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Research Foundation, ECN. 

ABSTRACT 

The protection of the first wall by c-«u a.v.c с-oat''ngs against melting 
by plasma disruptions, was studied by computational heat transfer 
analysis. 

The compilation of a European Fusion Tile r»f r/clear data \n its 
first version is presented. A specific cori^ribucion is the revision 
of the lead cross sections for (n,n >, '-i,2n) and (n,3n) reactions. 

The activations of neutron flux mcnit.rs • ->r u.e JET neutron diagnos
tics system were recalculated using а Ь-< .node1 of the torus and its 
D-shaped plasma. Calculations of nucle< a^atiig and radiaticn damage 
parameters were performed for the lithiu i-lê .-: blanket oor-cept in the 
NET-II torus geometry, using a simplifieJ blan'<et model. 

Results of low cycle fatigue and tensile testing of the reference 
heat of stainless steel 316 L is report1-!, "a- latter inciucing the 
effect of a HFR-irradiation to 5 dpi. ano l'.0 appm helium. 

The design of a 12 Tesla niobium-tin • ПР^ГС coll for tha SULTAN test 
facility is presented, including the start of its conductor develop
ment. The next step will be the development of a 32 kA (•1 Tesla) 
conductor for the toroidal field coils of PET, as regulâ .ed under 
magnet system studies. 

The results are presented of two EXOTIC experiments: irradiation of 
ceramic lithium compounds for tritium breeding. 
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1. INTRODUCTION 

The research and development work of ECN for fusion reactor technol

ogy is part of the Thermonuclear Fusion Programme 1982-1986 of the 

European Community [1.1]. The liaison is formulised in a FOM-ECN sub

contract to the Euratom-FOM association contract. 

Research and technical staff allocated by ECN to fusion technology 

during 1984 amounts to 30 manyear. The work is organised in ten de

tailed R and D project contracts in the technology subprogrammes: 

- radiation damage of construction materials (MAT) 

- blanket technology (B) 

- safety analysis (SE) 

- superconducting magnet technology (M) 

Their project codes in the European programme system are given in the 

list of contents. 

REFERENCE 

[1.1] European Programme on Controlled Thermonuclear Fusion 

(1982-1986), COM (81) 357, July 1981. 



- я -

2. SYSTEM AND SAFETY STUDIES FOR FUSION REACTORS (H.Th. Klippel) 

The aim of this work is to contribute within the framework of the European 
Fusion Technology Programme to the system studies for fusion reactor, and 
in particularly to the safety studies for NET. These studies are partially 
supported by the Commission of the European Communities and by the NET 
team. 

The present work deals with two blanket safety related issues: the 
transient analysis of the NET-II blanket module under loss of coolant and 
loss of coolant flow conditions, and the thermodynamic behaviour of bare 
and coated first walls under plasma disruption conditions. 

2.1. Dynamic response of NET-II blanket following Internal coolant tube 
rupture 

The numerical calculations of the dynamic response of water cooled liquid-
Li Pb filled breeder blankets upon an internal coolant tube rupture has 
been completed with a parameter analysis on the water cooled tubular 
NET-II blanket module. The liquid LiPb filled module is 6 m long, has a 
diameter of 20 cm and the coolant is water at a pressure of 80 bar flowing 
through spirally shaped tubes inside the modules [2.1]. 
As discussed in the previous progress report [2.1], pressure spikes 
lasting for a few ms with peak values up to 250 bar in addition to the 
coolant pressure loading are assumed to take place following a sudden 
coolant tube rupture. These pressure pulses originate either from chemical 
reaction of water with LiPb [2.2] or, according to recent reevaluation of 
the experiments [2.3], from water hammer effects. 
A parameter analysis has been performed for the NET-II blanket to examine 
the effect of varying pulse length and pulse height on the pressure 
loading and arising stresses and strains of the liquid LiPb filled module. 
The numerical calculations were carried out with the code PISCES [2.1] 
taking into account the fluid-structure interaction and the elasto-plastic 
behaviour of the structural material. Some results of this parameter study 
are given in fig. 2.1. and fig. 2.2. 

In fig. 2.1. the arising maximum tangential stress as function of the wall 
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thickness d is given for a range of pressure pulse heights p and pulse 
length t . 
In fig. 2.2. which is derived from fig. 2.1., the wall thickness is re
lated to the allowable pressure pulse height p for given pulse length and 
allowable stress limit S (in this case S = 0.7 о ). 

u 
Assuming S = 300 MPa the minimum required wall thickness of the NET-II 
blanket module range from 4 mm for inert coolant condition upto 10 mm for 
extreme pressure spikes of 200 bar and 10 ms duration. For moderate 
pressure pulses of about 150 bar the wall thickness should be 6 mm. 
Similar results have been found from plotting the maximum tangential 
strain as function of wall thickness. Nearly the same nomogram as fig. 
2.2. was found replacing S » 300 MPa by e = 5% and S * i»00 MPa by 
e » 10%, respectively. 
The evaluation as discussed so far was based on elastoplastic calcula
tions assuming a stress-strain curve of stainless steel which was 
partly taken from ASME [2.5] being representative for unirradiated 
stainless steel AISI316 at temperature of 350°C. However, the actual 
ótress-strain curve depends on irradiation history [2.6] and strain rate 

conditions [2.7]. Therefore, a comparison have been made of the wall 

response using different stress-strain curves. It was concluded from 

the calculations on a cylinder subjected to a pressure-step loading 

that materials with higher yield point 0 are favourable with respect to 

arising strain, but with respect to arising stress a higher due* '.lity, 

this means a higher value of ultimate tensile strength 0 is more pro

fitable, i.e. the ratio maximum arising stress/allowable stress is lower 

the higher the tensile strength. 

More details of this work can be found in [2.8] and [2.9]. 

2.2. Thermal response of bare and coated stainless steel under plasma 

disruption conditions 

The protection of the first wall of a Tokamak reactor against high heat 

loads is meeting increased interest since new publications and renewed 

discussion on plasma disruptions [2.10] which shows that the disruption 

time for NET might be much shorter than assumed so far (2 ms instead of 20 

тз). In our previous analysis of bare stainless steel exposed to mild and 
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severe plasma disruptions [2.11] disruption times of 20 ms and 5 ms have 
been considered. Now we have extended the calculations to 2 ms disruption 
time and to first wall concepts where the plasma facing side is coated 
with high-melting thermal shock-resistant material. Graphite, SiC and Tic 
ceramics are the favourable coatings [2.12]. Also Be has been proposed, 
especially for limiter tiles [2.13]. 
In a new analysis, performed with the code MARC [2.14], the effect of 
coating thickness on surface evaporation and on the capability of 
protecting the base material (AISI 316) from melting under several 
disruption conditions has been analysed. 
Fig. 2.3 and fig, 2.4 show the surface effect of graphite coating on 
stainless steel as function of coating thickness for 2 disruption 
scenarios, respectively. For the thicker coating (fig. 2.3). necessary to 
cope with severe disruptions, the surface effects are nearly independent 
of coating thickness. This is according to the fact that the thermal 
penetration depth of graphite for a 20 ms disruption is *1 mm. 
For thinner coatings (fig. 2.4) especially the surface evaporation depends 
on coating thickness. The minimum required coating thickness in order to 
prevent the underlying base material from melting (for SS316 the melting 
point T = 1420°C) is given in fig. 2.5 for graphite and in fig. 2.6 for 
SiC respectively, and is strongly related to disruption energy density and 
disruption time. 
To cope with a wide range of disruption times the minimum required 
thickness of the graphite coating should be 130 ym per 100 J/cm2 of 
expected energy density. 
For the other coatings this value was found to be 50 vim (SiC), 100 um 
(TiC), and 50 um (Be), equally per 100 J/cm2 of expected energy density. 
In fig. 2.5 and fig. 2.6 also the surface evaporation б is given which 
shows that per disruption event the evaporated layer is about one order 
less than the corresponding coating thickness. But it is also clear that 
the number of disruption events the coated wall might withstand is 
limited. Firm data cannot be given at the moment. 
Another activity, recently initiated at ECN, 1з the demonstration of the 
capability of a Nd-YAG laser device to simulate the energy deposition of 
a plasma disruption on stainless steel and vanadium alloys. With 
subsequent fatigue tests the effects of the thermal shocks on the 
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life-time of the first wall will then be analysed. The observations on the 
first series of experiments are discussed in section 6 and have also been 
presented at the IAEA Technical Committee Meeting on "Lifetime Predictions 
for the First Wall and Blanket Structure of Fusion Reactors", held in 
Karlsruhe, November 1985 [2.15]. 
The physical model as described above is being applied to analyse the 
observed behaviour. Two-dimensional axial-symmetric calculations on 
specimens of stainless steel, vanadium alloy, aluminiim and copper has 
been performed for different laser beam conditions as ceposition energy, 
deposition time, frequency and beam shape. One example is given in fig. 
2.7. It illustrates the effect of energy density on melting front 
formation in stainless steel for a flat laser beam with a beam diameter of 
2 mm and a pulse length of 20 ms. By comparing the experimental 
observations with the calculations it has been shown that the flat beam 
assumption of the multi-mode laser beam device is reasonable accurate. A 
more detailed analytical and experimental program will be carried out in 
1986. 

