser beam show excellent interference fringes 
in reflection, confirming their interferometric quality. 

The Iaser, turning mirrors, laser-focusing lens, Raman-collection 
lenses, and detector were initially assembled and aligned to 
achieve maximal Raman slgnals from nitrogen molecules in air 
of about 12000 cps. Insertion of the Raman cell was also shown 
to introduce no significant additional elastic scattering detected 
by the CCD at the spectral location of the hydrogen isotopomer 
ARS lines, which had been a potential concern in uslng such a 
compact Raman cell as in LARA. Then the phase modulator and 
external resonator mirrors were installad and allgned, whlle all 
connections for the actively stabilized external resonator were 
made. First tests carried out recently indicated enhancement 
factors of at least 10, and perhaps will be grater than 200 with 
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proper optimization and alignment. The full characterization of 
the LARA system may demonstrate detectabilities for tritiated 
molecules in the mierebar range unprecedented by Raman 
spectroscopy. 

M. Glugla 
D. Taylor (Guest Scientist) 



TR3 
Extended Life Time Tests of Key Tritium Plant 
Components 
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Within the frame of a collaboration with JET a modlficatlon of the 
Active Gas Handling System of JET is in progress. ln particular, 
it is intended to replace the formerly used getter beds by new 
components. Among them the incorporatlon of an improved 
PERMCAT unit has been planned. 

To Implement the modification a process flow sheet has been 
completed. The new PERMCAT version has been improved to 
achieve a much higher throughput. This will be accomplished by 

• An increase of the number of permeation tubes from 6 to 
21 and 

• An increase in the length of the tubes from 530 to 900 mm. 

While essentially linear scaling is achieved by increasing the 
tube number, the effect of length increase has exponential 
Impact on throughput. 

The PERMCAT component tobe installad at JET is presently 
being manufactured at the workshop of FZK. Once completed it 
will first be tested without tritium at the TLK. Work on a further 
improvement of the PERMCAT catalyst is ongoing. 

M. Glugla 
D. Niyongabo 
R.-D. Penzhorn 



TR4 
Tritium Recovery from Plasma Facing 
Components 
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Extensive tests with small graphite and CFC disks obtained from 
tiles previously exposed to the plasma of a fusion machine have 
been carried out to determine the total tritlum content and to 
investigate the thermal release behaviour of co-deposited and 
implanted hydrogen isotopes. For the release runs the samples 
were mostly heated by high frequency heating. The experiments 
were performed maintaining the specimens under vacuum or 
under a moist sweep gas (air or noble gas). 

Based on the results obtained a new facility carrying the 
acronym TIDE (Irjtium Decontamination) is presently under 
construction. The facility is designed to perform detritiation tests 
with actual tiles of graphite or CFC with the aim of validating the 
small scale experiments. Tiles are rapidly heated up to 
temperatures above 1000 oc with a 330 kHz high frequency coil. 
Power is supplied by a 20 kW generator, which is now fully 
installed. A closed loop is under construction to process and 
collect the released tritiated gases. For safety reasons the 
experimental arrangement has been installad in a gas glove box 
having a nitrogen atmosphere. 

The plasma-exposed graphlte specimens were also 
characterised by Accelerator Mass Spectrometry at Rossendorf. 
For depth profiling a cesium sputter Ion source is used. For the 
detection of tritium a test facillty was installad at the 30 o beam 
line of the 3 MV Tandetron. After acceleration the tritium Ions 
are counted with a surface barrier detector. Deuterium, tritium, 
protium, carbon and beryllium proflies were determined before 
and after the thermal treatment (range 200 - 500 oc) with moist 
gases (air and noble gases) of plasma-exposed graphite disks 
drilled from TFTR and JET tiles. ln addition, the tritium and 
deuterium concentration in the plasma-exposed layers were 
determined. 

N. Bekris 
M. Friedrich (FZ Rossendorf) 
W. Jung 
R.-D. Penzhorn 



TRS 
Tritium Recovery from Solid Wastes and 
Process Equipment Decontamination 
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The Tritium Labaratory Karlsruhe is equipped with numerous 
Tritium Retention Systems, installed locally next to every glove 
box, and a Central Tritium Retention System, which serves the 
whole laboratory. The local Tritium Retention Systems are 
designed to keep the activity Ieveis in the glove boxes at very 
low values at all the Iimes. They are also used to remove the 
tritium released into the glove boxes during normal operations or 
accidental situations. The Central Retention System removes 
the tritium from the ring-tubing, to whlch all glove boxes are 
connected. lt therefore takes care of the tritium not removed by 
the local systems. Analher function of the Central Retention 
System is to maintain at all Iimes a pre-established under­
pressure in all the glove boxes. in addltion, in a section of the 
Central Retention System, the highly contaminated gaseaus 
streams arising from the exhausts of the experimental and infra­
structure primary systems are pre-processed. After a 
decontamination factor of typically more than 100 has been 
achieved the gases are released via the Central Retention 
System to stack. 

All Tritium Retention Systems are maintalned in round-the-clock 
operation in order to keep the activity Ieveis in the glove boxes 
at Ieveis barely above background. The Retention systems are 
based on the catalytic oxidatlon of released tritiated species into 
carbon dioxide and water followed by adsorption of the 
produced water on molecular sieve adsorber beds. Because of 
oparational and redundancy purposes every Retention System 
has two molecular sieve beds. 

The adsorber beds of the Central Tritium Retention System are 
routinely reactivated every 6-8 weeks, depending upon the 
tritium-related activities taking place in the laboratory. Those 
installed in the Local Tritium Retention Systems of glove boxes 
housing experiments and infrastructure systems are reactivated 
much less frequentiy because of the extremely low leak rates 
!hat these glove boxes normally have, i.e.: < 0.1 %/h. 

in total 160 beds containing 2.4 Ions of molecular sieve 
adsorber have been regenerated employing the facility AMOR. 
in thls facility the beds are processed sequentially in closed loop 
operation. Nitrogen is used as carrier gas. The beds are heated 
progressively up to a final temperature of 300 oc. The liberated 
tritiated water is removed from the carrier gas initially with a 
condenser and towards the end with analher molecular sieve 
bed. The latter is itself regenerated alter several consecutive 
molecular sieve bed regenerations. Under the above described 
conditions the water content of a bed can be reduced from 
initially about 10 to less than 0.5% by weight, respectively. The 
performed regenerations have been accomplished without 
contamination of personnel or the environment. The recovered 
tritiated water (in total approx. 240 I) has been disposed-oll by 
the Central Oecontamination Oepartment of FZK. 
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SEA 3 (N 11 TD 72) 
Reference Accident Sequences - Magnet 
Systems (2) 

Subtask 2: Magnet System Safety 

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

in the period reported here code application and Validation of 
MAGS have been major parts of the work. 

The MAGS module CRYOSTAT has been improved such that 
we can now handle mixtures of N2, Helium and H20. in this 
context also a two phase capability was lncorporated. However, 
this is only possible for module CRYOSTAT, module GANDALF, 
by its solution method cannot oparate in the two phase regime. 
Another modal that was worked on is the arc modal. While the 
module SHORTARC simply uses an experiment based formula 
for arc voltage as a function of arc current, the new modal, 
developed at University of St. Petersburg, considers energy and 
mass balance for the arc cavity and an energy balance for the 
plasma. lncluded are models for electrical conductivity of the 
ionized plasma and the ablation of the material on the cavity 
surface. The modal is a stand alone code and will be included to 
MAGS as a new module. 

The accident that has been investigated for ITER is the 'unmiti­
gated quench in a coil of the TF system'. in such an accident 
theoretically the complete stored energy of the TF system may 
be dumped into the coil with the inltiating quench. While the 
quench is initiated locally the total mass of the coil is necessary 
to absorb this energy at acceptable temperatures. Therefore the 
spread velocity of quench within a TF coil is very lmportant. For 
a complete thermal modeling of a TF coil the coil structure is too 
complicated. The frequent change of thermally good and bad 
conductors, i.e. copper and insulation require a huge mesh and 
tremendous computing Iimes. To overcome this situation a 
characteristic number can be determined e.g. a 'jump time' 
belng the time necessary for quench to 'infect' a neighboring 
turn. Three different situations can be distinguished: jump to the 
next radial turn, jump to the next axial turn in the same radial 
plate and jump to the next axial turn in the next radial plate. The 
jump Iimes found range between 20 s and 38 s. Compared to 
the time needed for a quenched piece of conductor to be heated 
up to steel melting Iamperatures (30 s to 40 s) it is clear that 
local melting of the coil cannot be prevented. Additionally such 
high Iamperatures impair also the insulation quality of the insu­
lator. l.e. the current path, which under regular conditions is 
through each turn of the coil may alter such that alter insulation 
Iailure the current flows only through a fractlon of the turns. in 
this case the shorted turns are excluded as a mass for heat 
storage, however, the total mass of the coil is requlred as men­
tioned above. The investigation shows that it is likely that during 
thls accident not all energy can be absorbed in the TF system 
and the accident may impair also on other systems within the 
cryostat. 

Other accidents considered are leak accidents for the cryostat. 
The air or N2 leaks, analyzed with the updated code did not 
show new results. A Helium leak has been analyzed for the first 
time. II was assumed the Helium of the coil cooling system can 
be simulated by a slngle volume of initially 0.6 MPa and an Initial 
Iamperature of 5 K. The analysis shows, that at the beginning of 
the transient a Helium puddle is formed at the botiom of the 
cryostat, being dried out alter about 20 s. At about this time the 
pressure has reached already its final value of 0.02MPa. The 
surface Iamperatures of the cryostat and the vacuum vessel 
reduce from their Initial value of 300 K and 400 K to values 
between 180 K and 220 K. The heat of the walls is used to rise 
the Iamperature in the volumes. 

The Q3D experiment, investigating the quench behavior along 
the conductor as weil as between adjacent conductor turns in a 
coil, have been finished and is documented in a report [1]. 
Recalculation of the experiments was started and significant 
differences between analysis and experiment are found. This 
and the results of recalculation of the QUELL experiments [2] 
with a conductors having a central channel lndicate strongly the 
need on an update of the heat Iranster relations in the 
GANDALF code. 

To support the TFMC experiments performed at FZK-ITP an 
Input deck for MAGS has been set up [3]. Recalculation of thls 
experiment will be done to get experience in use of eddy current 
analysis in the radial plates and the coil case. 
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SEP2 
Environmental Impact 

Probabilistic dose assessments for accldental atmospheric 
releases of various source terms (based on a draft working 
document of NSSR-2) which contain eilher tritium and/or activa­
tlon products were performed for Greifswald, Germany, and 
Cadarache, France, which were considered to be potential sites 
for ITER at the beginning of the lnvestigations /1, 2/. 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 
were also compared to slte Independent dose Iimits defined in 
the frame of ITER. ln addition, routine releases into the 
atmosphere and the hydrosphere have been considered. 

Annual doses from routine releases (CAT-1) are below 0.1 
mSv/a for the aquatic seenarios and are close to 1 mSv/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 beiow 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, 
Iogether with those performed in 1997, 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. Other proteelive actions such as sheltering, reloca­
tion and food banning were investigated and only banning of 
agricultural products was found to be important. 

The further development of the computer code 'Plant-OST' for 
describing the OBT formallen and translocation in wheat plants 
was terminated by mid 1998 /3/. Camparalive calculations 
performed with experimental data from 1995 and 1996 showed, 
however, that our presenl understanding of the processes 
seems not to be deep enough to describe the OBT formation in 
the seedlings of winter wheat by using only a limiled number of 
environmental parameters. ln partlcular, the dynamics of the 
OBT formation could not be reproduced in detail. The final OBT 
content al the time of harvest, however, could be predicted 
within a bandwidth of a factor of two. Nevertheless, the results 
allowed to modify the present OBT model in UFOTRI, the acci­
dent consequence assessment code for tritium releases /4/. 
These changes result in a lower OBT formation rate and thus a 
lower dose from the Ingestion pathways. However, this version 
will not be released before the confirmation of the model chan­
ges by further experimental data. 

Within the BIOMASS (BIOspheric Modelfing and ASSessment) 
project testlng of tritium models for routine releases into the 
atmosphere and hydrosphere has started. Up to now three 
different seenarios have been set up covering both fixed envi­
ronmental condltions to lest Individual model features and uslng 
on measured data from a site in Canada to test the overall 
performance of existing assessment codes for routine releases. 
NORMTRI /5/ Iogether with a computer code describing the 
water movement in the upper soil are participating in the cam­
paralive calculation study. The first results will be evaluated by 
the end of 1998. 
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Gyrotron Development 
(includes ITER Tasks T 245/6, T 360 and 
ECH 3/1) 

1. lntroduction 

Electron cyclotron resonant heating (ECRH) is one of the major 
candidates for additional heating and current drive (170 GHz, 
50 MW) and for start-up (90-140 GHz, 3 MW) on the ITER 
tokamak and will be the main start-up and heating scheme on 
the stellarator W7-X (140 GHz, 10 MW) at IPP Greifswald, 
Germany. 

The maln physics advantage of ECRH is the possiblity of well­
localized power absorption, where the deposltion 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 partiefe refuelling. 
Compact optical antennas allow very high injected power 
densities (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 distant from 
the plasma. 

Gyrotrons operating in the frequency range between 110 and 
170 GHz with an outpul power<: 1 MW are under development 
at FZK Karlsruhe. in particular, extensive development work has 
been done on a 1 MW, TE22,s gyrotron at a frequency of 
140 GHz having a conventional hollow waveguide cavity [1], [2] 
and on 1.5 MW coaxial cavity gyrotrons designed for Operation 
in the TE2a,1s and TEa1,17 mode at frequencies of 140 and 
165 GHz, respectively [3]. The limiting factors of conventional 
cavities can be considerably reduced with the use of coaxial 
cavities, which offer the possiblity of operation in high order 
volume modes with reduced mode competition problems. 
Furthermore, the presence of the inner conductor practically 
eliminates the restrictions of valtage depression and limlting 
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. 

lmportant development goals of a 1 MW, 140 GHz cylindrical 
cavity gyrotron operated in CW, as required for W7-X, such as 
the depressed collector technology, the advanced built-in quasi­
optical (q.o.) mode converter, the window concept and the 
investigation of the influence of reflected power on the efficiency 
are also prerequisites for the coaxial cavity gyrotron develop­
ment and therefore in these areas the development of cylindrical 
cavity 1 MW gyrotron will provide an important Input for the 
development of a coaxial 2 MW gyrotron for ITER. 

2. Conventional Cylindrical Cavity Gyrotron 

Fig. 1 shows the schematic Iayout of the 1 MW gyrotron with 
conventional cylindrlcal cavity and Brewster angle window. The 
gyrotron ls designed for operation in the TE22,s mode which is 
converted into a linearly polarized free space field distribution by 
a quasi-optical mode converter using a short dimpled-wall 
launcher. The total efficiency is increased by energy recovery 
with a single-stage depressed collector (SDC). 

Even small reflections of outpul power can have a large 
influence on the power generated Inside the cavity. The TE22,s 
mode, 1 MW, 140 GHz gyrotron has been used to lnvestigate 
the behaviour of the oscillations under the influence of external 
reflections. The gyrotron was equipped with a single disk 
window of SiaN4• The angle of the disk was chosen to be 70.36° 
which corresponds to the Brewster angle for this material. For 
this angle the reflections vanish Independent of frequency. This 
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Fig. 1: Schematic Iayout of advanced 1 MW gyrotron 

allows to produce and to change the reflections outside the 
gyrotron under weil controlled conditions. The measurements 
showed a streng influence of reflections on the output power [5]. 
For power reflections less than 5 % a reduction of the generated 
power of more than a factor of 3 has been found. By tilting the 
calorimetric Ioad required for the power measurement by about 
2°, an increase in outpul power of 20 % could be found, 
resulting in an outpul power of 1.6 MW (Uc = 88 kV, lb = 50.1 A) 
at 140 GHz and an efficiency of 36% (60% with SDC). At the 
deslgn beam current of 40 A the outpul power lncreased to 
1.4 MW with 56% efflciency (SDC). ln Fig. 2 the rf-output power 
as functlon of the beam current is given. A maximum output 
power of 2.1 MW (Uc=90 kV, lb = 70A) has been measured at 
140 GHz with an efficiency of 34% (50.5% with SDC)[4],[5]. 

The possibility of slow broadband frequency step tuning (1 min) 
by variation of the magnetic field Ievei in the cavity has been 
demonstrated [2,4,6]. Successful experiments with broadband 
fused quartz and silicon nitride Brewster angle windows gave up 
to 1.5 MW at 45-50 % efficiency (SDC) for all operating mode 
series in the frequency range from 114 to 166 GHz (frequency 
tuning in 3.7 GHz steps). 
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Fig. 2: Output power and efficiency as function of beam current. 
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3. Advanced Coaxial Cavity Gyrotrons 

Coaxial cavity gyrotrons operated at 140 GHz in the TE2a.1a 
mode and at 165 GHz in the TEs1,17 mode with an rf outpul 
power of 1.5 MW are under development at FZK. ln order to 
investigate the basic operating problems in a first step 
experiments with a gyrotron equlpped with an axial waveguide 
outpul have been performed. The achieved results of 1.2 MW 
output power at 27 % efficlency were in good agreement with 
numerical calculatlons [7]. ln a secend step, the 140 GHz, 
TE2a, 18 gyrotron has been operated with a dual rf-beam output. 
For the first time the possibillty of internal splitting of the 
generated rf-power has been demonstrated successfully (2 x 
0.5 MW, 7 ms, 29 % with SDC) [8]. The development of rf­
windows is progressing very fast. CVD-diamond windows with a 
Iransmission capability even above 2 MW at the frequencies 
considered seem to be close to realization. Therefore, in the 
recent experiment the 165 GHz, TEs1,17 gyrotron has been 
equipped with a quasi-optical (q.o.) system [9] for Iransmission 
of the rf-power through a single window. 
The measurements have been performed in pulsed operation 
with up to 15 ms pulse duration. The rf-output power has been 
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measured calorimetrically. The microwave diagnostic system 
allows to measure the frequency and to observe whether there 
is single or multimode oscillation during a pulse. A concentricity 
of the electron beam relative to the coaxial Insert and to the 
outer cavity wall within $; 0.2 mm has been achieved by 
adjusting both the superconducting-magnet and the coaxial 
Insert. 

The TEs1,17 mode has been found to oscillate with a frequency of 
164.98 GHz, in very good agreement with the design. A iarge 
singie-mode operating range has been observed. A maximum 
power of 1.7 MW was measured at a cathode valtage of 93.2 kV 
and a beam current of 70 A. With a retarding collector valtage of 
24.2 kV this gives an efficiency of 35.2 %. The maximum 
efficiency of 27.3 % without SDC was measured at 1.2 MW near 
the design values: cathode valtage 92 kV, beam current 52 A. 
With a retarding collector valtage of 33.2 kV this corresponds to 
40% efficiency (with SDC). Fig. 3 shows the output power and 
efficiency as function of beam current. Fig. 4 glves the outpul 
power and efficiency as function of the collector depression 
valtage for 1.2 MW and constant magnetic field. 

ln order to demonstrate the feasibillty of the technical realisation 
of a coaxial cavity gyrotron a new electron gun has been 
designed and is under fabricatlon [1 0]. The features of the gun 
(cooling of the inner rod, possibilities of alignment, cathode 
technology) are as needed for a long pulse (up to CW) gyrotron. 
Experiments with this new gun are under preparation. 
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High Power ECH Windows 
(includes JTER Tasks T 245/6, T 360, ECH 2/1 
and D 351) 

1. lntroduction 

High unlt power, in excess of 1 MW, and high-efficiency 
gyrotrons significantly lower the cost of Electron Cyclotron Wave 
(ECW) systems by reducing the size of the auxlliary support 
equipment (power supplles, cooling system, number of SC­
magnets, ... ). Contlnuous wave (CW) operation is required for 
some of the anticlpated ITER applications: 3 s for start-up, 100 s 
for heating to lgnition and 100-1000 s for current drive. ln order 
for the ECW systems to perform these functions a window has 
to be developed to serve as both the tritium containment barrier 
on the torus and as the outpul window on the tube. The former 
application is technicaiiy more demandlng as the torus window 
must also serve as a high pressure barrier during off-normal 
events (0.5 MPa overpressure capability), should not use FC­
cooling liquid, must not degrade unacceptably under modest 
neutron and y (including x-rays) Irradiation, and, in the case of 
cryo-cooling, must be prevented by a cold trap from cryo­
pumplng. 

A very promislng material ls Chemical Vapor Deposition (CVD)­
diamond which nowadays can be manufactured in window disks 
of up to 120 mm diameter and 2.5 mm thickness [1]. A water­
cooled diamond window would provide two very important 
advantages, namely employing a cheap and simple as weil as 
effective coolant. 

2. CVD-Diamond Window 

Metallization/bonding techniques for CVD-diamond disks have 
been developed in coiiaboration with DeBeers. The 
disadvantage of the first method which uses Al-based braze 
(GB6-EU-T245/6) is the relatively low allowed bakeout 
temperature of the window unlt of 450°C (guaranteed by 
DeBeers). Further tests have been performed on metallized 
disks whlch have been bonded with Au-based brazing on both 
sides to lnconel 600 cylinders to form part of a fuli window 
assembly (outer disk diameter = 50 mm, disk thickness 1.8 mm, 
window aperture = 40 mm). The lnconel cylinders are 
strengthened by Molybdenum rings in order to reduce thermal 
expansion during bakeout These sub-assernblies have been 
subjected to the bakeout cycle of a gyrotron up to ssooc with 
the result that the bonding at both sides started to leak. Thls 
shows that the Au-based braze is not as elastic as the former Al­
based braze that is only bakeable up to 450°C. The next 
bondingt brazing tests will be performed eilher with Molybdenum 
(small thermal expansion) or with Copper (elastic) waveguide 
sleeves. 

The design of a 118 GHz, 0.5 MW, 210 s CVD-diamond window 
was finished and the window has been manufactured at TIE. 

The universal design (Fig. 1) allows testsinan evacuated HEw 
Iransmission llne at CEA Cadarache and also direct mounting to 
a 118 GHz TIE-gyrotron. The window has an aperture of 80 mm 
(1 00 mm outer disk diameter), a thlckness of 1.6 mm, a lass 
tangent of only 6 ·10-6 (world recordl), a thermal conductivity of 
2050 W/mK (at room temperature) and has also been bonded 
using the Al-braze technique. The window will be tested in 
December 1998 at CEA Cadarache when the lang-pulse 
118 GHz gyrotron will be available. 

in collaboration with the JA Horne Team high-power tests on a 
170 GHz gyrotron equipped with a CVD-dlamond window were 
performed [2]. The window aperture is 83 mm. The poly­
crystalline diamond disk has a diameter of 96 mm, a thickness 
of 2.23 mm, a loss tangent of 1.3 · 1 o·4

, a thermal conductivity of 
1800 W/mK (at room temperature) and was bonded with the Al-
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Fig. 1: Layout of the 118 GHz, 0.5 MW, 210 s diamond 
window 

braze technique. The tests were very successful (450 kW, 8 s: 
3.6 MJ). The maximum window center and edge temperatures 
were measured to be 150°C and 13°C, respectively, with a 
saturation time of approximately 5 s. 

Three CVD-diamond disks with 100 mm outer diameter and 
1.8 mm thickness have been ordered at DeBeers for the 
development of a 140 GHz, 1 MW, CW prolotype gyrotron for 
W7-X (with single-stage depressed coliector efficiency > 45 %). 

Foiiowing previous ITER work on ECW gyrotron window 
development (see GB6-EU-T245/6), which demonstrated the 
availability and the up-scaling potential of CVD-diamond grades 
with low dielectric lasses, neutron Irradiation tests were 
extended to fluences of 1021 n/m2 (E > 0.1 MeV). Even at this 
darnage Ievei (10-4 dpa) which corresponds to the recommended 
upper fluence Ievei for cryogenically-cooled Sapphlre windows, 
no critical radiation enhanced Iosses were observed at 90 GHz 
and 145 GHz (see also GB7-EU-T246). No in-beam effects at 
800 Gy/s (electrons) and 0.75 Gy/s (X-rays) were observed (see 
GB7-EU-T246). Therefore the preparation for forthcomlng 
Irradiation tests of actual window component material was set to 
this fluence Ievei. The unsettled lssue of degradation of thermal 
conductivity at 1 o-s dpa darnage Ievei was the reason for a 
pending special neutron Irradiation at 1 o·4 dpa of specimens for 
thermal conductivity measurements. 

in the material characterisation for actual CVD-diamond window 
materials, several disks of white grade material with diameters 
of 100 - 119 mm and thickness between 1.6 mm and 2.3 mm 
were investigated which were produced at DeBeers. in the latest 
disks, internaiiy named "SUPER-FZK" (1 00 mm dla. x 1.60 mm) 
and "Star of FZK" (119 mm x 2.25 mm), the center showed low 
Iosses which were constant between 70 K and 370 K (Fig. 2) 
just like the permittivity of 5.67 [3,4]. 
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Fig. 2: Tempersture dependence of tanl> at 145 GHz 

Inhomogeneitles in mm-wave properties which were important in 
earlier disks were checked in terms of variations in the surface 
contributions from the nucleation and the growth face as weil as 
in terms of dlstribution of Iosses across the area of the disks. 
The recent large disks which had the starting layer removed 
from the nucleation side did not show any significant differences 
in the Iosses between the nucleation and the growth side. Over 
a mapped inner area of 70 mm diameter Iosses were found at 
145 GHz not exceeding 1 ·10'5 for the "SUPER-FZK" disk and 
not exceeding 2·10'5 for the "Star of FZK" disk. The window 
material development was supported by dielectric property 
measurements of grades from potential alternative European 
and American sources. A first set of 12 mm diameter dlsks for 
mechanical strength tests were received from corresponding 
white grade material. The typical values for the 0.26 mm thick 
disks of 700 MPa for the growth side under tension fit weil into a 
relationship established for strength data observed from another 
source studied in the framewerk of a separate CVO-diamond 
development task [5]. The apparent correlation of ultimate 
bending strength with äiamond grain size implies strength data 
as high as 2000 MPa to be expected for the nucleation side 
under tension. Compared to standard technical ceramies (such 
as alumina), CVO-diamond of a given quality has a remarkably 
high Weibull modulus (m > 20), i.e. very small dlstribution of the 
strength values. 

3. Design and Optimization of ITER Window Unit 

The proposed ITER ECH window unit employs a single, edge­
cooled (water, e.g. 20°C) CVO-diamond disk in a corrugated 
HE11 waveguide with 52 mm inner diameter, with an outer disk 
diameter of 77 mm and a thickness of 1.482 mm (4 /J2). 
Thermal computations show that for larger outer disk diameters 
the peak temperature is unaffected. Thus due to the high 
thermal conductivity of the diamond, the exposed window edge 
area does not have to be large to obtain significant heat transfer. 
This implies that the window dlameter can be minimized, which 
has the added benefit of reducing the cost. For a power of 1 MW 
at 170 GHz, a loss tangent of 1 · 10·5, a thermal conductivity of 
1800 W/mK (at room temperature) and a heat transfer 
coefficient of 12 kW/m2K (water flow: 13.5 1/min, water velocity: 
2 m/s) to the cooling the central window temperature will not be 
higher than approx. 40°C and the edge temperature is about 
25 oc. Simulations also show that steady state conditions are 
generally achieved in under 3 s and that a 2 MW window should 
be feasible [6]. Owing to the temperature independence of the 
CVO-diamond loss tangent, also the approximately 1 oooc hot 
torus cooling water could be used to cool the window. 
Simulations of an "encased" window, a window in which the 
edge of the disk has been covered with a 0.4 mm thick layer of 
electrodeposited copper (tritium barrier in case of broken 
window disk), show that this is feasible without a significant 
decrease in heat transfer rate. 
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Fig. 3: Frequency dependence of the locally inhomo­
geneaus "8razing"- window (13081) and the 
homogeneaus "Super-FZK"- window (15081). 
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Finite element stress calculations including brazing/bonding 
stress show that the maximum principal stress is located in the 
window brazing (205 MPa) and ls always present. Ouring a 
0.5 MPa static overpressure event the stress increases to 
290 MPa and the Iransmission of 1 MW microwave power finally 
increases the stress to 300 MPa. All these stress values are 
upper Iimits since a rigid connection between brazing collar and 
window disk was assumed. 8ecause the ultimate bending 
strength of white CVO diamond ls approximately 600 MPa all 
stresses are weil below the admissible Iimits. 

A complete design of the window unit has been performed with 
the aim to get a compact device. The drawings are available. 
Considerations on water flow, pressure drop and heat exchange 
coefficient are included. Modelling experiments using a copper 
disk equipped with an electrical heater have been performed 
(Fig. 4). 

inlet 

a) 

Fig. 4: Photograph of the two types of dummy windows 
a) Enforced water flow circular around disk 
b) Parallel water flow around window. 

Through the optional use of a double window, window failures 
could be easily detected (as on the JET LH and ICRH systems). 
A very high vacuum ("' 1 o·9 Torr) can be achieved within the 
interspace between the two window disks. Since the total 
volume is small, vacuum pumping can be done with only one 
V AC-Ion pump. Any Iaiiure of elther window is detectable as a 
pressure rise on the ion pump even in the case in which a lower 
grade vacuum ("' 10'5 Torr) is present on the opposing surface. 
8andwidth calculation show, that the disk distance should be 
e.g. 52.9 mm = 30 'A. 
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lnvestigations of windows for step tunable gyrotrons were also 
undertaken. For this application, a Brewster angle window is 
used. Prototype quartz and silicon nitride Brewster windows 
were installad on a gyrotron and used to demonstrate "flne" step 
tuning (Lif - 3. 7 GHz) in a band from 114 to 166 GHz. High 
outpul power araund 1.5 MW has been obtained at all 
frequencies. I! was also demonstrated !hat the power absorbed 
by a Brewster window is generally lower than !hat by a 
conventional window. 

Literature: 

[1] Thumm, M, lnt. J. of Infrared and MillimeterWaves, 19, 3-
14, (1998). 

[2] Kasugai, A., D.C. Ballington, A. Beale, J.R. Branden, 0. 
Braz, T. Kariya, K. Sakamoto, R.S. Sussmann, K. 
Takahashi, M. Tsuneoka, T. lmai, M. Thumm, Review of 
Scientific Instruments, 69, pp. 2160-2165 (1998). 

(3] Spörl, R., R. Schwab, R. Heidinger, V.V. Parshin, Proc. of 
ITG Conf. on Displays and Vacuum Electronics, Garmisch­
Partenkirchen, 1998, ITG-Report 150, 369-374. 

[4] Heidlnger, R., R. Spörl, M. Thumm, J.R. Branden, R.S. 
Sussmann, C.N. Dodge, 1998, DVD diamond windows for 
high power gyrotrons, Conf. Digest 23'd lnt. Conf. IR & MM 
Waves, Colchester (UK), 1998, lnvited paper, pp. 223-225. 

[5] Spörl, R., R. Heldinger, G. Kennedy, C. Brierly, Mechanical 
properlies of free-standing CVD wafer, Proc. 91

h CIMTEC, 
Florence, 1998, in press 

[6] Singh, V.V.P., E. Borie, A. Arnold, 0. Braz, M. Thumrn, lnt. 
J. of Infrared and Millimeter Waves 19, 1998, in press. 

A. Arnold (from 1.1.98, Uni Karlsruhe) 
E. Borie 
0. Braz (Uni Karlsruhe) 
R. Heidinger 
P. Severloh 
R. Schwab 
V.V.P. Singh (guest scientist for 4 months) 
R. Spörl 
M. Thumm 



--63 --

T246 
Ceramies for ECR-Heating, Current Drive and 
Plasma Diagnostic 

With the completion of the cryogenic Irradiation work on sap­
phire and quartz (1], the mm-wave studies were especlally 
directed towards the characterization and post-irradiation stud­
ies of rapldly progressing advanced window materials, in par­
ticular GVD diamond. The development opens the way for con­
tinuous wave operation of Megawatt gyrotrons which is the key 
problern for electron cyclotron (EG) heating systems. ln addition 
to this work which was mainly performed at 145 GHz, dielectric 
property measurements were extended to neighbouring fre-­
quency ranges (such as 90 - 100 GHz (2]) to widen the data 
base for broadband transmission, which ls also required in EG 
diagnostic systems. Results in the present fields did not show 
any particularly new features in permittivity. There the discus­
sion is limited to the observed mm-wave loss parametrized by 
the dielectric loss tangent (tan Ii). 

lnflomogeneities in the mm-wave Iosses of !arge CVD dlamond 
discs which were important in the earllest dlscs studied were 
particularly investigated in terms of variatlons in the surface 
contributions from the nucleation and the growth face as weil as 
in terms of distribution of Iosses across the area of the discs [3]. 
For this purpose, the experimental facilities were further refined 
to provide a dense loss mapping (4]. Among the several discs of 
white grade material grown by De8eers, two discs were of 
special concern as they were to serve later in actual high power 
window tests initlated by the FZK gyrotron group. The two discs 
were internally named "SUPER-FZK" (1 00 mm dia x 1 .60 mm) 
and "Star of FZK" (119 mm dia x 2.25 mm). ln these discs, 
inhomogeneties were not observed along the growth axls -
probably due to effective removal of lossy surface layers by 
polishing - and within an Inner area of at least 70 mm in dlame­
ter. While loss in the SUPER-FZK disc did not exceed the tan Ii 
Ievei of 1 · 1 o-5

, the !arger disc showed significant increases 
towards the edges, but did not exceed 2· 1 o-5 in the inner area 
(cf. Fig. 1) [5]. 

E' 
E ...... 

X - Position [mm] 

Fig. 1: Mapping of the dielectric loss tangent in "Star of FZK" 
GVD diamond window taken at 145 GHz 

The neutron Irradiation testing of the advanced window materi­
als, GVD diamond and high resistivity (H.R.) silicon, was ex­
tended to fluences of 1021 n/m2 (E > 0.1 MeV). This darnage 
Ievei (1 o-4 dpa) corresponds to the recommended upper fluence 
Ievel for cryogenically-cooled Sapphire windows. The loss Ieveis 
for undoped H.R. silicon even came down to the ultralow loss 
Ieveis of Au-doped H.R. silicon, apparently because of effective 
trapping of free charge carriers at the structural defects. The 
loss observed at amblent temperature for two test discs of GVD 
diamond ("up-scale grade", "window grade") is given in Table 1. 
Giearly no major influence of radiation darnage is observed 
neither at 90 - 100 GHz nor at 145 GHz [6]. 

Table 1: Pre- and post Irradiation studies on specially devel­
oped GVD diamond grades for high power EG windows 

a) Frequency: 145 GHz 

Pre-irradiation 
Post- Post-

Irradiation Irradiation 
Interna! studies 

studies studies 
specimen code dielectric loss at "'10-5 dpa at ""10-4 dpa 

tanli [1o-; 
tanli (1o-; tanli [1o-; 

086 
0.2 (± 0.1) 0.20 (± 0.05) 0.30 (± 0.05) 

(scale-up grade) 
087 

0.10 (± 0.05) 0.20 (± 0.1 0) 
(window grade) -

~ Frequency_: 90 GHz 

Pre-irradlation 
Post- Post-

Interna! studies 
Irradiation Irradiation 
studies studies 

specimen code dielectric loss at "'10-5 dpa at "'10-4 dpa 
tanli (1o-; 

tanli [1o-; tanli (1o-; 
086 

0.35 (± 0.10) 0.30 (± 0.05) 
(scale-up grade) -
087 

0.10 (±0.05 0.20 (± 0.05) 
(window grade) 

-

A first set of 12 mm dlameter discs for mechanical strength tests 
were received from whlte grade GVD diamond material. The 
typical values for the 0.26 mm thick discs of 700 MPa for the 
growth side under tension fit weil into a relationship established 
for strength data observed from another source studied in the 
framework of a separate GVD-diamond development task [7]. 
The apparent correlation of ultimate bendlng strength with dia­
mond grain size implies strength data as high as 2000 MPa to 
be expected for the nucleation side under tension. Gompared to 
standard technical ceramies (such as alumina), GVD-diamond of 
a given quality has a remarkably high Weibull modulus (m > 20), 
i.e. very small distribution of the strength values. 
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ERB 5000 CT 950064 (NET/95-384) 
ITER Magnets and TFMC Stress Analysis 

Under this contract finite element analyses for two subtasks 
have been performed: 

a) Stress analysis for the ITER Toroidal Field Model Coil 
(TFMC), the lntercoil Structure (ICS) and the LCT coil to lest 
the TFMC in the background field of the LCT coll in the 
TOSKA cryostat in cooperation with the EU Home Team, 

b) stress analysis for the ITER coils in Co-operation with the 
ITER Joint Central Team. 

This work, from which previous activities are reported in [1], has 
been continued. 

TFMC analysis 

During the Engineering Design (ED) phase our task was to Iake 
part in the control and assessment of the Finite Element Analy­
sis whlch was done by the industrial consortium AGAN. 

Concerning the intercoil structure (ICS) a major task of the ED 
was to reduce the weight by about 25 % without reducing its 
stiffness intolerably. lt turned out !hat the ED design run into the 
same problems as the conceptual design (CD): high joint defor­
mation and rather high stress concentrations at the highly 
loaded side wedge. Due to Iack of space not all design im­
provements resulting from our study [2) could be realized. To 
reduce the peak loadings meantime the TFMC current is re­
duced from 80 kA to 70 kA. Some details of the final ED are 
given in [3). 

Concerning the testing preparations of the TFMC [4) we took 
part in the determination of the mechanical Instrumentation of 
the ICS. lt aims at the control of a) the global ICS frame defor­
mation, b) the Ioad transfer between TFMC and ICS and 
between the ICS and the LCT coil as weil where some friction 
behaviour has to be observed and c) highly loaded side wedges. 

Fig. 1: Electro-magnetic model to determine the bus bar 
Lorentz force loading 

A recently starting task was to perform finite element analysis 
required for the design of the bus bar supporting. Fig. 1 shows 
the electro-magnetic model to calculate the Lorentz force 
loading of the bus bars in the magnetic field of the TFMC and 
LCT coils. The optimum supporting design was determined in a 
following step by mechanical analyses of the bus bars under the 
calculated force loadlng (Fig. 2). lt allows for some movement of 
the coils due to both the cool down and the Lorentz force 
loading but results in small bus bar displacement and stresses. 

deformed shape at 4K and 70kA 

Fig. 2: Mechanical model of bus bars 

in a further detail analysis the impact of bending moments on 
the contact behaviour in the jolnt box (Fig. 3) was determined. lt 
turned out that sufficient contact pressure is maintained along 
the whole contact area under the bendlng moments of the 
displaced bus bars. 

springs 

clamp 

glass epoxy 

glass epoxy 

bus 

Fig. 3: Local model of bus bar Joints (lower half) 

ITER stress analysis 

The local analysis of plate-cover welding seams of the TF wind­
ing pack has been flnished [5). ln this study the sub-modelling 
method of the ANSYS Finite Element code has been used to do 
the local analysis of the stresses by using the results of the 
global ITER TF coll model [6). The position of the local model 
has been varied araund the perimeter of the coil and the radial 
and toroidal direction of the TF coil. The depth of the welding 
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seams has been varied from 1 mm to 10 mm. The analyses 
have shown that in highly loaded reglons the originally designed 
stitch welds produce intolerable stress concentrations near the 
plate-to-plate insulation for all welding depths. Therefore, at the 
inner leg and the Inner curved regions of the TF coil contlnuous 
welds are necessary. By this measure the maximum Tresca 
stress in the welding seams of the lnvestlgated regions remaln 
within the allowable Iimits for a 5 mm deep weid. However, this 
is only valid, if the impregnation process can guarantee a suffi­
cient filling of the assembly gaps below the welding seams. The 
report now is part of the final design report (FDR, Appendix 8). 

The new global model for the BDPA-97 (final deslgn) was deliv­
ered by the JCT. To allow for extended parameter studies and 
optlmisation of the design we linearized this model replacing all 
non-linear contact elements by linear springs and adequate 
coupling of nodal degrees of freedom. ln a first parameter fitting 
process the out-cf-plane deformation was chosen to be the 
objective function to approximate the non-linear solution. Future 
optimisation studies may need a special objective function. 

A further study concerns the detalled behaviour of the rounded 
Inner legs of the TF coils pressed on the scallop shaped grooves 
of the outer cylinder (OC) under Lorentz force loadlng. Between 
the OC and the casing of the TF coil leg is an assembly gap 
which closes at TF coil magnetlsation. The question arises 
whether the grooves Iogether with the rounded inner legs are 
able to rule out some assembly imperfections by sliding under 
Ioad lnto the perfect position. Furthermore, whether the non­
symmetric contact due to imperfections Ieads to unacceptable 
local peak stresses, e.g. in the windlng pack insulation. 

Flg. 4 shows a 36° equatorial slice of the inner part of the 
toroidal assembly containlng the central solenoid between inner 
and outer cylinder and the inner legs of the TF coils with winding 
pack, insulation and casing. Due to the '3D extension' of the 
cross section the orthotropic 3D material properlies allow for 
correct stresses, e.g. in the insulation. The assembly imperfec­
tion ls introduced by a tangential shift of the middle coil leg by 
some mlllimeters. First results concernlng the sliding behaviour 
are under dlscussion. 

inner cylinder 

Fig. 4: Cross sectlon model to study the coil I outer cylinder 
contact behaviour under assembly imperfections 

Analher study concerned the possibility for a TF coil single test. 
The determination of the operation Iimits and a suitable method 
for acceptance testlng of series coils are mandatory for !arge 
and expensive magnet systems before assembling them in the 

toroidal configuration. But D shaped toroidal fleld magnets are 
assigned to the operation in a toroidal configuration. Single coil 
operation may Iead to unacceptable bending moments with 
overloading of the mechanical structure. 

Such tests only can be performed with a suitable reinforcement 
structure. This has been demonstrated with the EURATOM LCT 
coil at FZKIITP. ln collaboration with the ITP a conceptual check 
whether this can also be applied to the ITER TF coils was per­
formed. By FEM analysls an optimum support structure for the 
ITER coils was determined allowing tests with some over­
current (80 kA) without over-stress of the coil and conductor [7). 

ln the ITER EU Domestic Assessment [8) of the final design 
report FDR our contributions concerned the mechanical behav­
iour of the central solenoid, the crown/TF coil case Interface and 
the TF coil outer leg based on our experience gained with the 
ITER global model. 
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ERB 5004 CT 970009 (NET/96·438) 
High voltage components and sensor calibra­
tion for the ITER TFMC 

Background 

The nominal operation valtage of the ITER toroidal field (TF) 
colls is 10 kV across the winding. The ITER TF modal coil has 
been designed and is being constructed by the ITER Horne 
Team of the European Union therefore for 10 kV, too. in the 
frame of the POLO Project the technology of superconducting 
poloidai fieid coils for tokamaks were deveioped in the frame of 
a task of the European Fusion Technoiogy Programme end of 
the eighties. Typical high valtage components needed for such 
coil were developed. The experience gained shall be applied by 
the ITER TF modal coil. Therefore the FZK I ITP took over the 
obligation to organize the fabrication and the pre-testing of these 
components in the frame of a NET-Contract. The followlng 
components shall be delivered to the industry consortium AGAN 
to be installad on the ITER TF modal coil: 
30 axial insulation breaks 
3 ;adial insulation breaks 
3 Instrumentation wire feedthroughs 
11 high valtage Instrumentation cables with joint technique. 
Based on the existing calibration facilities for temperature sen­
sors (80) and Hall plates (2) the callbration of these sensors for 
the TFMC will be performed within this task ,too. 

1. Axial and radial insulation breaks 

The axial insulation break is needed to insulate all cryogenic 
supply lines which are on ground potential from the high valtage 
potential of the winding (Fig. 1). Since the pancakes or layers 
are cooled in parallel for reducing the pressure drop a !arger 
number of them is needed for every forced flow cooled coil. 

Fiberglass x 

reinforced 
epoxy tube 

Fiberglass 
reinforced 
insulation 
body 

SS tube 

Fig. 1: Cross-section of the axial insulation break. 

The radial insulation break is needed for insulating and sup­
porting the conductor end of the winding in the terminal against 
ground (Fig. 2 ). 

Fiberglass reinforced 
insulation body Outer grounded 

Inner high ss electrode 
vol tage 
electro:.::d;e~~~~ 

Fig. 2: Cross-section of the radial insulation break. 

Both insulation breaks have to withstand the hydraulic pressure 
and the high valtage during all operation modes. They have to 
remain leak tight against vacuum over the life time of the coil. 

The tube ends of the helium supply on grounded and high valt­
age side have to be surrounded by the lnsulating material. The 
tube ends have to be shaped according to compatible electric 
field strength in the material and on the boundary surfaces for 
avoiding slide discharges. 

The eisetrode material is stainless steel. The insulation material 
is fiberglass reinforced epoxy resin fabricated by filament wind­
ing technique. The matehing of the different thermal contraction 
coefficients is achieved by a defined glass content. 

2. Instrumentation wire feedthrough 

The Instrumentation wire feedthroughs are needed for bringing 
out the co-wound quench detection wires in the central channel 
of the bus bars in the bus bar terminal. 

The feedthrough is designed for 20 Instrumentation wires and 
has to be leak tight for a pressure of 30 bar (Fig. 3). 

Fig. 3: Cross-section of the Instrumentation wire feedthrough. 

3. High valtage Instrumentation cable with terminals 

Instrumentation at high potential is needed for the operation of 
the coil like valtage taps for quench detection and Iamperature 
sensors. The valtage taps or the wires of the Iamperature sen­
sors leave the winding at the conductor joints or conductor ter­
minals. Therefore they have the high valtage potential of this 
location while the potential difference between the wires is 
usually about(<100 V). This fact Ieads to a cable design with 
twisted wire pairs surrounded by a high valtage screen, the high 
valtage insulation, a grounded screen and a proteelive low 
valtage insulation This construction was used for the POLO coil 
with PTFE (Teflon) as insulation material. A polyimid insulation 
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(Kapton) shall be used for the TFMC to offer the possibility to 
integrale the high valtage Instrumentation cables in the fiber­
glass reinforced epoxy insulation system of the TFMC 

Tagether with the low temperature high valtage cable also a 
suitable joining technique at the ends of the cable is required. 
One end has to be connected to the feedthrough at the cold coil 
and the other end at the warm vacuum vessel feedthrough. The 
same type of high valtage vacuum feedthrough connector will be 
applied as developed for the POLO coil. On the cold end side a 
suitable potential guiding and Integration in the fiberglass rein­
forced epoxy insulation has to be performed. A Kapton cable 
test sample was proposed for testing the bonding between 
Kapton and epoxy resin (Fig. 4). A specification for a Kapton 
cable was elaborated. 

3 twisted palrs of wires 
on high potential 

Kapton insulation 

Grounded screen 

Hand wrapped lnsulation 
bonded with kapton 

Grounded 
vamish 

Glued in flange with 
epoxy resin 

KFOange 

Fig. 4: Sehemalle view of a test sample for testing the resin 
bonding with Kapton ln Helium at the Paschen mini­
mum. 

4. Testing of axial and radial insulation breaks and Instru­
mentation wire feedthroughs 

These components are needed in a larger quantity. Therefore 
weil designed and prepared testing methods are indispensable. 
The most important aim of the testing is the confirmation of the 
mechanical integrity of the component under operation condi­
tions. lf the mechanical integrity is confirmed the electrical integ­
rity is very likely according to experience gained. Therefore the 
high valtage tests are performed for simplification at 293 K 
(room temperature) in air. The test valtage applied is twice the 
nominal valtage accompanied by a partial discharge (PD) 
measurement. 

Table 1: Testlng of basic components, prolotype and series 
testing 

Test Thermal Pressure cycles Leak tests al High valtage DC, 
cycles up to proof proof pressure AC(PD) 

ressure 
Tamperature 77K 4K 293 4K 293 293 4K 293 293 4K 293 

K K K K K K 
Component Proto- Series 

type Iasting 

Axialbreak 2X 1x 5x 5x 5x Yes Yes Yes Yes No Yes 
Radial break 2X 2x 5x 5x 5x Yes Yes Yes Yes Yes Yes 
Feedthrough 2X 1x 5x 5x 5x Yes Yes Yes n.a. n.a. n.a. 

The test facility for the axial insulation breaks and feedthroughs 
respectively, ls designed for testing of eight insulation breaks or 

feedthroughs in one thermal cycle down to 4 K. Each specimen 
has its own hydraulical circuit for leak testing and pressure 
cycles completely separated from the other ones (Fig. 5). One 
test cycle with eight test objects needs about 2 weeks and 500 I 
liquid helium. No high valtage test can be performed in this 
facillty. 

"Helium level 

Vacuum insert 

Helium gas heat exchanger 
for pressure cycles 

Fig. 5: The test facility for the axial insulation breaks or feed­
throughs. Eight specimens can be tested in one ther­
mal cycle. Each specimen has its own hydraullc circuit 
Independent from the other ones. 

The radial insulation breaks are tested in an other facility (Fig.6). 
Only one object can be tested in one thermal cycle. The facllity 
is suitable for thermohydraulic and electrical tests at 4 K but not 
in one thermal cycle. Only the relatively small volume ls filled 
with liquid helium in order to test the pressure loading in the 
correct pressure direction. The measurement of specified leak 
rate of 1 o·8 mbar•l/s cannot be achieved caused by He diffusity 
of the 0-ring seals at the cryostat Iid which Iead to a background 
in 1 o·4 

- 1 o·6 mbar•l/s range. Therefore a guard vacuum cap has 
to be welded over the outer part for leak testing. The radial 
insulation break welded in the test flange is shown in Fig. 7. 
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Fig. 6: The test facility for the radial insulation break for leak 
testing and high valtage tests. 

Fig. 7: Radial insulation break welded in the test !lange. 

The radial insulation breaks were electron beam welded in an 
eccentric !lange alter the testing (Fig. 8). ln order to assure the 
tightness of the weid seam, the insulation breaks were exposed 
again a thermal cycle down to liquid nltrogen temperature and 
then leak tested atmospheric pressure agalnst vacuum. 
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Fig. 8: Radial insulation break welded by electron beam 
welding in the eccentric !lange. 

21 axial insulation and breaks 3 radial were tested and delivered 
up to now to AGAN (Aistom). 

5. Testing of a Kapton cable sample 

A test arrangement was proposed (Fig. 4) to examine the band 
between the present available Kapton dummy cable and the 
epoxy resln insulation used by AGAN. Alstom delivered a similar 
test sample (without grounded electrodes). The Kapton cable is 
glued in a !lange that is mounted on a cryostat. So at the room 
temperature side it ls possible to connect the copper wires of the 
dummy cable with high voltage. At the cold side the cable ends 
at a high valtage electrode which was surrounded by the epoxy 
resign insulation. The insulation of the cable and the epoxy resin 
part is covered by a screen or a conductive paint connected with 
ground potential. After a high valtage test at room temperature 
the sample was cooled down. Several high valtage tests were 
performed varying the pressure of the helium gas in the cryostat 
between 2.2•10-2 mbar and 1000 mbar abs. The temperature 
was between 93 K and 154 K depending on the pressure. The 
test showed that the sample withstood 10 kVrms and that the 
band (Kapton - fiberglass reinforced epoxy resin) remained 
stable. The unusual high partial discharge was explained by a 
relatively large vold Inside the hand wrapped fiberglass rein­
forced epoxy resin. This led to a breakthrough channel in the 
epoxy hand wrap from the terminal electrode to the conductive 
coating at ground potential on the outside. 

6. Summary 

• The present state of high valtage component fabrication 
Iooks llke follows: 

Compo- To- ln On lntest Tested Deliv- Note 
nent tal fabri- stock ered 

catlon 

Axialbreak 30 finlshed 9 21 2 spare parts 

Radial 3 flnished 3 1 spare part 
break 

Feed- 3 finlshed 1 2 
throughs 

lnstrumen- 11 X Specification 
tation cable 10m ready, cable 

erdered 
Connectors 11 Notyet 

started 

The fabrication and delivery of insulation breaks and feed­
throughs is compatible with the TFMC fabrication progress. 
For the Instrumentation cable the alternate design has to 
be elaborated to start with the fabrication of parts. 
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• 80 TVO temperature sensors were delivered by AGAN 
(Noell) for calibration July 16, 1998 and given back cali­
brated at September 17, 1998. Hall plates for calibration 
were not delivered up to now by AGAN. 
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ITER Tritium Plant Engineering Design 
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Within the frame of the Engineering Design Activity Phase of 
ITER a concept for an Automated Control System (ACS) for the 
Tritium Plant has been defined. Thls design has been fully 
adopted by ITER and incorporated into the Design Description 
Document (DDD). 

A detailed cost estimation has also been carried out and 
submitted to ITER. The cost estimatlon was based on the 
DDD's of seven tritium processing systems. Basic relevant data 
were also obtained from the TLK facilities 

• CAPRICE for plasma exhaust clean-up 

• Tritium Storage for fuel storage and handling and 

• Central Process Control System. 

More recently, proposals concerning the sequence and Co­
ordination of future activities during the construction phase of 
ITER have been made. Fundamental aspects that need to be 
met during plant design and construction as weil as during the 
definition of specifications have been addressed. Attention was 
drawn to the problems that may arise at the Interface process 
ACS and solutions are proposed [1]. 

[1] Process Control System Concept for the ITER Tritium Plant, 
T. Vollmer, K. Borcherding, R. - D. Penzhorn, G. Kopp, D. 
Murdoch, J. Koonce, Proc. 201

h SOFT, Marseille, France 7-
11 Sept. (1998). 
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ERB 5004 CT 970082 (NET/97-458) 
Acceptance Tests of Strands and Sub-Stage 
CJCC's with Respect to Heat Treatment of TFMC 
Pancakes 

The reaction heat treatments (HT) of the pancakes of the TFMC 
have to be controlled by measurements on short samples co­
reacted with the pancakes. At each HT two pancakes are heat 
treated simultaneously, that means 5 HT (DP1 to DP5) for the 
TFMC are necessary. A sample holder containing 10 strand 
samples was thermally bonded to the pancake surface of each 
HT. Additionally, 6 sub-stage 316L jacketed CICC's (3 x 3 x 4 
strand cable) were co-reacted with the DP2 heat treatment, of 
what 3 CICC's have to be prepared with additional steel (added 
steel) alter the HT representing the influence of the radial plates 
within the TFMC. 

Furthermore, 1 0 strand samples and 6 sub-stage lncoloy 908 
jacketed CICC's (again 3 with added steel) are Ioreseen for co­
reaction with the lncoloy dummy pancake. 

So far, the strand samples of both heat .treatments DP1 and 
DP2 were investigated in our high field test facility (FBI). The 
316L jacketed sub-stage CICC's are in preparation for testing. 

At 4.2 K the critical current (le) versus magnetic field (8) and 
axial strain (E) at B = 13 T has been measured. An le·criterion of 
1 j.tV/cm was used at all tests. The le vs B data of 3 strand 
samples each from DP1 and DP2 are plotted in Table 1. 

Table 1: Critical current data between 10 and 13.5 Tat 4.2 K 

Critical Current (A) 
Sampie 10T 11 T 12 T 13 T 13.5 T 
DP1A3a 211.9 179.5 149.8 123.0 108.1 
DP1A5b 222.1 189.1 160.1 131.5 115.8 
DP1A6a 215.2 179.3 149.0 123.3 108.9 
DP2C3a 215.4 182.1 152.1 124.5 110.6 
DP2C4a 213.6 183.6 154.2 126.0 111.7 
DP2C5a 217.2 182.9 153.7 125.1 110.6 
Aver.DP 215.9 182.3 153.2 125.6 111.0 
Aver.M27 224.5 186.7 156.6 126.9 110.3 

The average lc values (Aver. DP) of these measurements are 
compared with those data obtained from the former ITER Task 
No. NIITT45, GB5-M27 (Aver. M27), shown in Table 1 and Fig. 1 
respectively. 
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Fig. 1: Comparison of average lc vs B data between these (DP) 
and former tests (M 27). 

The Nb3Sn strands (LMI) tested and the nominal heat treatment 
time and Iamperature are comparable of both tasks, but the heat 
treatments are carried out at different ovens. While the high field 
values are the same of both curves, the low field ones are 
considerably lower for the DP curve (Fig. 1).This may be an 
indication of a higher reaction temperature of the DP samples 
(due to temperature inhomogenities within this oven) with 
respect to the M27 ones. 

The typical strain dependance of the critical current measured at 
13 T and 4.2 K is presented in Fig. 2. After loading to E = 0.55 % 
(run 19) and the following unloading to the plastlc strain of E = 
0.32 % (run 20) le behaves reversible. 
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Fig. 2: Strain dependance of critical current of sample DP1 A3a 
reacted with DP1. 

The characreristc data of the le vs E curves are ( Fig. 2) : 
• Critlcal current at E = 0 %, Iee 
• Max. crit. current at E = Ern, lern 
• Straln at lern. Ern 
• Irreversible strain, Etrr 

These data of all samples measured are summarized in Table 2, 
including the average data of these tests (Aver. DP) and those 
of the former investigations (Aver. M 27). 

Table 2: Characterlstic crit. current and strain data of lc vs E 
measurements at 13 T and 4.2 K. 

Sampie lco(A) lcrn(A) Ern(%} Eirr(%} 
DP1A3a 122.0 130.0 0.15 20.55 
DP1A5b 130.8 135.0 0.12 20.50 
DP1A6a 122.3 130.0 0.16 2 0.62 
DP2C3a 124.0 130.0 0.15 20.46 
DP2C4a 125.0 132.0 0.16 2 0.55 
DP2C5a 124.0 135.0 0.17 2 0.54 
Aver.DP 124.7 132.0 0.15 20.54 

Aver.M27 127.8 135.9 0.14 20.52 

The le vs E results of these tests are the same as the former 
ones. Furthermore, a comparison of both data of the lc vs B and 
le vs E tests between the DP1 and DP2 samples show no 
significant scattering. That means the Iaiiure of the oven during 
the reaction of DP2 at reaction temperature seems not to have a 
negative effect on these data. 
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ERB 5004 CT 970099 (NET/97-459) 
Design and Related Analyses of the ITER 
Breeding Blanket 

ln the frame of the Reference ITER Breeding Blanket Design, a 
series of activities have been performed at the FZK with the 
scope of enlarge and assess the data base for the beryllium 
pebble beds. 

The heat transfer parameters (l.e. thermal conductivity and heat 
transfer coefficient) of the binary beryllium pebble bed have 
been obtained and correlated as a function of temperature and 
of the interference between bed and constraining walls, due to 
the differential thermal expansion [1]. The correlations allow an 
easy application for the calculatlons in the blanket. 

The equation correlating the experimental results for the thermal 
conductivlty and suggested for ITER design purposes is: 

k[W I mK]== (73145+ 1.00652·10-4 
• T.")· ( 1+ 7.259 · M (% ll .. \. e ; 

The equation correlating the experimental results for the heat 
transfer coefficient and suggested for ITER design purposes is: 

a[w I cm2 K] = 6.138 ·10-2 
• f · exp(0.0035332 · Tw) 

with: 

M f = 4.023 + 54.63.- [%] 
R 

for M ~0.015 
R 

and 

!=1 M 
for -[%]<0.015% 

e 
ln case of MIC = 0 the experimental results for the temperature 
dependence of k and a are valid for Tm and T w in the 
temperature range 130°C-600 oc. The values for the case of 
MIC > 0 are measured in the temperature range between 10° C 
and 160° C and arevalid for MIC [%] in the range 0-0.1 %. 

To confirm assumptions about the electrical resistivity of the 
beryllium pebble bed in the course of the electromagnetic 
analyses for the Reference ITER Breeding Blanket, this property 
has been also investigated [2]. 

The measurements so far performed at room temperature show 
that in case of the single size 2 mm pebble bed, the resistivity of 
the bed decreases drastically to about 1 o·4 nm by applying an 
external pressure. After this flrst drop, the resistivity shows an 
almost linear decrease with the applied pressure. The same 
trend appears for the single slze 0.1-0.2 mm pebble bed, but the 
resistivity values are about one order of magnitude higher than 
in the case of 2 mm pebbles. At room temperature, the lowest 
resistivity values were found for the case of a binary pebble bed 
(pebble diameter <ll= 0.1-0.2 mm and <ll= 2 mm) as shown in 
Fig. 1. 

Tritium and hell um gas-release behavior is a complex function of 
both temperature and time at temperature. Helium release data 
are available for fully dense Be samples irradiated in the EBR-11 
to a fast neutron fluence (En > 0.1 MeV) of about 6x1022 cm·2 

and than annealed at Iamperatures from 450 oc to 1200 oc 
[3,4]. ln general, no measurable tritium and helium release is 
observed from the specimens annealed to temperatures of 
600 oc and lower. Although tritium is released from the 
speclmen at 700 oc, no helium release is observed, probably 
because of insufficient detection sensitivity in the QMS analysis 
setup. A direct comparison of the tritium and helium gas release 
behavior is shown in Fig. 2, for specimens annealed up to 

1200 oc. A sharp gas-burst release peak is observed in the 
case of samples heated on a segmented ramp to an anneal 
temperature of 1200 oc. Hence the quality of the QMS data are 
not as good as the tritium data, however the results are 
unambiguous that both tritium and 4He are released 
concurrently from the heated specimens during the burst­
release phenomenon. One infers from this result that the tritium 
and hellum reside in common bubblas in the irradiated material. 
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Fig. 1: Electrical resistivity as a function of pressure at room 
temperature [2]. 
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Comparison of tritium release rates measured with the 
in-llne Ion chamber with 4He release rates measured 
with the quadrupole mass spectrometer (QMS) for Be 
specimen annealed to 1200 oc [3,4]. 

ln Figure 3 low temperature swelling data are plotted as a 
function of He content and compared with both Billone's 
correlation [5] and ANFIBE predlctions [6,7]. 

At Irradiation temperature lower than 100 oc Billone's correlation 
and ANFIBE predictions are in very good agreement, and both 
match very weil the experimental results. At T =350 oc the 
Billone's correlation tends to underpredict some experimental 
data, thus the use of ANFIBE predictions is an upper bound to 
Billone correlation. The valldity of the comparison depends 
essentially on the relevance of the He measurements in the 
samples after post-irradiation examlnations to the He contained 
in the specimens during Irradiation. 
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Fig. 3: Low Iamperature Be swelling as a function of He 
content. 

Clearly, what is needed for va!idation of correlations/code 
predictions for ITER application is a sei of data for Be irradiated 
at Iamperatures from 400-600 oc with weil characterized He 
content in the range 3000-9000 appm. 

However, very accurate post Irradiation examinations (PIE) of 
weil characterized beryllium pebbles irradiated in the EBR II fast 
reactor at neutron fluences of 2700-3700 appm helium and at 
390°C have been recently performed [8]. Density 
measurements on 3-mm FRP pebbles irradiated at 390 oc 
under a fast neutron fluences of about 
1 .6x1 022 cm2 (En> 1 MeV) and with a helium content of 
3595 appm [8] following Irradiation gives 
p = 1.795 ± 0.011 g/cm3 and prior to Irradiation 
Po= 1.810 ± 0.033 g/cm. 

(po -p )/po is 0.83%, smaller in magnitude than the sample­
to-sample variability for the unirradlated density (1.86%) but 
simllar to the variability in the irradiated samples (0.6%). The 
bubblas size ranges in dlameter from 5 to 25 nm, with a mean 
diameter of 11.9 nm at a number density of 2.0x1016 cm·3

• The 
bubble shape is flattened, wi!h an aspec! ratio for thickness to 
diameter of about 0.16. On the basis of the bubble size and 
distribution the actual volumetric swelling can be estimated a! 
about 0.4 of the spherical value which means about 1%. 
Therefore, the measured density change of 0.83% appears to 
be due to the development of in!ernal bubbles. This indicates 
!hat beryllium swelling under neutron Irradiation is predominantly 
a gas-driven swelling, so !hat vold formation from radiation 
darnage can be neglected. 

The ANFIBE calculated volumetric swelling ranges from 0.61% 
to 0.98% depending on both hellum content and material 
properties. The agreement between the calculated swelling data 
and the experimental estimated value of 0.83% is satisfactory. 
On the other hand, the resultant calculated swelling by means of 
Billone's correle!ion is up to about 60% lower than !hat 
calculated with ANFIBE. 
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Definition of an ITER Primary Wall Module 
Medium Scale Mock-up Test Programme 
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As an extension of the ITER shield analysis reported in the PKF 
report 1996/97 this task is an investigation lnto the possibility of 
a meaningful medium-scale mock-up test. 

The weighted objectives of a mock-up test are (i) achieving 
material-interface stress ranges comparable to those in the 
ITER shield; (ii) matehing the stress patterns of the ITER 
module, i.e. producing critical stresses in similar locations and 
(lii) reaching Interface temperatures as close to the ones in ITER 
as possible. 

For the module, it had been shown that cyclic thermal expansion 
of the massive steel block is a major source of Interface 
stresses. The view in the previous report, that thermal cycling of 
the mock-up back region is not a reasonable option, still holds. 
However, finite-element analyses have been carried out for a 
constant-temperature back region to explore how effective (i) a 
tailoring of radiation-heater power in the existing back region 
channels, (ii) a reversal of the flow direction in the first-wall 
cooling channels and (iii) the surface heating of both FW and 
part of the poloidal-end surface are. 

Results indicate that the described largely FIWATKA-compatible 
conditions can indeed impose stress patterns similar to those in 
the ITER shield, even though stress ranges at critical locations 
trail by factors mostly between one and three. 

With the geometry investigated dillering from the latest ITER 
shield deslgn, no effort was made to optimise the mock-up 
conditions; thls step is left to the detail design of a mock-up. 
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ERB 5004 CT 980023 (NET/98-472) 
ITER Reference Breeding Blanket Design 
(Stage 2); Materials Assessment, Pebble Bed 
and Tritium Analysis 

ln the frame of the ITER Reference Breeding Blanke! Design, 
several activities like the evaluation of the purge gas pressure 
drop in the pebble beds (ceramics and Be), the exploration of 
the DEM (MIMES) code capabilities, and the tritium analysls 
in the pebble beds (ceramics and Be) have been performed. 

To reduce the tritium permeation to beryllium through the 
walls of the tubes, in the ceramies the velocity of flowing 
helium has been fixed at 25 cm/s. Consequently the velocity 
of the purge gas in the Be pebble beds is fixed so that there 
the calculated pressure drop of 2.5 kPa is the same as in the 
breeder material. 

For the analysis of the thermal-mechanical interactions 
between the pebble bed and the stainless steel structure of 
the breeding blanket a continuous (FEM) or a diserste 
element approach (DEM) can be used. 

The DEM approach is very interesting because of its 
capability to provide Information on the Interaction between 
single pebbles and on the distribution of voids in the bed, and, 
in close Interaction with ENEA, CEA and the Joint 
EBP/EU HT, the exploration of the capabilllies of the Diserste 
Element Method 2-dimensional code MIMES [2) has been 
performed. 

Experiences with the DEM have shown !hat the 2-dimensional 
approach is quite rough and, as the possibility of 
rearrangement of the pebbles in 2-dimensions is strongly 
reduced, higher stresses were calculated in comparison with 
a 3-dimensional approach. Unfortunately, from the numerical 
point of view the use of a 3-dimensional DEM code was very 
time-consuming because of the extremely high number of 
pebbles which should 'be considered, and is not practicable. 
Also a DEM/FEM coupling, as proposed at MIT, would 
present too high computational time as weil as computational 
costs. 

The total tritium inventory in the breeder material has been 
calculated according to methods described in (3). 

The breeder material assumed for the ITER reference 
breeding blanke! design [1) is Iithium zirconate (Li2Zr03), 

which is used in the form of a single size pebble bed 
(<I!= 1-1.5 mm) with a packing fraction of 58.4%. The others 
two candidate breeder materials (1] are Iithium titanate 
(Li2TiOs) and Iithium silicate (Li4Si04). Both breeder materials 
are used in the form of single size pebble beds 
($ = 0.8·1.2 mm for the Li2TiOs and <jl = 0.25-0.63 mm for the 
Li4Si04) with a packing fraction of 60.2% and 64% 
respectively. The resulting total tritium inventory is 6.7 g, 
79.7 g and 146 g for Li2ZrOs, Li2TIOs and Li4Si04 respectively. 

No data are presently available from In-pile tritium release 
experiments for beryllium. Release kinetics and total amount 
of released tritium from Be are determined out-of-pile by 
eilher stepped-temperature anneal or thermal ramp 
desorption tests. The "Beryllium" [4) as weil as the EXOTIC-7 
[5) experiments carried out in the HFR reactor in Pellen are 
detalled and significant tests for lnvestigating the tritium release 
kinetics in irradiated beryllium pebbles. ln agreement with 
previous studies the release starts at about 500 QC and 
achieves a maximum at about 700 ac. The equations 
correlating the experimental results for the tritium residence 
time in beryllium shown in Fig.1, are: 
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't [months] =4.226X10-11 X exp(19240/T) 

for 653 K < T < 723 K 

't [months] = 0.021 X exp(4743/T) 

for 723 K ::; T < 923 K 

At Iamperatures below about 400 oc, essentially all produced 
tritium is retained in beryllium. 

3 .............................. ; ................................................. , .............. . 

2 ............ ·]'""""""'"['""""""'+""""""+·--·"'"""!·· ............ . 
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1000/T (K) 

Fig. 1: Residence time vs. annealing temperature for 
neutron-generated tritium in beryllium [6). 

Calculations of the tritium inventory remaining in the beryllium 
at the ITER blanket-end-of-life have been also performed. Of 
the total tritium produced in the blanke! during its life, a tritium 
accumulation of a few kg is expected. According to the 
ANFIBE [7,8) calculations, in the case of an average neutron 
fluence of 1 MWy/m2 at blanke! end of life (EOL), about 1 kg 
of tritiumwill be retalned in beryllium, whilst about 2.7 kg will 
be retained in case of an average EOL neutron fluence of 3 
MWy/m2. 
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Material Assessment 

For the EU-helium-cooled pebble bed blanket (HCPB) 
extensive calculations of relevant Irradiation parameters have 
been performed in order to give guidance for future Irradiation 
experiments and to illustrate how far with the existing 
Irradiation facilities such parameters can be adapted. 

For the structural material in the DEMO-breeding blanket - a 
ferritic martensitic steel - the number of atomic displacements 
per atom and per full power year (dpa/FPY) and the yearly 
production rates of hydrogen and helium via nuclear reactions 
have been calculated and are plotted in Fig. 2. 

They are based an detailed Monte Carlo Neutranie Transport 
(MCNP)-calculations [1] and use the standard models to 
determine the above parameters. For this blanket 
configuration a maximum neutron wall Ioad of 3,5 MW/m2 is 
assumed which Ieads at the First Wall position to an 
integrated neutron flux of 1,25·1016n/cm2·s, 30 dpa/FPY, 1400 
atomic ppm Hand 330 appm He/FPY. The radial dependence 
of these parameters is very strong and reflects the reduction 
of neutron !Iux and the relative softening of the neutron 
spectrum. 
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For comparison, in a typical reactor position in the HFR­
Petten where many Irradiation experiments are performed an 
effective accumulation of 2,6 dpa/FPY is reached and the 
important generation rates of hydrogen and helium are much 
lower than under fusion neutron Irradiation. The relation of 
these figures is not changed if in a high-flux position up to 9 
dpa/FPY are accumulated, with the consequence that the 
correct He/dpa and H/dpa relations (11-2,75 appm He/dpa 
and 45-10,3 appm H/dpa) cannot be achieved. Irradiations in 
the core region of fast reactors may provide higher 
displacement rates per annum (up to 30 dpa/FPY), but the 
relative production rates of H and He are even lower than in 
the material test reactors. This confirms that a fusion-specific 
Irradiation facility is needed in order to clarify the synergistic 
effect of high displacement and transmutation reactions. 

Similar calculations have been performed for the ceramic 
breeder material Li4Si04 in the HCPB-DEMO blanket. The 
data for the power density and other important parameters 
like the displacement rate and the Li-burn-up are plotted in 
dependence of the radial distance from the First Wall in Fig. 
3. 

A thermomechanical analysis has shown that for the 
envisaged neutron wallload of max. 3,5 MW/m2 the Iimit is set 
by the ceramic breeder material rather than by the structural 
alloy. Again for the plannlng of future Irradiation experlments 
in fission reactors or other facilities the above parameters like 
the burn-up/dpa relation should be adapted to the real 
situation in the fusion environment as near as possible. 
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Fig. 2: Radial dependence of neutron flux and darnage parameters in the HCPB-outboard breeding blanke! for the structural material 
(Fe-base) 
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Long-Term Technology Programme 

1. The European Blanket Pro)ect (EBP) 

The European Blanke! Project (EBP) was established in 
late 1995 and includes three subprojects covering R&D 
work on: 

a water-cooled Iithium Iead blanke! (WCLL), 

a hellum-cooled pebble bed blanke! (HCPB), and 

structural materials (SM) for WCLL and HCPB. 

At the end of 1996 a reorientation of the long-term blanke! 
and structural materials activities within the EBP was 
proposed by the Commission and endorsed by the FTSC­
P. The revised work programme for 1997/98 covers the 
period up to the end of the Fourth Framewerk Programme. 

All three subprojects of the EBP utilize a harrnonized wo;k 
breakdown structure, comprising three Ieveis: work 
packages, tasks, and subtasks. The contrlbutions in this 
report are on the subtask Ievel. 