2.3. References 

[2.1] Elen, J.D. (сотр.), Fusion Technology Program; Semi-Annual Report, 
July-December 1981, ECN-report 177, November 1985. 

[2.2] Kottowski, H.M., "Interaction of Eutectic LiPb and water with 
respect to safety aspects in the fusion reactor blanket", Proc. 13th 
Symp. on Fusion Technology, Varese, September 1981. 

[2.3] Kottowski, H.M., and V. Renda (JRC-Ispra), private communication. 
[2.1] PISCES-2 DELK, User manual to solve dynamic structural fluid-flow 

and fluid-solid interaction problems", PISCES International Corp. 
[2.5] ASME Boiler and Pressure Vessel Code, Section III, N17 (1980), 

Fig. T-1800-B1. 
[2.6] Johnson, G.D., ASTM-STP 725 (1981), p.393-
[2.7] Albertini.C, ASTM-STP 683 (1979), p. 516. 
[2.8] Klippel, H.Th., Dynamic Response of INTOR/NET Blankets after Coolant 

Tube Rupture", Proc. 8th Int. Conf. Struct. Mech. In Reactor 
Technology, Brussels, August 1985. 

[2.9] Klippel, H.Th., Numerical Analysis of the Dynamic Response of 
Water-Cooled Liquid-LiPb Breeder Blankets to Coolant Tube Rupture 
(ECN-85-111), paper to be published in Nucl. Eng. and Design/Fusion 
1986. 
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[2.10] INTOR Workshop phase IIA (part 2), Workshop meetings 1984-1985. 

[2.11] Klippel, H.Th., "The thermal response of the first wall of a fusion 

reactor blanket to plasma disruptions", ECN-report 137, Sept. 1983. 

[2.12] Dupouy, J.M., Materials requirements for protection of the first 

wall of NET, private communication (note NET/IN/85-24), Febr. 1985. 

[2.13] Watson, R.D. et al., "Thermal Shock Behaviour of Beryllium Limiters 

in Tokamak Fusion Devices", Proc. 8th Int. Conf. on Struct. Mech. 

In Reactor Techn., Brussels, Aug. 1985. 

[2.14] MARC-CDC, Finite Element Structural Analysis Code, MARC Analysis 

Research Corporation. 

[2.15] Klippel, H.Th., B. van der Schaaf, W. van Witzenburg, "Thermal 

shock effects on type 316L austonic steel and vanadium base 

alloys", (ECN-85-186), paper presented at the IAEA Technical 

Committee Meeting on Life-time Predictions for the First Wall and 

Blanket Structure of Fusion Reactors", Karlsruhe, November 5-7, 

1985. 
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Fi>. •'.. i maximum tangential stress in NET-II module 
(D=20 cm, p =80 bar) from pressure step source 

with additional pressure pulse. 
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Fig. 2.3. graphite coating on ss316 
effect of coating thickness on max imum surface 

temperature, thermal penetration depth, and 
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Fig. 2.5. graphite coating on ss316 
min imum required coating thickness to prevent 

steel melting as function of plasma energy E 
and of plasma disruption t ime тл. 
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Fig. 2.7. Depth of melting front for flat laser beam 
(beam diameter 2 mm, pulselength 20 ms) 
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3. NUCLEAR DATA FOR FUSION REACTORS (H. Gruppelaar) 

This work is directed to the comple' ion of tl-.e European Fusion File (EFF' 

of which the file-management is performed at ECN, Petten. The first 

version of this file (EFF-1) has be ?n assembled. A status report 

of the project is given in Sect. 3-'- and - in a more extended 

report - in Ref. [3.1]. The revision of the lead file is presented 

in Sect. 3-2. The EFF-1 file has been distributed to a few European labo

ratories in order to process the file into multi-group constants. 

The status of the processing codes developed at Petten [3.2] and of the 

GEFF-project is presented in Sect. 3-3- Finally, Sect. 3-1*. gives a short 

survey of ECN publications and reports [3-3~3.10] on nuclear models and 

codes, developed for the purpose of evaluation of nuclear data for fusion 

reactors. Some work for the second phase of the project (EFF-2) has been 

started after the last B2 meeting held at CBNM, Geel, in March 1985. 

Other work on fusion nuclear data concerns a study on activation cross 

sections in cooperation with JRC-Ispra. The results of this study will be 

reported elsewhere. 

3.1. Status of EFF-1 (H. Gruppelaar) 

In 1985 the EFF-1 data library has been assembled at Petten. It consists 

of the following 2k materials, important in neutron-transport 

calculations: H, D, T, 6Li, 7Li, Be, "Be, "Be, C, Al, Si, Ti, V, Cr, Mn, 

Fe, Ni, Zr, Nb, Mo, Ba, W, Pb and Bi. The format of EFF-1 is that of 

ENDF/B-V, with the addition of file MF6 of ENDF-VI for the reaction types 

MT 10, 16, 17 and 91. Furthermore, the gas-production cross sections (MT 

203_207) and the neutron-disappearance cross sections (MT101) have been 

added. The file contains 16 evaluations that are different from ENDF/B-IV, 

which is still frequently used for neutronics calculations. Besides the 

evaluations that were taken from the "Joint Evaluated File" JEF-1, the 

following replacements were made: 

(1) For Be and 7Li two recent Los Alamos evaluations have been adopted. 

The tritium production cross section 7Li(n,n't) is in fair agreement 

with a recent revision of the ENDF/B-IV cross sections performed by 

B. Goei et al. (KfK, Karlsruhe). 
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(.1) A revision of the ENDF/B-IV evaluations for Al and Si, in view of 

their inportance in ceramic breeder materials, has been performed 

at ENEA-Bologna. 

(3) The ENDF/B-IV lead evaluation has been revised at ECN, Petten, see 

Sect. 3.?. 

Two versions of the file are available: one in a strictly pointwise re

presentation and one in which the resolved-resonance range is described by 

parameters. A status report on the EFF-project has been given at a 

symposium at Bonn [3.1]. Further documentation of the file is given in 

the restricted-distribution report series EFF-Doc, issued by ECN, Petten. 

The last of these reports contain the proceedings of a meeting held at 

CBNM-Geel on Nuclear Data for Fusion Neutronics in March 1985 (EFF-Doc-

8,9). A first version of EFF-1 has been distributed to some European (EC) 

laboratories in order to perform multigroup-constant calculations, see 

Sect. 3-3-

3-2. Revision of the lead cross sections for EFF-1 (H. Gruppelaar, 

D. Nierop) 

The ENDF/B-IV lead evaluation has been revised with respect to the 

continuum part of the inelastic scattering and the (n,2n) and (n,3n) 

reactions. The sum of the cross sections for the above-mentioned reactions 

was not altered, but the division between (n,n'), (n,2n),(n,3n) has become 

quite different as is shown in Fig. 3.1. These (preliminary) results are 

based upon model calculations and recent experimental data. The (n,2n) 

data of Fréhaut et al. [3.11] show that the ENDF/B-IV evaluation for this 

cross section is too high upto about 14 MeV. This was confirmed by model 

calculations with the exciton-model code GRYPHON [3.7], recently developed 

at ECN from its ancestor PRANG, see Sect. 3.4. At about 14.5 MeV the 

calculated ratio o(n,2n) to o(n,n') is sensitive to the shape of the total 

neutron-emission spectrum that has been measured by a few authors 

[3.12-14], see Fig. 3.2. In the precompound-model this shape is determined 

by the values of the average transition matrix <M*> occurring in the 

internal transition rates. In GRYPHON this quantity is related to the mean 

free path, which can be adjusted with a multiplier к [3.7]. It occurred 
that for k=1.5 a reasonable good fit was obtained with the data of [3.12] 
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upto about 6 MeV; at higher emission energies the structure effects in the 
experimental data make such a comparison difficult, see Fig. 3-2. These 
calculations lead to the revised (n,2n) cross sections, shown in Fig. 3.1, 
which are about one standard deviation above the data of Fréhaut et al. 
[3-11]. The evaluated neutron emission spectrum is given in Fig. 3-2. It 

is in agreement with data of Refs. [3-12-14], except near 6 MeV, where the 

IRK [3-131 and Osaka results [3-14] are lower. However, the IRK data are 

uncertain at high emission energies and the Osaka results were obtained 

from a Legendre fit to results measured at various angles, corresponding 

to different incident energies ОЗ-1* to 14.3 MeV). This may lead to errors 
in the angle-integrated data. So, our estimate of the (n,2n) cross section 
14.5 MeV is about 2.1 b, in agreement with the estimate of Iwasaki et al. 
[3.15], but lower than the values suggested by Takahashi [3-16], based 
upon integral data. At energies near the threshold the evaluation follows 
the data of Fréhaut et al. [3-1 H-

The above-mentioned revision for lead also contains the energy-angle 

distributions for the neutron-emission cross sections (n,n'),(n,2n) and 

(n,3n). In addition these data are given for the continuum-particle 

emission (MT10), which in the absence of charged-particle emission is 

equal to the continuum-neutron emission. In the ENDF/B-IV evaluation the 

energy distribution of continuum emission was already somewhat adjusted to 

account for precompound effects. The present revision is mainly based upon 

model calculations; only at the highest-energy end, referring to the range 

of excitation energies from 4.4 to about 6 MeV, a manual correction was 

needed to account for structure effects in the data (discrete-elastic 

scattering is given upto 4.4 MeV). The energy spectra are in reasonably 

good agreement with the data measured at 7.5, 10 and 12 MeV [3-17]. In the 

ENDF/B-IV evaluation the angular distributions were assumed to be 

isotropic. The present revision contains anisotropic angular distributions 

calculated by the GRYPHON code for all continuum reactions. Some results 

for the total neutron-emission cross section at about 14.5 MeV are given 

in Fig. 3.3. The new double-differential cross sections at forward angles 

(Fig. 3.3a) are appreciably higher than the ENDF/B-IV data and are quite 

close to the Osaka results [3.141- At emission ernergies near 1 to 2 MeV 

the comparison between measured and calculated data is difficult, because 
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the experimental data need corrections, e.g. for multiple-scattering in 
the target (triangles) and for the conversion to the cm. system, cf. 
Seot.3-3 A more-detailed intercomparison is in progress. Previous work on 
Pb performed both .=Л ECN [3.18] and at KfK [3-19] included an integral-
data test for lead cross sections using the lead shell experiment of 
Takahashi et al. [3-16]. These data need to be re-analysed with the 
present revision of Pb cross sections. 

3.3- Processing of EFF-1 and the GEFF-project (H. Gruppelaar, D. Nierop, 

J.M. Akkermans) 

For file-handling of the EFF-1 file the existing ENDF/B-V and the 
recently developed ENDF/B-VI routines are available. For the file-
handling of energy-angle distributions [3.20] we have developed at ECN a 
code (NELIS) for lumping MF6 files. This code is useful for creating a 
natural-element data file starting from isotopic evaluations or for 
lumping various reaction types of one material (e.g. to obtain MT10). 
Furthermore, we have various options in the GROUPXS code [3-2], e.g. to 
convert MF6 Legendre coefficients from centre-of-mass to laboratory 
coordinates, to convert Legendre coefficients to an angular represen
tation, or to convert MT6 into MFU and MF5. This last-mentioned option 
is not recommended, because the coupling between energy and angle is 
lost after converting to an energy-integrated angular distribution (MFU) 
and an angle-integrated energy-distribution (MF5). 

The main tool for calculating multi-group constants from the EFF-1 
file is the NJOY-code [3-21]. However, this code should be 
supplemented with the GROUPXS code for the processing of continuum 
reactions. A full description of this code is given elsewhere [3-2]. 
Here we only mention that GROUPXS treats all possible continuum 
reactions for all possible particles, provided that the angular-
distribution is represented by Legendre coefficients. There are some 
other restrictions [3.2] for the EFF-1 data file in order to 
facilitate the computation of transfer matrices by GROUPXS. The most 
difficult part of the code is the cm. to lab. conversion that should 
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be executed first. After this conversion one has for each incident 
energy E and outgoing particle and for each emission energy E' 
the Legendre coefficients a, (E->E'. . ) for k=0 to к , where к 

ь к lab max max 
is usually larger than the maximum-order of Legendre coefficients in 
the cm. system. Next the group-to-group transfer matrices for continuum 
reactions are calculated by GROUPXS. These have to be added to those 
calculated for the elastic and discrete-inelastic scattering in order to 
obtain the total scattering matrices, used in transport calculations 
following the P -method. 
For Monte-Carlo calculations the converted Legendre coefficients can 
be expressed into angular data, again with output in the MF6-format 
of ENDF-VI. This option of GROUPXS is also useful to provide the 
basic data for 5 -type of codes. For this reason, at KfK, Karlsruhe the 
code GROUPXS has been been extended by Fischer et al. [3.22] with an 
option to calculate group constants and transfer matrices in an angular 
representation, rather than with Legendre coefficients. 
Although there are many different ways to utilize the basic EFF-1 data, it 
was thought to be useful to have one set of reference group constants de
rived from EFF-1 for P -type of calculations. Therefore, preliminary work 
has been started to obtain the GEFF-1 file, consisting of group constants 
for fusion-design calculations based upon EFF-1. The choice of the group 
structure is at present the VITAMIN-J structure with 175 neutron groups. 
The advantage of this group structure which is a combination of VITAMIN-C 
[3.23] and VITAMIN-E [3.ЗЗ], is that at present there is already an avail
able set of data based upon ENDF/B-IV and that condensation to other well-
known group structures is possible. Also, this choice is in line with on
going work to test the JEF-1 data file with shielding benchmarks. 
Actually, tno part of GEFF-1 that is based upon JEF-1 has already been 
processed by the NEA Data Bank [3.25]. The remaining part of EFF-1 will 
be processed by CEA-Sacliy, ENEA-3ologna and by IKE, Stuttgart; for lead 
ECN will take the responsibility. The data are calculated at two temper
aturen-. 300 К and 800 К. The maximum order of Legendre-polynomial ex
pansion of P5. 



З.Ц. Nuclear-models and codes (H. Gruppelaar, J.M. Akkermans, D. Nierop) 

In co-operation with the NEA Data Bank the results of the "International 
Intercomparison of Statistical Model Codes with Pre-Equilibrium Effects" 
were edited [3-3]. The conclusions of this work were reported at the 
Santa Fe meeting [3-4]. In this paper some recent results of quantum-
mechanical theories were also reviewed (cooperation with Prof. P.E. 
Hodgson, Oxford). A more extended review paper has been submitted to a 
journal [3.5]. Some fundamental differences between the hybrid and exciton 
models have been reported separately [3.6]. 

A new nuclear-model code system, called GRAPE, has been developed at ECN, 
Petten C3-7]. Its main module GRYPHON contains a number of interesting 
features such as: variable non-equidistant energy grid, consistent use of 
the "renormalized Williams formula", introduction of precompound Y-ray 
competition, multi- particle emission, angular distribution calculation, 
output in the new MF6 format of ENDF-VI. This code system has been 
published [3.7] and a magr.etic tape with the most important modules has 
been forwarded to the NEA Data Bank at Gif-sur-Yvette, France. Some 
aspects of the code system have been reported in Refs. [З.8-3.Ю]. 