2 Other Long-Term Technology Activities 

Besides the blanket-related tasks FZK contributes to the 
fields "Materials for DEMO", "Safety and Environment" and 
"Socio-Economics 

-· 79 .• 
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WPB1 
DEMO Blanket Feasibility and Design 

B 1.1.1 
Segment Design Adaptation to New 
Specification 

Nuclear Design Analyses for the EU HCPB Demo Blanket 

The investigations have been continued to study design 
variants of the EU HCPB demo blanke! with regard to the 
breeder material, the pebble bed layer helght, the 6Li-enrichment 
and the structural material. To this end, systemalle neutranies 
analyses have been performed for the ceramies breeder 
materials Li4Si04, LI2ZrOa and LHiOa by varying the breeder 
pebble bed height between 9 and 14 mm, the 6LI-enrichment 
between 25 and 90 at%, and consldering the Jow activation (LA) 
steel EUROFER as structural material [1). The Beryllium pebble 
bed height and the cooling plate thickness has been kept at 45 
and 8 mm, respectively. Neutranies calculations have been 
performed with the MCNP Monte Carlo code [2) and nuclear 
data from the European Fusion File EFF-1 [3) making use of the 
three-dimensional 11.25° torus sector model developed 
previously for the DEMONET configuration [4]. 

" ., 
Li-6 enrichment 

Fig. 1: Dependance of TBR on 6LI-enrichment and pebble bed 
height for Li2ZrOa 

" " Ll-6 enrichment 

Fig. 2: Dependance of TBR on 6LI-enrichment and pebble bed 
height for Li2TiOa 

Results are displayed in the figures for the global tritium 
breeding ratio of the three breeder material variants. The 
dependence of the TBR on the breeder pebble bed helght is 
rather modest while the opposlte is true for the 6LI-enrichment. 
When using the LA steel EUROFER as structural material, a 6Li­
enrichment is required of 35-40 at% for Li4Si04, 65 -75 atolo for 
Li2ZrOa and 55-65 at% for Li2 Ti03 to achieve at the target value 
for the global TBR at 1.13 to 1.14. This Js required to arrive at a 
final TBR=1.05 when taking into account 10 blanke! ports (ßTBR 

so 0.06-0.07) and the burn-up effect (ßTBR so 0.01-0.02 at a full 
power operation of 20,000 hours). 

" " Ll-6 enrichment 

Fig. 3: Dependance of TBR on 6LI-enrichment and pebble bed 
helght for Li2ZrOa 

The Lithium burn-up is hlgher for Li2Zr03 and Li2 Tiü3 due to the 
Jower Lithium number density and the required higher 6LI­
enrichment as compared to L14Si04. For the design variant with 
9 mm breeder bed height and EUROFER structural material e. 
g., the maximum Lithium burn-up amounts to 9.3, 18.3 and 14.6 
at% for Li4Si04, Li2Zr03 and Li2Ti03 , respectively, at a full power 
operation of 20,000 hours . 

With regard to the breeding performance it is concluded that any 
of the Iithium ceramies investigated may be used as breeder 
material in the HCPB demo blanke!. However, Li2Ti0a and 
LI2Zr03 necessitate a higher 6LI-enrichment by 20 to 35 at% as 
compared to Li4Si04 and result in a higher Lithium burn-up by up 
to a factor two. 

Thermal-mechanical Analyses 

Thermal-mechanical calculations have been performed with the 
ABAQUS Finite Elementcode considering the 9% Cr martensitic 
steel T91 as blanke! structural material because it has slmilar 
properlies as EUROFER and has been qualified for the RCC­
MR code while material data are not yet available for EUROFER 
[1]. 

New experimental data, obtained in 1997 at FZK, were used for 
the thermal conductivity of the LI4Si04 pebble bed. The thermal 
conductivities and bed-to-wall heat transfer coefficients of 
Li2 Ti03 and Li2Zr03 as weil as the bed-to-wall heat Iranster 
coefflcient of the Li4Si04 pebble bed have been based on the 
Schluender correlations. With regard to the maximum tolerable 
ceramic temperature, the objective has been to keep a deslgn 
Iimit of about 100 K below the maximum allowable Iamperature 
(to account for hol spots uncertainties) which is about 1024°C 
for LI4Si04 [4], as dictalad by the Iithium partial pressure. For 
Li2Ti03 and Li2Zr03 , prelimlnary Iamperature Iimits were 
assumed of 1150°C and 11 oooc according to ref. [5) and [6], 
respectively. 

Table 1 shows the calculated maximum Iamperatures in the 
different materials as a function of the pebble bed height and the 
required 6LI enrichment. The beryllium pebble bed height (45 
mm) and the hydraulic values are kept constant in all cases. in 
the ceramic pebble bed the maximum power denslty decreases 
slightly with a !arger pebble bed helght whlle the maximum 
Iamperatures rise more strongly due to a square dependence 
with values Jying between 879°C and 1181 oc for LI4Si04, 919°C 
and 1207°C for Li2li03 and 991 and 1318°C for Li2Zr03 , 

respectlvely. Considering a preliminary design Iimit of about 
920°C for Li4Si04, about 1 050°C for Ll2 Ti03 and about 1 ooooc 
for LI2Zr03, respectively, a Jayer thlckness of 9 mm was found to 
be suitable for all the three breeding materials so !hat their 
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Table 1: Power densities and maximum temperatures for different ceramic breeder pebble bed heights at the required 6Li enrichment 

Li4Si04 
Li Enrich. (at%) 40 40 40 40 40 40 65 65 
h (mm} 9 10 11 12 13 14 9 10 
Max. pow. density 
0/IJ/cm3} 
Steel (FW) 25 25 25 25 25 25 25 25 
Be pebble bed 14 14 14 14 14 14 14 14 
Cer pebble bed 43 40 38 37 36 34 42 40 
Max. temp. (0 C} 
Steel (FW} 502 502 502 502 501 501 502 502 
Be pebble bed 628 630 629 629 628 628 629 630 
Cer pebble bed 879 924 976 1054 1121 1181 919 963 

maximum Iamperatures can be kept under raasanable Iimits 
with sufficient reserve for uncertalnties. 

The maximum temperatures mentioned above in the case with 
EUROFER!T91 structure are about 10-20 K hlgher than those in 
the case with MANET structure because of the higher power 
densities in the ceramies resulted from the higher Li-6 
enrlchments required [1]. The maximum temperatures in 
beryllium pebble bed are about 630°C in all cases. The 
maximum T91 FW temperature amounts to 502°C and is smaller 
than that of MANET (515°C) due to the better thermal 
conductivity which results in moderate secondary stresses in the 
structures. All total stresses have been proven in detailed two 
and three-dimesional stress analyses to be weil below the 
allowable Iimits according to the RCC·MR code assuming 8 
MPa pressure in the whole blanke! and a max. FW surtace heat 
Ioad of 0.5 MW/m2 • 
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WPB2 
ITER Test Blanket Module Feasibility and 
Design 

B 2.1.1 
TBM Design, Analysis and Integration in ITER 

Nuclear Design Analyses 

ln addition to the neutranies and activation design analyses 
performed prevlously for the HCPB Blanke! Test Module in ITER 
[1], the shlelding efficiency was assessed by calculating the 
radiation Ioads to the vacuum vessel and the TF-coil adjacent to 
the lest blanke! port at the highest loaded locations. 

According to the requirements specified by ITER, the lest 
blanke! system has to be designed for a total first wall neutron 
flux of 1 MW/m2

• Wlth regard to shielding, the most crucial 
requirements refer to the reweldability of the vacuum vessel, 
resulting in an upper Iimit for the helium production of about 1 
appm, and to a peak radlation dose to the electrical insulator of 
the toroidal field {TF) coil of 3 · 1 o" rad. 

Table 1 shows the results of three-dimenslonal Monte Carlo 
shielding calculations performed for a 9 degree ITER torus 
sector modal with horizontal outboard blanke! port, support 
frame and integrated HCPB test blanke! modules. lt is 
concluded !hat the required design Iimits can be clearly met with 
the current test blanke! port configuration. 

Table 1: Radiation Ioads to the TF-coil and the vacuum vessel at 
a TBM first wall fluence of 1 MWa/m2

• 

Väouum vessel 
Helium production [appm] 

TF-coil 
Peak dose to electrical insulator 
(Epoxy) [rad] 
Peak displacement darnage to copper 
stabiliser [dpa] 
Peak fast neutron fluence (E>0.1 
MeV) to the Nb3Sn superconductor 
Peak nuclear heating in winding pack 
[mWcm-3] 

Thermal and Mechanical Analyses 

HCPB 
TBM 

0.09 

9.4·107 

2.2·10'5 

6.2·1016 

0.03 

Design 
Iimits 

1.0 

3·10ä 

6-10'3 

1·1019 

1.0 

The three-dimensional thermal-mechanical analyses of the 
TBM, in particular for the cyclic operation of ITER, were 
completed [2]. They confirmed the preliminary statement !hat the 
primary stresses in the TBM are moderate, and the Iamperature 
differences cause secondary stresses, which Iead to total 
stresses close to the allowable Iimit. Additional analyses are 
necessary on the superposition of stresses resulting from 
mechanical, thermal, and electromagnetic Ioads, on the thermal­
mechanical Interaction between the Be armor, the pebble beds 
and the steel structure, and on the stress evaluation according 
to design rules like ASME and RCC-MR. 

Electromagnetic Analysis 

The Finite Element Method program AENEAS [3], developed at 
FZK to study transient eddy current problems as weil as 
magnetic fields and forces in non-linear magnetic materials [4], 
has been used for the electromagnetic analysis of the TBM. 

1 . Force Calculation 

Electromagnetic force distributions have been calculated for 
centered disruptions (CD) with different dlscharge times (1 Oms, 
25ms and 50ms) and for 50ms upward and downward vertical 
dlsplacement events (VDE). Resultant forces and torques have 
been derived at the TBM support. Normal components of forces 
(FN) and torques (TN) for the ITER reference CD (50ms) are 
shown as a function of time in Fig. 1 and Fig. 2. A pulllng FN of 
0.2 MN in the direction of the plasma center acts on the TBM 
even during normal operatlon. The resultant FN of the LF 
distribution originating during the disruption achieves a max. 
value of 0.12 MN in positive (outward) normal dlrection, 
contributing to a reduction of the total FN acting on the support. 
However, if we consider the spatial distrlbution of the forces on 
the TBM structure, we can observe !hat whereas the MFs act 
predominantly in the radial direction, the LFs are differently 
directed depending on the eddy current patterns in the structure. 
Therefore, during a disruptlon the Iosding of the structure can be 
locally (for example on the first wall) higher than during normal 
operatlon. Considering the T N we note !hat the only signlficant 
contribution is glven frorn the LF (max. 0.8 MNm). For Iaster 
CDs (1 Oms and 25ms), analogaus behaviours with increasing 
peak values are obtalned for FN and T N given by LF contribution 
(respectively 0.26 MN and 1. 75 MNm for a 1 Oms CD). 

CENTERED DISRUPfiON (SOms) 

o w w ~ ~ ~ ~ m 
time (ms) 

Fig. 1: Normal component of the resultant force acting on the 
TBM support. Magnetization (MF) and Lorentz (LF) 
contributions are also shown. 

CENTERED DISRUPI'ION (50ms) 
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~ 
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Fig. 2: Normal component of the resultant torqua actlng on the 
TBM support. Magnetization (MF) and Lorentz (LF) 
contributions arealso shown. 
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The effect of the magnetization on the LF (stronger magnetic 
flux density) has been evaluated carrying out the same 
electromagnetic analyses for a nonmagnetic structural material. 
For the reference CD (50ms) peak values of the LF contribution 
have been calculated as FN=0.07 MN and TN=0.65 MNm. 
Upward and downward VDE have been also analysed, but from 
Table 2 - showing the maximum values of the total resultant 
forces and torques acting on the support for the reference CD 
(50ms) and upward and downward VDEs - it is evident !hat the 
most critical event for the TBM is represented by a centered 
plasma disruption. 

Table 2: Maximum Values for reference plasma disruption 
events. 

MaxValues FN IFrl TN ITrl 
(MN) (MN) (MNm) (MNm) 

CD (50ms) -0.20 1.14 0.72 0.32 

Up. VDE (50ms) -0.20 0.08 0.47 0.25 

Down. VDE (50ms) -0.20 0.12 0.49 0.22 

For the normal components also the direction is indicated 
whereas for the tangential components only the magnitudes are 
presented. 

2. Error Field Calculation 

The magnetic field produced by the magnetized matter of the 
TBM (error field) has been calculated to evaluate the effect of 
the TBMs on the toroidal magnetic field in the plasma region. 
Fig. 3 shows the magnitude of the error field as a function of the 
toroidal angle in the plane Z=1.7m and for different radius 
values. The solid curve corresponds to a circle taken around the 
outer edge of the plasina (R=10.947m). Toroidal magnetic field 
ripple values ÖFe for the same have been calculated following [5]. 
At R=10.947m results öF•=0.85%, but it can be observed that 
near the module, ÖFe changes very rapidly with R. Changas in 
ÖFe have also been obtained by varying the Z coordinate. 

Magnitude of Error Field (Z=1.7m) 
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Fig. 3: Magnitude of the error field as a function of the 
toroidal angle in the plane Z=1.7m and for different R 
near the TBMs. 

Design Studies 

The design of the TBM has been revised taking into account the 
results of the manufacturing tests (see subtask B 3.1.1) and of 
the thermal-mechanical analyses. The modifications concern 
mainly the height of the pebble beds (ceramic breeder: 15 mm, 

beryllium: 53 mm), the caps, and the manifolds (see Fig. 4). The 
manufacturing route of the TBM has been adjusted to the 
revised design. 

tntet 

I"S COolo!nt 
Syst.em I/tl 

Fig. 4: Vertical and horizontal cross section of the HCPB­
TBM 
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B 2.2.1 
TBM Ancillary, Equipment Design 

The design work on the Tritium Extraction System and on the 
Coolant Purification System prepared for the ITER Design 
Description Document [1] has been completed by 

• an estimation of the space requirements which included a 
proposal for an arrangement of the two systems in the 
same room, 

• a three-dimenslonal Iayout of the systems which are shown 
in the following figures. 

1 
2 
3a/b 
4 
5 
6a/b 
7 
8 

Cooler 
Filter 
Tritium Monitor 
Cold Trap 
Recuperator 
Low Temp. Adsorber 
Heater 
Compressor 

10 
11/13/17 

12 
14 
15 
16 
19 

Water Goileetor 
Biower 
ReliefTank 
Diffusor 
Getter Bed 
Helium Buffer V esse I 
Gaschromategraph 

Fig. 1: Layout of the Tritium Extraction System 

1 
2 
3 
4 
5 

Water Separator 
Electrical Heater 
Catalytic Oxidizer 
Cooler 
Biower 

6 
7 

8a/b 
9 

10/11 

Cold Trap 
Recuperator 
Low Temp. Adsorber 
Electric Heater 
Relief Valves 

Fig. 2: Layout of the Coolant Purification System 

The numbers of the components shown in Fig. 1 correspond 
with the numbers in the process flowsheet shown in the pre­
ceeding report [2]. Additonal details can be found there and in 
[1]. 

[1] European Helium Cooled Pebbel Bed (HPCB) Test Blanket, 
ITER Design Description Document, Status 1.7.1998, FZKA 
6127, 1998 

[2) Nuclear Fusion Project, Annual Raport of the Asseclation 
Forschungszentrum Karlsruhe I Euratom, October 1996 -
September 1997, FZKA 6050, Dec. 1997 
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WPB3 
ITER Test Blanket Module Fabrication 

B 3.1.1 
Development of Fabrication Methods and Manu­
facturing of Mock-ups 

lntroduction 

The design of the European Helium-Cooled Pebble 8ed (HCP8) 
blanke! (see subtasks 8 1.1.1 and 8 2.1.1) makes it necessary 
to investigate, develop and quallfy fabrication and inspection 
technlques which enable the manufacturing and assembly of the 
DEMO blanke! segments and in particular the test blanke! mod­
ule to be tested in ITER. The work of the past year was concen­
trated on the following four fabrication steps: 

• Diffusion welding of first wall (FW) sections and cooling 
plates, in particular with milled grooves to produce plates 
with integrated cooling channels. 

• Bending of the dlffusion welded FW plates to obtaln a 
section of the U-shaped segment box. 

• 

• 

Walding of the cooling plates to the FW at the Inside of the 
segment box. 

Manufacturing of a semi-scale mock up . 

The material used in these investigations is the ferritic­
martensitic steel MANET 2. 

Diffusion Welding of FW and Cooling Plates 

Diffusion welding experiments on plates with internal cooling 
channel structures performed in a vacuum facility under axial 
mechanical pressure have produced promising results. How­
ever, no parts with blimket-related dimensions can as yet be 
welded. For this reason, tests are now being carried out in hot 
isostatic presses (HIP), because such plants exist in the appro­
priate slze. Some first HIP experiments on structures of the first 
wall and of the cooling plates did not produce acceptable results 
despite the use of the same welding parameters (pressure, 
temperature, time) as had been employed in the mechanical 
press. 

A second test series were conducted in two different process 
steps: (1) HIPdiffusion welding of the specimens equipped with 
pressure plates and tightly encapsulated in a sheet metal enclo­
sure. (2) Subsequent HIP welding at very high pressure (1500 
bar) of one half of a specimen part each of the same specimens, 
but this time with open cooling channels. 

Comparisons of the strength Ievels determined in subsequent 
examinations after each of the two welding steps indlcated 
clearly improved results alter the second HIP cycle; however, 
the desired strength goals were not reached [1]. 

The same procedure was employed in further tests in which 
specimens were encapsulated and welded at higher HIP gas 
pressures. Again, subsequent open HIP greatly improved 
strength. ln a specimen plate of the first wall, the 0.2 % proof 
stress was determlned to be 522 to 661 Mpa, and the tensile 
strength was seen to be 625 to 735 Mpa. These Ievels are within 
the range of the base metal. The strength Ievels of the cooling 
plate are clearly lower despite roughly the same degree of Initial 
forming. A slight bulge in the cooling channel ribs in both types 
of plate is indicatlve of excessive gas pressure in encapsulated 
welding. Micrographs show an intermediate layer in the joining 
zone [2]. 

Further HIP diffusion welding tests are planned which will be 
carried out at a reduced pressure with plates with differently 
prepared joining surfaces (see below), with the addition of getter 
material, and the use of a different anti-stick agent in encapsu­
lated welding. 

An alternative to the two-step HIP procedure described above is 
the seal-welding of the Joints and subsequent high-pressure HIP 
bonding in a single step. Two FW specimens have been manu­
factures applying Iaser and TIG welding for sealing of the ribs 
between the coollng channels and E8 welding for the outer 
seals. ln the latter step the jolnt is evacuated at the same time. 
Visual and ultrasonic examinations of the specimens showed 
satlsfactory results. Destructive examinations have still to be 
carried out. 

8esides these component related tests, a basic program is 
carried out in the FZK facillty HIP 3000 to determine the opti­
mum diffusion welding conditions. 8efore the HIP step the 
welding speclmens are evacuated and sealed by E8 welding. 
The quality of the diffusion weid is determined by metallographi­
ca! examinations and tensile, bending and Impact tests. 

The following HIP conditions were applied in the tests: 

surface roughness: 
temperature: 
pressure: 
welding time: 
post-weid heat treatment: 

2flm 
980-1050 oc 

500 - 1500 MPa 
3h 

3h I 750 oc 

The tensile and bending properlies (strength, ductility) of the 
diffusion welded Joints was in general in the range of the base 
material. ln contrast, the Impact tests did not yet yield satisfac­
tory results. 

The metallographlc inspection showed at high magnification 
(1000 x) precipitations in the joining zone as in the component 
related tests described above. For more detailed investigations 
the AUGER scanning electron miereprobe (SEM) with an inter­
nal cleavage tool was used which allows lnspection of mlcro­
specimens cut by spark erosion. The first examlnations showed 
different contamlnations of the joint area (Si,K,CI,H,O,N) with a 
thickness of up to 400 nm. Probably they developed during the 
machining and E8 welding. 

To reduce the possibility of contamination, the surface prepara­
tion procedure was modified: grinding was replaced by dry high­
speed cutting, and a special cleaning procedure with acetone 
immediately before leak-tight welding. Preliminary measure­
ments are encouraging, but further examinations are necessary 
to confirm this result. 

Bending of FW Plates 

To complement the earlier bendlng investlgations a test series 
was carried out on diffusion-welded FW plates with material 
addition for the machinlng of the ribs needed for the welding of 
the cooling plates. The material addition to the inner wall was 15 
mm which allows manufacturing of ribs of 11 mm height includ­
ing some bending tolerances. For the material additlon to the 
outer surface an optimum thickness of 6 mm was obtained. 
Hence, the total thickness of the plates in the final test series 
was 46 mm, the inner bending radius being 50 and 75 mm, 
respectively. The main results can be summarlzed as follows: 

• No cracks were detected during the non-destructive and 
destructive examinations of the bent plates. 

• The specified bending angle can be realised with a toler­
ance <0.5 °. 
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• The reduction of the cooling channel height amounts to 
maximum 20% without and 14% with filling material 

• The machining of the outer surface to the final shape is 
possible with elementary geometries (planes, cylinders) 
without exceeding FW thickness variations of 0.5 mm. 

Welding of Cooling Plates to the FW Box 

The cooiing plates separating the ceramic breeder and the 
beryllium pebble beds have to be jolned to the bent FW box by 
TIG welding. Earlier tests had demonstrated the principal feasi­
bility of this manufacturing process. As the final step of devei­
opment a cooling plate of 500 x 500 mm in size was joined to a 
still U-shaped frame by fully mechanlzed TIG welding. The 
application of this procedure is necessary because the small 
distance of the coollng plates does not allow hand-welding. The 
welding was carried out by Siemens/KWU Company using a 
small-size torch and a CNC machine-tool with four axis of free­
dom [3,4). The suitability of the equipment used was confirmed 
and flawless welds with the metallographical structures and 
mechanical properties usual ior ferritic-rnartensitic steels were 
obtained. With this demonstration the development of the weld­
ing technique for joining the cooling plates and the FW has been 
successfully completed with the exception of a smaller torch 
allowing welding with cooling plate distances of <20 mm. 

Manufacturing of a Semi-scale Mock-up 

The manufacturing of a semi-scale mock-up is an integral dem­
onstration of the feasibility to manufacture the structural parts of 
a HCPB blanke! according to the reference fabrication proce­
dure. Shape and size of the mock-up (see Fig. 1) have been 
selected according to the HEFUS test section described under B 
3.2.1 . The slze is 500 x 250 x 280 mm. The FW box includes 8 
cooling channeis and live cooiing plates which may be replaced 
by dummy plates. The most important manufacturing steps to be 
demonstrated with this mock-up are: 

Coollng pletes 

First weil 

Fig. 1: Isometrie view of the semi-scale mock-up 

• Fabrication of a plane FW plate with integrated cooling 
channels accordlng to the "grooved plate method" 

• Bending of the FW plate to the U-shape of the box 

• Machining of the bent FW plate to final shape including the 
welding ribs 

• Walding of live cooling or dummy piates to the FW box. 

The mock-up will be manufactured until spring 1999. 
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B 3.2.1 
HEBLO Tests and Construction of Test 
Sections for HEBLO and HE-FUS3 

1. HEBLO Test Section 

The HEBLO experiments to be carried out with a small-scale 
test section at Forschungszentrum Karlsruhe (FZK) are an 
integral part of the European HCPB blanke! program with the 
main objective to demonstrate the feasibillty of the HCPB 
blanke! construction including the testing of diffusion welds and 
simulating of thermocyclic Ioad on the pebble beds.[1]. 

1.1 Design of the HEBLO Test section 

The detailed construction of the small-scale lest section for 
HEBLO based on the HCPB blanke! concept has been 
completed. The central part of the HEBLO lest section (Fig. 1) 
is of a box-like shape with a poloidal height of 84 mm, radial 
depth of 155 mm and a toroidallength of 233 mm. lt is provided 
with a first wall (FW) (Pos. 1) with 1 % cooling channels and a 
cooling plate (CP) (Pos. 3) that is connected to the FW by 
means of TIG welding. 8oth FW and CP are manufactured by 
means of diffusion weldlng according to the "grooved plate 
method". The ceramic and beryllium pebble beds separated by 
the cooling plate will be heated up simulating the Interna! heat 
sources during the experiment by the electrical heating plates 
(Pos. 2 and 7, respectlvely), which are flxed at each symmetry 
plane of the pebble beds. A further heating plate 3 for simulation 
of the maximum surface heat Ioad from the plasma (0.5 
MW/m2) is fixed outside on the first wall (Pos. 5). The heating 
plates consist of 10 mm thick MANET plates with cut-in 
grooves. They contain the resistance wire heaters and the 

5 

Structura/ material: 
pololdal 

Lradial MANET 

1 diffusion welded FW 
2 heating plate (4 kW) for CER 
3 diffusion welded cooling plate 
4 CER pebble bed (Li4Si04) 
5 heating plate (3.6 kW) for FW 

6 helium cooling channels 
7 heating plate (5.4 kW) for BE 
8 BE pebble bed 
9 thermocouplas 

connections to the cold ends, whlch are secured by caulking. 
Fig. 1: Poloidal-radial cross sectlon of the central part of the 

HEBLO lest section. 

The pebble beds are covered by gas-permeable holding-down 
plates. Purge gas is supplied via two small tubes with their 
outleis near the FW and passed through the beds from below at 
slight overpressure. The two coollng channels of the first wall 
are entered separately by He cooling gases of 8 MPa with a 
Iamperature of about 250°C and 300°C, respectlvely. These two 
cooling gas flows are combined alter having passed the FW. 
Subsequently, the He is passed through an external additional 
heater which is connected in series to the FW channels. There, 
the gas is heated up to about 325°C and then passed through 
the cooling plate. Thermocouplas are installad for 

measurements in the beds, at the heating plates and in the 
cooling gas. 

All components of the test section are made of the ferritic­
martensitic steel MANET. Fig. 2 shows the dlffusion welded 
components (first wall and cooling plate) and one of the 
optimlzed heating plates with a maximum power of 5.4 kW. The 
best diffusion welding results were achieved with precision­
ground surfaces of about 2.5 1Jm R1 roughnass at a welding 
Iamperature of 1 050°C and a surface pressure of 20-25 MPa. 
By means of ultrasonlc testlng, the welds were proved to be free 
of defects. Each of the heating plates has been equipped with 
two high-temperature heaters of 2 mm in dlameter and NiCr 
8020 Ieads. They are connected in parallel and located in the 
grooves. The heaters are connected with the cold ends havlng a 
diameter of 4 mm via adapters fixed in the grooves on the 
heating plate. To improve heat transfer, the grooves are filled 
with a nickel-base solder by high-temperature soldering 
following by heat treatment at 750°C/2 h and grinding of the 
heater and cold end grooves to final dimension. After adjusting 
of the plate, positioning of the thermocouplas and Installation of 
the thermocouple and heater plugs, final elect;ical tesiing can 

Heating plate 

Fig. 2: Fabrlcation of the components for the HEBLOtest 
section. 

be performed. 

1.2 Connectlon between Test Section and HEBLO 

Connection with the HEBLO facility and its components made of 
austenitic material is ensured by flanges with special sealings. 
The different thermal expansions of the plpellnes of HEBLO and 
of the test sectlon are compensated by bellows !hat are 
pressure-tight up to 10 MPa. The lest sectlon is thermally 
insulated and installad into a safety tank (diameter 414 x 20 
mm, length 1200 mm) designed for an internal pressure of 8 
MPa. Flangas of the type MANET-stainless steel for the 
connection between the test section and the HEBLO facllity 
were checked for tightness. The flanges survived about 150 
thermal cycles between 270°C and 430°C at 8 MPa helium. 

1.3 Modification of the HEBLO Facility 

Following the modification and extension of the HEBLO facility, 
the entire loop system and the modlfied control technology was 
started up again and tested. The program control units and 
control loops for gas supply, mass flows, heating sections etc. 
were optimized and tested under maximum power. The 
Iamperatures required in the individual sectlons could be 
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reached. For the entire loop (without test Insert), the pressure 
Iosses were determined at various mass flows in good 
agreement with the calculation. The current supplies and 
automaUe control systems for the heating plates were also 
tested successfully. 

1.4 Outlook 

Preparation works for the test section lncluding thermal­
hydraulics design and adaptation, HEBLO reconstruction and 
recommissioning, preliminary tests and fabricatlon of the 
components have progressed weil. Final assembly including the 
filling of the pebble beds and welding to the test Insert are being 
performed at the moment. The safety tank is ready for use and 
has been accepted by the TÜV (German Technical Control 
Board) already. 

2. HE-FUS3 Test Section 

The HE-FUS3 experiments to be carried out witll medium-scale 
test section at ENENBrasimone are partly integrated tests on 
the European HCPB blanket with the main objective to 
investigate the thermal and mechanical blanket behavior under 
steady state, cyclic power and accidental condltions. 

2.1 Design of the HE-FUS3 Test Section 

The preliminary planning envisages two test sections. The first 
test section will mainly be directed towards the lnvestigation of 
the thermal-mechanical behavior of the pebble beds, whereas 
the second test section will preferentially serve to investigate 
the thermal-mechanical behavior of the blanket structures. 
Accordingly, main emphasis in the design and Iayout of the first 
test section will be put on the thermal design of the pebble 
beds; the structures will be considered only as far as it is 
necessary to provide the correct boundary condltions of the 
beds. The design of the mock-up to be tested in HE-FUS is 
scheduled for the second half year of 1998. ENEA is mainly 
responsible for this task, but some technical support by FZK is 
envisaged. 

A general problern of out-of-pile experiments is the Iack of volu­
metric heat sources. ln the HE-FUS3 experiments it is intended 
to simulate these sources by heating plates (HP) located Inside 
the pebble beds. This Ieads to approximately linear temperature 
profilas across the pebble bed height whereas in a bed wlth 

He System U Outlet 
He system llln!et 

Fig. 3: Isometrie view of the HE-FUS3 test section. 

constant volumetric heating (and constant thermal conductivity) 
the temperature distribution is parabolic. To obtain nevertheless 
a representative temperature distribution it has been suggested 

to put into each pebble bed two heating plates. This Ieads to a 
trapezoidal profile with a constant temperature between the HPs 
(if the power of the two heaters and the temperatures of the 
cooling plates (CP) are identical). For the investigation of the 
thermal-mechanical behaviour of the pebble bed, the HPs 
should be posltioned such that for given minimum and 
maximum temperatures the same average bed temperature is 
attained. This condition is fulfilled when the bed is split into 
three layers of equal thlckness. 

The conceptual deslgn of the test section as proposed by FZK 
is shown in Fig. 3. lt consists of two ceramic breeder and two 
beryllium beds with three sub-pebble beds and HPs each. The 
total pololdal height of the beds including five CPs of 8 mm 
thlckness amounts to 200 mm. The First Wall (FW) plate has 
the usual thickness of 25 mm with 8 integrated cooling channels 
of 14 x 18 mm cross section (cooling channel pitch 24 mm). 

The manufacturing of the test section box is based on the 
techniques being presently developed for the HCPB blanket. 
The main steps are: 

Diffusion welding of the FW plate according to the 
"grooved plate method". 

Bending of the FW plate to obtain the U-shaped box. 

Machining the U-shape FW to final dimension lncluding the 
welding ribs for the CPs. 

TIG welding of the five CPs to the FW box. 

Thermohydraulic and thermal-mechanical calculations have 
been carried out with the codes FIDAP and CATIA!ELFINI to 
determine the temperature and stress distribution in the test 
section and the deformations due to the temperature field. The 
analyses confirm the feasibility of the test section but some 
design improvements seem to be necessary. 

The main concluslons derived from the work can be 
summarized as follows: 

1. With two heating plates (HPs) in each pebble bed a 
reasonable approximation of the poloidal temperature dis­
tribution in pebble beds with Interna! power generation can 
be attained. However, the temperature difference across 
the HPs Ieads to a discontinuity in the upper range of the 
temperature field which may be of importance for the ther­
mal-mechanical behaviour of the beds. The temperature 
difference in the heater is mainly determined by the 
thermal reslstance between the insulator and the cover of 
the HPs. To improve the heat transfer a design is 
suggested which allows the Ingress of helium into the gaps 
of the HPs. Further analyses and experimental 
investigations of this issue are necessary. 

2. For the proposed test section design, the deslrable tempe­
rature rise of 150 to 200 K requires a helium mass flow 
rate of 0.08 to 0.11 kg/s. With two helium systems and a 
one-pass flow scheme in the FW cooling channels of the 
FW this Ieads to low helium veloeitles and low heat 
transfer coefficients. lf necessary, an improvement can be 
attalned by increasing the mass flow rate (maxlmum value 
0.15 kg/s in HE-FUS), and by a multiple-passflow scheme. 

3. The temperature distribution in the test section box causes 
significant deformations of the structures. ln particular, the 
FW surface heating Ieads to bowing of the FW. ln order to 
obtain clean and predictable boundary condltions for the 
pebble beds, it is reasonable to design the test section in 
such a way that the FW temperatures are as 
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homogeneaus as possible. Hence, lt could be raasanable 
to reduce or even to omit the FW surface heating. 

4. The calculated stresses in the structural material are much 
less than in the DEMO blanke! and the ITER TBM. This 
does not injure the objectives of the first HE-FUS3 lest 
section. On the other hand II shows !hat II will not be easy 
to deslgn the secend lest section in vlew of the envlsaged 
objective to investigate the thermal-mechanical behaviour 
of the blanke! structure. 

5. The poloidal thermal expansion of the test section 
structure is sllghtly !arger than the corresponding value of 
the ITER-TBM. However, it must be noted !hat the HE-FUS 
value has been derlved from a 2D calculation includlng 
only the front side of the FW, whereas the TBM value has 
been obtained in a 3D analysis closer to reallty. For the 
final choice of the HE-FUS conditlons, 3D calculations 
have to be carried out, too. 

6. The differential expansion between the beds and the struc­
ture ("interference") is sufficiently high to cause 
mechanical interactions and thermal creep in particular in 
the high temperature reglon of the breeder pebble bed 
which is one of the lest objectives. 

7. The differential thermal expanslon between the HPs in the 
ceramlc breeder pebble beds and the lest section structure 
causes a radial dlsplacement of the HPs of 0.85 mm to­
wards the FW. This means that considerable compressive 
forces will be exerted on the pebbles in the gap between 
the HPs and the test section box which can cause pebble 
deformation and cracking in partlcular during cycllc opera­
tion. An improvement of the design is necessary to ellml­
nate this problern. 

2.2 Development of Plate-type Surface Heaters 

Due to the given thermohydraullc and heatlng-technlcal 
condltions in HE-FUS3, the maximum Iamperatures can be 
achieved only by changing the pebble bed heights in the 
planned lest object in comparison to the HCPB blanke! design. 
The above consideratlon for heating plate arrangement resulted 
in following HP number and power assuming the ceramic and 
beryllium pebble bed heights of 15 and 45 mm, respectively: 

location nominal dimension nom. number 
(rad x tor x pol ) power of HPs 

.(mmxmmxmm} (kW) (-) 

Cer pebble bed 200 x 450 x approx. 4 10 4 

Be pebble bed 200 x 450 x approx. 4 25 4 

Firstwall approx. 4 x 500 x 200 20 1 

For the simulation of the radial power distribution, the power 
profilas of ceramic and beryllium pebble beds are Iaken lnto 
account followlng the ITER TBM design [2]. The following 
crlteria were considered during heatlng plate design: 

- The radial power proflle of the heating plate is to be chosen 
such that the Iamperature distribution in the pebble bed of 
the lest object corresponds to that in the pebble bed of 
DEMO; the Iamperature distribution is to be monotonaus 
over the heater surtace. 

- The heating plates should be as !hin as possible (approx. 5 
mm) because of the small pebble bed height and 
nevertheless have a sufficient bending strength and/or 
inherent stability. 

- Sufficient electrical insulation must be ensured even at 
higher temperatures. 

- The cold end connections are to be arranged symmetrically 
in order to avoid asymmetrical Ioads for the heater. 