In addition, a study on the spin-dependent exciton model has been per
formed. This study was partly sponsored by the International Atomic Energy 
Agency at Vienna. 
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FIGURE CAPTIONS 

Fig. 3-1. Revision of inelastic scattering, (n,2n)~ and (n,3n)-cross 
sections for Pb at energies from 7 to 20 MeV. The solid 
curves (EFF-evaluation) are compared with the ENDF/B-IV 
evaluation. The experimental data are of Fréhaut et al. [3-11] 
and Iwasaki et al. [3-7]. Graph of preliminary results [3.1C]. 

Fig. 3-2. Continuous energy spectrum of the neutron emission cross 

section of Pb at about 14.6 MeV. The solid curve represents 

the preliminary EFF evaluation, based upon GRYPHON model cal

culations [3.7] upto an emission energy of about 7 MeV. At 

higher energies, upto about 10 MeV the results of model 

calculations (dashed curve) are below the evaluated curve, to 

account for structure effects in the data. Above 10.1 MeV the 

inelastic scattering is described by the DWBA method 

(discrete-level excitation). The experimental data are given 

in Refs. [3.12] (triangles), [3.13] (squares) and [3-14] 

(circles). 

Fig. 3.3. Double-differential neutron emission cross section of Pb at 

about 14.5 MeV at forward angles (Fig. 3.3a) and at backward 

angles (Fig. 3-3b). These figures have been reproduced from the 

work of Takahashi et al. [3.14], with the addition of the pre

liminary EFF-evaluation (solid curve). The evaluated data 

should be compared with the corrected experimental points 

(triangles). The histograms represent the ENDF/B-IV evalua

tion. The new evaluation is in much better agreement with 

the data at forward angles than ENDF/B-IV, due to the intro

duction of anisotropy calculated with the precompound-model 

code GRYPHON [3-7]. Please note that the calculated curve 

still has to be converted from cm. to lab. system. The 

results are still preliminary. 
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4. Neutronic calculations for fusion reactors (K.A. Verschuur) 

The FURNACE program system that is used for neutronic calculations in 

toroidal geometry, was updated to treat the numerical problems that were 

encountered when calculating the Li17Pb83 blanket for NET. 

The program system has been made available now through the NEA Data Bank 

and RSIC [4.1]. 

The foil activations for the JET neutron diagnostics formerly calculated 

in a 2D model of the JET torus, have been recalculated in a 3D model of 

the torus for the D-shaped plasma. The results were presented at the 

3rd NCPD meeting at JET (19-21 November 1985) [4.2]. 

Calculations for the Li17Pb83 blanket in the NET-II torus geometry have 

been performed for a simplified blanket model, and reported to the NET-

team [4.3]. 

4.1. Development of the FURNACE program 

As mentioned already numerical problems were encountered with FURNACE 

when calculating the Li17Pb83 blanket for NET. These consisted of 

convergence problems for the intermediate neutron energy groups and the 

occurrence of negative fluxes in some photon energy groups. The treatment 

of the first problem was discussed in the last semi-annual report [4.4]. 

For slant incidence of the initial photons the negative flux fix-up 

applied in ANISN-PT happens to fail at large penetration depths in the 

LiPb, resulting in negative fluxes there. 

In ANISN negative fluxes can be overcome by using the mixed mode extra

polation procedure, in which case the code changes from diamond-

difference extrapolation to linear extrapolation in case the flux drop 

over a mesh interval is greater than a factor 3. 

This procedure is effective as long as the source term (external + scatter 

source) is positive. However, in the conditions mentioned negative source 

terms occur at large penetration depths, in which case the mixed mode pro

cedure worsene3 the problem instead of curing it. Therefore an extra 

condition was introduced into ANISN-PT that prevents the change to linear 

extrapolation in case of negative source terms. This measure reduced the 

occurrence of negative fluxes sufficiently for our application. In the 

LIBRA program, that transforms the ANISN-PT output files into a blanket 

library, an algorithm was introduced to test the files for occurrence of 
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negative fluxes. To prevent the occurrence of negative source terms more 
attention should be paid to the Le»endre development used for the angular 
cross sections and angular fluxes. 

4.2. Neutronic calculations for JET 

The original neutronic calculations for the neutron diagnostics at JET 
were performed to obtain information on the absolute initial activities 
of the different foils for different plasma conditions [1.5]. They were 
performed in a 2D geometry approximation of the torus, for the energy range 
from 15 MeV to 0.5 MeV. 

The main objective of the calculations performed now way to find out the 
effect of the torus heterogeneity (i.e. the presence of the concrete filled 
structure between the TF coils with the horizontal and vertical view ports) 
on the calculated initial foil activities. At the same time the data base 
was improved, and the energy range extended down to thermal energies. 

To reduce the costs for the 3D calculation, the 100 neutron groups of the 
EPR-library [4.6] have been reduced to 41 groups by flux weighting. 
The flux weighting was performed with the ANISN program using a one-
dimensional representation of the torus. 
The original two-dimensional calculations for DD and DT operation with the 
D-shaped plasma have been repeated with the new condensed data base, to 
obtain a reference for the three-dimensional results. 

A sector of the JET torus, containing two coils, the horizontal and 
vertical view ports and the concrete filled structure, was approximated 
by the geometry shown in figures 1.1a and 4.1b. The first figure gives the 
vertical cross-section through the wedge shaped structure/concrete region 
that contains the horizontal view port. 
The neutron flux spectra at the irradiation positions A and B, indicated 
in fig. 4.1b, are given in the figures 4.2 and 4.3, for a neutron yield 
of 10х* per second. 
Comparison of these spectra with the spectra at the irradiation positions 
calculated in 2D geometry [4.5] shows that the scattered fluxes above 
-20 keV are higher and the scattered fluxes below -5 keV are lower than 
in the 2D geometry, which is due to the presence of the 8 cm thick cast 
iron layer in between the coils. This spectrum shift explains the higher 
values found for the initial foil activaties in the 3D geometry, as well 
as the smaller fission rates in a,*U. See table 4.1. 
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4.3. Neutronic calculations for MET 

For the design of the breeding blankets for NET it is of interest to 

know the neutronic performance of these blankets (i.e. the effective 

breeding ratio, the spatial distribution of the nuclear heating, and 

the distribution of the radiation damage parameters) in the actual toroidal 

geometry of the machine. Using a Monte Carlo code to obtain spatial dis

tribution functions is rather expensive and time consuming. Therefore the 

FURNACE code system [4.1] was chosen, that uses an approximate discrete 

ordinates method to safe computing costs. 

FURNACE uses an onion skin type of representation for the blanket con

figurations (fig. 4.4). For the Li17Pb83 blanket the NET team has chosen 

poloidal cylindric modules. As in that case the distance between the 

modules varies along the poloidal circumference, the homogenised blanket 

zones will have specific densities that are dependent on the poloidal 

position. Therefore in the blanket model applied with FURNACE, the 

blankets should be split up in a number of poloidal blanket regions, each 

with different specific densities. As the costs of the calculation is 

proportional to the number of blanket regions, it was decided to start 

with the simplest geometry, i.e. where the inboard- and outboard blanket 

are each represented by one homogeneous blanket region (fig. 4.4). 

Calculations with a more detailed blanket description will be performed, 

after improvement of the calculation speed on the CRAY computer, by a more 

intensive application of vectorizat ion. 

The results of the calculations for the simplified geometry are presented in 

[4.2]. Examples of the spatial response distributions calculated, are given 

in the figures 4.5 up to 4.11. 

One of the main results of the calculations is, that due to the loss of 

neutrons through the divertor the breeding ratio is reduced by 14% as 

compared with the breeding ratio in the infinite cylinder approximation 

(1.17 -> 1.01), which is more than the loss in coverage (12%). 

The poloidal distributions have their maxima at the torus mid plane and 

their minima at the divertor throat, with a ratio max./min. of about 2. 

Due to the shape of the divertor there is a large poloidal variation of 

about a factor 4 for the radiation damage on the protection plate. 
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Table 4.1. 
Initial specific activities (g~-.s_1) and transmutations (g"1) for the D-shaped plasma with a neutron yield 
10ia per pulse. Comparison of 3-dimensional and 2-dimensional results. 

* 
r e a c t i o n 

5 a N i ( n . 2 n ) ( 1 ) 
6 3 C u ( n . 2 n ) ( 2 ) 
2 7 A l ( n . a ) ( 1 ) 
2 7 A l ( n , p ) ( 1 ) 
3 1 P ( n . p ) ( 3 ) 
s **Zn(n ,p) ( 4 ) 

" 7 T i ( n l P ) ( 1 ) 
2 3 8 U ( n . f ) ( 1 ) 
l l s I n ( n . n ' ) ( 1 ) 

DD o p e r a t i o n 

A ( I P P - 6 , ITP=7) 

3 - d i m . 

6 . 1 8 x l 0 2 

3.22x10** 

1 . 4 8 x l 0 3 

4 . 2 6 X 1 0 1 

8 . 1 5 x 1 0 s 

5 . 9 5 x 1 0 s 

2 - d i m . 

5 . 9 9 x l 0 2 

3.00x10** 

1 . 3 8 x l 0 3 

3 . 8 4 Х Ю 1 

7 . 0 0 x 1 0 s 

5 . 1 0 x 1 0 s 

В ( IPP-14 , ITP=>14) 

3 - d i m . 

4 . Ц Х Ю 2 

2.20x10** 

l . O l x l O 3 

2 . 9 7 Х Ю 1 

5 . 7 2 x 1 0 s 

4 . 3 1 x 1 0 s 

2 - d i m . 

3 . 9 9 x l 0 2 

2.05x10** 

9 . 4 7 x l 0 2 

2 . 6 8 Х Ю 1 

5 . 0 0 x 1 0 s 

3 . 6 9 x 1 0 s 

DT o p e r a t i o n 

A ( I P P - 6 , I T P - 7 ) 

3 - d i m . 

3 . 8 7 x l 0 2 

1 . 7 9 x l 0 6 

1.67x10** 

l . l l x l O 6 

8.56x10** 

8 . 0 0 X 1 0 3 

1 . 5 3 x l 0 2 

1 . 3 4 x 1 0 s 

3 . 3 8 x 1 0 s 

2 - d i m . 

3 . 8 6 x l 0 2 

1 . 7 7 x 1 0 s 

1.64ХЮ1* 

1 . 0 7 x 1 0 s 

8.24x10** 

7 . 7 1 x l 0 3 

1 . 4 8 x i o 2 

1 . 2 8 x 1 0 s 

3 . 0 1 x 1 0 s 

В ( I P P - 1 4 . I T P - 1 4 ) 

3 - d i m . 

2 . 6 2 x l 0 2 

1 . 2 1 x 1 0 s 

1.15x10** 

7 . 7 0 x 1 0 s 

6.06x10** 

5 . 6 3 X 1 0 3 

1 . 0 7 x l 0 2 

9 . 5 5 x 1 0 s 

2 . 6 1 x 1 0 s 

2 - d i m . 

2 . 6 2 x l 0 2 

1 . 2 1 x 1 0 s 

1.13x10** 

7 . 4 9 x 1 0 s 

5.87x10** 

5 . 4 6 x l 0 3 

1 . 0 4 x l 0 2 

9 . 1 3 x 1 0 s 

2 . 3 4 x 1 0 s 

2 3 S U ( n . f ) ( 1 ) 
2 3 8 U ( n . f ) ( 1 ) 

3 . 6 4 * 1 0 1 0 

1 . 0 9 X 1 0 9 

7 . 1 9 X 1 0 1 0 

9 . 3 3 X 1 0 8 

3 . 3 2 x l 0 1 0 

7 . 7 6 x 1 0 е 

6 . 4 Ó X 1 0 1 0 

6 . 6 7 x 1 0 s 

3 . 6 5 x l 0 1 0 

1 . 7 9 x l 0 9 

7 . 4 1 Х Ю 1 0 

1 . 7 1 x i 0 9 

3 . 2 9 x l 0 1 0 

1 . 2 7 Х Ю 9 

6 . 5 6 x l 0 1 0 

1 . 2 2 x l 0 9 

data from ENDF-B/V (1), JENDL-2 (2), IRDF-82 (3) and JEF-1B (4). 
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fig. 4.1a. Vertical cross section 
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fig. 4.1b. Top view of inner 
surface of JET torus. 

fig. 4.2. Neutron flux spectra 
at detector positions, 
in 3D repr. of torus. 
DD-piasma (JET) 

Fig. 4.3. Neutron flux spectra 
at detector positions, 
in 3D repr. of torus. 
DT-plasma (JET) 
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Fig. 4.5. Tritium Breeding Rate 
per unit first—wall surface, 

poloidal distribution, 
per zone and sum over zones. 
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Fig. 4.7. Tritium Breeding Rate 
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in Outer Blanket, 

radial distribution 
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5. RADIATION DAMAGE OF VANADIUM ALLOYS (W. van Witzenburg) 

5.1. Materials 

About 5 kg of the alloy V~3Ti-1Si was produced by arc-melting 

(Metallgesellschaft, Frankfurt) and delivered to ECN early 1985. 

This is one of the two alloys to be investigated in the second phase 

of this project involving post-irradiation fatigue crack growth 

measurements. One third of this material was doped with 150 appm 

boron-10, which is one way of obtaining the required helium along 

with displacement damage during fission neutron irradiation. Buttons 

of this material were reduced in thickness from - 16 mm to 7 mm by 

hot-rolling at 1300 °C while encapsulated in stainless steel sheets 

for corrosion protection. Further reduction in thickness was obtained 

by cold-rolling to 2.5 and 0.5 mm respectively. The average final 

grain-size is in the range from 20 to 30 urn for both thicknesses 

following annealing at 1100 °C during one hour. The hardness 

HV5 of this material in final condition is 161 kg/mm2. The spatial 

distribution of the added boron has not yet been determined. However, 

based on previous experience with boron-doping of V-alloys [5.1], 

segregation of boron on the grain boundaries is not expected. From 

the sheets three types of specimens, shown in Fig. 5.1, were 

produced. A number of the thin specimens a and b have been implanted 

with helium at - 50 °C to 100 appm by means of the JRC cyclotron in 

Ispra. Pre-implantation with helium is an additional method of 

simulating helium production by 11* MeV fusion neutrons. 

Delivery of the second vanadium alloy, V-15Cr~5Ti, to be furnished by 

the US fusion program, is being delayed seriously. 

5.2. Irradiation of specimens 

Fabrication of the VABONA-II capsule for irradiation of fatigue crack 

growth specimens in the HFR is nearing completion. Unfortunately, 

start of the Irradiation, scheduled for January 1986, will have to 

.;ait an additional four months from the time the alloy V-15Cr-5Ti 

arrives in Petten. Specimen preparation including helium implantation 

will take about that period. This delay, on the other hand, increases 

the prospect of including specimens of different vanadium alloys from 

Culham Laboratory [5.2] in the irradiation capsule. 



5.3' Mechanical test facility 

A facility for mechanical testing of irradiated subsized specimens 

has been set up in the Hot Laboratory. Tensile testing of V-5Ti 

specimens, which were irradiated in the VABONA-I capsule, is expected 

to begin in February 1986. The reference specimens were tested about 

one year ago [5.3]. 

References 

[5.1] Fusion Technology Program Semi-Annual Report July-December 

1983, compiled by J.D. Elen, ECN-157, p. 37. 

[5.2] As discussed with Dr. J. Butterworth, Culham Laboratory, UK. 