- Heat Iranster from the lnterior of the heater to the pebble 
bed must be as good as possible in order to prevent melting 
through the heater material. 
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Fig. 4: Heating plate construction for HE-FUS3 lest section 
(e.g. for beryllium pebble bed 

Under the above boundary condltions and deslgn criteria, 
optimizatlon calculations were accomplished. Fig. 4 shows e.g. 
optimum solution of the heating plate for the beryllium pebble 
bed. The heaters consist of 1 mm thick MEGAPYR I material. 
The conductive strips are arranged in two symmetrical halves in 
a meander-shaped manner. The conductive strip cross section 
increases from the front first wall-near range towards the rear 
according to the power profile. The slot width between the 
conductive strips ranges between 3 mm (horizontal) and 4 mm 
(vertical). in order to avoid the dangar of spark formation, a 
relatively small valtage of e.g. 97 V was chosen for this case. 
The cold end connections are arranged symmetrically in the 
rear range. Sheet metals of lncoloy 800 H and 1 mm in 
thickness at both sides and at three of the four front surfaces 
form the heater steel jacket. The front surface in the range of 
the cold ends remains open. The side steel sheets are 
lnterconnected by recessed countersunk head screws of the 
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size M3 such that a good heat transfer from the heater outwards 
is ensured (section E-F). Rings of alumina ceramic with a 
diameter of 5x0.5 mm and a thickness of 0.9 mm prevent an 
electrical contact of screws and heaters. An about 0.3 mm thick 
layer of oxide ceramies is provided as the electrical lnsulation 
on the inner surface of the side steel sheets. This layer is 
applied by plasma flame spraying (section C-D). A thinner 
ceramic layer made of the same oxideceramies is sprayed onto 
the outer surface of the steel-jacket sheet with a view to prevent 
a chemlcal reaction between the pebble bed and the heating 
plate. The front lateral meta! strips are connected with the side 
steel sheets by plasma-arc, EB or TIG pulsed welding. There is 
no need of this welded connection having a high tightness, 
since the interior of the heaters will be filled automatically with 
helium purging gas during the experiments. Heat transfer in all 
gaps of the heatlng plate is considerably increased by the 
helium Inside. The space between the upper edge of the heater 
and the front lateral metal strips could be filled with ceramic 
shaped parts. 
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Within the European Blanke! Program a Blanke! Submodule 
Irradiation experiment is envisaged. Based on a first set of 
objectives and specifications provided by FZK, SCK!CEN Mol 
and ECN/JRC Petten prepared conceptual deslgn and cost 
studies for the reactors BR2/Mol and HFR!Petten, respectively. 
The BMC discussed these proposals in Sept. 1997 and 
recommended, in view of the high cost, a critical review of the 
objectives. This was done by FZK by the end of 1997. Basedon 
the revised specifications, FZK developed proposals for the 
design of the test elements. Gonfiguralions wlth 
vertical/rectangular and horizontal/circular breeder beds have 
been considered [1]. Preliminary analyses have shown that with 
both options the desired Irradiation conditions can be reached. 
Cooling of the element wlth reactor water is feasible, hence a 
helium loop is dispensable. Based on these proposals, 
SCK!CEN and ECN/JRC revised their proposals. ln March 1998 
the detail design of the In-pile test was awarded to ECN Petten, 
in the meantime, the detail design work has been started with 
the support of FZK [2]. The design variant with the horizontal 
breeder pebble bed was adopted for the further design studies. 
A test matrix for the four test elements included in the test rig 
was elaborated. The detail design work is scheduled to be 
finished by the end of 1998. 
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WPB4 
Tritium Control and Requirement for 
Permeation Barriers 

B 4.1.1 
Tritium Permeation in the TBM and DEMO 

1. Tritium permeation Iosses from the First Wall 

The permeation through the first wall has been evaluated by 
means of the one-dimensional computer code TMAP4 [1]. 

1.1 HCPB·DEMO design calculations 

Main characteristics (2]: 

• 

• 

• 

• 

• 

bare MANET First Wall (5 mm thick layer separating plasma 
and helium coolant channel); 

constant incident flux of 1.5x1020 ions/m2s"1
; 

FW permeating surface of 730m 2 (lnboard + outboard); 

average neutron Ioad of 0.4 MW/m2
; 

averagemaximal Iamperature in the first wall of 745 K . 

Corresponding to two different grades of oxidation of the FW 
downstream side in the helium coolant channels, the permeation 
rate varies between 8.5 and 12 g/d. The two-dimensional 
geometry does not reduce the permeation more than 6%. 

1.2 HCPB TBM-1 design calculations 

Main characteristics [3]: 

• pulsed operation lncident !Iux equal to 1.x1 020 ions/m2Xs 
with 1000 s pulses and 1200 s plasma dwell time; 

• 5 mm thick proteelive layer of beryllium for a 5 mm thick 
first wall of MANET; 

• neutron Ioad of 0.5 MW/m2 ; 

• maximal Iamperature in the first wall of 782 K. 

A computational model has been implemented in the computer 
code TMAP4 to reproduce the available experimental data 
concerning hydrogen Ion Implantation in beryllium. 

Experimental data [4,5,6,7] have ·shown that, under ITER-Iike 
plasma conditions, the plasma facing surfaces of the beryllium 
develop high porosity (bubbles) and saturate, leading to a streng 
uptake of tritium and deuterium Ions almest Independent of the 
incident flux. At fluxes typical of ITER, surface erosion of 
beryllium should be also Iaken into account. 

The 5mm thick coating layer of beryllium was modellad as three 
segments in series (3): 50 nm of Implantation region, i.e. where 
most of the bubblas are; a 1 Jlm thick zone of damaged 
beryllium influenced by the bubblas and the remaining part of 
undisturbed beryllium. To accommodate the saturatlon effects 
on the plasma side of berylllum, the recombination coefflcient 
has been exponentially modified, thus still allowing a 
recombination-like boundary condition in the TMAP4 code. 

Erosion due to spultering results in a diffusion in a moving co­
ordinate system. lt has been Iaken into account by neglecting 
the Soret effect for beryllium, i.e. the mass Iransport due to a 
temperature gradient. Erosion was included only in the damaged 
zone. The reduction of the berylllum thickness, leading to a 

lower inventory and higher permeation, was accounted for by an 
iterative procedure. 

The sputter rate calculated was of 3.25x1010 m/s, i.e. 2 mm 
eroded beryllium alter a total oparational time of about 70 days. 
For the assumed first wall surface of 1.2 m2 and the whole 
operating period, a permeation of about 0.007 g has been 
obtained. This very low permeatlon is not appreciably influenced 
by the use, instead of MANET, of a ferritic steellike T91. 

2. Tritium permeatlon Iosses from the purge flow system 

The major contribution to the permeation is represented by the 
tritium coming from the Iithium orthosilicate beds (Li4Si04), as 
the permeation from the beryllium bed is negligible. 

ldentical procedures have been applied to both DEMO and 
TBM-1 designs (2,3). in the DEMO design the total permeation 
from the purge flow system through the total permeating surface 
(lnboard + outboard = 9120 m2

) was of 0.78 g/d. The smaller 
tritium production and the lower wall Iamperatures in the TBM·I 
!ead, foratotal permeating surface of about 10 m2, to a tritium 
permeation not greater than 0.3 mg/d . 

3. Conclusion 

Table 1 summarise the results of tritium permeation calculation 
for DEMO and TBM·I design. 

Table 1: Tritium permeation in DEMO and TBM-1 

Design FirstWall Purge gas 

DEMO 8.5-12 g/d 0.8 g/d 

TBM·I < 0.1 mg/d 0.3 mg/d 

With a coating layer of beryllium, the permeation through the 
first wall is strongly reduced. As far as the permeation is 
concerned, the choice of the steel to be used tagether with 
beryllium does not play an important role. 

What remains to be modellad is the influence of carbon on the 
retention and permeation of beryllium-clad surfaces. There are 
no many data available about how much of the carbon that will 
be spultered from high-heat-flux surfaces in the divertor will be 
Iransported to the main plasma chamber and end up on the first 
wall, where carbon film build-up should not be a problem. The 
hydrogen Implantation in the first wall seems in any case to be 
significant at depths, that result in development of the described 
open porosity. 
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An important oparational and safety issue for fusion reactors is 
the permeation of tritium through structural materials. For the 
HCPB blanke!, tritium gets mainly to the environment by 
permeation from the hellum coolant system through the 
INCOLOY 800 steam generator walls lnto the steam cycle. 
Therefore, the tritium permeation mechanisms through this 
material are of !arge interest. 

The goal of the present investigations is, therefore, the 
development of permeation barriers by in-sltu oxidation of the 
INCOLOY 800 surface. 

Permaation experiments with INCOLOY 800 disks were 
performed both in JRC/Ispra and in FZK uslng different 
experimental set-ups [1]. Deuterium permeated from a high 
pressure gas side to a low pressure gas side. The high pressure 
gas contained a given amount of H20. 
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, .. -o- 1.04kPa 0
1
,481 •c, 30 Pa H10 

-<>-- 1.04kPa 0 1, 4&1 •c,300 Pa H1o 
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<I 
E 
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§. 
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Fig. 1: Permaation rates as a function of exposure time for 
different H20 to 02 ratios at various temperatures 

Figura 1 shows the time dependent permeation flux as a 
function of time. The lspra data show a strong decrease alter 
the start of the experiment whereas the FZK data exhibit only a 
slight decrease. The reason for these differences are different 
cleaning procedures for the test specimens. The important 
result, however, is that for all specimens alter some days of 
operation the permeation fluxes are much lower than those for 
the bare material. These values (not shown in the figure) are 
!arger by a factor of "' 20, and "' 100 for temperatures of "' 
250 oc, and ~ 450 oc, respectively. 

The permeation reductlon due to the formation of these oxide 
layers is sufficiently !arge in order to obtaln a relatively small 
Coolant Detritiation Systemfora Be- or W-coated First Wall. 
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WPB5 
Tritium Extraction and Helium Purification 

B 5.1.1 
Design of Helium Purification and Tritium 
Extraction Systems 

1. Description of the Test Facility PILATUS 

ln the following, the design of the test facility PILATUS (Pilot­
Anlage zur Tritium Separation) is decribed which will be 
operated in the Tritium Labaratory Karlsruhe (TLK) to test and 
to optimize the tritium extraction process steps for two helium 
loops of a solid breeder blanke!, i.e. the Tritium Extraction 
System (TRS) and the Coolant Purification System (CPS). 

An Installation formerly forseen for the technical infrastructure of 
the Iab is presently being adopted to accomodate the new 
facility. The Installation is already furnished with all the peri­
pheral equipment needed for a tritium facility, i.e. 

• glove box including systems for pressure control and for 
coniinuous atmospheric purification; 

• connection to the central supply station for hellum, 
nitrogen, and pressurized air; 

• connection to the central tritium retention system for the 
pumping exhaust gases; 

• access to the TLK remote control and safety systems. 

ln addition, some components of the former Installation, e.g. an 
evacuation system, several sections of the gas manifold, a 100 I 
gas buffer vessel, and a tritium storage bed (U-bed) can be 
employed in the new facility. A flowsheet of the PI LATUS facility 
is shown in Figure 1. 

The facility consists of several groups of components: 

• Evacuation System, 

• Gas Supply System for He, H2, 02, N2, H20, and HT (the 

! e 
t: .. .. .... 
+-VI 
.. >. 

0:: V) 

Gas Supply BH 
(He,HO.. N2o02IWater­

vapour 

latter will be supplied from an U-bed), 

• Central Loop which includes a gas buffer vessel, a gas 
circulator (meta! bellows compressor), and the analytic 
Instrumentation to determine gas concentrations at the 
inlet and outlet of the process components, 

• Main process components, l.e. cold trap, cryogenic 
adsorber, and oxldizer, 

An additional U-bed as storage bed for HiHT at the end of an 
experiment and/or after release from the adsorber bed. 

Each process component is so arranged that lt can be tested 
separately or in combination with other components. Thus, it 
will be possible to determlne the efficiency of each component 
as weil as of the complete processes of tritium extraction and 
coolant purification. 

2. Descrlption of the Main Components 

2.1 Gas Supply System 

The Gas Supply System has the task to simulate the solid 
breeder blanke! as a continuously supplying source of purge 
gas containing helium as carrier gas plus hydrogen, tritium, and 
impurities like 0 2 and N2. At the beginning of a test, helium is 
supplied lnto the evacuated central loop. The other gas species 
are added in the concentrations mentioned in 2.5 for location 
A 1 and later on continuously refilled according to their removal 
in the process components. 

2.2 Cryogenic Cold Trap 

A cryogenic cold trap ls Ioreseen for the removal of 020. lt has 
been choseri instead of an adsorber bed to avoid additional 
purge gas for subsequent unloading (it would be agaln 
necessary to extract 0 20 from this purge gas). The trap is 
operated at temperatures < -100°C; at such a low temperature, 
the residual humidity should be less than 0.02 vpm. 

An evaluation of cryogenic cold trap experiments described in 
the literatue [2-4] has shown, however, that it is difficult to reach 

Clrculator Heater BH 

Fig. 1: Flowsheet of the PILATUS Facility 



•• 97 -· 

a humidity in this range. Because of spontaneaus aerosol 
formation it can be necessarry to use a filter to trap Iee 
particles; but small partielas (~ 1 Jlm) can pass through the 
filter, while !arger partielas will clogg the filter and may finally 
Iead to an unacceptable drop of pressure. 

To obtain a good removal efficiency, the formation of Iee 
aerosol partielas must be prevented; this can be done by 
cautious cool down, i.e. by avoiding fast under-cooling and 1 or 
critical Supersaturation which is the reason for spontaneaus 
aerosol generation. 

lt is currently examined, if a cryogenic cold trap designed for the 
removal of Xenon from the dissolver off-gas of a reprocessing 
plant [5] can be used to study the process of Iee formation. The 
cold trap available from FZJ Jülich is equipped with two 
windows for this purpose. 

Some Design Parameters of the FZJ Cold Trap 

Throughput: !5 10 Nm3/h 

Gas pressure: 1-8 bar 

Freezing area: 1.3 m2 

Valurne of the freezing zone: 351 

Gas veloclty (cooling channel) !58 cm/s 

Tamperature (controlled profile): 80-120 K 

Diameter: 424mm 

Height: 786mm 

Heater power: 300W 

2.3 Cryogenic Adsorber 

The cryogenic adsorber is a 5A molecular sieve bed cooled with 
liquid nitrogen. lts mafn task is the removal of the hydrogen 
isotopes from the purge gas; however, gaseaus impurities like 
nitrogen or oxygen, and residual molsture are retained as weil. 
The bed contains !IIters at the down-stream and upstream side 
to prevent particulate material from being transferred during 
loading or unloading operations. ln addition, the bed is 
equipped with an electrical heater. At the end of an adsorption 
test, the bed is only slightly warmed up to -150°C. At this 
temperature, the hydrogen isotopes will deserb almest 
quantitatively, while oxygen and nitrogen will remain adsorbed. 
The released H2/HT is stored in the U-bed. Removal of N2 and 
02 is obtained by warm-up to room temperature, and a 
complete regeneratlon of the adsorber bed is performed at 
300°C. ln both cases, the desorblng gases are sent to the 
Central Tritium Retention System of the TLK. 

2. Catalytic Oxidizer 

The catalytic oxidlzer is used to convert the hydrogen isotopes 
02 to 020 at a temperature of about 300°C. The unit contains a 
precious metal catalyst (Pt or Pd on aluminia). An over­
stoichiometric amount of oxygen is added to obtain a 
quantitative conversion. lt will be tried to minimize the amount 
of water that will be retained on the catalyst due to its 
hygroscopic property. This will be done by employing different 
types of catalyst materials as weil as by optimizing the size and 
the temperature of the bed. 

The hot gas leaving the oxidizer is cooled again to room 
temperature by a water cooler installad downstream of the 
oxidizer unit. 

2.5 Analytic Instrumentation 

The design and operation of the analytic Instrumentation is a 
challenging task for two reasons: 

a) For each process component, the inlet and the outlet 
concentrations of the relevant gas constituents have to be 
determined accurately to quantify the efficiency of the 
various process steps; 

b) As lt is Ioreseen to have a constant gas mixture in the 
buffer vessel during each test, it will be necessarry to 
analyze the residual concentrations in the gas coming from 
the process components and to control the supply of the 
constituents into the buffer vessel. 

The most relevant measurements and the required sensitivity 
ranges are summarized in the following table; the locations 
where gas samples are taken for analysis are indicated in 
Figure 1. 

Loca!ion Constituent Sensitivity Range 
(vpm) 

A1 H2 10-1000 

02 10-100 

H20 5-50 

HT 0.2-2 

A2 H2 1 -100 

02 1 -100 

H20 10-100 

A3 H20 0.1-50 

HTO 0.01-2 

A4 H2 0.1-100 

02 0.1 -10 

HT <2 

Conclusions 

The described facility for tritium extraction and coolant 
purification is currently being designed in detail. The work 
performed so far indicates that it is an ambitious aim to achieve 
a humidity reduction from 10-50 vpm to a Ievei of ~ 0.1 vpm. 
The presence of HTO as a radloactive tracer in the gas is 
helpful to carry out analyses with the required sensitivity. lt will 
be difficult, however, to handle the problern of Iee aerosol 
formation. Aside from the high demands on the analytic 
Instrumentation, it is not expected, that similar dlfficulties will 
arise for the other process components, I. e. for the oxidizer and 
the cryogenic adsorber. 
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WP86 
Demonstration of Blanket Safety 

8 6.1.1 
Safety Approach for the TBM and DEMO 

Following the comprehensive non-site speclfic safety report 
(NSSR-2) for ITER, a safety analysis was performed for the 
European helium-cooled pebble bed (HCPB) test blanke! 
module (TBM), emphasising very unlikely accident seenarios 
envisaged as category IV events (expected frequency of 
occurrence 10-s/a<f<10-4/a) with limlted consideration given also 
to the behaviour of the TBM under category V (1<10-s/a) 
accldent scenarios. The aim was to demonstrate the 
compatibility of the HCPB TBM system with ITER safety rules. 
The findings were documented in the comprehensive design 
description document (DDD) for ITER [1]. Compact versions 
were prepared as appendix to the NSSR-2 and in [2]. A brief 
system description, the methods applied, and the results of the 
investigation are summarised in the following paragraphs. 

HCPB system description 

The TBM represents a poloidal section of the correspondlng 
DEMO blanke! segment. lt employs alternating layers of 
ceramlc breedermaterial ("'120 kg) and beryllium ("'450 kg) in 
form of small pebbles. The layers of 1.1 cm and 4.5 cm 
thickness, respectively (TBM-1 design), are separated by cooling 
plates with integral coollng channels, and the whole stack is 
encapsulated in a strong actively cooled so-called blanke! box. 
Two separate primary heat Iransport loops with 2x0.95 MW heat 
capacity are foreseen. The helium inventory of 15 kg is 
circulated at a pressure of 8 MPa with inleVoutlet Iamperatures 
of 250°C/350°C. The tritium released from the pebble beds is 
carried by a purge gas flow at 0.1 MPa to the tritium extraction 
system (TES). The location of the TBM in ITER, along with the 
ancillary subsystems characterised in [3], is depicted in Fig. 1. 
The light arrangement of the heat Iransport system components 
with thermal insulatlon in the wedge-shaped vault compartment 
is illustrated in Flg. 2. 

Accidents investigated and safety concerns 

Four groups of accidents were analysed (Tab. 1). LOCA-IN: 
loss of coolant into the vacuum vessel (VV) caused by 
disruption-induced first wall (FW) Iailure of four cooling 
channels, two per loop, and steam Ingress into the VV; LOCA­
EX: spontaneaus guillotine break of the main cooling pipe 

TBM Test Blanket Module 
CPS Coolant Purification System 
HTS Heat Transport System 
TES Tritium Extraction System 

Fig 1: Space allocation for the TBM system in ITER 

C = Circulator 
E =EI. heater 
F = Dust filter 
H = Heat 

Exchange 
(HX) 

I = lnstrum. & 
Control 

T =Tanks 
V= Valves 

Fig 2: Arrangement of the TBM heat Iransport system (HTS) 

upstream of the circulator with triggered shutdown at 10s and 
subsequent dlsruption causlng FW Iailure and blowdown of the 
secend loop into the VV; LEAK: spontaneaus TBM-internal leak 
from both loops with pressurisation of the TBM box and purge 
gas system and delayed shutdown with disruption; LOFA: 
inadvertent control valve closure leading to undetected 
complete loss of flow in both loops and disruption, at TBM FW 
surface melting. in all cases a disruption-induced loss of off-site 
power is postulated to occur at 10% overpower, implying pump 
trips in primary and secondary loops and in ITER shielding 
blankets. Thus, the concerns are: (a) VV pressurisation, (b) 
vault pressure build-up, c) purge gas system pressurisation, (d) 
Iamperature evolution in the TBM, (e) decay heat removal 
capability, (f) tritium and activation products release from the 
TBM system, (g) hydrogen and heat production from Belsteam 
reaction, and (h) Be/air chemical heat production. Details are 
described in [1]. 

Method of analysis 

(i) The RELAP5/MOD3.2 code was used to calculate the flow 
rates, pressures, and temperatures in the TBM coollng circults 
during the translents, where a single circuit was modellad to 
represent the two identical loops. The modal includes (details 
can be found in [4]) the TBM proper, circulator, dust filter, 
helium-to-water heat exchanger (HX), a buffer tank for pressure 
control, and the bypass to the HX for inlet temperature control. 
(ii) Tamperatures in the TBM front part have been analysed with 
FIDAP. The 3D finiteelementmodal represents the blanke! box 
with 7 cooling channels, the smallest unit cell with repetitive flow 
pattern, and part of the breeding zone. (ili) A 1 D heat Iransport 
modal with 22 elements has been set up to analyse the decay 
heat Iransport alter shutdown. lt represents a radial column cut 
out of the TBM from the FW to the shield and accounts for 
thermal conduction, radiation across elements with high helium 
fractions, and radiation from the bounding surfaces. (iv) The 
beryllium chemical reaction (hydrogen production rate and 
exotherrnie heat) has been estimated based on the Iamperature 
history from the 1 D heat Iransport analysis, applying 

Table 1: Accident characterisation 

Accident Category Fallure Break size Shutdown 
Location delay 

LOCA-IN IV (V) FW 4 channels Os 
LOCA-EX IV Cold leg 78.5 cm2 10 s 
LEAK IV Headers 78.5 cm2 1000 s 
LOFA V Valves none 118 s 
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correlations defined by ITER. 

Transient analysis results 

The results of the four accident groups investigated are 
summarised below with an overview of the numerical findings 
given in Table 2. 

LOCA-IN: The discharge of the helium coolant from both 
cooling loops through the broken FW channels lasts for about 
20 s. The loop pressure drops from 8 MPa to the Ievei of the VV 
pressure, which bullds up accordingly from zero to the small 
value of about 3500 Pa. The Iamperature in the first wall 
experiences a short rise by 215 K from disruption Ioads 
(assumed are 4.2 MW/m2 for 1 s) whlch relaxes fast as do the 
Iamperatures in the beryllium and breeder pebble layers. 
Typical long-term Iamperature in the TBM stays below 480°C 
since the heat is dissipated from the front and back surface by 
radiation, given a pessimistic reference ITER FW Iamperature 
evolution. Curves are similar to those depicted in Fig. 3 for the 
LOCA-EX case. As a category V parameter variation it was 
postulated that the disruption causes a breach of the TBM box 
allowing steam Ingress into the beryllium pebble beds. The total 
accumulated hydrogen produced is 100 g. The chemical heat is 
negligible. The tritium release from the TBM system is 
inherently small. The most mobile fraction of the order 1 mg 
only is carried with the helium coolant. The amount of trltium 
which could be liberated from the beryllium pebbles is estlmated 
tobe at most 114 mg. The tritium whlch mlght be released from 
the tritium extraction subsystem is judged to be negligible if the 
Isolation valves are closed. Other mobile activation products in 
the helium coollng system are expected tobe small. 

LOCA-EX: The dlscharge of the helium coolant from one loop 
into the vault lasts for about 5s. Accordingly, the vault pressure 
builds up from 0.1 to 0.1045 MPa. The Iamperature evolution 
shows a sharp burst in the FW caused by the dlsruptlon and a 
moderate increase in the long run, peaking at 480°C about 
2 hours altershutdown (Fig. 3). A parameter variation assumed 
disruption-induced Iaiiure of the FW. The pressure in the VV 
then increases spontaneously from zero to 1700 Pa by 
discharging the helium from cooling loop 2, creating a vauiWV 
bypass. This Ieads to venting of the VV at a rate of 15 Pa/s, 
levelllng off to the equilibrium pressure of -50000 Pa. Since the 
peak Be Iamperature at the FW stays below soooc, the 
chemical reaction is not critical. The tritium release with the 
coolant ls of the order of 1 mg. 

200+--~~~+-~~-~~~~~~~~~~,~~~----~--~--~ 

1 ,E+OO 1 ,E+01 1 ,E+02 1 ,E+03 1 ,E+04 1 ,E+05 1 ,E+06 

Time lnto transient (s) 

Fig. 3: Tamperature evolution in selected nodes of TBM 
(composite of results from FIDAP and 1 D calculations) 

LEAK: After rupture of the main headers in the TBM the coolant 
pressure in the loops decreases temporarily by 20%, recovering 
to 90 % of the nominal pressure Ievei within one second. 

Table 2: Results of safety analysis 

Concerns LOCA- LOCA- LEAK LOFA 
IN EX 

VV pressurisation 3.5 kPa 50 kPa 3.5 kPa 
TBM pressurisation 8 MPa 
Vault pressurisation 4% in 5s 
TES pressurisation 0.1 MPa 0.2 MPa 
Tamperature rise in 215K 265K 215K 785K 
FW 
Tamperature rise in BZ "'0 "'0 "'0 "'220K 
Long-term temp. TBM 480°C 480°C <500°C 
Decay heat removal passive passive gravlty passive 
Be/air reaction at FW negl. 
H2 from Belsteam FW negl. 120 g 
H2 from Belsteam 100g 
Chem. heat production «DH I arge 
Tritium release into VV 114 mg 0.5mg 110 mg 
Tritium release to vault 0.5mg 

Hence, heat removal from the TBM rematns unaffected unttl the 
disruption occurs at 1000s. Aftershutdown the system pressure 
is stable for the next hour. The pressure in the TES rises to the 
set polnt of 0.2 MPa within less than 0.5s, requiring fast 
pressure controlled shutters. The remaining gravity driven mass 
flow rate in the main loops of 1.7% of nominal alter pump trip is 
sufficient to Iranster the decay heat from the TBM. The large 
thermal inertia of the system, in combination with the 
maintained high pressure, avoids significant Iamperature 
changes. Slnce the TBM box cannot sustain the full system 
pressure, pressure relief must be provided which has to be 
worked out. 

LOFA: Pressure and flow transients upon FW Iaiiure at surface 
melting occurring at 118s is similar to the LOCA-IN case and ls 
thus uncritical. The temperature evolution calculated with FIDAP 
shows typical ramps of up to 8 K/s in the FW and 3 K/s in the 
pebble beds before shutdown. Thereafter, the 1 D model yields 
peak Iamperatures in the beryllium pebble beds of 780°C Iasting 
for several minutes and falling below the soooc Ievei alter about 
15 hours. The estimated chemical heat at the TBM FW is 
substantial, if steam Ingress from other ITER components ls 
postulated during the high temperature phase. For instance, at 
the berylliurn meltlng Iamperature the chemical heat would 
exceeds the radiated heat by a factor of 4.7. The cumulatlve 
hydrogen produced amounts to 120 g alter 1 hour. 

The following conclusions are drawn: The HCPB TBM system 
camplies with ITER safety rules. The VV pressurisation upon 
LOCA is inherently small. The TBM box and TES pressure 
build-up require counter measures. The vault pressure is not 
suited as shutdown signal for ex-vessel LOCA. The FW 
temperature rise is dominated by the disruption Ioad specified. 
The Breedlng zone Iamperature rise is small in all category IV 
cases. Passive decay heat removal at low Iamperature is 
assured at all Iimes. The chemical heat and hydrogen 
productlon from the beryllium pebble beds are generally small. 
The tritium and activation products release are lnherently small. 
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WBB7 
Demonstration of Blanket Reliability 

B 7.1.3 
Contribution to Common Blanket System Data 
Base 

Common Data Base 

This Subtask ls connected with the Tasks B 7.2.2 and A 7.1.3. 
All data used there will be inserted in a common data base. The 
use of the same data for different design options allows to Iimit 
error sources in comparative evaluations. The actlvity was 
continued as a pennanent part of the reliability analyses 

Probabilistic fracture mechanics assessment 

Currently used failure rates for availability studies are usually 
obtained from In-service experience of various classes of 
components and welds. No Information about material 
parameters and loading uncertainties is usually part of the 
anaiysis. 

An activity was therefore started with the aim of establishing 
failure rates !hat are based on In-service loading condltion as 
weil as on the fracture mechanics description of present or 
assumed flaws. A probabilistic analysis is performed which 
allows to assess the uncertainty in material and loading 
parameters using a fracture mechanlcs assessment procedure 
[1 ]. 

A reference case was chosen from the currently developed 
ITER test blanke! module with data Iaken from the Iiterature and 
from current design analyses. 

The analysis is mainly based on the R6 design code from which 
basic ideas also are adopted in the development of ITER/DEMO 
design rules. Main difficulty is that due to the different design 
philosophy the necessary Input data are not readily available 
and that the stress analysis performed in current design practice 
is purely elastic. Results from probabilistic analyses of expected 
failure rates are therefore of limited absolute value, however, 
sensitivity analyses will give important hints on dominant 
physical variables. 

First results will be available in a forthcoming report [2] and may 
be used to set up a scheme for the analysis of selected 
important welds. 

Literature: 
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assessment for the HCPB test blanke! module, Raport 
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B 7.2.2 
TBM System Availability 

The availabllity/unavailability of the HCPB Test Blanke! System 
ls an important accompanying factor in design and development. 
The Interaction between R&D and improvements mainly in the 
welding procedures Iead to changes and simplifications. But 
also more detalled thermal and structural mechanlc calculations 
had an lnfluence of modifications. Considered in the reliabllity 
analysis is only the lest blanke! module. A new analysis of the 
auxiliary cooling system is not necessary at present time, 
because there are no changes slnce the last evaluation. 

The failure rates for the analysis are Iaken from the common 
data base (A and B 7.1.3). The most critlcal point is the question 
of the mean repair or exchange time. A repalr of the lest blanke! 
module Inside the W is not envisaged and will therefore be 
excluded. For exchange of a defect component a mean time of 8 
weeks is considered as reasonable. But, thls time must be seen 
in Interaction with the entire remote handling concept, which is 
not finally worked out and defined yet. 

For the test blanke! module an overall failure rate of A = 5.35x10-
7/h is calculated. This results in an unavallabillty of 7.19x1 o·4 

which is equal an availability of 99.93 %. Compared with the 
unavallability of the flrst version of the test blanke! module this is 
a reduction of the unavailability of about 15 %, supposing the 
design pressure will be reduced. 

The Impact of a statistic variation of the components 
unavailability on the overall result of the test blanke! module has 
been analysed by a Monte Carlo simulation. Assuming an error 
factor of 10 uniform for all components the result will vary 
between Uo.ss = 1. 7x10·3 and Uo.os = 1.4x10·4 corresponding to 
an error factor of 3.5 within the confidence Iimits of 5 and 95 %. 
Thai means 90% of all possibilities in a lognormal distribution 
are wlthin that Iimits. 

As the calculation is performed with probabilitles one can also 
relate the variation to the mean repair time. ln this case the 
unavallability range of 1.4x10·4 to 1. 7x1 o-3 would correspond 
with a variation of the MTTR between 2.3 and 28 weeks. This is 
based on the assumption that the MTTR of 8 weeks is the 50 %· 
value in the distribution. 
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WPBB 
Development of Ceramic Pebbles 

B 8.1.1 
Development of Li4Si04 Pebbles 

For the European Helium Cooled Pebble Bed (HCPB) blanke! 
slightly overstoichiometric Iithium orthosillcate pebbles 
(Li4Si04+ Si02) have been chosen as a reference material. 
Other ceramlc materials, also in the form of pebbles, are being 
developed as alternatives to Iithium orthosilicate, i.e. 
overstoichiometric Iithium metatitanate (Li2 Ti03 + Ti02) and 
Iithium metazirconate (Li2Zr03 + Zr02) developed by CEA. 
The DEMO blanke! is expected to have an operation time of 
20000 hours, with a maximum nominal Iamperature of - 900 oc 
in the front of the blanke!. ln order to compare the Ieng term 
behaviour of the three breeder materials at such high 
temperature and in a blanket-typical atmosphere (He + 0.1% 
H2), Ieng term annealing experiments have been carried out at 
Forschungszentrum Karlsruhe (1]. To achieve representative 
final DEMO conditions for the pebbles in iess than 20000 hours, 
it has been decided to use in the test a ternperature higher than 
that Ioreseen in the blanke!. The relationship between the 
annealing and blanke! Iamperature has been determined on the 
basis of the creep activation energy, because creep is the most 
important phenomenon at the maximum nominal temperature. 
For the chosen temperature of 970 oc an experimental 
annealing time of 96 days is required. 
The test specimens were: 

• Overstoichiometric Li4Si04 + Si02 pebbles supplied by 
Forschungszentrum Karlsruhe and fabricated by SCHOTT 
Glaswerke by melting-spraying process. 
Pebble diameter: 0.25 mm-0.63 mm; 
density : 98 % TD (Theoretical Density: 2.4 g/cm3

). 

• Overstoichiometric Li2 Ti03 + Ti02 pebbles supplied by 
CEA and fabricated by the agglomeration-sintering process. 
Pebble diameter: 0.8 mm-1.2 mm; 
density: 90 % T.D. (Theoretical density: 3.45 g/cm\ 

• Overstoichiometric Li2Zr03 + Zr02 pebbles supplied by CEA 
and fabricated by the extrusion-spheronization-sintering 
process. 
Pebble diameter: 1.0 mm-1 .5 mm; 
density: 87% T.D. (Theoretical density: 4.19 g/cm\ 

The experiment has been performed in an oven consisting of 
three tubes of Al20 3, one tube for each material, with separate 
purge gas flow (Fig. 1). At the tube inlets the pressure of the 
purge flow and its H20 content were measured. The water 
content in the purge flow was also measured at the outlets 
Iogether with the mass flow. ln order to have Information on the 
Iithium vaporization during the experiment, sintered steel filters 
have been used at the tubes outlets. The purge flow was 0.6 1/h 
of 99.9 % He + 0.1 vol % H2 . 

Before starting the annealing experiment a thermal conditioning 
of all three ceramies has been performed in air: 

• two weeks at 1000°C for Iithium orthosilicate. The purpese 
of the thermal conditioning was to make the material as 
stable as posslble before the annealing tests. Due to the 
rapid quenching during the production process of LI4Si04 a 
metastable phase Li6Si20 7 exists. This phase decomposes 
completely into Li4Si04 and Li2Si03 during the conditioning. 

• 10 hours at 500°C for Iithium metatitanate and Iithium 
metazirconate. For Iithium metazirconate the thermal 
conditioning was intended to eliminate the water adsorbed 
in the material. Lithium metatitanate was also annealed only 
to have the same starting condition of Li2Zr03. 

Sampling of the specimens was made for the material at the 
beginning of the annealing, alter the thermal conditioning and 
alter 3, 6, 12, 24, 48, 96 days. To characterise the ceramies the 
following analyses have been performed: 

• chemical anaiyses. The measurements of Li-content have 
been done using the atomic emission spectroscopy (AES), 
the X-ray fluorescence analysis (XFA) has been used to 
measure the amount of Si, Zr and Ti; 

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

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

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

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

o crush Ioad determination; 

• uniaxial compression tests of pebble beds (alter 96 
days) (2]. 

0.61/h He+0.1 voi%H2 

Fig. 1: Sehemalle of the equipment used in the annealing 
experiments 

Results 

Considering the results of the examinations the following 
conclusions can be drawn: 

• ln Li4Si04 the thermal conditioning produces the largest 
changes in the structure. During the annealing the only 
signlficant change in orthosilicate pebbles is the diffusion 
of metasilicate through the material. ln some pebbles the 
Iithium metasilicate reaches the surface covering it with a 
layer with thickness up to 10 11m (Fig. 2). lf these pebbles 
are in contact the surface layer of Li2Si03 can form 
sintering necks. These sintering necks are weak and very 
modest mechanical action could break them. After the 
thermal conditioning there is a reduction of the measured 
mean crush Ioad from 7.8 ± 2.4 N to 6 ± 2.3 N. The 
measured mean crush Ioads are characterised by large 
scattering, and it is rather difficult to make a quantitative 
assessment of its change during the annealing experiment. 
After 96 days a mean value of 4.5 ± 2 N has been 
measured. Chemical analyses do not show any change in 
the Iithium content of the Iithium orthosilicate pebbles. 

• ln Li2 TI03 (Fig. 3) the pre-annealing at 500 oc has no 
signlficant effect on the structure of the material. During 
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the annealing there is an increase in the grain size (it is 
about 1.5 ~-tm at the beginning and, alter 96 days, it grows 
up to about 25 ~-tm). After 48 days the pebbles became 
black, but this colour change does not correspond to any 
change in the microstructure of the pebbles, and no 
additional phase could be detected. The colour change 
may be caused by a slight oxygen sub-stoichiometry of the 
material. After the annealing in Li2 Ti03 there ls a slight 
reduction of the porosity. The not spherical shape of the 
pebbles and the material heterogenelty cause a scattering 
in the measured crush Ioads, therefore, also for 
metatitanate , it ls dlfficult to see a signlficant lncrease or 
decrease of the crush Ioads alter the 96 day annealing. 
Also in this case no reduction in the Iithium content of the 
pebbles could be measured by chemical analysis. 