[5.3] Fusion Technology Program Semi-Annual Report January-June 198H, 

compiled by J.D. Elen, ECN-171, p. 27. 
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6. RADIATION DAMAGE OF STAINLESS STEEL (B. van der Schaaf) 

6.1. Low cycle fatigue 

The low cycle fatigue tests on the European Reference Heat Type 316L 
in virgin and thermal control condition have been terminated. In Fig. 
6.1 the effects of test frequency on the number of cycles to failure 
for three different test temperatures are shown. At all test temper
atures 600 K, 700 К and 800 К the number of cycles to failure is 
about halved by reducing the test frequency from 0.1 Hz to 0.001 Hz. 
The trend is consistent with preliminary results presented at the 
SOFT-13 Symposium [6.1]. 

In Table 6.1 the number of cycles to failure interpolated from the 
experimental results with the Eckel [6.°Т relation: 

Nf * vk_1 - С (1) 

where Nf = number of cycles to failure; v = frequency; к and С are 
constants, are given for four frequencies. 

Table 6.1 Number of cycles to failure interpolated from experimental 
data at 600, 700 and 800 К and a total low cycle fatigue 
strain range of 1.0$. 

Test temperature T e s t frequency CHz] 
[K] 

0.0001 0.001 0.01 0.1 

600 2140 2975 4130 5430 
700 1100 1520 2100 2900 
800 505 725 1045 1500 
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From table 6.) it can also be concluded that in the temperature interval 
investigated, the number of cycles to failure is halved by an increase 
in test temperature of 100 K. There is no physical explanation readily 
available for the temperature effect. 

Further it is emphasized that the decrease in number of cycles to 
failure with decreasing frequency at 600, 700 and 800 K, has nothing 
to do with creep effects or a dependence of tensile properties on 
strain rates. The low cycle fatigue test temperatures 600 and 700 К 
are out of the creep range and 800 К creep tests show very little 
deformation. In this temperature and strain rate range the tensile 
properties are not significantly affected as observed earlier for 
unirradiated material [6.1] and in this progress report in 
paragraph 6.2. 

In Fig. 6.2 the number of cycles to failure has been plotted versus 
the test temperature for three total strain ranges. In the interval 
from 500 to 700 К the temperature effect is limited. At 800 К the 
number of cycles is reduced considerably at all strain ranges. From 
Fig. 6.2 it is also clear that for a constant temperature the number 
of cycles to failure increases with about a factor four, when re
ducing the total strain range from 1$ to 0.6$ or from 0.6? to 0.4%. 

For a constant temperature this observation is in line with Tomkins 
analysis: 

e p x N f
1 / ( 2 6 + l ) - C (?) 

where: с » plastic strain range 
N„ « number of cycles to failure 
В - dynamic strain hardening exponent 
С = constant. 

In Fig. 6.3 the relation between plastic strain range and number of 
cycles to failure is shown. Table 6.2 gives the number of cycles to 
failure interpolated with the least squares method from the logarith
mic form of equation (2). At low plastic strain ranges the 600 and 
700 К data are very close, whereas 800 К number of cycles to failure 
uiffer increasingly from 600 an 700 К data. 
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Fig. 6.1 The number of cycles to failure as-dependent on the test fre
quency. The total strain range amounts to \$ in all tests. 

10< 

£io-
о 
•-

-i 10 о > и 

10; 

10 

i 

i 

European Reference Heat 
0 Total «train range 1.0 X 
• Total «train range .6 X 
о Total «train range .4 X 

n-*--*̂ ^̂  
-4 

400 500 800 
li£: 

600 700 
TEST TEMPERATURE. К 

tijL The number of cycles to failure versus the test temperatures 
for three total strain ranges: 0.4%, 0.61 and 1.0|. 

900 



- UI -

Table 6.2. Number of cycles to failure interpolated from experimental 
data of 600, 700 and 800 К and plastic strain ranges from 
0.1$ to 0.7%. 

Test temperature Plastic strain amplitude [%] 
[K] 

0.1 0.3 0.5 0.7 

600 81500 15700 7300 4Д00 
700 85000 12600 5200 2900 
800 33600 5800 2600 1500 

After failure the fracture surfaces of the specimens have been 
studied in detail with a scanning electron microscope. The widths of 
fatigue striations have been measured as dependent of the distance 
from the rim of the fatigue specimen. In Fig. 6.ДА and В some of the 
finest respectively the broadest strations observed are shown. Usual
ly the initiation occurs on one side of the specimen and the crack 
propagates to the opposite side of the specimen with increasing 
speed, visible on the fracture surface by the increase in striation 
width, "igure 6.5 gives the observed striation width in pm versus the 
distance in mm from the fatigue specimen outer surface for tests at 
700 К with total strain ranges in the interval from 0.4% to 1.2$. 
With decreasing strain range the striation width decreases. Figure 
6.5 gives the log-log plot of striation width and distance to display 
the very fine striations observed. For another comparison the linear 
least squares slope was calculated for the striation width and dis
tance relation. This slope is indicated in Fig. 6.6 as striation 
width/distance, a dimensionless number. In Fig. 6.6 the logarithm of 
the striation width per distance is plotted versus the logarithm of 
the number of cycles to failure of specimens tested at temperatures 
of 600 to 800 K, with strain ranges of 0.4$ to 1.2$ and strain rates 
from 10 5 з"1 to 10~3 s"1. The majority of data fits very well to one 
straight line giving the impression that in this parameter window 
there is only one crack propagation mechanism. 
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Fig. 6.3 The number of cycles to failure versus the plastic strain am
plitude for three test temperatures. 

А В 
Ftp. 6.4A Fine striations, width about 0.15 ym, observed on the frac

ture surface of a specimen subjected to 0.6$ total strain 
range at 600 K. 

Fi.r- ft-^B Coarse striations, width about 9.0 um, observed on the 
fracture surface of a specimen subjected to 0.6J total 
strain range of 600 K. 
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Fi8- 6'5 The measured striation width versus the distance of observa
tion for the specimen outer surface. 
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In a study on fatigue and crack growth presented at the Workshop on 
"The Relation between Mechanical Properties and Microstructure under 
fusion irradiation conditions", Ebelloft, Denmark, 1985 [6.1] the 
properties of Type 316 relevant for application in the first wall and 
blanket structures of NET are reviewed. 

Most of the presently available post-irradiation fatigue and crack 
propagation experiments are carried out at temperatures over 750 K, 
whereas for NET the properties in the range of 500 К to 850 К are 
needed. Further, the loading pattern, frequency and helium to dpa 
ratio of the first wall are expected to be beyond the range of test 
parameters applied so far. There is no particular variety of Type 
316 steel that is clearly fatigue resistant, though addition of 0.3Ï 
Ti has some promise. 

The understanding of the basic mechanisms is so specific that gener

alizations required for extrapolations in life prediction are not 

allowed. The most urgently needed information has been identified. 

Post-irradiation low frequency fatigue and crack growth measurements 

including compressive hold-times are required. Comparison of iso

thermal strain controlled fatigue testing with relevant thermal 

fatigue cycles is also essential. The present discrepancies between 

"in-beam", "in-pile" and post-irradiation results need a sound 

physical explanation. The mechanical property trends have to be 

explained from physical principles in order to reduce the present un

certainties in life-time predictions. 

One aspect addressed in the study is the high cycle fatigue character 

of the NET wall loading. Since high cycle fatigue is controlled by 

initiation a lot of fatigue data from breeder research cannot be used 

straightforward. Figure 6.7 clearly indicates for fatigue tests at 

700 К in the total strain range from 0.Ц% to 1.2% that with increas
ing cycle number the propagation controlled life changes into an 
initiation controlled life. 
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Figure 6.7 was made by integrating the relation given by Tomkins 
[6.33: 

Ш = C x a (3) 
dN 

where: da = striation width 
N = number of cycles 
С = constant 
a = length of main crack. 

a 
ln_S a 

N = _ _ £ (U) 

where: a = final crack length 

a = starter crack length. 

Since a and a cannot be determined very accurately from fractro-

graphy the calculations only produce a rough estimate of the number 

of cycles for crack propagation. Further it is assumed that one cycle 

produces one striation, which might not be completely true for the 

highest cycle numbers. Still the calculated initiation fraction line 

trend is very clear. Fatigue lives over 10,000 cycles include a 

maximum propagation stage of 50Ï. For long first wall lifes high 

cycle design rules which suppress crack initiation must be applied. 

6.2. Tensile testing 

Tensile specimens irradiated in the range from 675 К to 825 К to 5 
dpa and 40 appm helium have been tested at temperatures in the range 
from 500-900 К with strain rates from 10~6 s~1 to 10-2 s~1. 

In Fig. 6.8 the 0.2J yield stress (Yg) and the ultimate tensile 
strength (UTS) of the European Reference Heat have been plotted 
versus the test temperature. In the figure the tensile results of 
five different strain rates are given. Both the irradiated (solid 
line) and unirradiated (interrupted line) trend lines are given. The 
data on 0.2* yield stress and UTS are also given in Table 6.3. 
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fatigue process in Type 316 the European Reference Heat 
tested at 700 K. 

Fig. 

600 700 
TEMPERATURE. К 

±£ The 0.2 Yield Stress (YS) and Ultimate Tensile Stress (UTS) 
of unirradiated and irradiated Type 316L steel at different 
strain rates versus the test temperature. The trend lines 
for each material condition are shown. 
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Table 6.3. The 0.2? yield stress and ultimate tensile strength 
(in MPa) of the European Referece Heat in irradiated and 
unirradiated condition. 

Test Condi- Tensile strain rate [s ] 
temp. tion 10~6 10~5 10~Ц 10_3 Ю - 2 

[К] 0.2JYS UTS 0.2JYS UTS 0.2ÏYS UTS 0.2*YS UTS 0.2%YS UTS 

500 

600 

700 

800 

900 

unirr. 

irrad. 

unirr. 

irrad. 

unirr. 

irrad. 

unirr. 

irrad. 

unirr. 

irrad. 

-

238 

162 

294 

154 

221 

110 

-

-

142 

-

5̂ 9 

512 

583 

500 

537 

408 

-

-

252 

164 

-

155 

-

132 

-

130 

-

-

-

484 

-

492 

-

490 

-

420 

-

-

-

-

263 

-

314 

-

234 

-

161 

-

148 

-

537 

-

551 

-

527 

-

454 

-

348 

170 

-

158 

-

145 

-

126 

-

-

-

469 

-

460 

-

460 

-

428 

-

-

-

186 

270 

152 

306 

142 

241 

130 

157 

-

148 

469 

535 

455 

529 

442 

501 

419 

434 

-

394 

In Fig. 6.8 it is clearly shown that the UTS of the irradiated 

material is about 50 MPa higher for test temperature of 500 to 700 K. 

At 800 К the UTS of irradiated and unirradiated material is similar. 
The effect of strain rate on UTS is negligible except for testing at 
900 К with the lowest strain rate of 10 s . In the latter case the 
test duration is 48 hrs, comparable to a short creep rupture time. 
The 0.2? yieJd stress also shows little dependence on strain rate. 
The difference between yield stresses in unirradiated and irradiated 
condition goes from 60 MPa at 500 К through a maximum difference of 
150 MPa at 600 К to a negligible difference at 800 K. The irradiation 
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hardening by displacement damage is thus at its maximum at 600 K, 
where the 0.2$ yield stress in irradiated condition is the double of 
the unirradiated value. 

In Fig. 6.9 the uniform and total elongations going with the test 
results shown in Fig. 6.8 а~э given. The data are also presented in 
Table 6.4. 

Table 6.4. The uniform and total elongation (in %) of the European 
Reference Heat in irradiated and unirradiated condition. 

Test Condi- Tensile strain rate s 
temp, tion 10~6 10~5 Ю - 4 10~3 10~2 

[K] Unif. Total Unif. Total Unif. Total Unif. Total Unif. Total 

500 unirr. - - 19.6 48.0 - 20 45.5 19.4 44.7 
irrad. 32.0 40.5 - - 30.5 38.8 - - 3 1 . 7 40 

600 unirr. 20.3 44.0 20.6 44.9 - - 19.8 41.4 19.4 41.6 
irrad. 30.0 36.5 - - 25-4 32.3 - - 25.4 32.8 

700 unirr. 20.2 40.8 - 47.1 - - 19.9 41.2 17.6 40.3 
irrad. 34.0 37.5 - - 31.8 38.0 - - 28.1 35.0 

800 unirr. 16.2 42.2 20.6 44.5 - - 19.1 41.8 18.6 39.4 
irrad. - 35.1 42.0 - 31-3 37.0 

900 unirr. - - - - - - - - - -
irrad. 14.8 17.5 - - 37.5 43.8 - - 29.1 37.0 
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The total elongation of irradiated material is lower than that of un
irradiated material. Whereas the unirradiated condition shows elon
gations between 42-^8% from 500-800 K, the irradiated condition goes 
from a maximum of about 40% (at 500 K) through a minimum of about 32% 
at 600 K. The uniform elongation of irradiated material follows the 
trend of the total elongation but at an 8% lower level. In unirra
diated condition the uniform elongation is a fairly constant 20?, 
thus in the irradiated condition the uniform elongation is 10$ higher 
than in unirradiated condition. The deformation in irradiated con
dition is more uniform. Local deformation, necking, occurs at a later 
siage with materials irradiated to about 5 dpa in the temperature 
interval of 500 to 800 K. 

Significant strain rate effects have only been observed at 900 К for 
—A — i the irradiated condition at a strain rate of 10 s .In this 

creep-test like tensile experiment the uniform and total elongation 
are reduced from values of around 40% to values of around 17%. It is 
expected that at this temperature helium embrittlement affects the 
ductility. Microscopy will be performed to corroborate this assump
tion. 

In support of the investigations on helium effects samples have been 
cut from creep tested specimens. The results of the creep tests were 
presented on the basis of calculated He-contents. Rockwell Interna
tional Cy have performed duplicate mass spectrometric helium analyses 
on the irradiated sample. The results of those chemical analyses are 
given with the calculated values in Table 6.5. The differences 
between calculated and measured helium content are satisfactorily 
small, especially considering the very low helium contents generated 
in some of the samples incorporated in the series. 
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Table 6.5. Calculated and measured helium content in appm of low dose 
irradiated creep specimens of the European Reference Heat. 

Sample 

Measured 

C a l c u l a t e d 

1393 

0.001 

0.0012 

1404 

0.002 

0.0024 

1413 

0.015 

0.016 

1432 

0.15 

0.16 

1448 

1.5 

1.5 

1449 

11.3 

10.9 

The helium content in the tensile specimens has been calculated to be 
40 appm. It can thus be concluded that for the European Reference 
Heat, irradiated to 5 dpa and 40 appm helium, helium embrittlement 
can be expected at 900 К when subjected to low, slower than 10 s , 
strain rates. In two years time additional tensile tests on the Euro
pean Reference Heat with 10 dpa and 150 appm helium will be carried 
out to check on higher dose and helium level effects. 

6.3- Thermal shock effects 

Under abnormal conditions magnetically confined plasma can disrupt 
and hit the first wall. The unshielded structural alloy of the wall 
will then partially melt, evaporate and show crack initiation and 
propagation by the imposed high thermal stresses. Depending on the 
frequency and location of occurrence, the life-time of the first wall 
will be affected. 

At the IAEA Technical Committee Meeting on "Life-time Predictions for 
the First Wall and Blanket Structure of Fusion Reactors" on November 
5_7, 1985 in Karlsruhe, a paper [6.6] has been presented on thermal 
shock effects on the surface of plate from the 316L European Refer
ence Heat and V-1Cr-0.1Ti alloy. Thermal shocks were generated by a 
laser beam with energy pulses of 20 J. Pulse length, frequency and 
number were varied with energy densities in the range of 2 MJ.m to 

-2 10 MJ.m per pulse, which is the range expected for plasma disrup-
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tions. With increasing number of pulses both steel and V increasingly 
evaporate. Short pulse durations promote evaporation. In and under
neath melt layers intergranular cracks develop, in Fig. 6.10A and 
6.10B a metallographic section of a laser induced melting layer is 
shown. The figure also shows that the heat-affected zone under the 
melt layer shows decorated grain boundaries indicating potential 
crack initiations. 