• Also in Li2Zr03 the pre-annealing had no significant effect 
on the pebble microstructure, the grain growth is modest 
(the dimensions are between 2 and 4 ~-tm alter 96 days), 
and, alter the annealing, the pebbles were slightly denser. 
A porous, not uniformly distributed layer of Zr02 is formed 
at lhe surface of the pebbles during the annealing (Fig. 3) 
and chemical analyses showed a reduction in the average 
Li/Zr atomic ratio. 8oth these results suggest the 
vaporisation of Iithium from the metazirconate pebbles. A 
slight decrease of the average crush Ioad has been 
observed. 

The filters at the outlets of the three tubes were analysed by 
atomic absorption spectrometry (AAS). No vaporised Iithium 
has been observed alter the thermal conditioning in case of 
Li2 Ti03 and Li2Zr03 . After the 96 day annealing about 0.0005 
wt % of Li was found in each of lhe lhree tubes (the measured 
percentage refers to 1 g of filter material). I! ls possible that the 
Iithium from the ceramic pebbles was deposited on the colder 
outlet of the tubes before reaching the filter. Thls would explain 
why no increased Iithium amount was found in the filter of the 
tube containing Li2Zr03. The uniaxial pressure tests did not 
show significant differences for any of the three ceramic 
materials. 

Fig. 2: Cross section of a Iithium orthosilicate pebble alter 96 
day anneallng 

Uniaxial compression tests 

The uniaxial compression tests with LI4Si04 were continued and 
first corresponding experiments were performed with 
metatitanate Ll2 TiOa and metazirconate LI2Zr03 in a 
Iamperature range between ambient and 700 oc. The aim of 
these experiments is the determination of the moduli of 

deformation for the first pressure increase and pressure 

decrease and the thermal creep behavlour. Fig. 4 shows 
characierislic results for thermal creep . 
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Fig. 3: Cross section of a Li2Zr03 pebble alter 96 days 

Fig. 4: Thermal creep of titanate, zirconate, and silicate at 
700 oc and 6.3 MPa 
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8 8.3.1 
Contribution to the PIE of Li4Si04 Pebbles 
lrradiated in the HFR Petten 

EXOTIC-7 

EXOTIC-7 was the first in-pile test with 6u-enriched (50 %) 
Iithium orthosilicate (Li4Si04) pebbles and with DEMO 
representatlve Li-burnup. Post Irradiation examinations of the 
Li4SJ04 have been perfonned at the Forschungszentrum 
Karlsruhe (FZK) to investigate the tritium release kinetics, the 
effects of Ll-burnup and of contact with beryllium during 
Irradiation as weil as the mechanical stability changes due to 
Irradiation. The mechanical strength of both irradiated and 
unirradiated pebbles has been examined by means of crush 
tests, in whlch a continuously increasing Ioad is imposed to a 
single pebble until it breaks [1]. 

Three Irradiation capsules were examined: 

• Capsule 28.1 containing LI4Si04 pebbles of 0.1-0.2 mm 
diameter (LI-burnup 10 %); 

• Capsule 28.2 containing Li4Si04 pebbles of 0.1-0.2 mm 
diameter and Be pebbles of 2 mm and 0.1-0.2 mm diameter 
(Li-burnup 18.1 %); 

• Capsule 26.2 containing Li4Si04 pebbles of 0.1-0.2 mm 
diameter and beryllium pebbles of 2 and 0.1-0.2 mm 
diameter (Li-burnup 13.3 %). 

Pebbles fabrlcatlon and mechanlcal behavlour 

The small pebbles (6Li-enrichment 50 %) used in the EXOTIC 7 
Irradiation have been produced by spraying liquid material. They 
are overstoichiometric with about 1 wt % Si02 addition. The 
chemical analysis of the pebbles has shown very low content of 
impurities (Table 1 ). The presence of carbon is due to the 
fabrication process whlch uses high 6Li-enriched Iithium 
carbonate. 

Table 1: lmpurity content in the Li4Si04 pebbles 

Element Quantlty 

(wt %) 

Al 0.067 

c 0.3 

others <0.009 

Crush tests at room temperature have been perfonned to 
characterise the mechanical behaviour of single pebbles before 
and after Irradiation. ln these tests a continuously increasing 
Ioad is imposed by a piston to a single pebble until it breaks. 
The Ioad application rate was 0.2 mm/mln and, due to the small 
quantity of avallable irradiated material, 10 measurements have 
been done for the irradiated pebbles and 16 for the unirradiated. 
Pebbles with 0.15 mm diameter have been used in the crush 
Ioad tests. Using the Hertz's theory for the pressure between 
two bodies in contact, the breaking stress correspondlng to each 
crush Ioad, i.e. the tensile stress at the border of the contact 
surface between pebble and support plate, has been calculated. 

ln Table 2 the average stresses and the standard deviation of 
the measurements are shown. 

Table 2: Calculated average breaking stresses for irradiated 
and unirradiated Li4Si04 pebbles 

Capsule Nr. Breaklng stress 

(MPa) 

26.2 860.8 ± 65.8 

28.1 880.4 ± 59.2 

28.2 873.3 ±44.1 

unirradlated 827.1 ± 83.6 

There is no significant change in the mechanical stability of 
slngle pebbles due to Irradiation. The breaking tests were 
correlated by means of the Weibull statistics. Figs. 1 and 2 show 
the failure probability as function of the breaking stress for not 
irradiated pebbles and irradiated Iithium orthosailicate from 
capsule 26.2. 
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Fig. 1 Weibull failure probability versus breaklng stress 

Also micro-hardness measurements indicated no slgnificant 
radiation induced changes. Measurements according to Vickers 
indicated hardness Ievels of 283 for unirradiated orthosilicate, 
and 319 for orthosilicate with 10% burn-up. 

Tritium release 

The tritium release rate from pure Li4Si04 bed of capsule 28.1-1 
is characterised by a broad main peak at about 400 C and by a 
smaller peak at about 800° C. The broad main peak was 
observed in all previous studies with low Li-burn-up (< 3 %). The 
release rate of the u 4s104 from the mixed beds of capsule 28.2 
and 26.2-1 shows again these two peaks, but most of the tritium 
is now released from the 800° C peak. This shift of release from 
low to high temperature may be due to the higher Li-burnup 
(capsule 28.1-1 Li-burnup 10%, capsule 28.2 Li-burnup 18.1 %, 
capsule 26.2-1 Li-burnup 13.3 %) and/or due to contact with Be 
during Irradiation. Due to the very difficult Interpretation of the in­
situ tritium release data, residence Iimes have been estlmated 



•. 107 •• 

on the basis of the out-of-pile tests. The residence time for 
u4s1o4 from caps. 28.1-1 irradiated to 10% Li-burnup agrees 
quite weil with that of the same material irradiated at Li-burnup 
lower than 3 % in the EXOTIC-6 experiment. in spite of the 
observed shift in the release peaks from low to high 
temperature, also the residence time for Li4Si04 from caps. 
26.2-1 irradiated to 13.3% Li-burnup agrees quite weil with the 
data from EXOTIC-6 experiment. On the other hand, the 
residence time for u4sio4 from caps. 28.2 (LI burn-up 18.1 %) 
is about a factor 1.7·3.8 higher than that for caps. 26.2·1. Based 
on these data one can conclude that neither the contact with 
beryilium nor a burn-up up to 13 % have a detrimental effect on 
the tritium release of u4sio4 pebbles, but at 18.1 %Li burn-up 
the residence time is lncreased by about a factor three. 
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Fig. 2: Weibuil Iaiiure probabillty versus breaking stress for 
not irradiated material 

EXOTIC-8 

Although a smail addition of Te02 to Li4Si04 improves the tritium 
release of the pebbles, this material is not suited as breeder 
material because the Te is released at higher temperatures. 
Therefore in EXOTIC-8, the two capsules containing (Li4Si04 + 
Te02)-pebbles have been unloaded and have been replaced by 
a capsule with the reference materail (Li4Si04 + 2.2 wt% Si02) 
enriched to 50 % 6Li. 
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WPB9 
Behaviour of Beryllium under Irradiation 

8 9.1.1 
Characterization and optimization of beryllium 
pebbles. 

The heat transfer parameters (i.e. thermal conductivity and heat 
transfer coefficient) of the binary beryllium pebble bed have 
been obtained by experimental lnvestigations and correlated as 
a function of temperature and of the interference between bed 
and constraining walls, due to the differential thermal expanslon. 
in thls test the beryllium pebble bed was contained in the 
annulus between an outer steel tube and a heater rod. The 
correlations allow an easy application for the calculations in the 
blanke!. 

However, these correlations have been obtained for a very stiff 
containment, so !hat they can be directly applied only in cases 
where very small deformations of the containing walls due to the 
pressure exerted by the bed are expected. Thls is the case, lor 
instance, where containing plates have simllar pebb!e beds on 
both sides. 

Two kind of experiments were performed: 

• a series of experiments with a thermal insulation on the 
outside surface of the outer tube. The heater rod was 
heated to temperatures ensuring that the differential 
thermal expansion between outer tube and beryllium 
pebbles is zero, so !hat no constraint is exerted on the 
pebble bed; 

• a series of experiments with a water cooling on the outside 
surface of the outer tube to ensure that various Ieveis of 
constraint are exerted on the pebble bed. 

The differential thermal expansion between bed and bed 
contalnment walls ("interference") produces a compresslon of 
the bed which increases the contact surface area of the pebbles. 

Figura 1 shows the thermal conductivity of the binary pebble bed 
without constraint (11.1!/ /! = 0) versus the average pebble bed 
Iamperature (1]. The bed thermal conductivity varies very little 
with bed temperature. This is because the beryllium thermal 
conductivity decreases with temperature, whereas the thermal 
conductivity of helium increases with temperature and the two 
effects somewhat compensate each other. 

Figure 2 shows the results of the experiments with water 
cooling, i.e. with pebble bed constraint (1'11!/ I!> 0), in the plots 
of Be pebble bed thermal conductivity KIK(I'll!/ I! = O) versus 
the percenta~e ratio of the interference 11.1! to the width of the 
pebble bed .!!. As expected, the effect of 11.1!/1! (%] is linear, as 
the increase of the ratio of the contact surface to the cross 
section of the pebbles is also linear. Because this increase is 
quite smallln comparison to the pebble diameter and neglecting 
a secend order contribution, it is proportional to Ai!/ I! [%). 

The equation correlating the experimental results for the thermal 
conductivity is: 

k[W lmK]= (7.3145 + 1.00652 ·10-4 ·Tm)· 

. (1 + 7.259. 1'1.1! [% ]l 
I! ) 

in case of 1'11!/ I! = 0 the experimental results for the 
Iamperature dependence of k are valid forT m in the temperature 
range 130oc - 600°C. The values for the case of 11.1!/ I! > 0 are 
measured in the temperature range between 10° C and 160° C 
and arevalid for 1'11!!1! [%] in the range 0-0.1 %. 

Figure 3 shows the heat transfer coefficient at the inner tube 
wall of the pebble bed without constraint (i'lfJ /! =0) versus the 
temperature of the inner tube wall (1]. 

Figure 4 shows the results of the experiments with water 
cooling, i.e. with pebble bed constraint (111!/ /! > 0), in the. plot of 
Be pebble bed/wall contact heat coefficient aiCJ.(di!! /! =0) 
versus the percentage ratio of the interference 1!..1! to the width 
of the pebble bed /!. As expected, also for the heat transfer 
coefficient the effect of 1'11!!1! [%] is linear, however only for 
1!..1!/ I! [%] > 0.015 (see Figure 4), the increase for 
1'11!/1! [%] < 0.015 being much, strenger. More R&D work is 
necessary to determine the reasons for such a behavior at low 
values of 1!..1!/ 1!. 

in case of 1'11!/1! = 0 the experimental results for the 
Iamperature dependence of CJ. are valid for T w in the Iamperature 
range 130°C-600 oc. The values for the case of 1!..1!/ /! > o are 
measured in the Iamperature range between 10° C and 160° C 
and arevalid for f::..l!/1! [%]in the range 0-0.1 %. 
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Fig. 1: Thermal conductivity as a function of the mean bed Iamperature (case without constraint: 1!..1!/ /! =0). 
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Fig. 3: Heat transfer coefficient at the wall as a function of the wall temperature (case without constraint: AR/ R = 0). 

10 

9 

8 

7 s 
II 

6 s s 
ö 5 '8 

4 

3 

2 

1 
0 

a/a{<'>ln=Dl = 4.02307 + 54.6267.61/1[%] 

/ 
I 

0,01 0,02 0,03 0,04 0,05 

61/1 [%] 

0,06 0,07 0,08 0,09 0,1 

Fig. 4: Heat transfer coefficlent at the wall as a function of AR/ R (case with constraint: AR/ R > 0). 



The equation correlating the experimental results for the heat 
transfer coefficlent is: 

a[w I cm2 K] = 6.138 ·10-2 
• f · exp(0.0035332 · T.v) 

with: 

M f = 4.023 + 54.63.- [%] c 
and 

for M ;:::o.015 
c 

f=l 
M 

for -[%]<0.015% c 
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Chemical Analysis of Unirradiated Beryllium Pebbles 

Beryllium Intermediate product for the fabrication of spheres 
with diameters of 0.1 and 2 mm was produced by a modified 
Kroll process. in is final processing step, the digested beryl 
mineral was reduced by Mg to Be meta! (melting point 
1289°C) according to the reaction BeF2 + Mg = Be + MgF2. 
Different precipitates were observed in metallographic 
sections of the material which was analysed by wavelength 
dispersive X-ray microanalysis including !hat of Be. The maln 
impurity phases were Be13Mg, Be13(Mg, Zr, U), Mg2Si, Mg-Al 
phases and Ab03. The two-phase Mg-Al preclpitates have the 
lowest melting point at 437°C. Anneallng between 790 and 
690°C had no influence on the compositlon of the phases. 
The material was used for the Irradiation experiments 
CORELLI-2, Be/Pe and EXOTIC-7 [1 ,2). 

As the concentration of the impurity phases was high the Be 
intermediate product was submltted to a successive refining 
operation through vacuum melting by means of which the 
volatile components (e.g. Mg) were removed from the Be 
melt. Thereupon the melt was sprayed by an Inert gas jet 
forming 0.1 to 0.2 mm diameter spheres. Especially the Mg 
concentration was reduced to less than 0.01 %. The main 
impurity phases observed in metallographic sectlons were 
AlsFe2 (melting point 1169°C; possibly also in the composltion 
AbFe, peritectic point about 1160°C) and SiC (peritectic point 
2830°C). Annealing of the material between 870 and 690°C 
dld not result on principle in different impurity phase 
compositions. SIC reacted to silicides of Cr, Fe and Mg. The 
solubility Iimit of the major impurity elements in Be at 800°C 
ls: 0.010 mol% Fe, 0.010 mol% Al, 0.006 mol% Si,< 0.004 
mol % Mg, 0.002 mol % Cr (3). 
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The formation of the suggested phase AIFeBe4 could not be 
confirmed !hat would have been expected according to the 
phase diagram of the ternary Al-Be-Fe system [4], see fig. 1. 
The observed maximum solubility of Al and Fe in Be at 800°C 
is marked by a solid circle in the figure. Probably, the Fe/Al 
ratio in Be ls too low for an AIFeBe4 formation. The high 
annealing Iamperature of the Be pebbles could also be a 
reason for the disappearance of AIFeBe4 because this phase 
decomposes above 850°C [5). 

Be 

T = soo·c 

Be (AI,Fe) 

Be(AI,Fe) 
+Al Fe Be4 

... 

O.Q2 0.04 0.06 0.08 0,10 
at. %Fe 

Be (AI,Fe) 
+Al Fe Be4 
+Be11 Fe 

Be (AI,Fe) + Be11 Fe 

0.20 

Fig. 1: Isothermal section of the Be apex of the ternary Al-Be­
Fe system at 800°C (from Myers and Smugeresky [4)) 
and solubllity Iimit of Al and Fe in Be measured by X-ray 
microanalysls [3). 
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89.2.1 
Behaviour of Beryllium Pebbles under 
Irradiation 

Beryllium pebbles are being considered in fusion reactor 
blanket designs as neutron multiplier. Examples are the 
European Helium Cooled Pebble Bed (HCPB) DEMO 
BI anket and the ITER Reference Breeding Blanke! [1 ,2]. 
Solid breeder blankets with Iithium ceramies as breeder 
and steel as structural material require beryllium to 
increase the tritium breeding ratio (TBR) performance. ln 
the present HCPB DEMO as weil as in the ITER breeding 
blanket design the beryllium is used in form of smail 
pebbles. Because it is important to achieve a high 
beryilium density in the blanket a binary bed of larger and 
smaller beryllium pebbles is used, which allows to achieve 
a bed packing factor of about 80%. 

Based on safety considerations, tritium produced in 
beryllium during neutron Irradiation represents one 
important issue. ln fact, due to the relaiively slow tritium 
release at normal blanket temperatures, tritium is 
accumulated in beryllium but may be released during an 
uncontrolled Iamperature increase. Therefore, for safety 
considerations a good knowledge of tritium lnventory and 
release kinetics is important. ln this paper the results of a 
first series of long-time out-of-pile annealing experiments 
with two types of beryllium pebbles are presented. 

1. Experiments 

1.1 Sampies and Irradiation Conditlons 

The material used for the analyses consists of two types of 
beryllium pebbles with a diameter <I> of 0.1-0.2 mm and 
2 mm, produced by the Brush Weilman company. The 
2 mm pebbles were produced by the Fluoride Reduction 
Process (FRP), which is an intermediate step in the 
process of winnlng beryllium from ore [3]. Since they are 
an Intermediate product their shape is generally not 
perfectly spherical and these pebbles contain slgnificant 
amounts of impuritles, notably fluorins and magnesium. 
The 0.1-0.2 mm pebbles were made by the Rotating 
Electrode Process (REP). This process consists of arc 
melting the end of a long beryllium cast cylinder which is 
rotating about its axis. Malten dropleis of metal are thrown 
oft the end of the rotating cylinder and solldify in !light. As 
angular velocity of the beryllium target increases, the 
pebble diameter and the variation in the pebble diameter 
are reduced. Sharp partiefe size distribution and 
controilable pebble size are the characteristics of this 
method. Possible pebble diameter from the REP is from 
0.2 mm to 2.5 mm [4]. Belare Irradiation, mixtures of large 
and small pebbles were dried by purging them with helium 
at 650 °C for 3 hours and filled into steel capsules. The 
capsules were evacuated, then filled with 1.1 bar helium 
and closed by welding. The capsules were irradiated over 
four reactor cycles in the HFR-Petten reactor (Irradiation 
"Beryllium") at a temperature of about 420 °C to a fast 
neutron fluence (En >1 MeV) of about 1.0•1021 cm·2 [5]. 
After Irradiation the samples were handlad under inert 
atmosphere before anneallng. 

1.2 Facilities and Procedures 

After removal from the reactor the tritium inventory of 
several samples was determined by heating up to 1100 oc 
and purging them with 50 SCCM He+0.1vol% H2. For 
tritium anneallng investigations, the samples were inserted 
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at definite positions fn a tube furnace to achieve the 
desired annealing temperatures of 380, 450, 550 and 650 
°C and were purged with 50 SCCM He+0.1vol% H2 for two 
months. After removal from the annealing furnace, the 
residual tritium inventory was determined by purging and 
heating the samples up to 1100 °C in the tritium release 
facilities. For the 0.1-0.2 mm REP pebbles all tritium ls 
already released alter several hours at 1000 oc. On the 
other hand, this temperature is not high enough to release 
all the tritium from the 2 mm FRP pebbles which require a 
temperature of 1050 oc. ln fact, by heating some 2 mm 
FRP samples to even higher temperatures, it has been 
checked !hat essentially all tritium is released at 1050 °C 
withln several hours. The tritium activity of the purge gas is 
measured with an Ionisation chamber. The heating 
procedure used for the annealing tests consists in a 
temperature linear ramp with 5 °C/min heating rate. 

2. Results and Discussion 

The measured specific tritium inventory after the In-pile 
Irradiation is 1633±259 MBq/g and 1971±101 MBq/g for 
2 mm FRP and 0.1-0.2 mm REP pebbles, respectively. 
The residual specific inventory after annealing is shown in 
the Flgures 1 and 2 as a function of anneallng time with 
the annealing Iamperature as parameter for FRP and REP 
pebbles respectively. 

300 

_._. T= 380 'C 

--- T= 450'C 
-+- T= 550 'C 
-ir- T = 650 'C 

0+-~~~-,~----~~------------~-+ 
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Fig. 1: Residual tritium inventory as a function of time for 
2 mm FRP pebbles. 
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Fig. 2: Residual tritium inventory as a function of time for 
0.1-0.2 mm REP pebbles. 



ln general the tritlum release is very slow below 400 °C for 
both kind of pebbles, and less than 10% of the Initial 
inventory was released alter 2 months at 380 ac. The 
major difference between the two klnd of pebbles becomes 
visible at 450 ac where the small REP pebbles release 
about 40% of the tritium lnventory, whlle the !arger FRP 
pebbles release less than 10%. At 550 oc the different 
tritium release of the small and !arge pebbles becomes 
even more significant (90% and 45% are released, 
respectively). At 650 oc the cumulative release was 
88-96% for both kind of pebbles. The long-time inventory 
data are summarised in Table 1. 

The pretty slow long-time release for both kind of pebbles 
is consistent with the tritium release kinetics observed in 
the tritium release tests with 5 °C/min heating up to 
1100 ac (Figures 3 and 4). ln these tests the release rate 
is generally very small below 600 ac and the maximum 
release rate is observed for the small pebbles at 
810-820 oc and for the I arge pebbles between 1040 oc 
and 1080 ac. 

3. Conclusions 

Commercially avallable beryllium pebbles with 0.1-0.2 mm 
and 2 mm in diameter manufactured by Brush Wellman, 
USA, from two manufacturing methods and irradiated ln 
the HFR were annealed up to 2 months at Iamperatures up 
to 650 oc in a flowing He+0.1vol% H2 purge gas 
atmosphere. The inventory before and after annealing was 
determined by heating the samples up to 1100 oc with a 
He+0.1vol% H2purge gas. 

ln general, the tritium release is very slow below 400 °C for 
both kind of pebbles and less than 10% of inventory was 
released after 2 months at 380 oc. At 450 oc the small 
REP pebbles release about 40% of thelr tritium inventory, 
while the !arger FRP pebbles release only less than 10%. 
At 550 ac the different tritium release among small and 
!arge pebbles becomes more significant and the release is 
about 45% and 90% for the !arge and small pebbles 
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2 mm FRP Pebbles 

lnventory 
Before After 2 months [MBq/g] 

~ 
annealing (Residual 

lnventory) 

380 1633 ± 259 1499 (91.8%) 

450 1633 ± 259 1540 (94.3%) 

550 1633 ± 259 903 (55.3%) 

650 1633 ± 259 203 (12.4%) 

respectively. After 650 ac the cumulative release was 
88-96% for both kind of pebbles. 

These results are consistent with the tritium release 
kinetics observed in the short time tritium release 
experiments. ln these tests the release rate is very small 
below 600 oc and the Iamperature at which the maximum 
release rate is observed ranges between 810 oc and 
820 oc in case of the small REP pebbles, while for the 
!arge FRP pebbles it ranges between 1040 ac and 
1080 oc. This fact may be of a great importance for in­
reactor operation especially in case of off-normal 
conditions. 
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0.1-0.2 mm REP Pebbles 

Before After 2 months 
annealing (Residual 

lnventory) 

1971±101 1782 (90.4%) 

1971 ± 101 1176 (59.7%) 

1971 ± 101 213 (10.8%) 

1971 ± 101 77 (3.9%) 

Table 1: Tritium specific lnventory for small and !arge beryllium pebble 
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WPA2 
ITER Test Blanket Module Feasibility & Design 

A2.1.3 
MHD Evaluation and Diffusion Bonding 
Technique Application 

Although the MHD pressure drop is not a leasibllity issue in the 
WCLL design, MHD ellects nevertheless Iead to new questions 
to be technically solved. 

Therelore the MHD-issues ol the WCLL-blanket [1) have been 
identified and evaluated [2]. I! has been lound !hat lrom the 
issues - 1) Fringing magnetic lields at the inlet and outlet ol the 
blanke! (Vol.B), 2) manilolds/dlstributors at the blanke! header 
(bends, in which the flow direction changes lrom parallel to B to 
perpendicular to B), 3) subdistributors in the blanke! header 
(flow perpendicular to B), 4) ~ow in parallel Ieedingi draining 
ducts, 5) flow in parallel ducts ol the breeding area and 6) the 
U-turn at the bot1om ol the blanke! (see Fig. 1) - the flow in the 
subdistributors ol the header (3) turns out to contribute most to 
the MHD pressure drop. 

B 

water out waterin 

\4 ! I I 

"b - !TTI-- .~. --,-----.,-, PbLi17 out 
=~J~~_J _J) ~~- -·J~~· ~--L~ i-~ 

beryllium plate 

Fig. 1: Sketch ol the water-cooled liquid Iead blanke! concept 
(WCLL) Ioreseen lor the ITER lest module. Top: Side 
cut ol the module. Bottom: cross-sectlon cut through the 
top ol the blanke!. The numbers denote MHD llow 
regions: 1. Flow in Iringing lield. 2. Manilold/ distributor. 
3. Subdistributor perpendicular to B. 4. Feedlng/draining 
pipe flow. 5. Flow in breeding zone. 6. Flow in the U­
turn 

Therelore any attempt to reduce the overall MHD pressure drop 
ol the circulated liquid metal has to start with the improvement ol 
these channels. The other problern related with the MHD pres-

sure drop is the llow distribution between the individual ducts. 
Especially the rather complex header requires a MHD adapted 
design to guarantee the requlred flow rate in each channel. An 
electrical decoupling ol the ducts would partially overcome the 
possible malfunctions. The study has also shown !hat at least a 
minimal convection llow is necessary to prevent tritium hot spots 
in regions where due to MHD effects the convective motion 
produced by the external circulation system (pumps) is sup­
pressed. 

ln the lrame ol the design studies a concept modilication has 
been proposed which improves the MHD behaviour with respect 
to the flow distribution in the large breeding zone channels and 
the pressure drop in the ducts ol the Pb-17Li distributor (see Fig. 
2). 

SECTION A-A 

Seal weld 

SECTION B-B (HIP PLANE) 

DETAIL C DETAIL D 

Fig. 2: lmproved design ol Pb-17LI ducts with llow channel 
Inserts 

The proposed design necessltates the manulacturing lrom three 
single plates whlch must be joined - alter the machlning ol Pb-
17LI ducts- by dillusion bonding in a hotisostalle press (HIP). 
Belore bonding the laces to be joined must be sealed. At the 
outer surface this can easily be done by seal welding, whereas 
the inner ducts must be sealed by a thin-walled tube. Covering 
this tube at the outer surface with an electrically insulating ce­
ramic layer provides a kind ol a Flow Channel Insert (FCI) which 
had already been proposed earller to reduce the MHD pressure 
drop in channels with coolant flow perpendicular to the magnetic 
lield direction [3). Calculations ol the MHD pressure drop lor the 
subdistributor holes with FCI's show a reduction by about a 
lactor ol 7 compared with the previous design without FCI's. 
Preliminary tests on the manulacturlng ol these FCI's are under 
way (see subtask A 3.4.2). 

Additionally the magnethydrodynamic flow in ducts with inlinitely 
thick walls corresponding to the condltions existing in the sub-
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distributor channels is investigated. The flow is evaluated by an 
asymptotic analysis valid for strong magnetic fields. The solution 
for current and potential in the wall is obtained by the solution of 
an integral equation. For the special case of a circular pipe the 
results are confirmed by the use of conformal mapping. lt is 
found that in circular pipes the velocity profile is of slug flow 
type. ln square ducts high velocity jets are possible. These jets 
may be located along the diagonal or along the side walls if the 
diagonal or the side walls are allgned with the magnetic field, 
respectively. The pressure drop depends essentially on the ratio 
of the wall to the liquid metal electrical conductivity and may be 
considerably lower than in perfectly conducting ducts. For the 
WCLL conditions (SS-walls, LiPb as liquid metal and the corre­
sponding dimensions) the MHD pressure drop is about 50% less 
than calculated with the standard correlations used up to now. 
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WPA3 
ITER Test Module Fabrication 

A3.4.2 
Adaptation of Diffusion Bonding to TBM Box 
Fabrication 

Within subtask A 2.1.3 a design modification was elaborated 
which uses flow channel Inserts (FCI) to reduce the MHD 
pressure drop in the ducts distributing/collecting the Pb-17 Li in 
the tube plate of the ITER test module. The FCI is a thin-walled 
steel tube covered with a ceramic electrical insulater. To allow 
the Insertion of the FCI's the tube plate is split lnto three layers 
which are joined subsequently by diffuslon bonding (HIP). As a 
first step to develop this fabrication technique a small-scale test 
specimen was manufactured (see Fig. 1). 

Fig. 1: Diffusion bonded test specimen with a "flow channel 
insert" 

lf the non-destructive examinations show a good quality of the 
specimen, lt will be used in MHD tests to verify the effectiveness 
with regard to MHD pressure drop reduction. Subsequent 
destructive testing is envisaged. 

Analher manufacturing technology developed for the HCPB 
blanke! with potential applicability to the WCLL blanke! is the 
bending of plates with cooling channels, in case of the WCLL 
circular channels or inserted tubes. 

For the manufacturing of the blanke! structure the "DEMO 
fabrication scheme" is one alternative method. lt includes 
bending of the FW plate to obtain the U-shape of the box. As the 
FW geometry is completely different from !hat of the HCPB FW, 
special tests were carried out to study the feasibllity of the 
bending process, the accuracy of the bendlng angle, and the 
Variations of the channel geometry during bending. The test 
plates (material MANET II) with a slze of 300 x 114 mm had 3 
cooling channels of 8 mm diameter produced by deep hole 
drilling. The plate thlckness varied between 22 and 28 mm; one 
of the plates had an undulated surface according to the actual 
WCLL DEMO blanke! design. The bending radius was 50 and 
75 mm, respectively. Same channels were filled with an eutectlc 
BiSn alloy as filler material. 

The results of the non-destructive and destructive examinations 
of the bent plates can be summarized as follows: The bending 
procedure can be carrled out at room temperature. To prevent 
instabilities the FW plate must be supported by a sandwich 
plate. Neither ruptures nor surface cracks of the bent plates 
could be found. The accuracy of the bending angle is better than 
one degree. The height of the cooling channels is reduced 
during bendlng by up to 14.5 %; the cross section reduction 
amounts to maximum 11 %. The use of a filling material reduces 
the deformation of the cooling channels significantly. 

Further bending tests are envisaged on diffusion bonded FW 
plates with inserted steel tubes and Cu as compliant layer 
between the tubes and the plates. 

H.J. Fiek, Fa. TWK 
S. Gordeev 
T. Leehier 
K. Schleisiek 
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WPA4 
Tritium Control and Permeation Barriers (PB) 

A4.1.2 
Fabrication and Characterisation of Permeation 
Barriers made by Hot-Dipping 

in the end of 1998 the coating qualification procedure for tritium 
permeation barriers on martensitic low activation steel has to be 
finished. FKZ/IMFIII developed a coating method which 
combines the hot dipping technology with an appropriate heat 
treatment in order to form an Al-based coating system which 
consists of a ductile Fe-Cr-aluminide layer and an alumina layer 
on top. This scale structure guarantees firstly a sufficiently high 
permeation reduction factor due to the alumina layer and 
secondly an Al activity below the alumina layer which from 
thermodynamical point of view should be high enough to enable 
rehealing in case of Iailure of the alumina layer. 

The basic characterisation of the FZK standard coating on tubes 
and sheets has been carried out last year already [1 ,2]. Newer 
results describe the behaviour of the scale under stresses and 
additional heat treatment cycles. These results are important in 
regard to the compatibility of the permeation barrier production 
with the Double Wall Tube (DWT) and ITER test module 
fabrication sequence. Bending tests and HIP experiments were 
carried out. lt was shown that the permeation barrier production 
on DWT is in perfect agreement with the proposed ITER test 
module fabrication sequence. However, bendlng of heat treated 
or HIPed DWT has to be avoided as demonstrated in Figura 1. 
HIPing can be used instead of an atmospheric heat treatment 
without any negative consequences for the scale structure. 

Fig. 1: Cross section of coated F82H-mod. sheet alter about 
10% bending. Cracks penetrate deep into the Fe-Cr­
aluminide zone. 

ln the frame of the coating qualification procedure the H2 
permeation through the coating was measured in comparison to 
uncoated steel by a reference Iabaratory (JRC lspra). Three 
coated sheet specimens have been tested in a Iamperature 
range between 250 and 450°C and at 1 bar H2. For the first one, 
the alumina top layer was removed by polishing prior to testing 
in order to investigate the efficiency of the Fe-Cr-aluminide 
layer. The measured Permaation Reduction Factor (PRF) was 
about 500. The two other specimen were tested with the 
alumina layer on top. They showed PRFs of about 3000 and a 
high reproducibility. A PRF of 1000 was requested by the 
designer group. Therefore it can be concluded that the coating 

developed at FZKIIMFIII fulfils all requirements of an efficient 
tritium permeation barrier. Further permeation tests will be 
carried out at the reference Iabaratory on coated tube 
specimens. The permeation behaviour of the various coatings 
under cycling Ioad and in Pb-17Li will be investigated. 

Regarding the compatibility of the coating with Pb-17LI at 480°C 
and for a flow rate of about 0.3 m/s it must be said that up to an 
exposure time of 2000 h no attack could be observed. lt is 
Ioreseen to continue the corrosion test up to 8000 h. Since FZK 
is reference Iabaratory for compatibility testing with Pb-17Li also 
the corrosion behaviour of coatings produced by other 
techniques (CVD+MOCVD, VPS) is investigated. 

Llterature: 
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A4.2.2 
Permeation Reduction Factors (PRF) in Gas and 
Corrosion in Pb17Li 

A method to measure permeation rates of D2 through metals 
under different condltions was developed and tested. The 
measurement of H2 permeation is also possible to study isotopic 
effects. The Iimits of the method and posslble errors were 
evaluated. The method can be used to investigate oxide 
coatings on metals, as requested for fuslon reactors to reduce 
the loss of tritium. 

in a first series of 10 experiments, permeation rates were 
measured for MANET (bare and oxidised at 500°C in air), 
molybdenum, nickel and lncoloy 800. For an upstream partial 
pressure of 1 bar 02 the functions are in good agreement with 
the literature. The effects of oxidation by air, for lncoloy with a 
mixture of 0.3 mbar H20 in a feed gas with 10.4 mbar D2, and 
the possibility for insitu reduction of surface oxides by D2 were 
investigated. The hlghest permeation rates for a metal were 
found after this reduction step, no surface effects were seen any 
more (P"' p0

'
5
). 

An Interna! FKZ report was published [1) describing the method 
of measurement and first results which also contains 
recommendations for future experiments to improve the 
accuracy of results and to avoid errors. 

Literature: 
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WPA6 
Safety related Activities for DEMO and ITER 
Test Module 

A6.2.3 
Analysis of LOFA 
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The LOFA analysis for the WCLL TBM, intended as supplement 
to the studies performed for DEMO in 1996 and as comparison 
to the work performed by the WCLL team, has been dismissed 
because of unforeseen manpower shortage in 1997. 
Consequently, the sub-task objective has been revised as 
follows: Review of the WCLL TBM safety assessment and 
contribution to establishing near-term R&D needs in WCLL 
safety. Work is scheduled for the period Oct. to Dec. 1998. 

H. Kleefeldt 



WPA7 
Demonstration of Blanket Reliability 

A 7.1.3 
Contribution to Common Blanket System Data 
Base 
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This Subtask is connected with the Tasks A 7.2.3 and B 7.1 .3. 
All data used there will be inserted in a common data base. The 
use of the same data for different design options allows to Iimit 
error sources in camparalive evaluations. The activity was 
continued as a permanent part of the reliablllty analyses 

A7.2.3 
TBM System Availability 

The availability/unavailability of the WCLL Test Blanke! Module 
(TBM) lncluding the Test Blanke! Auxiliary Systems (TBAS) is 
an important factor concerning the availability of ITER. The 
availability is determined by Iailure rates and the mean repair/ 
exchange Iimes (the down Iimes for repair or exchange) of the 
components. There exist large uncertainties leading to different 
Interpretations of the importance of systems and the definition of 
acceptable down Iimes. 

The large influence of the TBAS in particular the Pb17Li-System 
on the availability Ieads to explore the possibilities of operation 
at least temporarily without !hat system. As far as it will be 
possible is an open question yet, but in case of DEMO it seams 
to be impossible. 

An operation of the TBM without a pressure suppression 
precaution Inside the VV is not possible. The main reason for 
!hat is, the thermal expanslon of the liquid metal which ls four 
Iimes higher than of the box structure material. Therefore, minor 
Iamperature changes would Iead to a darnage of the structure if 
the liquid metal circuit Inside the VV is completely isolated by the 
valves (pressure light). The pressure increase due to the 
production of T and He is an additional critical factor. While the 
increasing T concentration probably can be tolerated in view of 
the radioactivity concentration and probably also the solubility in 
the liquid metal, the production of He is critical. A rough 
estimation concerning the pressure increase by He production 
starting with a pressure of 2.5 MPa induced by the MHD 
pressure drop and assumlng incompressibility of the liquid metal 
and in the structure show an increase of the pressure by 2.5 
MPa/d, supposing continuos ITER operation. 

A pressure control system between the TBM and the insulating 
valves outside the VV seams to be the simples! solution. Butthis 
possibility needs some more analysis work, probably also R&D. 
lf finally the operation of the TBAS without a shut down of ITER 
in case of leakage and/or water-liquid-metal-reactions is still 
possible is at present intensively discussed but still an open 
question. 

Literature: 
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WPA10 
MHD Effects 

A 10.1.1 and 10.2.1 
Evaluation of Natural Convection and 
Turbulence, Natural Convection Experiments 

1. lntroduction 

ln currently investigated liquid-metal (LM) blankets for fusion 
reactors the LM - a Iithium-Iead alloy • serves malnly as 
breeding material [1). The externally forced flow required for a 
continuous clrculation of the breeding material is very weak and 
has within the breeding zone typically mean velocities on a 
scale of a Iew mm/s. Therefore, buoyant flow may become 
dominant in the whole blanke! influencing heat Iranster and the 
distribution of the concentration of the tritium generated withln 
the liquid metal breeder [2]. 

Buoyant flow in breeding blankets can be caused by 
temperature di!ferences 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 Iranster and is of special interest with 
respect to the concentration dlstribution of the tritium generated 
within the LM [3]. 

ln order to avoid tritium hot spots in the corner near the flrst wall 
a Iransport velocity of at least 10~ m/s ls 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 predlctions of the flow 
patterns appearing in the blanke! can be made. 

2. The experiment 

in order to investigate the influence of the magnitude and the 
orientation of the magnetic field on the behaviour of natural 
convection three types of experimental arrangements are used 
(see Fig. 1), where the types b) and c) are the most relevant 
cases with respect to WCLL application. 

a) Heat Iranster by natural convection in a horizontal flat box 
with an aspect ratio 2 cm x 20 cm x 40 cm heated from 
below and cooled on the top wall with a vertical magnetic 
field. 

b) The same box horizontally arranged in a horizontal magnetic 
field and 

c) The vertical arranged box in a horizontal magnetlc field. By 
this arrangement the conditions of the WCLL blanke! are 
adapted and modelled. 

The experiments are conducted in the normal conducting 
magnet (type a) experiment) or in the superconducting solenoid 
magnet (type b) and c)) of the MEKKA Iabaratory [3) which allow 
to measure in magnetic !Ieids of up to 2.1 and 3.5 Tesla 
respectively. 

The Test Section 

A cross section through the test apparatus used for the type c) 
experiments is shown in Fig. 2. The heated side wall - a 20 mm 
thick copper plate - is heated by 40 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 wall • again a 

copper plate - is cooled and kept at constant temperature of 
about 100 oc by a boiling pool of water. All other walls are made 
of 1.5 mm stainless steel. To homogenize the boiling heat 
Iranster a particle bed of glass spheres with a diameter of 5 mm 
is used. The vapor from the boiling pool is recondensed on a 
water cooled heat exchanger located outside the magnet. 

a) 
I I 

Fig. 1: The three types of experimental arrangement 

Stainless steel Boiling water pool Vapour outlet 

Copper plates 

Liquid metal --

Probe 

----,---~ 

Thermocouples 

Heaterrods 

Water backfeeding tube ------- B 
Fig. 2: The lest section WUEMAG 2 
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The test section is modified from WUEMAG 1 by changing only 
the evaporation cooling system of the cold side wall (formerly 
the top wall) by displacing the insitu recondensation cooler to 
the outside. Therefore a more detailed descrlption may be found 
elsewhere e.g. [3]. 

3. Theory: (20) formulation of the problern 

in three-dimensional (3D) magnetohydrodynamic tlows the 
kinetic energy of vortices whose axes are inclined to the 
direction of the magnetic field is immedlately removed by 
Joule's dissipation and the vortices will be strongly damped (see 
e. g. [5-8]). 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 magnetlc field is strong enough a 20 flow pattern of 
convective rolls aligned with the direction of the magnetic field 
will evolve. 

in the presence of Hartmann walls electric currents induced by 
the fluid motion are closing 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 !hin wall condltion, these 30 currents can be 
taken into account and the problern can be described by 20 
equations (Bis parallel to the x-axis): 

b 
L1yzcfJ= --w, 

b+c 

~ [atW+dy~azw-az~ayw]= 

where 

1 M M2·c 
-=-+--
" b b+c, 

(x, y, z) is the Cartesian coordinate system, 

tP is the electric potential, 

(1) 

(2) 

(3) 

b is the half dimensionlass extension of the layer in the direction 
of the magnetic field, 

c is the wall conductance ratio c=sO' wlha, 

W={Vx v) ·e x is the vorticity, 

lfJ is a 20 stream function detined by V=-dz~ and 

Ol=dy~' 
't is a characteristic time scale tor the decay ot vorticity, 
1/1 is the magnetic damping, 

Pr=v/K. is the Prandtl-number, 

K==A/ pc p the thermal dittusivity, 'A the thermal conductivity, p 

the denslty and Cp the specitic heat ot the LM, 
3 -1 -1 

Ra=a gL'JTh K v is the Rayleigh number, 

M = h.ß~ %v the Hartmann number 

with h the distance between the heated and cooled plate, B the 
magnetic field strength; cr, p and v are the electrical 

conductivity, the density and the kinematic viscosity ot the LM, 
Tis the temperature. 

The heat Iranster is characterized by the Nusselt-number 

M "h 1-1 AT-1 . 1vU = q · '/1, ·LJ w1th q" the heat tlux and ßT the 
Iamperature difference between two plates. 

4- Results 

Experimental: 

The essential results ot the type a) experiments are already 
published in [3). Typical results trom the type c) experiment -
most relevant tor WCLL appllcation - are shown in Fig. 3a-c. 
When the Hartmann number is increased trom hydrodynamic 
tlow (M=O) tlrst the Nusseil number increases to a maximum at 
M=75. lt the magnetic tield ls increased turther, the Nusseil 
number decreases down to Nu=1 at M=800 what indicates the 
state ot pure heat conduction. Looklng at the intensity ot 
temperature fluctuatlons, in tigure 3b, the values are increaslng 
slmular to the Nusseil number. Beyond the maximum the values 
are decreasing fast to zero and thus above M=200 laminar tlow 
is indicated. Unless the tlow is laminar above M=200 slgniticant 
convectlve heat Iransport is indicated by the !arge Nusseil 
numbers. The occurance ot a maximum in the Nusseil number 
can be explained by a signlticant change in the structure ot the 
time dependent convective tlow pattern. This ls demonstrated in 
tigure 3c on the two isotropy coetticients calculated trom the 
tluctuating part ot the Iamperature gradient recorded by a probe 
arranged in the midplane ot the gap, (see Fig. 2): 

Starting trom high values at M=O both isotropy coetticients are 
decreasing with increasing magnetic tield. Thus an evolution ot 
the tlow trom its initially three-dimenslonal state at M=O into an 
increasingly !wo-dimensional (20) state is indicated. As 20-flow 
ls less disslpative the convective heat Iranster is enhanced and 
Ieads to higher Nusseil numbers. Above M=75 the damping 
ettect ot the magnetic tield becomes dominant and the Nusseil 
numbers decrease. in the region ot laminar tiow an evaluation 
ot isotropy coetticients is not posslble. But trom the increaslng 
tendency towards 20-flow at higher Hartmann numbers we can 
assume even higher two-dimensionality. Wlth the indication ot 
20-tlow above M=50 we can apply the above developed 20-
equatlons to predict heat Iranster in tusion blankets. 

The dimensionlass numbers Nu, Ra and Pr are calculated using 
the thermophysical data ot NaK taken trom [4) at the mean 
temperature 

Theoretical: 

ln Fig. 4a and b the results ot the 20-calculations tor the 

arrangement c), most relevant tor WCLL application, are shown. 

in Fig. 4a the Nu-number as a tunction ot the damping 

parameter 1/'e is given tor a Rayleigh-number Ra=105
, where 

the damplng parameter ls given by 

llr=Mib'+M
2 

·ct(b'+c) 
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with the Hartmann-number M as defined in Chapter 3, the wall 

conduction ratio c =o w · tw !( o 1·h) and the dimensionlass 

extension in the direction of the magnetic field b' = b/h . 

ln Fig. 4b the corresponding flow patterns are shown for an 
increasing damping parameter (from left to right). 

From Fig. 4a we can see if the damplng parameter 11-t will 
exceed 1 04 the Nusselt-number will decrease to 1.0 and a 
single big vortex will be expected. This may be the case for the 
WCLL application (M > 2000} where in the case of non 
electrically insulated structural walls 111: may exceed this value. 
lf the dividing walls as weil as the cooling tubes are fully 
electrically insulated the damping parameter in some 
substructures may decrease to 111: s 2.0x103

. This means !hat 
in this case multirolls may appear improving the heat and mass 
transfer. 
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Fig. 3: The measured Nusselt-numbers Nu, the turbulence 
intensity <T'~ and the isotropy cefficients A for 
different Hartmann-numbers M at a constant power 
P=2400W 

5. Summary and Conclusions 

Experiments on natural convection in a flat vertically oriented 
box with a horizontal magnetic field (type c) arrangement) are 
conducted. The measured dependence of the Nusseil number 
from the Hartmann numbers M at constant applied power show 
a complete suppression of any convection for M ;:: 800 . 

The calculations made for the same arrangement relevant for 
WCLL application indicate that under fusion relevant conditions 
(M ;:: 5000} even in the case of fully electrically insulated walls 
the convection pattern is reduced to one big vortex and the 
corresponding Nusseil number Nu decreases to 1. 

Therefore we conclude that natural convection under fusion 
blanke! conditions does not play an important role in improving 
the heat transfer but may help to avoid tritium hol spots. 

Ra = 105 
, Pr = 0.01 

10 100 1/-r 1000 10000 

a) 

0 

b) 

Fig. 4: Nusseil number as a function of the damping 

parameter J<. and the corresponding flow patterns 
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SM 1.2.1, SM 1.3.1 
MANITU Irradiation Program 

1. lntroduction 

The MANITU Irradiation and impact-toughness testing pro­
gramme on promising low-activation ferritic/martensitic steels 
with an array of Irradiation parameters covering doses of 
0.2/0.8/2.4 dpa and temperatures of 250/300/350/400/450•c 
has been completed. Partlcular emphasis was to be laid on the 
further evolution of the Impact properties with increaslng dose at 
the different Irradiation temperatures, and on the behaviour of 
the different alloys in comparison to each other, especially at the 
critical lower Irradiation temperatures. The investigations had 
shown for Irradiation parameters of 0.8 dpa that the US-heat, 
referenced as 'ORNL', had yielded the lowest ductile-to-brittle 
transition temperatures (DBTT). 

During the Irradiation experiment one specimen holder was 
removed alter a dose Ievei of 0.8 dpa and a new speclmen 
holder containing 3 other materials has been inserted lor an 
Irradiation of up to 0.8 dpa again. The Impact test data for these 
materials are now available. 

2. Materials 

The materials included in the secend 0.8 dpa rig are: OPTIFER­
IV, OPTIMAR and GA3X. OPTIFER-IV is part of the OPTIFER 
development series and therefore comparable to OPTIFER-Ia. 
OPTIMAR has been developed for conventional usage and is 
comparable to MANET-1. GA3X (manufactured by MITSUBISHI, 
delivered by BATTELLE, D.S. Geiles) is similar to F82H std. 
except for a higher Chromium content. 

The tables below shows the main differences in the chemical 
composition of all materials within the MANITU program. 

Alloy Cr[%1 W[%1 V[%1 Ta[%1 B [ppm] 

GA3X 9.2 2.1 0.31 0.01 -
F82H std. 7.7 2.1 0.19 0.02 -

ORNL 8.9 2 0.23 0.06 -
OPTIFER-IV 8.5 1.2 0.23 0.15 40 
OPTIFER-Ia 9.3 1 0.26 0.07 61 
OPTIFER-11 9.5 (1.2Ge) 0.28 0.02 59 

Alloy Cr[%1 Ni[%1 MO[%] V!%1 B [ppm] 

OPTIMAR 10.5 0.6 0.6 0.2 72 
MANET-1 10.8 0.9 0.8 0.2 85 
MANET-11 9.9 0.7 0.6 0.2 70 

3. Experimental 

The Charpy specimens have been produced parallel to the 
rolllng direction (1-t) of the material plates and according to the 
European standard for sub-size specimens. The same type has 
already been used in our previous investigations to enable a 
direct comparison of the results. For the same reason, all tests 
have been carried out with the same Instrumented facllity which 
is installad in the Hot Cells. For each experiment the force-vs.­
deflection curve was recorded and the Impact energy was 
determined by Integration. As usual this quantity was drawn 
against the test temperature and from this the characteristic 
values upper shelf energy (USE) and ductile-to-brittle transition 
temperature (D8TT, i.e. temperature at USE/2} were derived. 

The Irradiations of the MANITU programme were all carried out 
in the HFR, Petten. 

4. Results 

The results for an Irradiation temperature of 3oo•c have been 
drawn up in Flg.1. 
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Flg.1: Impact Energy vs. Test temperature Curves 

lt can be seen, that both, D8TT and USE of the GA3X steel are 
in the range of the ORNL alloy and the results for OPTIMAR are 
slightly worse than for MANET-1. 

5. Discusslon 

The negative influence of the 8-content has been discussed in 
detail in (1]. The DBTT values of OPTIFER-IV and GA3X fit 
niceiy into this discussion whiie the relatively high value for 
OPTIMAR (compared to MANET-1} can be explained by the low 
tampering temperature of 70o•c. An overview of the DBTT is 
given in Fig. 2. 
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SM 1.4.1/SM 6.2.2 
Effects of Radiation Hardening and He in LAM I 
Fatigue properties under irradiation 

The Dual Beam Facllity of FZK, where a-parlicles (~1 04 MeV) 
and protons (~40 MeV) are focused onto a target, was devel­
oped as a research tool for materials within the European 
Fusion Technology Program. This high energy dual beam 
technique allows the simulation of fusion neutrons by system­
alle variation of hydrogen, helium, and darnage productlon in 
thlck meta! and ceramlc specimens as weil as the simulatlon of 
Tokamak relevant thermal and mechanical Ioads in proposed 
plasma-facing materials. in the 41

h frameprogram (1995-98) the 
investigations included: 

• Comparison of the conventional steels with reduced acti­
vation steels for tensile and charpy properlies, especiaily 
helium and dpa effects as weil as microstructural stability 
(WP SM 1.4.1 ), and 

• Effects of Irradiation on fatigue properlies for reduced 
activation steels including crack morphology investigations 
(WP SM 6.2.2). 

in the foilowing the activities done within the reporling period 
are summarized. 

1. Characterization of Irradiation effects on Impact proper­
ties of martensitic 7·12% Cr-steels 

Whether or not helium generated by inelastlcally scattered 
fusion neutrons will influence the Impact properlies at lower 
Irradiation temperatures, is a matter of concern and subject of 
ongoing discussions. Therefore, changes in the charpy proper­
lies of the reduced activatlon type 8Cr-2WVTa steel F82H-mod 
after Implantation of 300 appm Helium and 0.2 dpa at 250 oc 
have been lnvestigated and compared with HFR irradiated 
specimens. The results are compared with investigations on 
neutron irradiated specimens having the same darnage dose of 
0.2 dpa but a much smaller helium content. Instrumented 
charpy Impact tests are a very sensitive and thus useful tool for 
the ailoy development, because Irradiation causes an increase 
in the ductile-brittle transition temperature (DBTI) and, at 
higher darnage Ieveis, a decrease in the upper-shelf energy 
(USE). Both effects generally reflect a degradation in fracture 
toughness. To explain the experimental results, a model was 
developed that is able to distinguish between helium and dis­
placement darnage effects. 

A stress induced cleavage fracture model has been applied to 
describe the observed Irradiation hardening and helium embrit­
tlement effects on the shift in ductile to brittle transition tem­
perature DBT of marlensltic 7-12% Cr steels. Due to the dy­
namic loading, multiple micro-cracking occurs in these steels 
within the plastic zone ahead of the crack tip. Micro-crack 
nucleation develops primarily at !arger carbides (e.g. M2aCs) 
and lath or primary austenite grain boundaries. Cleavage frac­
ture by unstable micro-crack propagation is assumed to occur if 
the maximum principle stress at a characteristic distance ahead 
of the crack tip exceeds a critical value. Taking into account the 
sample geometry dependent stress intensity, this description 
corresponds to a condition where locaily the material strength 

a8 • • is !arger than the dynamic fracture stress a; ; that is, as 

soon as the stress maximum Inside !hat local zone reaches the 

dynamic fracture stress a; , unstable micro-crack coalescence 

occurs and the crack propagates catastrophlcally. Therefore 
the relationship 

(1) 

is valid below the transition temperature DBIT and character­
izes the regime of dynamic quasi cleavage fracture. The arrival 

at the fracture stress a; is correlated with a critical local strain 

e* that Initiales the unstable mlcro-crack propagation at a 

given critical micro-crack length t* . Using the Griffith's crite­

rion, the fracture stress can be written as 

0'* = ~4Ey,ff 
I I *tr 

(2) 

where Yeff is the effective Interface energy of helium bubbles 

dependent on plastic deformation and crack path. With this 
correlation the fracture stress depends on the microstructure by 

Yeff and z* , and is a function of temperature via the Youngs 

modulus E. On the other hand the strength 

a 8 • =a0 (e*)+a,(T,e) can be characterised by the athermal 

stress a0(e*) and the temperature depending flow stress com­

ponent a.(T,e) = Pexp(-ßdT). The parameter ßd(e) describes 

the temperature behaviour at the strain rate and P the Peierls 
stress, that is, the thermal flow stress at T =0 K. With this ex­
pression and eqs. (1 )-(2) the temperature shift {}(DBTT) can 

be described by Irradiation induced changes of a0(e*) and 

* (]'!: 

d(DBTT) _ kd :1( ( *) _ •) 
--o O'o 8 0'1 

DB1T0 P 
(3) 

in general kd (ßd)?. e , where e is the Euler number .. However, 

tempered marlensitic 7-12% Cr steels are near the broad 

minimum ßd = l!T0 , where the boundary value k d = e can 

be used as good approximation. Allowing an Irradiation induced 

change ßa; of the fracture stress and using for the Irradiation 

induced hardening 

LlO irr = LlO a,i + LlO a,He + LlO e,i (4) 

the additive contributions ßaa,i tor athermal defects (e.g. 

loops, precipitates), ßaa,He for helium bubbles, and ßa,,; for 

small defects which could be thermally actlvated (e.g. Frenkel 
pairs, smail defect clusters), eq. (3) can be written as 

----- 1+ . ./l(J' . WEIT kd [ LlO'a He - ./l(J'/*] 
DBTI'o p LlO'a,i a,l 

(5) 

Because in our application ßa,,; is much smailer than ßaa,i , 

the influence of ßae,i on kd / P is also small. According to eq. 

(2), the temperature dependent reduction of the fracture stress 

can be written as ßa;,AT =O.sa; AE/E. From eqs. (4) and (5) 

follows, !hat the Irradiation induced total shlft .dDBIT of the 
ductile-brittle transition temperature depends primarily on the 
transition temperature DBITo of the unirradiated material, on 
the Peierls stress P as weil as on the athermal stress contribu-

tion ßaa,i. The influence of a; , a0 (e*) and ßa.,; on .dDBIT, 

however, is much smailer . .dDBIT is also Independent of ßd , 

as long ßd remains constant. Altogether, the shift in the tran­

sition temperature can be characterised for individual ailoys by 
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plots showing lillBITIDB1T0 versus I:J.aa,i. For such plots, 

the model predicts a linear to paraballe dependency. 

At lower doses the Irradiation hardening can be described fairly 

weil by I:J.aa,i =k;.p;;, while the hardening of heliumbubblas 

might be glven by I:J.aa,He = k8 • ..rc;;: jd8• according to 

Orowan by-pass mechanism. k1 and k8 e are Iamperature 

depending constants, C He is the helium concentration Inside 

the bubblas and d8 • the bubble diameter. Helium bubble 

decoration of fracture relevant inner surtaces (M2aCa precipi­

tates, lath boundaries) reduces the fracture stress a; by 

lowering the intertace energy reff . This behaviour might be 

expressed I:J.a; ""je;;: in a phenomenologlcal way. With 

these assumptions, the Irradiation induced relative shift 
lillBIT I DBIT 0 should increase at lower doses in a linear way 

with .p;; and .rc;;: until asymptotic saturation is reached. 

dpa 
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1,5 

HFR-reactor 

Tlrr.= 300 
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1-
1-
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a.l 0 9.3Cr1WVTa 
0 D 9Cr1MoVNb <l .<>. IJ. ·<>. <> 7.6Cr2WVTa (F82H) 

2 3 4 

,Ydpa 

Fig. 1: Normalised shift of DBTT vs. displacement darnage of 
various martensitic 7-12 % er steels following neutron 
Irradiation at 300 oc. 

Fig. 1 shows the Irradiation induced increase of lillBITIDB1T0 

as a function of .p;; for the ·conventional 11 CrMoVNb steel 

MANET-1 and for reduced activation 7.6-9.3CrWVTa steels 
following neutron Irradiation at 300 oc. The MANET-1 steel 
shows the strengest Iamperature shift and reaches at 5 dpa 
with a value of lillBIT I DB1T0 =1 nearly saturation. The corre-

lated proportional constants are k; = 201 MPa/(dpar0
·
5 and P = 

900 MPa. On the other hand the 7-10CrWTa steels, but also 
the 9Cr1 MoVNb alloy, show a much smaller Irradiation induced 
shift. With lillBITIDB1T0 ::; 0.3 the F82H steel has the most 

favourable properties, and with P = 1000 MPa, Kd = e the 

related coefficient k; amounts to only 76.5 MPa/(dpa)"0
·
5

• 

These k; -coefficients determined from Fig. 1 are compatible 

with the Irradiation induced hardening I:J.a1" measured after 

cyclotron Irradiation to 500 appm He and 0.3 dpa (Fig. 2). The 
Irradiation conditions of the helium Implantation of the tensile 
and charpy-V specimens are given in table 1. 

Fig. 2 shows for the MANET-1 steel the observed influence of 
the Irradiation Iamperature Ttrr an lillBITIDBIT0 after neutron 

Irradiation to different darnage doses. Obviously, 
lillBITIDBIT0 depends in accordance with the Irradiation 

hardenlng I:J.a1" sensitively an Irradiation temperature. lt is 

important to note, that (i) in spite of the relatively high helium 
content of 85 appm, lillBITIDB1T0 decreases above about 

400 oc to small values ::; 0.1 where the transltion from Irradia­
tion hardening to softening occurs, and (ii) although this helium 
production is almost completed at 1 dpa, lillBIT I DB1T0 still 

increases signlficantly with darnage dose below about 400 oc 
until a quasi saturation Ievei is reached. These observations 
emphasise that in the lang run of neutron Irradiations the dis­
placement darnage induced hardening rather than the helium 
content dominates the embrittlement. The small lillBIT shift 
araund 400 oc, where Irradiation induced hardening and sof­
tening are almost balanced, might indicate directly that fraction 
of embrittlement that can be correlated with the helium induced 

reduction of fracture stress a; . Thai is, at 400 oc and 85 

appm helium the helium related lillBIT shlft would be about 
35 °C. 

Table 1: Parameters of the alpha-particle cyclotron Irradiations 

Charpy Tensile 
specimens specimens 

T,, (OC) 250 60-550 

He++·ion energy (MeV) 0-104 0-60 

Darnage rate (dpa/s) (4.4-7.3) X 10'7 (1.4-1.8) X 10 .. 

He impl. rate (appm/s) (6-10) X 10" (2.5-3.0) X 1 0"' 

Darnage dose (dpa) 0.22 0.30 

He concentr. (appm) 300 500 

1,5 .-----.---,----....---.--.,...----, 

0 1,0 

~ 
a.l 
0 

~ 0,5 
a.l 

~ 

11Cr1MoVNb 
MANETI 

HFR-reactor: 
D 15 dpa 

'<S> /:, 10 dpa 
' <> 5dpa ' ' 0.9 dpa Q 0 

' ' " 0.2 dpa 

300 400 500 

Irradiation Tamperature [°C 

Fig. 2: Normalised shift of DBTTvs. Irradiation Iamperature of 
the MANET-1 steel. 

The effect of hellum at the lower Irradiation Iamperature of 250 
oc was directly determined by the comparison of neutron irradi­
ated (<8 appm He, 0.2 dpa) specimens wlth helium implanted 
(300 appm He, 0.2 dpa) ones. Fig. 3 shows, that after neutron 
Irradiation the same low darnage dose amounts to a 
lillBIT shift of 18 oc while a much hlgher shlft of 42 oc has 
been observed after helium Implantation. 
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ln summary, the experimental data of this work mainly based 
on MANET-1 and F82H Irradiations have demonstrated !hat 
under dynamic loading conditions helium can contribute clearly 
to the embrittlement of tampered martensitic steels. However, 
at Iamperatures below about 400 oc the tensile measurements 
afler helium Implantation show a significant contribution of 
displacement darnage (loops, precipitates} to hardening. 
Whether this translates quantitatively into DBTT shifl for neu­
tron irradiated materials is experimentally not yet fully estab­
lished. A phenomenological model is proposed !hat correlates 
the dynamic quasi cleavage fracture of tampered martensitic 
steels with Irradiation induced changes of the strength and of 
the fracture stress. Although micro-mechanical and micro­
structural features are not yet included in detail, the model is 
able to distinguish quantitativeiy between helium and displace­
ment darnage induced embrittlement. II predicts that the rela­
tive shift in the ductile-brittle-transition temperature 
MJBTT/DBTT0 should be basically proportional to the square 

root of the dpa dose and, in an additive manner, also to the 
square root of the helium content which in turn is also not a 
fixed quantity, but depends on the evolution and characteristics 
of Irradiation. 

0 ~­
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- at 250°C to 0.2 dpa, 
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F82H 

-60 -40 -20 0 20 40 
Test Tamperature t•C] 

60 

Fig. 3: Impact energy vs. test Iamperature curves showing the 
effect of heiium and dispiacement darnage in F82H­
mod. 

2. Fatigue Behaviour and Development of Micro-cracks in 
F82H after Helium Implantation at 200-250 •c 

ln this work, strain controlled fatigue experiments have been 
performed on F82H followed by a detaiied crack analysis. Fot 
this purposes, a cyclotron based Irradiation programme with 
relevant helium accumulation was performed on suitable fa­
tigue specimens having carefully polished surfaces. The appli­
cation of a high resolution long-range optical microscope with 
subsequent REM and TEM analyses allows a direct correlation 
belween crack morphology, microstructural details and fatigue 
data. Based on these methods, relevant results from the frac­
ture analyses of the fatigue loaded reduced activation reference 
alloy F82H-mod are presented and discussed. 

The tested hollow specimens had a square cross section opti­
mized by elastic-plastic finite element calculations, a wall thick­
ness of 0.40 mm and a gauge length of 10 mm. The heat 
treatment following the fabrication consisted of 1 040°C/0.5h + 
750°C/1 h resulting in a fully tampered martensite with carbides 
mainly of type M23Ce which lie along former austenite grain 
boundaries and lath boundaries. Prior to fatigue testing some of 
the specimens were irradlated at a blanke! relevant tempera­
ture of 250 oc with a degraded 104 MeV o:-particle beam to get 
a homogeneaus concentration of 400 appm helium within the 
gauge volume. Continuous strain controlled cycling has been 

applied at 200 •c with a cycle ratio of R=-1 and a strain range 
between ßEtotal=0.4% and 0.9%. 

During every fatigue test several hundred scans with a surface 
area of 7.0x10.0 mm2 were recorded by triggering the camera 
automatically at maximum strain at a predefined cycle N. The 
analysis of the surface cracks was performed by characterizing 
a crack or crack network as function of N/Ntallure in terms of total 
crack length, segment length Ln, segment density and orienta­
tion O:n with respect to the specimen axis. To assure proper 
statistics, more than 20.000 crack segments have been ana­
lyzed. After fatigue testing the fatigue speclmens were further 
investigated by metallographic methods and by scanning and 
Iransmission electron microscopy. 

All specimens fatigue tested at ßEtotal = 0.9% show a high den­
sity of homogeneously dlstributed small micro-cracks, while at 
smaller total strain ranges of 0.4-0.5% the density of micro-

Fig. 1: Micrographs showing micro-cracks oriented 
along rows of M23Ce precipllates. Crack arrest 
(top} and change of direction (bottom} at a 
boundary. 

cracks is also smaller. Apart from very few exceptions micro­
crack Initiation and propagation is observed Inside the grains, 
!hat is, the fracture behavior is completely dominalad by trans­
crystalline cracking. 

Figure 1 shows clearly !hat the underlying microstructure has a 
considerable lnfluence on the overall crack behavior. Practically 
all micro-cracks are oriented along Cr-rich preclpitates mainly 
of type M23Ce. These very fine secondary precipitates were 
formed at inner surfaces during the final heat treatment, that is, 
at grain and in the vast majority at lath boundaries. Microstruc­
tural barriers and the orientation of the martenslte lath pack-
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ages play an important role for the crack growth behavior. 
Often micro-cracks stop e.g at a grain boundary as figure 1 
(top) shows. The propagation of a micro-crack into an adjacent 
grain or lath package is usually accompanied by a change of 
the crack orientation. A typical example for such a behavior is 
illustrated in fig. 1 (bottom). lt became obvious during the crack 
pattern analyses that the orientation of the cracks is not uni­
formly dlstributed although the orientations of the martensite 
laths and consequently the rows of the segregated M2aCe 
precipitates are completely Isotropie as careful statistical inves­
tigations have shown. With respect to the orientation distribu­
tion, the micro-cracks of both, irradiated and unirradiated 
specimens, can be classified into two categories (i) low ßet and 
(ii) high 6.~;1 • This classification is based on a determination of 
the angle an between crack segment and Ioad axis in steps of 
10 degrees and is welghted according to the related accumu­
lated segment length. 

(i) Low total strain ranges (0.4-0.5%): After Intrusions and 
extrusions have been developed, crack Initiation starts slowly 
between N/Nt = 0.1 and 0.2 with a pronounced maximum be­
tween 40 and 50 degree. Obviously an angle consistent with 
45° which describes the orientation of maximum shear stress in 
the continuum is clearly preferred in this case. lt is important to 
note, that at low strain ranges and perfectly polished specimen 
surfaces, micro-crack Initiation starts practlcally without excep­
tion on Intrusions and extrusions that develop in a first step in 
the direction of maximum shear stress along suitably oriented 
lath boundaries. 

(Ii) High total strain ranges (0.8-0.9%): After a Iew cycles micro­
crack Initiation and propagation start with an orientation maxi­
mum of crack segments between 50 and 60 degree. This 
maximum can be interpreted in a natural way by a superposi­
tion of two different crack Initiation processes. The first one is 
the already mentioned shear stress driven plastic deformation 
along lath boundaries oriented close to 45 degree, while the 
secend component can be attributed to Interface separation 
induced by normal stress that has its maximum at 90 degree. 
At higher strain ranges the local stress and the related plastic 
deformation are obviously sufficient for Interfaceseparation e.g. 
between primary precipitates and the matrix. 
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Fig. 2: Distribution of segments vs. N and angle to Ioad axis 
for an unirradiated specimen tested at ßEt = 0.44%. 

The formation of branched cracks starts always with the devel­
opment of individual cracks, that ls, at the beginning of fatigue 
testing one crack corresponds to a slngle segment. in a secend 
step either crack Initiation increases the number of single 
cracks or the cracks propagate by keeping a low segment 
production rate. Depending on the total stain range and micro-

structural modifications prior to fatigue testing e.g. by Irradia­
tion, alther mechanism can dominate. lf single cracks start to 
coalesce or if the segment density is very high, crack Interac­
tion can no Ionger be neglected. This is why in this study the 
analysis is concentrated on crack segments and individual 
cracks rather than on the investigation of crack networks. The 
present investigations of the ferritic/martensitic steel F82H-mod 
confirm the general consensus of data published on many other 
materials, that during the Initial phase of fatigue testlng small 
micro-cracks are formed with high crack growth rates in unirra­
diated specimens Independent of the strain range as shown in 
fig. 3. Once the segment length has reached 75(±10) j.lm, 
which corresponds closely to the mean graln diameter of this 
material, the crack stops or changes the direction. That is, 
within the whole strain range the micro-crack morphology in the 
unirradiated condition is largely controlled by microstructural 
barriers. 
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Fig. 3: Effect of strain range and pre-implantation of 400 
appm helium at 250 oc on the fatigue crack growth be­
havior of the ferritic/martensitic steel F82H-mod. 

The behavior of irradiated specimens, is quite different as flg. 3 
shows. At high strain ranges microstructural barriers are sur­
mounted already during the first Iew cycles and early network 
formation of cracks follows resulting in fatigue life reduction by 
a factor 5-7. in this case the early formation of cracks can be 
attributed to an increase of the total stress amplitude of almest 
200 MPa due to Irradiation hardening. However, at small ßEtotat 

the total stress amplitude of irradiated and unirradiated speci­
mens is not very different. in this case, the growth of micro­
cracks is impeded by very small Irradiation induced defects 
(e.g. dislocation loops, helium bubbles, defect clusters) before 
they are able to reach barriers like grain and lath boundaries, 
resulting in a lifetime which is two times that one of unirradiated 
specimens. 

Literature: 

[1] R. Lindau, E. Materna-Morris, A. Möslang, D. Preininger, M. 
Rieth and H.D. Röhrig; "lnfluence of Helium on Impact 
Properlies of Reduced-Activation Ferritic/Martensitic Cr­
Steels"; ICFRM-8 Conference, Oct. 25-30 1997, Sendai; 
Journ. Nucl. Mater. in press. 

[2] D. Preininger, Werkstoffwoche'98, Okt 12 1998, Munich, 
Procesdings 

(3] J. Bertsch, Mikroskopische Untersuchungen der Bildung 
von Ermüdungsrissen an zwei ferritisch-martensitischen 
Stählen im unbestrahlten und vorbestrahlten Zustand, FZKA 
Raport 5984, September 1997. 

[4] J. Bertsch, A. Möslang, H. Riesch-Oppermann, ECF-12 
Conference, Sheffield, September 14-17 1998, Proceed­
ings. 



S. Baumgärtner 
J. Bertsch 
G. Bürkle 
R. Lindau 
A. Möslang 
D. Preininger 

-- 130 --



-- 131 --

SM 2.1.4 
Mechanical Properties & Microstructure of Re­
duced Activation Ferritic/Martensitic Steels 
(RAF) 

Material Development 

ln the frame of the European Technology Program the Japanase 
steel F82H.mod. is being investigated parallel to the European 
steel OPTIFER. The characterizatlon work on F82H-mod., in the 
as received condition 1075°38'+750°1h, and OPTIFER, in the 
reference condition 1075°30'+750°2h, are practically finished. 
An additional activity is to study the influence of preceeding 
ageing treatments, heat treatments with lower hardening Iam­
peratures (950·1000°C) and a temperature transient up to 875° 
on the creep rupture behaviour at 500°. 

Work on F82H-mod. [11 

in the annual report 96/97 it had been shown, that ageing treat­
ments (550°·600°·5000h) have no influence on the tensile prop­
erlies, but that there is a clear shift to higher Iamperatures for 
the Av!T-curves and DBTT. Results of creep tests in the tem· 
perature range 450-650° with rupture Iimes to 7000h also 
showed no influence on 1% yield-limit and rupture time. The 
values are in the scatter band for the as received condltion 
(Fig. 1). 

as received 
1040°38'+750°1h ··---X 

3-
!00ro:l 
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Fig. 1: lnfluence of ageing-treatments on 1% yield-limit and 
rupture time in a Larson-Miller-master curve 

lncluded in this scatter band are also the results of specimens 
with a lower hardening Iamperature (950°+750°, 1000°+750° 
resp.). Creep tests for this heat treatments were made in the T­
range 500-650° with rupture Iimes up to 5000h. 

Specimens in the as received condition were heated in the 
creep machine for a shorl time up to 875° (7-9'>Ac1b) about 7-
9oc higher than the Ac1b temperature and cooled-down to the 
lest Iamperature of 500°. Such a Iamperature treatment pro­
duces a mixed structure of annealed marlensite, undercooled 
austenite and ferrite. The results of such creep tests with a T­
transient show a significant reduction of the creep properlies. 
These tests were made parallel to the dual-phase condition 

875°+750°, which also show pronounced reduced properlies in 
tensile and creep tests. 

Work on OPTIFER [21 

Table 1 glves the composition of OPTIFER-variants which are 
investigated at FZK and which are precursors to the EUROFER 
97 alloy. 

The influence of variation of the hardenlng Iamperature on the 
tensile properlies in the lest range RT-700° has been deter­
mined for OPTIFER-alloys both wlth and without W. Both vari­
ants have the best properlies for ultimate tensile strength Rm 
and yield-limit Rpo,2 in the reference condition 1075°+750°. With 
lower hardening Iamperatures (950°, 1000° resp.) we get a 
reduction of 15-20%. ln creep- and creep-rupture tests (450-
6500) this effect is even more significant (Fig. 2). 
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Flg. 2: lnfluence of the heat-treatment to the creep- and 
creep-rupture behaviour of OPTIFER-alloy in com­
parison with F82H-mod. 
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Therefore, in the reference condition (1075°+750°) the OP· 
TIFER with W has a better creep behaviour than F82-mod., but 
worse behaviour with hardening Iamperatures in the range 950-
10300. On the other hand, the Impact behaviour clearly im· 
proves with a lower hardening temperature. 

Tests with different batches show also the strong influence of 
0 2-content. Contents of >100 ppm on Impact properlies have a 
strong negative influence on the Av!T curve and DBTT shows a 
strong shift to hlgher temperatures. lnvestigations on the be­
haviour of a OPTIFER-W alloy alter ageing treatments at 550°, 
600°, 625°/5000h are presently performed for hardness, struc­
ture, tensile-, Impact- and creep tests. 
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Cr c Mn V Ta w Ge p s 8 N2 02 Ce 
variant heat -7 ppm -7 Remarks 

% 
Ia 664 9,3 0,10 0,50 0,26 0,066 .M§ - 46 50 61 155 47 <10 

lb1 667 9,5 0,12 0,49 0,234 0,163 M!l - 40 10 63 62 87 410 First series (with 8) 
25 kg heats 

II 668 9,5 0,125 0,49 0,28 0,018 0,006 ~ 43 20 59 159 90 <10 SV4=melting vacuum lnduction 
fumace + remeltlng 
vacuum arc fumace 

"' 666 932 0,12 0,49 0,248 160 0,024 - 40 20 64 173 
IVa 986489 M 0,11 0,57 0,23 0,15 1,16 - 40 40 40 600 35 

IVb 986635 §..:!. 0,12 0,29 0,21 0,08 1,57 - 60 30 200 <20 SV1 =open melting + 
remeltlng vacuum arc 

IVc 986778 9,05 0,13 0,52 0,25 0,09 1,00 - 40 30 - 540 190 <20 fumace 
(~Ia) 986779 9,35 0,12 0,54 0,26 0,07 1,03 - 40 30 - 150 kg heats 

986780 9,15 0,12 0,55 0,24 0,12 .1.05 - 40 40 -
986781 9,35 012 057 0,26 0,08 100 - 30 50 -

V 735 9,48 0,115 0,39 0,245 0,061 0,985 - 35 25 2 225 60 
(=Ia) Secend series (without B) 

VI 734 9,35 0,125 0,61 0,275 0,083 0,005 .Mll 43 30 2 250 160 <100 25 kg heats 

(=II) SV4 

VII 736 .M§ 0,09 0,37 0,205 0,069 1m - 36 25 2 263 170 
(~IVa+b) 

c g. 96-S Hf 

Table 1: Chemical composition of the OPTIFER-alloys (without undesirable tramp-elements) 
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SM 2.2.1 
Fatigue and Creep Properlies of Base Material 
F82H mod. and OPTIFER IV 

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 Japanase steel F82H mod. 
and the German steel OPTIFER IV under cyclic strains and 
stresses produced by these Iamperature changes. ln order to 
design such structures, operating under combined mechanical 
and thermal cycling, fatigue life has to be examlned in isother­
mal fatigue tests for materials data generation and in thermal 
fatigue for verification of design codes. 

ln thls report measured isothermal mechanical (LCF) and ther­
mal low-cycle fatigue (TCF) data of the RAFM steels F82H mod. 
and OPTIFER IV are compared, partly to those of MANET II 
ferrite-martensite steel. 

2. Experiments 

Cylindrical samples of F82H mod. and OPTIFER IV, respectively 
- solid in case of LCF and hollow in case of TCF - have been 
used for the experiments. 8oth materials have been tested in air 
under LCF- and under TCF-conditions, respectively. 

The LCF tests have been performed with computer-controlled 
MTS servohydraulic testing machines Operating in strain con­
trolled push-pull mode. Triangle wave forms are applied with 
constant strain rates of 3x10·3 1/s in case of LCF tests. More 
detailed Informations about the lest procedure are received from 
[1]. 

For the LCF experiments, solid specimens of 77 mm length and 
of 8.8 mm diameter in the cylindrical gauge length of the speci­
men have been used. Where 21 mm is the Initial gauge length of 
the axial extensometer. 

The TCF lest rig consists of a stiff Ioad frame for mechanical 
clamping of the sample, which is directly heated by the digltally 
controlled ohmic 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 lest mode, due to the constant heating 
rate of 5.8 Kls and variable Iamperarure changes. 

Since both, Iamperature and mechanical strain cycling are 
taking place, mechanical strain is available only alter subtraction 
of the thermal strain from the net strain [2]. 

in case of LCF the influence of two different normalizing Iampe­
ratures- 1075°C and 950°C- upon cylic lilatime on OPTIFER IV 
solid cylindrical specimens has been studied. ln both cases the 
tampering temperature was constant with T = 750°C. The results 
are compared to F82H mod. samples, which were tested in the 
temperedas received condition (Normalizing: 1040°C and tem­
pering: 750°C). 

3. Results 

A comparison of isothermal fatigue behavior at a Iamperature of 
45ooc between the two RAF steels OPTIFER IVa and F82H 
mod. shows Fig. 1. For total strain ranges ;:: 1 %, the number of 
cycles to failure is nearly indentical. A different result can be 
seen at total strain range Ieveis of less or equal 0.6 % for both 
RAFM steels. The Isothermal fatigue filetime of the OPTIFER 
IVa steel with the lower normalizing Iamperature of 950°C 
shows significantly better isothermal fatigue lifetimes as compa-

red to the RAFM steels, normalized at higher Iamperatures 
(F82H mod. at 1040°C and OPTIFER IVa at 1075°C). 

The comparison of thermal fatigue behavior between F82H 
mod., OPTIFER IV and MANET II with the higher normalizing 
Iamperatures in respect to total strain range vs. number of 
cycles to Iaiiure is depicted in Fig. 2. 8oth, the tampered F82H 
mod. and OPTIFER IV show at a Iamperature change of 200-
600°C e.g. at increasing total mechanical strain ranges a drastic 
reduction in number of cycles to Iaiiure of about one order of 
magnitude compared to MANET II. 

ln respect to plastic mechanical strain range the comparison 
results for the thermomechanical fatigue behavior of the tampe­
red F82H mod. and OPTIFER IV samples in much higher strain 
values than for MANET II. 8ut the behavior still follows qualitati­
vely a MANSON-COFFIN relationship. 

The total stress range during thermomechanical fatigue of the 
tampered F82H mod. and OPTIFER IV samples result in much 
lower stress values than for MANET II. 
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Fig. 1: Camparisan of isothermal fatigue behavior between the 
RAFM-steels OPTIFER IV and F82H mod. 
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4. Thermal !atigue round robin (TFRR) 

The four participants of TFRR, which are ENEA, ltaly, ENSTIM, 
France, JRC, Netherlands and FZK, Germany, performed 
thermal fatigue and thermomechanical fatigue tests in air atmo­
spere with heating and cooling rates of about 5 K/s. The tempe­
rature range is defined to 2oo•c - soo•c. Mechanical clamping 
of the sample in case of thermal fatigue was performed at the 
low temperature (2oo•C) of the cycle. A total mechanical strain 
value in out of phase thermomechanical fatigue experiments 
had been choosen to 0.4%. 

All partners performed a set of experiments and dellvered the 
data to FZK, where they are analysed now and prepared to be 
reported on an ASTM symposium about thermomechanical 
fatigue in Nov. 1998 [3]. 

5. Postirradiation thermal fatigue experiments 

ln a German - Russian cooperation between FZK, IMF II, 
Karlsruhe and CRISM "Prometey", St. Petersburg, a program­
me for postirradiation thermal fatigue was defined. As Irradiati­
on faciiity the WWR-M-type reactor in Petarsburg Nuclear Phy­
sics Institute (PNPI) with vacuum Iamperature control is used. 

Neutron Irradiation of Russian type cylindrical specimens with 
notches made from a Russian ferritic-martensitic steel 
05K12N2M (Fe-05C-12Cr-2NI-Mo) and the European ferritic­
martensitic reference steel MANET II (1 0.3Cr-0.65Ni) to be 
thermal cyclically tested in the Russian postirradiation thermal 
fatigue test facility has been performed in the WWR-M-type 
reactor of PNPI with fluences of 1x1025 n/m2 at a temperature of 
about 300 •c. Ampule devices with German type specimens 
made of F82H mod., MANET II and 05K12N2M had been quali­
fied during an experimental Irradiation in respect to Iamperature 
distribution, maintainance of constant irradiation-temperature of 
about 300 •c and neutron monitoring.[4] 

Two types of postirradiation test facilities are available. in a 
Russian thermal fatigue facility flrst postirradiation tests already 
started and a modified German thermal fatigue facility is ready 
to be shipped to Russla. 

6. Multiplicative model forthermal fatigue degradation 

Available LCF data can hardly be used straighttorward for a 
conservative prediction of filetime of lest blanke! structural 
materials of International Thermonuclear Experimental Reactor 
(ITER) designed for essentially non-stationary thermal conditi­
ons. At the same time, TMF- data on candidate materials of lest 
blankets are rather poor and very hard to accumulate. As a 
matter of fact, the working area for steels in ITER application 
(temperature range 150 •c to about 4oo·c and plastic strain 
range up to 0.3 %) is situated in the gap between the LCF- and 
TMF-data available. 

A "straightforward" way of Interpolation by due averaglng the 
material response at LCF conditions over the Iamperature range 
in cycle appears to be non-conservative. LCF- and TMF-data of 
MANET-11 steel, when represented in logarithmic axes in plastic 
strain range versus lifetime, allows, to employ a simple multipli­
cative model for TMF degradation (Fig. 3). According to this 
model, the straln-related LCF degradation at the mean Iampe­
rature in cycle is multiplied by a factor reflecting the effect of 
temperature oscillation. On this basis an Interpolation has been 
carried out between available LCF- and TMF-data, thus predic­
ting TMF filetime of this steel withln ranges of plastic strain and 
Iamperature actually expected under ITER conditions. The latter 
ranges still are not covered by the thermal fatigue experiments 
performed on rigidly constralned specimens [5]. 

w•r----------------------------------------
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Fig. 3: Camparisan of TMF and LCF data for MANET-11 in plastic 
strain range, ßeP' at N1/2 versus number of cycles to failure, 
N, 
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SM 3.8.1 
Corrosion of RAF/M Steel in Liquid Pb-Li 

The martensltic low activation steels MANET, Optifer IVa and 
F82H-mod. have been exposed to flowing Pb-17Li at 480°C for 
maximal 8000 h. The flow rate of the corrosive medium Pb-17Li 
was 0.3 m/s. ln order to investigate the corrosion klnetic of the 
steels it was necessary to interrupt the lest alter 1000, 2000, 
3000, 4000, 6000 and 8000h, to remove some specimens from 
the loop and to characterise their corrosion damage. 

The corrosion rate, i.e. the metal loss rate, was determined by 
several methods. At first, the adherent Pb-17Li was removed 
from the speclmen surface by washing in a mlxture of 
CH3COOH, H202 and C2Ha0 (1 :1:1 ). After cleaning the 
specimens were weighed. The difference of the sample weight 
before and alter testing is taken as a first indication of the 
amount of metal loss. Secondly, the remaining specimen 
diameter was measured. The difference between the diameter 
of the cylindrical corrosion specimens before and alter testing is 
another value which describes the metal loss due to corroslon in 
Pb-17Li. However, the applicability of both described methods 
requires uniform corrosive attack, i.e. metal loss must occur 
uniformly over the whole sample surface. Cross sectional 
investigations have shown that this is not the case for the 
present investigations. ln Figura 1 a typical example of the 
corrosion pattem of the studied steels is shown. Locally 
corrosive attack has occurred but even alter Ionger exposure 
Iimes there are still areas without any attack. Taking non 
attacked areas as a reference line the metal loss could be 
determined on the cross sectlon using optical or electron 
microscopy. 

Fig. 1: Cross sectlon of MANET (etched), exposed for 6000 h 
in Pb-17Li at 480°C. 

Results of the metal loss measurements by means of SEM are 
indicated in Figura 2. The graphs reveal that the investigated 
steels show only small variations in the corrosion behaviour. For 
areas where attack has occurred the corrosion kinetic is not 
constant. lt seems that the metal loss rate is more enhanced 
during the first 6000 h whereas lt slows down with Ionger 
durations. Duplications of the test will have to validate this 
observation. 

lnvestigations of the corrosion mechanlsm has revealed that for 
areas where no attack occurred a Iew nm thin Fe-er-oxide layer 
protects the material. This oxide has been formed probably by 
annealing after sample machining and gets desolved during 
sample exposure to liquid metal (Fe-er-oxides are not stable in 

Pb-17Li). Surface investigations of attacked areas revealed the 
existence of porous corrosion products which are composed of 
Fe, Cr, W, Mo, V and 0. A first idea is that Fe and Cr get 
desolved in the liquid metal, leaving a matrix which is relatively 
enriched by the steel elements W, Mo and V whlch are known to 
have a very low solubillty in Pb-17Li. Up to now it is not yet 
possible to give any Information on the existing phases in the 
corrosion layer. More detailed analyses are foreseen. The 
corrosion pattern in Fig. 1 ls an indlcation for the fact that the 
porous corrosion products are not adherent and spall oft during 
exposure or during cleaning. ln order to get Information on the 
real state of the specimen in the loop it is Ioreseen for a next 
test series not to clean the specimens from the adherent Pb-
17Li before cross section preparatlon. 
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Additionally to the bare alloys coated specimen are under 
investigation now. The coatings on Al-base were produced by 
various techniques: VPS, CVD+MOCVD and Hot Dip. After 
2000 h exposure no attack could be observed on all coated 
specimens. 
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SM 4.2.1 
Weidability Tests (Diffusion Welding) 

A new diffusion welding experiment had been carried out at 
980 oc under uniaxial pressure. The followlng parameters are 
varied: 

1. Steel grade: MANET-11; F82H mod; OPTIFER-IV. 

2. Uniaxial pressure: crp = 16; 22; 29; 35 MPa. 

3. Roughnass of the welding surfaces: 0,5 Jlm s Rz s 8,5 Jlm. 

4. Thermaltreatment alter welding: TAu; TAN· 

5. Test method: tensile-, bending-, Impact bending tests. 

First test results show identical mechanlcal properties of welded 
specimens compared to the unwelded base metal tested in 
tensile and bending tests, whereas Impact bending tests show 
considerable differences in welded and unwelded specimens. 

L. Schäfer 



SM 5.1.1 
Lifetime Prediction and Requirements for 
Material Data 

Under this task two different kinds of activity are performed. 

.. 138 .• 

(1) The ISDC (ITER INTERIM STRUCTURAL DESIGN CODE) 
is assessed for its appication to materials of less ductillty as to 
be used in the blanke! test modules (TBM). The results of this 
activity within a working group will be given in a report by end of 
1999. 

(2) For lifetime predictions of components under combined 
thermal and mechanicai ioadings of compiex history continuum 
mechanical (viscoplastic) material models inciuding darnage 
have been developed. Thesemodelsare implemented into the 
finite element code ABAQUS using as Interface the UMAT­
subroutine. A tool for identification of material parameters from 
uniaxial (however non-standard) experiments based on neural 
networks has been developed. 

Statt: 

E. Diegele 
G. Rizzi 



•• 139 .. 

SM 5.2.1 
Fracture Mechanics Studies 

Objective 

The objective of this subtask is the development and application 
of methods that allow to generate design-relevant fracture me­
chanics material parameters on the basis of micromechanical 
Iailure models. 

A characteristic feature of these models is the utilization of a 
'hybrid' approach, which means extraction of material parame­
ters for brittle or ductile fracture from (fracture) mechanics expe­
riments by accompanying Finite Elementstress analyses. 

The main advantage of this so-called 'Local Approach' with 
respect to global Iailure 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 that fractography lnvaria­
bly is an essential part of the evaluation of experiments. 

Local fracture criteria have achieved a high performance Ievel 
during the last two decades. They establish a link between 
metallurgy and mechanical engineering and they are currently 
incorporated in design codes such as e.g. the R6 code of British 
Electric, which in turn also serves as input for ITERIDEMO 
deslgn considerations. 

Experimental results 

Experiments on notched round bars (RNB) at three temperature 
Ievels (-150°C, -75°C, and RT) were performed using three 
selected notch geometries [2). The experiments were performed 
on F82Hmod in the reference condition. For the determinatlon of 
cleavage fracture parameters, the Ioad and corresponding 
diametral contraction were continuously recorded. An optical 
system was used for the recording of the specimen shape and 
the diameter at fracture. Results of the experiments showed that 
fracture appearence was different for different notch geometries. 
The differences were most pronounced at -75°C and RT. Strain 
induced anisotropy was observed to develop caused by the 
deformation of martensite laths in the necking region and axial 
cracks initiated preceding the onset of fracture. This behaviour is 
clearly related to the martensitic microstructure and is presently 
not included in the general cleavage fracture model, which 
therefore has to be applied with some care. 

Evaluation of cleavage fracture parameters 

in a first step, transferability of fracture parameters was asses­
sed via the statistical evaluation of samples of fractured speci­
mens at one temperature Ievei. A postprocessor WEISTRABA 
for the finite element code ABAQUS was generated for this 
purpose [1). For -150°C, results of a numerical analysis showed 
a good agreement of fracture parameters for the 1 mm and 2mm 
notched specimens [3], whereas for the 5mm specimen, nume­
rical evaluation was not performed because of an apparently 
different fracture mode with considerably larger strains at fractu­
re. Results of the fractographic investigations are required for a 
suitable adaptation of the cleavage fracture evaluation procedu­
re. 

in Fig. 1, results for the 1 and 2mm notched specimens at -
150°C are shown as example for the numerical evaluatlon. The 
results show no statistically significant deviation. 

lt is, however, obvious from the preliminary (i.e. not including 
fractography) results of the experiments, that it is necessary to 

adapt the procedure to the specific fracture mode and that the 
martensitic microstructure of the F82Hmod steel does not allow 
an unmodified application of the usual Weibull stress calculation 
procedure. 

Weibull stress at fracture for -150 deg C 
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Fig. 1: Maximum likelihood results for the Weibull stress sigw 
for two notch geometries at -150° C. Horizontalbars 
indicate confidence intervals for the location parame­
ter SIGU. 

Also, presence of ductile darnage preceding cleavage fracture 
has still to be included into the model. 

Concluslon 

The application of a local cleavage fracture model to the fracture 
behaviour of RNB specimens showed that the martensitic 
microstructure of F82Hmod has a distinct influence on the frac­
ture mode leading to the formation of axial cracks especially for 
shallow notches and at the higher temperature Ievels. This 
mechanism has to be lncorporated into the cleavage fracture 
model to allow transferabilfty statements. 

Testing of precracked round bar specimens is currently under 
preparation. This serves two purposes: to demoostrate transfe­
rability from notched to precracked specimens and to establish a 
fracture toughness data base. 
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After elaboratlon of a technical specification for the supply of a 
weldable reduced activation ferritlc martensitic steel of the 
9CrWTaV type (EUROFER 97), a call for tender for the supply 
of 3.5 tons seml-finished products (plates, forging, filler wire and 
tubes) - following the rules of EU orders - had been launched 
Europe-wide. After the technlcal evaluation of all tenders 
BÖHLER EDELSTAHL GmbH in Austria had been selected and 
proposed to the European Commission as supplier which finally 
accepted this proposal. 

The flrst two Ingots of 1.5 tons have been melted and remelted 
in vacuum arc furnaces and were partially used for the 
determination of production parameters and other preliminary 
examinations. Further Ingots are being produced so that the 
acceptance of the semi-finlshed products can be expected for 
Aprii/May 1999. 
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Neutron Source 

ERB 5004 CT 970072 (NET/97-453) 
Evaluation and Refinement of the Conceptual 
Design of the Experimental Test Assembly of 
the D-Li Neutron Source . 

Following the recommendations of the FPCC in January, 1997, 
the IENIFMIF Subcommittee at their meeting in Brussels on 
January 30-31 proposed a new plan for the activitles in 1997-
98. The objective of the plan was to malntain the viability of the 
project in 1997-98 and tobe in a position to begin engineering 
design and development work in the near future. This phase of 
work was called Conceptual Design Evaluation (CDE). The 
design Ieaders met in Paris on February 3 to redefine the tasks 
to focus on evaluation of technical issues resulting from the 
conceptual design activity. The IFMIF work continues to be 
coordinated by the international leadership team as for the CDA 
phase (1994-96). 

The need to develop a structural material that can withstand the 
high-energy neutron flux environment expected for the first wall 
and blanke! regions of deuterium-tritium (D-T) fuslon 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 !hat of fusion neutrons at sufficient intensity 
and Irradiation volume to lest samples of candidate materials up 
to about fulllifetime 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 !hat a volume of about 0.5 L is required 
in a region producing a flux equivalent to 2 MW/m2 (0.9 x 1 o 18 
n/m2-s) or greater. A fraction of this volume, about 0.1 L would 
be available at a !Iux equivalent to 5 MW/m2 for accelerated 
testing. The design concept consists of a deuteron accelerator 
producing particle energies in the range of 30 to 40 MeV. The 
deuterons interact with a flowing liquid Iithium target (D-Li) 
produclng high energy neutrons with a peaked flux araund 14 
MeV. The resulting high energy neutronswill interact with a set 
of lest 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 CDE phase (1997-98}. in 1997-98, 
progress was reviewed and checked with international 
conference calls and by meetings of each of the three main 
facility groups (Accelerator, Target and Test Facillties). 
Meetings of the Subcommittee and design Ieaders were held in 
October and November 1997 to review the results of the work 
and to plan for the work in 1998. Two general group meetings 
were held in 1998. 

Within the present CDE phase, the FZK activities concentrate 
on key engineering development items of the Test Facility 
System as weil as on an optimization of the suitability of IFMIF 
for the fusion materials community in terms of Irradiation 
parameters, speclmen geometries and test matrixes. For the 
CDE phase, the international coordination of the "User's 
requirements" and the "Test Facilities Systems" is organized by 
two FZK members. in the following, the FZK activities of the 
reporting perlad are summarized. 

1. Test Facilities Engineering 

During the IFMIF CDE phase the main activitles have been 
concentrated on (i) critical evaluation of CDA design concept, 
(ii) lmprovement and completlon of reference design, and (iii) 
fabrication of test apparatus to confirm design concept of key 
devices that cannot rely on existing experience. 

An lmportant outcome of the reviewing process at the beginning 
of the CDE phase was, !hat the overall Test Facilities design 
concept, carried out through IFMIF CDA phase, has been 
confirmed. However, in spite of the fact !hat the bulk of devices 
specified for the Test Facilities can be designed and fabricated 
with today's technology, various development efforts are 
necessary to establish a facility whlch combines overall 
structural integrity, high reliabillty, feasible and tested remote 
maintenance operations, and advanced safety standards. 
Significant progress could be achieved at FZK also during the 
secend year of the CDE with respect to hardware design and 
with respect to fabrication of a subsized high flux lest module. 

1.1 High Flux Test Module HFTM 

Providing a test module for specimen Iamperatures up to about 
1000 oc is one of the most ehelienging design requirements for 
the IFMIF Test Facilities. The successful development of a He­
cooled lest module would provide for any material a broad 
temperature window as weil as flexible and very safe operating 
conditions. 

The Initial design of the hell um gas cooled high flux test module 
was improved signlficantly. The gas coolant ducts are now 
integrated part of the test apparatus to increase the coolant 
efficiency and the overall mechanical stabllity. Analher activity 
during the reporting period was to carry out detailed thermo­
hydraulic calculations in order to reduce the pressure drop of 
the HFTM in the CDA design. Also the shape of the rigs in 
helium flow direction was changed resulting in a lower hydraulic 
resistance. These updates of the reference design are shown in 
fig.1. The hellum is now streaming from the botiom of the rigs 
upwards, it flows along both sides of the test modules (better 
cooling efficiency) and the rigs are opened on top and bottom to 
guarantee similar helium pressure Inside and outside the rig 
walls. Another important feature is !hat all rigs can be 
disassembled and re-assembled individually alter the module 
cover is opened and the electrical signals are disconnected 
from the rig plug unit. in the revised reference design the HFTM 
has 27 vertical rigs arranged in three rows, each consisting of 9 
rigs. A parameter study has been performed to specify the gas 
gaps and to calculate the available temperature window Inside 
each of the 27 rigs of the reference test module. The idea to 
increase the structural integrity by using a structural material 
(e.g. specimen capsules, rigs, test module) of the same type as 
for the specimens themselves, is confirmed by recent data sets 
on irradiated RAFM steels. 

in order to test fabricability, remote handling, heat removal etc, 
a detailed design for a sub-sized lest apparatus has been done. 
The developed design is a test module that is in the geometry 
and the material very similar to the reference design but has 
only 9 instead of 27 rigs. That is, helium flow channels, 
hydraulic dlameter, wall thickness etc. reflects basically the 
reference design. The FE-analyses of the sub-slzed test module 
have shown that for reference helium gas coolant conditions 
and a wall thickness of 2mm (reduced activation steel · F82H­
mod, unirradiated} the maximum stress does not exceed 170 
MPa and therefore is considered to be not critical. The 
maximum displacement was calculated to 0.16 mm in the 
turning polnt of the helium coolant and is also very moderate. 
Although it might not be necessary for a conceptual design, 
both values could be reduced significantly by dedicated design 
improvements when moving towards an engineering design 
phase. 
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Fig. 1: Design eonfiguration of the helium gas eooled high flux lest module (HFTM) showing 27 rigs assembled with 
Instrumented eapsules and various types of lest speeimens. 

Due to the nature of the CDE phase, this sub-sized lest module 
eould not be fabrieated. This is why a smaller test module with 
only one rig has been seleeted as lest objeet to verify key 
parameters of the helium gas eoolant eoneept. As fig. 2 shows, 
this single-rig lest module eonsists of a hollow eanlster with a 
square eross seetion (gray hatehed) housing the speeimen 

Outer Heating 
Gonductor 

Heated 
Specimen 

Inner Heating 
Gonductor 

Fig. 2: Fabrieated single-rig lest module housing one rig 
with a fully Instrumented speeimen eapsule. 

eapsule whieh has an integrated ohrnie heating. Inside this rig 
the speeimens are replaeed by one speeimen dummy that is 
also heated by ohrnie heaters. ln ease of aeeelerator shut down 
during the Irradiation experiments it is neeessary to eontrol and 
adjust the Iamperature of the speeimens. The heated zone of 
the speeimen dummy has a length of about 50 mm and 
therefore adequately refleets the height of the IFMIF beam foot 
print. The outer diameter of this eonduetor is 1 mm and the 
maximum speelfie power is 400 W/m. With a heated aetive 
length (eapsule) of 92 em a total of 368 W ean be generated. 
The nuelear power of the real speeimens will reaeh 250 W. ln 
this way both, the nuelear heating in the speeimens and in the 
speeimen eapsule ean be simulated ln a manner representative 
for expeeted IFMIF heat loadings. The gas gaps, the wall 
thiekness of all struetural RAFM steel (F82H-mod), the overall 
rig, eapsule and speelmen dummy dimensions are praetieally 
ldentieal with the IFMIF referenee design. 

Fig. 2 showsalso the helium gas inlet (bottom) and outlet (top). 
Presently this slngle-rig lest module is fabrieated and 
assembled at FZK. After the Integration of thls lest module in a 
suitable helium gas loop a variety of parameter studles are 
Ioreseen to verify experimentally (i) fabrieability of deviees with 
RAFM steels, thermo-hydraulie ealeulations, and (ili) struetural 
integrity during and alter thermal eyeling lest to high speeimen 
and eapsule temperatures. For these kind of experiments, 
different rig geometries for high speeimen Iamperatures (0.1 
mm gas gap between inner rig wall and speeimen eapsule) and 
for low speeimen temperatures (0.5 mm gas gaps) are 
foreseen. 
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1.2 Medium Flux Test Modules MFTM 

ln order to increase the efficiency of the available Irradiation 
volume and the flexibility in the test matrixes, a design concept 
has been developed by FZK that allows the simultaneaus 
Irradiation of two Independent test modules in this flux region. 
Therefore, in the current reference deslgn concept the vertical 
test assembly VTA2 of the medium flux reglon is equipped with 
two individual test modules: (i) a module for in-situ creep-fatigue 
experiments housing a miniaturized universal testlng machine 
for simultaneaus testing of three Independent push-pull fatlgue 
specimens, and (Ii) a module for in-situ tritium release 
experiments on various ceramic breeder materials. Inslead of 
ceramic breeders, these sub-test modules can also be 
equipped with any PIE specimens. The design of the tritium 
release test module has been signlficantly improved by FZK 
during the beginning of the reporting period. The design 
improvement has been mainly by the requirements to effectively 
use the available volume of 6 L and to allow the simultaneaus 
Irradiation of both in-situ test modules. Fig. 3 shows that tritium 
release lest module with helium gas coolant ducts, piping for 
sweep gas, Instrumentation, and specimen arrangement. 

Fig. 3: Front view (left), elevation vlew (right) and cross 
section (bottom) of the tritium release test module for 
ceramic breeders. 
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2. Neutranies and Users Aspects 

Neutranies work has focused on the evaluation of activation 
cross-section data, improvements of the d-Li neutron source 
model and a full characterization of the Irradiation parameters of 
the high flux Irradiation test module using the newly developed 
computational tools and nuclear cross-section data. ln addltion, 
an IFMIF simulation experimentwas performed at the Karlsruhe 
Isochronaus Cyclotron for measuring the neutron yleld, neutron 
spectrum as weil as Be-7 and tritium yields. 

2.1 Intermediate Energy Cross Section Data 

Over the past period, the evaluation work being performed in 
co-operation with the Institute of Nuclear Power and 
Engineering (INPE) Obninsk, Russian Federation, has been 
devoted to the generation of an Intermediate Energy Activation 
File (IEAF) comprising activation and Iransmutation cross­
section for all kinematically allowed reactions up to 150 MeV 
neutron energy. So far, the IEAF the library contains activation 
cross sections for the elements Z = 9 - 42, 49, 69, 72 - 75, 79 
and 83 [1 ,2]. For each of these elements, all the isotopes 
present in the European Activation Library EAF-97 are included. 
EAF-97 also is the source of the data below the neutron energy 
of 20 MeV. The new activation and Iransmutation cross-section 
flies were prepared according to standard ENDF-6 formal rules 
that allows to specify the reaction products by Z,A identifiers. As 
a result, there are no restrictions to the number of activation and 
Iransmutation reactions that can be handled. This is vital in view 
of the multitude of reaction channels existing at energies above 
20 MeV. 

Activation calculations at these higher energies require an 
activation/inventory code which ls able to accommodate the 
numerous open reaction channels (up to 170 per isotope). 
Therefore, the recently developed and benchmarked ALARA 
activatlon code was chosen for IFMIF activation calculations. 
Neutron flux spectra were calculated in a 205-group structure 
(175 vitamin-j groups plus 30 groups of uniform lethargy width) 
uslng the McDeLi neutron source model and used Iogether with 
the new IEAF cross-section data as Input for ALARA 
calculations for the IFMIF high flux test module [3). in addition to 
the activation and decay heat results themselves, shown in 
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figure 4 for the IFMIF high flux test region and for the DEMO­
reactor, the importance and completeness of the libraries was 
shown by comparison to various other libraries. ln particular, 
this comparison showed !hat various approximations, such as 
assumlng that the activation cross-section ls eilher zero or 
constant at energies above 20 MeV, are not able to accurately 
calculate the activation or decay heat for lron in the high flux 
lest region. ln additlon, by comparing one library consisting of 
the IEAF data alone to another library consisting of the IEAF 
data supplemented by data from EAF97 for those isotopes 
which are not yet avallable, it was shown that the currently 
available set of isotopes is complete enough for the activation 
analysls of iron. 

2.2 Neutron Source Model 

A complete reassessment of the stripping and evaporation 
components of the d-Li nuclear model was carried out, resulting 
in a more physically sound model for the neutron source term. 

Previous implementations of the stripping model were drawn 
directly from the original research by Serber and based heavily 
on assumptions !hat are not valid given the physical parameters 
of IFMIF. ln particular, IFMIF has a relatively low Initial 
deuteron energy (40 MeV compared to Serber's 190 MeV), and 
the thlck target means !hat stripping reactions occur at energies 
down to about 6 MeV. The assumption of high energy 
deuterons was implemented primarily to reduce the semi­
classical momentum distribution to eilher a closed-form angular 
cross-section or closed-form energy cross-section. These 
results from Serber were then simply multiplied to create a 
double-differential cross-section, making a further (and 
incorrect) assumption that the two distributions are 
Independent. By removing the original assumption of high 
energy and implemenllng the model by directly sampling the 
semi-classical momentum distribution, the physical basis for the 
model is improved greatly. 

The theoretical development of the evaporation model was 
reconsldered wlth assumptions and approximations made to 
suit the specific conditions of the d-Li reaction at energies 
between the coulomb barrier energy (-1.5 MeV), used as a 
lower energy Ihreshold for this reaction, and an upper energy 
Ihreshold of 15 MeV. More importantly, a simplistic linear model 

was added to roughly include the contributions from all neutrons 
which may be emitted alter the primary evaporation, so-called 
"subsequent evaporations", as flrst suggested during the FMIT 
analysis. 

While some of the models continue to be crude approximations 
to the real physics of the reaction, they have been fit to 
experimental data sets with more rigorous requirements on the 
fittlng process than in previous models. For example, the total 
cross-sections were requlred to have realisllc shapes and 
conversions between Inertlai reference frames were directly 
applied rather than approximated. 

2.3 IFMIF Simulation Experiment 

An IFMIF simulationexperimentwas performed at the Karlsruhe 
lsochronous Cyclotron for measuring the neutron yield, neutron 
spectrum and the yields of the radionuclides Be-7 (53.3 days 
half-life) and tritium (12.3 years half-life). The first two of these 
quanillies are of fundamental importance for validating the 
calculational neutron source term model. The analysis of these 
raw data (in FZKiJAERI collaboration) is in progress. The Be-7 
and tritium production yields are important for the operation of 
the IFMIF target in view of radiatlon protection, and for 
designing the vacuum system which will have to handle part of 
all of this tritium Ioad. The Be-7 and tritium measurements and 
their results are reported in the following. 

Two ldentical stainless steel containers having 1.1 mm wali 
thickness and 9.7 cm3 volume were filled in an argon 
atmosphere with pure Iithium metal and then closed by Iaser 
beam weldlng. The austenitic steel type 1.4571 was selected 
because it exhlbits very low tritium permeation. The Li thickness 
in the beam direction was 21.8 mm, slightly more than the 
range of 40 MeV deuterons. The contalners were irradiated as 
Interna! targets withln the cyclotron by the fuli-energy beam of 
52 MeV. Since 52 MeV deuterons lose about 12 MeV in 
traversing 1.1 mm of steel, the deuterons entering the Iithium 
had the correct energy. One container (target A) was used for 
preliminary tests with varying beam current. The other one 
(target B) was irradiated for 16.5 hours at 3j.JA. The beam 
current was always recorded by a current dlgitizer and scaler to 
determine the total charge, i.e., the number of deuterons. More 
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Fig. 4: Activity and decay heat for one position of the IFMIF high flux test module and for the first wall of 
the DEMO-reactor. 
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detalls about the experiment are found in Ref.[4]. 

(I) Beryllium-? measurement: After a cooling time of about 
100 days to decrease the considerable activity induced in 
the steel, the 478 keV y-ray line from target 8 was 
measured with a 25% efficiency, high purity germanium 
spectrometer. The spectrometer had to be reduced in 
countlng efficiency for thls measurement by using a Iead 
collimator in front of the detector. The colllmator Introduces 
a small systemalle uncertainty due to the unknown spatlal 
distributlon of the Be-7 within the finite-size Li target. 
Therefore, two separate sets of measurements were taken 
with collimators of different dimenslons. SystemaUe 
differences between Be-7 activities measured with the two 
colllmators were not found. Gorreetions were applied for y 
ray absorption in the steel case (8%) and within the Iithium 
(4%, assuming all radiation to be emitted at a depth of half 
the Iithium thickness in the dlrection of measurement, i.e., 
7 mm). One major difference between IFMIF and the 
present simulation experiment is the steel target wall on 
the beam entrance side. A very rough estimation, 
assuming a simllar mean cross section per nucleus ior 
deuteron loss in steel at 40 to 52 MeV as in Iithium at 0 to 
40 MeV, gives a deuteron beam loss of about 1%. 

The result is given in Table 1.The 'production cross 
section' given is the average over deuteron energy, 
assuming that all Be-7 originales from the 6Li(d,n) 7ße 
reaction. From the scatter of several Be-7 and calibration 
measurements and the uncertainties of the corrections, an 
overall uncertainty of 10% is estimated for the yield. 

(Ii) Tritium measurement: For the tritium measurement, both of 
the targets were subjected to a weil established standard 
procedure. The tritium was released by heating the target 
to several hundred oc in a quartz tube through which a gas 
stream of 95% Ar + 5% H2 was flowing at 50 ml/min. The 
gas was subsequently oxldized in passing through a CuO 
bed. The resulting H20+HTO was absorbed in a molecular 
sieve. The molecular sieve was periodically changed and 
eluted with water. This water was then analyzed for tritium 
in an automated liquid scintillation system (Beckman 
Instruments LS 6000TA). The result (tritons per 100 
incident deuterons), after correcting for the 1% deuteron 
loss in the steel case (see above), is 2.36 in target A and 
2.23 in target 8, with an estimated uncertainty of about 5% 
in eilher measurement. The final result is given in Table 1. 
The production cross section given there is analogaus to 
the one for Be-7, but referring to the 7Li(d,t)6Li reaction. 

The result is given in Table 1. A fictitious production cross 

section averaged over deuteron energy can be derived from the 
yield, assuming that all Be-7 originales from the 6Li(d,nfBe 
reaction. lts value (which is very plausible for a charged-particle 
induced nuclear reaction) is also given in the table. From the 
scatter of several Be-7 and calibration measurements and the 
uncertainties of the corrections, an overall 1 s uncertainty of 
±10% is estimated. 

2.4 Irradiation Parameters of the High Flux Test Module 

On the basis of the newly developed computational tools and 
data, a comprehensive characterization of the neutranies of the 
high flux test region (HFTR) has been carried out with focus on 
Fe as the major constituent of ferritic-martensitic iron based 
alloys [5-10]. To this end, detailed three-dlmensional 
geometrical models have been developed for use with the 
MCNP Monte Carlo code including - in addition to the HFTR -
the medium flux test module (MFTM) with displacement 
darnage Ieveis between 1 and 20 DPA/FPY, the low flux test 
module (LFTM) with 0.1-1 DPA/FPY, and the very !ow f!ux test 
module (VLFTM) with less than 0.1 DPA/FPY. 

Numerical results for the HFTR and comparisons to relevant 
fusion reactor data are displayed in Table 2. lt is found that 
IFMIF covers a broad range of fusion reactor Irradiation 
conditions without deteriorating the material Irradiation 
parameters in spite of its high energy spectrum tail. ln addition, 
the normalized energy transfer function W(T), indlcating the 
cumulative probability that displacement darnage will be caused 
by a primary knock-on atom (PKA) with energy less than I, 
compares very favorably with fusion reactor spectra [5], thus 
qualifying IFMIF as a suitable facllity for Irradiation experiments 
under fusion typical conditions. 

The main results obtained thus far with regard to Irradiation 
performance and conditions are as follows: 

• The total neutron flux gradient in the HFTR is 
20 - 30 %/cm. As a result, the use of miniaturised 
specimens is required and, furthermore, the HFTM design 
needs to allow the orientallen of the samples along 
directions with minimized gradients. 

• The high energy fraction of the neutron flux (En > 14.6 
MeV) ls 15 - 20 % of the total neutron flux throughout the 
HFTR. This fraction increases the displacement and gas 
production rates significantly and allows accelerated 
Irradiationtests in IFMIF. 

Table 1: Experimental results of radionuclide production in the target. 

Be-7 (T112 = 53.29 d) 

H-3 (T112 = 12.32 a) 
1
> see text 

Atoms per 100 deuterons 

0.274 ±10% 

2.39 ±4% 

Mass per full-power year 

1.57 g 

5.89 g 

Produclien cross section 1> 

362 mb per Li-6 atom 

255mb per Li-7 atom 

Table 2: Comparison of Irradiation parameters in the High Flux Test Region of IFMIF and the first wall data in ITER and DEMO 

Irradiation parameter IFMIF ITER DEMO 

Total neutron flux [n/(s cm2)] 4 X 1014
- 1015 4 X 1014 7.1 X 1014 

Neutron flux, En >14.6 MeV [n/(s cm2
)] 4x1013 -2x1014 

Hydrogen production [appm/FPY] 1000-2500 445 780 

Helium production [appm/FPY] 250-600 114 198 

Displacement production [DPA/FPY] 20-55 10 19 

H/DPA ratio [appm/DPA] 35-50 44.5 41 

He/DPA ratio [appm/DPA] 9.5 -12.5 11.4 10.4 

Nuclear heating [W/cm1 30-55 10 22 

Wallload [MW/m2] 3-8 1.0 2.2 
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• The DPA-to-gas ratios are in the same range as in ITER or 
DEMO first wall flux spectra. Thus IFMIF can slmulate 
fusion reactor conditions with regard to material Irradiation 
characteristics. 

• The evaluated uncertainty of the neutron source yield 
causes a relatively large uncertainty of the available high 
flux (<::20 dpa per full-power year) volume. 

• There is available high flux volume above and below the 
proposed high flux test module deslgn. 

• The displacement darnage qualification shows that IFMIF 
fits the fuslon reactor darnage characteristics better than 
other neutron sources do. 

Following the achievements obtained thus far in the field of the 
IFMIF neutronics, further work is required to reduce the 
uncertainty of the neutron source function, as this uncertainty ls 
directly Iransmitted into all neutranie responses and the 
estimated Irradiation volumes. Furthermore, the investigations 
have to be extended to cover more materials both in the HFTR 
and the medium and low flux test modules. lnvestigations are 
underway to study the possibillty of applying a neutron reflector 
araund the lest modules to arrive at a softer neutron spectrum 
as weil as an increased neutron flux denslty. 
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Nuclear Data Base 

The development of a nuclear data base is an integral part of 
the Lang-term Fusion Technology Programme. in the 
framewerk of this programme, FZK contributes to the 
development and qualification of the European Fusion File 
(EFF}, the European Activation File (EAF) and the 
International Fusion Evaluated Nuclear Data Library 
(FENDL). 

Benchmark Analyses for EFF-3 and FENDL-2 Evaluations 

in the framewerk of the EFF project, benchmark analyses are 
being performed as part of the quality assurance procedure 
for the newly developed EFF-3 data evaluations. To this end, 
the processed data are benchmarked in Monte Carlo 
Iransport calculations against competing data evaluations as 
weil as integral experiments. 

First analyses have been performed with the new 9Be EFF-3 
evaluation of IRK Vienna [1). The following integral Beryllium 
benchmark experiments have been considered: the KANT 
(Karlsruhe) and the OKTAVIAN (University of Osaka) 
spherical shell Iransmission experiments and the FNS (JAERI 
Tokai-mura) slab time-of-flight (TOF) experiment. in either 
case three-dimensional MCNP-calculations have been 
applled to obtain the neutron leakage spectra. The new 9Be 
EFF-3 evaluation in general gives similar results as the 
FENDL-1 (ENDF/B-YI) and FENDL-2 (JENDL-FF) 
evaluations with a slightly less neutron population in the 5-10 
MeV range. A significant underestimation is observed in the 
FNS slab experiment at !arger angles and in the leakage 
spectra of the spherical shell experiments as weil. in these 
cases, the old LANL 9Be evaluation used in EFF-1 still agrees 
best with the measured spectra. ln particular, this is true for 
the spherical shells leakage spectra in the 1-5 MeV energy 
range, where there remains a strong underestimation with 
EFF-3 as with FENDL-1 and ·2 (Fig. 1). 

Fig. 1: Neutron leakage spectra in the KANT Beryllium 
spherical shell experiment(n=5 cm, r0 =22 cm) [2) 

With regard to the 56Fe cross sectlon data being currently 
under development, both the TUD iron benchmark 
experiment and the ITER bulk shield experiment have been 
re-analysed. The new 56Fe EFF-3.1 data evaluation provided 
recently by ENEA Bologna and the FENDL-2 data library 
which contains the current 56Fe EFF-3.0 evaluation have 
been considered. The erroneous photon production cross­
section of the latter file has been corrected in the FENDL-2 
library. There is now better agreement with the measured 
photon flux spectra, see e. g. Fig. 2 for the photon lekage 
spectrum in the TUD iron slab experiment. in addition, the 
56Fe EFF-3.1 evaluation has provided a better agreement in 
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the 5-10 MeV energy range of the neutron flux spectra as 
compared to 56Fe EFF-3.0. 

1,00E-07 ~·······························:::··································· 
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Fig. 2: Photon leakage spectra in the TUD iron slab 
experiment (t=30 cm) [3] 

Monte Carlo Sensitivity and Uncertainty Analyses 

Wlth the forthcoming EFF-programme, the assessment of 
uncertainties in the nuclear responses will become a major 
neutranie issue. To allow the application of 
sensltivity/uncertainty computational tools to both complex 
fusion reactor configurations and integral experiments, the 
use of the Monte Carlo approach is mandatory. At the 
Hebrew University of Jerusalem, a novel computational 
technique has been recently developed and implemented 
into a local update to the MCNP4A code [4). This technique 
allows to calculate point detector sensitivities based on the 
use of the differential operator method. Along with the 
covariance matrices, uncertainties of point detector 
responses, e. g. leakage flux spectra in integral experiments, 
can be calculated. Once validated, the same basic approach 
can be applied to fusion reactor design calculations to assess 
the uncertainty of nuclear responses. 

in a first step, the Monte Carlo sensitivity approach for point 
detectors has been applied to the TUD iron benchmark 
experiment using EFF-2.4 and EFF-3.0 56Fe data [5). As an 
example, Table 1 shows the relative sensitivities of the 
neutron leakage fluxes to the specified EFF-3 56Fe reaction 
cross sections in a coarse 5 group representation. 

The resulting uncertainties obtained with the EFF-2.4 and 
EFF-3.0 covariance data are displayed in Tablas 2 Iogether 
with results from !wo-dimensional deterministic 
sensitivity/uncertainty calculation using the TWODANT/SUSD 
code package. As compared to the experiment, the 
calculated uncertainties are lower than the experimental ones 
below 5 MeV but higher above that neutron energy. At the 
same time, the measured high energy flux is underestimated 
suggesting to decrease, in the first place, the inelastic 
scattering cross sections in the high energy range in 
agreement with the sensitivity results. 

Table 1: Relative sensitivity [%/%]of the neutron leakage flux 
Integrals in the TUD iron benchmark experiment to 
56Fe EFF-3 reaction cross sections integrated over 
all energies 

Energy range {MeV] <0.1 0.1•1 total 

Elastic scattering -2.39 -1.22 -1.33 
(MT=2} 
(n,2n) .:...reactlon 0.19 0.1.1 ~0.19 ~0.54 ~0.98 0.03 
{MT=16} 
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1st Ievei lnelastic 0.16 -0.01 -0.98 -0.18 -0.11 -0.11 
scatt. (MT =51) 

·-Ö.22 io~19 ·1.35 •L75 "0.213 Continuurn inelastic ~0.25 

.scatt. {MT =91} 

Table 2: Uncertainties [%] of calculated neutron leakage 
fluxes in the TUD iron slab experirnent due to 
uncertainties in the 56Fe cross section data and 
experimental uncertainty 

Energy MC-oalculatlon 2dSw Experiment. 
range {MeV] oaloulatlon uncertainty 

EFF~2.4 EFF-3.0 EF'F-M 
9 9 
4 3 ä H 
20 1.6 2 2.2 
27 8 10 2.9 
19 4 14 1.9 
4 3 
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Activation Library 

Safety analyses of reactor designs such as ITER and DEMO 
require among others a reliable data base for neutron-induced 
radloactlvity. The European Activation System EASY[1) consists 
of the inventory code FISPACT and the European Activatlon File 
EAF. The ongolng coordinated effort of integral experiments to 
validate EASY was continued in this perlad with work on 
vanadium alloys. Sampies of different vanadium alloys were 
activated and subsequently measured for y actlvity. Activatlons 
in a pure 14-MeV neutron !leid were performed by TU 
Dresden[2). Activations in an intense white Iast-neutron field 
ranging up to 20 MeV were performed at Karlsruhe[3). 

1. 14-MeV activations by TU Dresden 

Sampies of the alloys V3Ti1Si, V4Ti4Cr and V5Ti2Cr with 
masses of 0.3 ... 0.6 g and with an area of 10 mm x 10 mm were 
activated at the high-intense neutron generator SNEG-13 [4) at 
Sergiev Posad. Each material was irradialed at two positions, at 
an angle of 4° with ;espect to the deuteron beam direction 
where the mean neutron energy is 14.93 MeV with a spread of 
0.54 MeV f.w.h.m. (position 1) and at 73° with (14.37±0.07}-MeV 
neutrons (position 2). The background component of thermal 
and intermediate neutrons was measured by 1151n(n,gamma) 
activation and found to be 1 o-6 of the total flux at the sample 
positions. The 14-MeV neutron !Iux was monitared by 
93Nb(n,2n)-activation with thin Nb foils attached in front and at 
the back of the vanadium sample. 

Each material was irradiated in two separate runs, a short one 
(30 min) with fluence of the order of 1012 neutrons/cm2 and a 
Ionger one (45.6 h} with fluence of about 2·1014 neutronslern 2. ln 
this way radioactivities with half-life between 2 min and more 
than 300 d could be investigated. 

Gamma spectra were taken from the irradiated samples with 
Ge(Li)-spectrometers several tlmes during decay from 3 min up 
to about 100 d. The activities of the following nuclides were 
identified by gamma energies and half-life: 24Na, 27Mg, 28AI, 29AI, 
4ssc, 47Sc, 4Bsc, 4~1 • s1Ti, s2v, s1Cr, 54Mn, s?co, saco, gszr, 92mNb 

and 99Mo. These nuclides produce, alter 3 min of decay, more 
than 99% of the total heat and of the gamma dose rate, and 
alter 1 year of decay, when the activity of the sample is further 
decreased by almost 6 orders of magnitude, they are the origin 
of about 92% of the heat and of more than 99% of the gamma 
dose rate. 

Calculations with the most recent version EASY-97 were carried 
out for each of the investigated samples taking into account the 
time profile of Irradiation and using the chemical composition of 
the material as determined by X-ray fluorescence analysls. A 
175-group cross section library (VITAMIN-J structure) produced 
with a flat micro-flux welghting spectrum was used, to avold 
falsifying influences of a weighting spectrum with fusion peak at 
14.1 MeV for reactions with Ihreshold in the 14-MeV region [5), 
and it was collapsed with the neutron flux spectrum at the 
sample positions. 

The total activities calculated for the three alloys in sample 
position 1 are compared in Fig. 1 with the sum of the 
experimentally determined activities, alter normalization to a 
sample mass of 1.0 g and a neutron fluence of 1.0x1012 cm·2, for 
those decay times at which gamma spectra were measured. 

The activation behavlour of the materials is quite similar for 
decay times shorter than about 80 h , whereas significant 
differences appear for Ionger times. These are mainly connected 
with the Cr content of the samples. For comparison, the 
activation profile of the ITER structural material AIS I 316 LN (IG) 

is inserted in Fig. 1 [5). The differences to the vanadium alloys 
amount to 1 - 2 orders of magnitude. 

The uncertaintles of the calculated activities, which include both 
cross section and half-life uncertainties, are shown in Fig. 1 by 
error bars. A typical value is 30%. All of the experimental points 
are within or very close to these bars, and a general validation of 
EASY-97 for activation of vanadium alloys by 14-MeV neutrons 
can be clalmed. 
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~ 1E+3 
:g 
ro 
0 
'6 1E+2 
ro a: -<>- V3Ti1Si 

1 E+1 -v- V4Ti4Cr 

-f:s- V5Ti2Cr 

ITER Grade Al SI 316 

1 E-1 
1E+2 1E+3 1E+4 1E+5 1E+6 1E+7 

Decay time I s 

Fig. 1: Measured total activities, normalized to a sample mass 
of 1.0 g and to a neutron fluence of 1.0x1 012 

neutrons/cm2 in comparison with the corresponding 
calculated activities (solid lines) and their uncertalnty 
bars. 

However, there are over- and underestimated activities in the 
total one. The ratlos of calculated-to-experimental values (C/E) 
for the dominant activities are shown in Table 1. Again, the 
results for sample position 1 are presented. The posltion 2 
results are included only for those activities where the 
difference of the neutron energies between position 1 and 2 has 
significant influence on the reactions producing the radionuclide 
and on the C/E. lf the reactions contributing to a particular 
actlvity are very different between the three alloys, e. g. as for 
52V, the C/E are separately presented. ln most cases the shares 
of the reactions are equal for the three alloys and the C/E 
obtained are consistent. Then the average value is given. The 
C/E-ranges in column 5 represent the total experimental 
uncertainties only, but not the calculated ones. They are 
estimated with the statistical and systemalle errors of the 
gamma spectroscopy and of the neutron flux monitoring, and 
with adding the uncertainties of the gamma yield data used and 
of the eiemental content. Usually they are smaller than the 
uncertainties of the calculated activlties, and may be used for 
improving the calculational tools. 

The largest overestimation is obtained for 47Sc, with a clear 
dependence on the neutron incidence energy. The largest 
underestimation is observed for 52V in V3Ti1Si, where, because 
of a er content of less than 0.001%, only the 51 V(n,gamma) 
reaction produces the radionuclide. With increasing shares of 
(n,p) and (n,d} reactions on Cr in V5TI2Cr and in V4Ti4Cr the 
CIE are enhanced. As a flrst step the 51V(n,gamma}-data should 
be checked and possibly re-evaluated. 
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Table 1: Dominant radionuclides in vanadium alloys, their half-life, the gamma rays used to determine the activity, the ratio of 
calculated-to-experimental activity obtalned, the uncertainties of the experimental values as C/E-range and the 
portians of contributing nuclear reactions (ltalic print for sample position 2, otherwise position 1 results). 

Gamma·Energy C/E 
Radio- Half-life (keV) calculation/ 
nuclide experiment ralio 

"Al 2.25min 1779 0.77 

"Sc 63.62 d 669 0.94 
1121 

"Sc 83.82d 889 0.88 
1121 

"Sc 3.35 d 159 2.16 

"Sc 3.35d 159 1.65 

"Sc 43.67 h 175 1.04 
984 
1038 
1312 

"Ti 3.08 h 511 1.15 
"Ti 5.8min 320 1.07 

609 
928 

"V 3.75 min 1434 0.37 
in V3Ti1Si 

''V 3.75 min 1434 0.91 
in V4Ti4Cr 

"V 3.75min 1434 0.60 
in V5Ti2Cr 

"Cr 27.7 d 320 1.47 
in V3Ti1Si 

The 51Cr activity in V3Ti1Si originales from protons produced in 
(n,p) and (n,pn) reactions. lt can be calculated by a formalism 
for the treatment of sequential charged particle reactions 
developed at Karlsruhe [6]. 

in the same way as for the vanadium alloys, the previously 
obtained experimental results an the steels AISI 316 LN(IG), 
MANET and F82H were analysed with EASY-97. Also for these 
materials the C/Evalues revealed in detail several discrepancies 
which demand improvements of the nuclear data base. 
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C/E·range 
withthe Reaction Gontribution 

experimental 
uncertainlies 
0.72 ... 0.63 "Si(n,p) 99.5% 

"Si(n,d) 0.50% 
0.69 ... 0.99 "TI(n,p) 55.6% 

"Ti(n,d) 20.6% 
"Ti(n,p)m 14.5% 
"TI(n,d)m 6.9% 

0.83 ... 0.92 "'Ti(n,p) 62.2% 
"Ti(n,d) 15.2% 

"Ti(n,p)m 16.2% 
"Ti(n,d)m 6.4% 
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"V(n,a) 5.6% 
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2. White-spectrum activations by FZK 

The 'whlte' deuteron-beryllium neutron source employing a 19-
MeV deuteron beam of the Karlsruhe isochronaus cyclotron 
produced a neutron flux density of 1.71x1011 neutrons/cm2/s 
averaged over the 1 cm2 samples. The source yield and neutron 
spectrum were obtained in collaboration with JAERI, Tokai­
mura, Japan by activation foil doslmetry with subsequent 
unfolding calculations[6]. The a-priori guess spectrum required 
as Input to the unfolding procedure was obtained by Monte­
Cario calculations using the MCNP-4A code [1] Iogether with the 
McDELI neutron source routine [2]. These calculations also 
served for scaling the result from the 5x5mm2 dosimetry foils to 
the 1 Ox1 Omm2 steei sampies, in view of the pronounced 
anisotropy of the neutron source. The unfolded and scaled 
spectrum is shown in Fig. 2, tagether with a typical spectrum of 
the DEMO reactor for comparison. 
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Fig. 2: Neutron spectra of the d-Be source and of DEMO 
(neutrons per uni! lethargy, cm2 and s) 

The same alloys V3Ti1 Si ('A') and V5Ti2Cr ('B') as in the TU 
Dresden work were investigated. Interast was centered on the 
longer-lived nuclides (halflives beyend about 1 day). The two 
samples were irradiated simultaneously for 65 h. Three 25-Jlm 
Ni foils interspersed with the samples served to monitor the 
neutron flux decrease over the stack thickness. The gamma 
activities of the samples were measured repeatedly alter 
different cooling times using a 150 cm3 high-purity germanium 
detector with a personal-computer based 4096-channel 
analyzer. The energy range covered was 0.1 to 2 MeV. The 
system was calibrated for both energy and efficiency using 
calibrated gamma ray sources. The sources or samples were 
placed at least 10 cm from the detector face. From the observed 
gamma spectral lines, activities in Bq were deduced, using 
decay data from Ref. [3]. 

Activation calculations were performed using the fusion 
inventory code FISPACT-97 with cross section data from EAF-
97. The measured neutron spectrum described above in the 
175-group VITAMIN-J structure was used to collapse the cross 
sections. Specific activities and gamma dose rates at the 
different cooling Iimes were calculated for the total flux and 
Irradiation time given above. 

Table 2 presents the results as ratlos C/E of calculated over 
measured activity. The uncertainty of the measured actlvities is 
generally about ±10% or better. Larger (estimated) 
uncertainties, due to limited counting statlstics, are indicated in 
the table. A dash indicates that the nuclide could not be 
identifled in the gamma spectrum. The C/E results for Nb-95 
have '<' marks because the Mo content of the samples ls only 
known as an upper Iimit. They are included to indlcate that this 
radionuclide was posltively ldentified in the y spectra. The 
gamma dose rate fractions fo in the table are Iaken from the 
inventory calculation. 

At the investigated cooling times, Sc-46 ls by far the dominant 
nuclide. lt is produced from the Ti content of the alloys by (n,p) 
and (n,d) reactions, partly via the Isomerie Sc-46m, and is 
predicted with excellent accuracy. 

Sc-47 is, with our neutron spectrum, mostly produced by the 
51V(n,nu)47Sc reaction. The marked overestimation of this 
activity may be due to imperfections of that cross section at 
higher energies. With 14-MeV neutrons (see Part 1 above) the 
share of this reaction is much smaller and the C!E is closer to 
unity. 

The Cr-51 in alloy B originales almest completely (98%, 
according to the FISPACT pathway analysis) from the 52Cr(n,2n) 
reaction. Alloy A, however, has no detectable Cr content. The 
Cr-51 found in thls case is produced essentially (95%) by a 
sequential charged-particle reaction, 61V(p,n)51 Cr, induced by 
protons originating from (n,p) reactions. This complex activation 
pathway may explain the overestimation of Cr-51 in alloy A. 

The Iongest lived radionuclide found experimentally is Co-60. All 
the detected Co isotopes originale essentially from the Ni 
impurity. The reasons for the general underestimation of their 
inventories are not clear. 

A trace activity of Ta-182 (114 d halflife) was identified in alloy 
B. lt may originale from a W impurity, which was not searched 
for in the chemical analysls. 

Literature: 

[1] J. Briesmeister (ed.), report LA-12625-M (1993) 

[2] E. Da um et al., "Ne utranies of the high flux lest region of the 
International Fusion Materials Irradiation Facility (IFMIF)", 
report FZKA-5868 ( 1997) 

[3] R.B. Firestone, V.S. Shirley, C.M. Baglin, S.Y.F. Chu, and J. 
Zipkin, Tab/e of Isotopes, 8th ed .. , New York, Wiley 1996 

H. Giese 
U. von Möllendorff 
H. Tsige-Tamirat 
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Table 2: Ratios C/E of calculated over experimental activity 

T12 Haililie 
fo Fraction of calculated y dose rate at given cooling time 
A dash means that the nuclide could not be identified in the y spectrum 

Coolina time: 41d 115d 112d 
Alloy: A A 8 

T!2 fo C/E fo C/E fo C/E 

Sc-46 84d 97.7 0.97 98.1 0.97 98.2 1.00 

Sc-47 3.3d 0.15 6.2 -- -- -- --
Cr-51 28d 0.07 2.7±20% 0.02 2.5±20% 0.7 1.17 

Mn-54 312d 0.2 0.85 0.4 0.84 0.4 1.77 

Co-56 77d 0.01 -- 0.01 0.07±20% 0.005 0.08±50% 

Co-57 272d 0.005 0.21 0.008 0.23 0.004 0.13 

Co-58 71d 1.3 0.35 1.2 0.34 0.55 0.19 

Co-60 5.3a 0.01 , 0.2±50% 0.02 0.2±30% 0.01 0.13±30% 

Zr-95 64d 0.1 0.6±30% 0.1 0.38 0.005 --
Nb-92m 10d 0.08 0.5±40% 0.001 -- 0.005 --
Nb-95 35d 0.1 (<0.6) 0.16 (<0.6) 0.06 (<2.4) 
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SEAFP 2 
Long Term Safety Program 

Task 2: lmproved Coverage of Events 

Subtask 2: Event sequence analysis 

For subtask 2 two reports have been prepared. The first report 
covered analyses to accidents as defined in the last annual 
report on this topic, especially the unmitigated quench in a TF 
coil. However, it turned out that the board of SEAFP2 requested 
a different focus for the accident analysis. 

This initiated a new effort to identify accidents in the magnet 
system that speciflcally Impair the lntegrity of the cryostat. 
Mechanical Interaction between magnet system and cryostat 
has been lnvestigated already under SEAFP1. Here the thermal 
Interaction is considered. The most intense Interaction occurs 
with shorts and arcs in the coll circuits in the vicinity of the 
cryostat wall. Amongst of 10 different multiple fault scenario a 
shorting arc at the bus bar of one coil, during a fast dump of the 
TF coii system, turned out to be the most severe case. 

First analyses of this case revealed that the energy that can be 
converted in the arc is the stored energy in the shorted coil. Due 
to the bus bar short induced energy adds on the steady state 
value suchthat up to 20 GJ may be stored in the coil, assumlng 
the coil is super conducting. This required a very detailed 
analysis investigating the quench behavior of the shorted coil. 
The analysis shows, that the current changes in the TF system 
change the magnet field such that quench in the shorted coil is 
achieved, even at low temperatures. Due to that most of the 
energy of the shorted coil is dumped into the quenching coil and 
the arc converts only a small fraction of it. 

The next interesting question is how the energy converted in the 
arc can be translated into a hole size of the cryostat. Using the 
thickness of the cryostat wall a energy density can be deter­
mined necessary to melt a hole into the cryostat. Assuming the 
arc being a point source radiating its energy symmetrically from 
a point above the cryostat wall, a radius can be found which 
separates areas of the cryostat wall getting energy densities 
lower than the boundary value for melt through. This is shown in 
the figure below. There the hole radius is shown as a function of 
the wall distance and the energy converted in the arc. ln this 
case it is assumed, that the location of the arc is the same 
throughout the transient. 

R. Meyder 

Fig. 1: Hole radius in the cryostat wall as a function of arc 
energy and arc distance from the cryostat wali, energy 
in J. 
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SEAL 1.3 
Beryllium Behaviour under Irradiation 

The beryllium in blanke! modules is inevitably oxidized to some 
extent during construction, and oxide can be located both at the 
grain boundaries and on the external surface of the specimen. 

The external oxide layer could thicken slowly as the result of 
geltering of air leaks or water desorption over the operating 
lifetime. Furthermore, in an accident scenario, sudden Ingress of 
air could cause rapid oxidation of the beryllium, accompanied by 
a Iamperature rise: clearly in this case the oxide layer would 
play an lmportant role in determlning the amount of tritium 
released during the accident. 

Broken tensile speclmens of irradiated weslern beryllium were 
used at JRC lspra to assess the effect of air or water leaks on 
the release rate of tritium from bulk beryllium in the range of the 
first wall, and of the breeder, in oparational and accidental 
conditions. 

The experiments [1] show that leaks in the first wall temperature 
range have the effect of slowing tritium release below the Ievei 
in inert gas, presumably because of thickening of the oxlde 
barrier. During breeder accidents causing a !arge increase in 
temperature the presence of water vapor from leaks would 
cause an increase in tritium release rate above the rate in inert 
gas at the same temperature. This increase becomes important 
at 900 oc. 

Above 600 oc tritium release rate in humid helium increases 
with time and finally overtakes the release rate in Inert gas as 
shown in Fig. 1. 

Dry air gives a strenger proteelive effect than water vapor and a 
factor 3 reductlon in tritium release rate at 600 oc diminished to 
no reduction at 900 oc. On the contrary, humid alr increase 
tritium release compared to inert gas at 600 oc [1]. 

The ANFIBE code developed at the Forschungszentrum 
Karlsruhe [2,3] is a sophisticated computer code for calculating 
both swelling and tritium release under simultaneaus Irradiation 
and heating. The tritium release from berylllum in inert gas has 
been successfully predicted in the whole range of experimental 
conditions for the experiments performed at the JRC lspra. 
However, the code predictions fall for the accident seenarios in 
which an air/water leak occurs. in this case, the presence of a 
varying surface oxide layer and its effect on tritium egress 
cannot be successfully simulated with the present verslon of the 
code. 

Effed of Humid He on Trltlurn Release 

~ ~· S-651DP lnndlntod 

'flme(mlzUu) 

Fig. 1: Effect of water vapor at T>600 oc on tritium release 
from Be [1]. 
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Socio-economic Research on Fusion (SERF) 

Fusion as a Large Complex System 

Gontribution 1998 

Within the scope of the SERF macrotask 81: "Fusion as a large 
complex system, 
subtitle : Governance", the activities of our group at the FZK­
Institute for Technology Assessment and System Analysis 
(ITAS) conslst of 

• The description and analysis of the psychological and 
social Impacts of fusion; 

• The structure and course of societal conflicts during the 
introduction of fusion; 

• ldentification of the actors involved and their strateglas and 
examination of the potantials for consensus and 
disagreement; 

• Development of proposals for the social and cultural 
Integration of fusion technology into the existlng energy 
supply system 

We cooperate with Prof. L. lngelstam, Linköping University, 
Department of Technology and Social Change, Sweden und Mr. 
I. Cook, UKEA Fusion, Culham Science Centre, UK 

in a first step the societal debate on nuclear fusion in the 
Federal Republic of Germany has been examined with the help 
of a Iiterature review. Later on Interviews with experts and key 
actors are planned. 

Fusion research has the aim of providing fusion power plants as 
a source of energy supply to supplement fission reactors in the 
future. in Germany, future energy policy has been and will 
continue to be the topic in the debate on energy consensus. Our 
contribution will provide an introduction to this debate with 
special emphasis on nuclear fusion. The public discussion on 
fusion is examined in a media analysis of c. 1100 articles from 
dally and weekly newspapers and periodlcals. Such press 
articles were sparked off by the immanent decision on further 
procedure in the construction of lter, the successes of JET by 
producing a record value of fusion power in 1997 and the laying 
of the foundation stone of the fusion research plant Wendelstein 
7-X at Greifswald on 19 June 1997 and the Energy Research 
Conference of the Minister for the Economy of the Land 
Mecklenburg-Vorpommern of 25 and 26 August 1997. 

Our research approach continues with a comparison of the 
structures of nuclear power and fusion and the analysis of 
relevant groups of societal actors (political parties, religious 
denominations, Irade unions, industrial associations, grass roots 
groups and environmentalists, NGOs). 

The results were presented at the SERF-IIASA-Workshop: 12.7. 
- 14.7.1998 on "Fusion Perspectives in Economics, Poillies and 
the Public" 

G. Sechmann 
E. Lassmann 
M. Rader 



Appendix 1: Table of ITER I NET Contracts 

Theme 

ITER Magnets and TFMC Stress Analysis 

High Valtage Components and Sensor Calibration for the ITER 
TFMC 

ITER Tritium Plant Engineering Design 

Evaluation and Refinement of the Conceptual Design of the 
Experimenal Test Assembly of the D-Li Neutron Source 
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Acceptance Tests of Strands and Sub-Stage CICC's with Respect 
to Heat Treatment of TFMC Pancakes 

Design and Related Analyses of the ITER Breeding Blanke! 

Definition of an ITER Primary Wall Module Medium Scale Mock up 
Test Programme 

ITER Reference Breeding Blanke! Design (Stege 2); Materials 
Assessmeni, Pebble Bed and Tritium Analysis 

Contract No. 

ERB 5000 CT 950064 NET/95-384 

ERB 5004 CT 970009 NET/96-438 

ERB 5004 CT 970037 NET/97-450 

ERB 5004 CT 970072 NET/97-453 

ERB 5004 CT 970082 NET/97-458 

ERB 5004 CT 970099 NET/97-459 

ERB 5004 CT 980021 NET/98-433 

ERB 5004 CT 980023 NET/98-472 



-- 157 --

Appendix II: FZK Departments Contributing to the Fusion Project 

FZK Department 

Institute for Materials Research 

Institute for Neutron Physics and 
Reactor Engineering 

Institute for Applied Thermo- and 
Fluiddynamik 

Institute for Reactor Safety 

Central Engineering Department 

Institute for Technical Physics 

Central Experimental Engineering 
Department 

-Hot Cells 

- Tritium Labaratory Karlsruhe 

Central Department for Real-time Data 
Processing and Electronics 

Contributing: 

Institute for Nuclear and Particle 
Physics, 
Technical University Dresden 

Underwater Technology Centre 
Hannover of the Institute of Materials 
Science 
University of Hannover 

FZK Institut/Abteilung 

Institut für Material- und 
Festkörperforschung (IMF) 

Institut für Neutronenphysik und 
Reaktortechnik (INR) 

Institut für Angewandte Thermo-
und Fluiddynamik (IATF) 

Institut für Reaktorsicherheit (IRS) 

Hauptabteilung Ingenieurtechnik 
(HIT) 

Institut für Technische Physik (ITP) 

Hauptabteilung Versuchstechnik 
(HVT) 

- Heiße Zellen (HVT-HZ) 

- Tritiumlabor Karlsruhe (TLK) 

Hauptabteilung 
Prozeßdatenverarbeitung und 
Elektronik 

Institut für Kern- und 
Teilchenphysik 
der Technischen Universität 
Dresden 

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. G. Keßler 

Prof. Dr. U. Müller 

Prof. Dr. D. Cacuci 

Dr. H. Rininsland 

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. 
H. Haferkamp 

Ext. 

3897 

4815 

2518 

2440 

3450 

2550 

3000 

3500 

3114 

3650 

3239 

5635 

0351/4635461 

0511/7624311 
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Appendix 111: Fusion Project Management Staff 

Head of the Research Unit 

Secretariate: 

Project Budgets, Administration, 
Documentation 

Studies, ITER I NET Contracts, 
Superconducting Magnets, 
Gyrotron Development 

Tritium Technology, Structural 
Materials 

Blanket Technology 

Address: 

Telephone No: 

Telefax No: 

Telex 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 
e-mail: guenter.kast@pkf.fzk.de 

Dr. J.E. Vetter ext. 5460 
e-mail: joerg.vetter@pkf.fzk.de 

Dr. H.D. Röhrig ext. 5463 
e-mail: roehrig@pkf.fzk.de 

Dl. A. Fiege ext. 5465 
e-mail: albert.fiege@pkf.fzk.de 

Forschungszentrum Karlsruhe GmbH 
Nuclear Fusion Project Management 

Post Office Box 3640, D - 76021 Karlsruhe I Germany 

07247-82- Extensions ..... 

07247-82-5467 

17 724 716 

http://www.fzk.de/pkf 