Additionally specimens were subjected to low cycle fatigue at 700 К 
with total strain ranges of 0.4J, 0.6Ï and 1.0Ц, with a strain rate 
of 10 ̂  s (triangular wave form R = -1). In Fig. 6.11 the number of 
cycles measured for thermal shocked steel can be compared with fa
tigue properties of virgin material under identical test conditions. 
It can be concluded that with decreasing total strain amplitude the 
effect of melt layers on fatigue endurance increases. With decreas
ing total strain amplitude the high cycle fatigue mechanism grows in 
importance. The crack initiation phase becomes fatigue life control
ling. The presence of cracks in melt layers or weakened grain bounda
ries in the heat-affected zone reduces the duration of the initiation 
phase considerably. This is evident from fractography of the fatigue 
specimens. 

In conclusion it can be stated that laser beam welding equipment 
provides parameter ranges quite suitable for disruption simulation 
work. The differences between Type 316 and vanadium alloys are only 
quantitative. Both suffer from cracks unde" melt layers, but vana
dium shows this after a factor of 10 more thermal shocks. The re
duction in low cycle fatigue life of thermally shocked Type 316 
austenitic steel is considerable. For the low strain amplitudes, 
where initiation controls fatigue life, the reduction in number of 
cycles to failure can be ten or more. 

Fatigue experimental work should be aimed at the creation of layers, 
which shall prevent both melting and intergranular crack formation in 
heat-affected zones. Nevertheless study of crack growth properties io 
required to determine the threshold stress intensity values. 
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Fig. 6.9 The uniform and total elongation of unirradiated and irradia
ted Type 316L steel at different strain rates versus the test 
temperature. The trend lines for each material condition are 
indicated. Observe that at 900 К for a strain rate of 10-' 
s-1 both the uniform and total elongation of the irradiated 
condition drop to a value of about 16%. 

20 ms pulse 
duration 

20 J pulse 
Out of focus 

Fig. 

&•!QA Metallographic section of a laser beam induced melt layer 
including an interdendritic crack in stainless steel. 

ft.t°B Magnification of the fusion zone: the boundary between melt 
layer and base metal. The boundary is heat-affected. 
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6.Ц. Characterization of the European Reference Heat and its electron 
beam weldments 

For the production of electron beam weldments and other specimens 
additional plates of the European Reference Heat were received. These 
plates have been thoroughly characterized by optical microscopy. Also 
the ferrite content has been measured. It was found that the grain 
size has a bimodal character. The mean grain diameter decreases from 
the outside of the late to the centre, Fig. 6.12A. The mean grain 
size on the outside has about twice the value of the centre-line. The 
ferrite volume percentage is given in Fig. 6.12A. On the outside 
surface no ferrite can be observed whereas from 5 mm under the 
surface to the centre the ferrite content rapidly increases to about 
1.4$. The ferrite shows a stringer like morphology in the centre 
plane of the plate. The 50 N Vickers hardness shows a slight decrease 
from about 1600 MPa near the surface to about 1400 MPa, 10 mm under 
the plate surface. No carbide precipitation was observed on grain 
interfaces. 

From the 30 mm thick plates 8 mm thick plates were machined. Prior to 
electron beam welding the flatness of the plates was measured. The 
electron beam weldments were made in one pass with the key-hole 
method; no filler metal was applied. All weldments 3000 mm were 
X-rayed and classified as weld quality 1 according to IIW standards. 
All weldments were penetrant checked and accepted. 

The weld metal has a maximum width of 2 mm. Optical microscopy has 
revealed that the heat-affected zone never exceeds a width of 20 ym. 
In the heat-affected zone ferrite has been found on grain boundaries, 
Fig. 6.13- The ferrite percentage is hard to measure, because of the 
small volumes involved. The maximum value observed is 3.7$. 

The production of tensile, creep and fatigue specimens for 10 dpa 
irradiation is nearing completion. 115 specimens have been manufac
tured. 
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Fig. 6.13. F e r r i t e on grain boundaries near the fusion l i n e of the 
electron beam weldment (the l e f t s ide of the photo i s the 
fusion l i n e ) . 
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7. FACILITY FOR IN-PIL.E CRACK GROWTH MEASUREMENTS (D. de Zaaijer) 

Introduction 

At the end of this year two fully instrumented samples have been 

tested under dynamic conditions, one in air at ambient temperature 

and the other one in sodium at a temperature of 723 K, to investigate 

the validity of the crack growth measuring methods proposed in the 

design study [7.1]. 

Test sample 

A number of samples with small holes and bridges has been manufac

tured. The bridges are necessary to facilitate high frequency 

soldering of minitubes in the small holes at two sides of the sample. 

The accurate position of the holes was determined by neutronradiogra-

phy at the LFR. For contrast reason the holes were filled with 

gadolinium nitrate. 

Double containment with measuring equipment 

A double containment with heaters (figure 7.1) has been designed and 

manufactured. The CT sample in this containment (figures 7.2 and 7.3) 

has been provided with a miniature displacement transducer, mini tubes 

at one side and thermocouples without hot junctions at the other 

side, to enable testing of the complience-, pneumatic- and sodium 

detection methods [7.1]. 

Electronic equipment has been designed and manufactured for measuring 

all signals, especially the pressure drop in the pneumatic system. 

Data collection and treatment 

To collect the data for further evaluation a computer program has 

been developed and tested. 

Crack growth measuring 

At the end of 1985 one fully instrumented sample has been teeted un

der realistic conditions in a sodium environment at a temperature of 

723 K, preceded by at test at ambient temperature. 

The test conditions and results will be reported in the beginning of 

1986. 
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Figure 7.1 : Inner part of the double containment with heaters. 
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Figure 7.2 : The CT sample inside the inner part of the double containment 
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Figure 7.3 : Detail showing the CT sample with mini tubes, thermocouples 
and miniature displacement transducer inside the inner part 
of the double rontaiment. 
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8. NIOBIUM-TIN MAGNET FOR SULTAN (J.A. Roeterdink) 

Within the framework of the SULTAN cooperation (SIN, ENEA and ECN) an 

extension of the SULTAN-facility at Villigen (CH) from 8 Tesla up to 

12 Tesla is planned. 

As described in ref. [8.1] the ECN 12 T insert magnet will be part of 

a system that will comprise ultimately 5 superconducting coils. In 

Phase I of the SULTAN project, which was concluded at the end of 1983 

a system of 2 coils, delivered by ENEA and ECN came into operation. 

The design of this magnet system has been described in [8.2;8.3]. As 

described in [8.4] the ECN conductor for the present project will be 

made from Nb,Sn material produced by the ECN powder process. The ma

terial ordered at the end of 1984 is nearly available at the end of 

1985. Critical current testing on the available strand material 

learned that the mean value of all samples tested is at the specified 
2 

value of 445 A/mm at 12.2 T and 4.2 K; because there is some scatter 

in the test results part of the batch is below the specified value. 

Figure 8.1 gives the distribution of the current densities as they 

were measured. In the ECN view it was not justified to reduce the 

existing margins since this could jeopardize the common project goal 

of 12T. Therefore the amount of superconductor in the composite con

ductor has been increased with 12.5$ by increasing the number of 

strands in the cable frem 32 to 36. 

The pre-reacted conductor as it is now, is given in figure 8.2. It 

consists of above-mentioned Rutherford cable surrounded by helium 

coolant tubes and copper stabilizer strips. To increase the mechan

ical strength stainless steel strips of 0.8 mm thickness are placed 

on top and bottom of the copper parts. All components are soldered 

together by soft solder material. The stainless steel strips are 

pre-tinned. 

Conductor assembly will take place in ECN laboratories. Within the 

assembly process three distinct steps can be discerned. 
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First step is the manufacturing of the Rutherford cable; for this 
cabling process a modified braiding machine will be used in combina
tion with a Turk's head. Preliminary cabling experiments [8.5] showed 
that degradation due to cabling can be limited to a moderate amount 
by the adoption of some "design rules". 

Second step is the diffusion reaction of the superconducting ma
terial. The cable will be heat-treated for 96h at 700 °C in argon at
mosphere. During heat treatment the cable will be placed in a sealed 
box having its own controlled atmosphere. For this heat treatment the 
cable will be wound in a single pancake geometry. The inner diameter 
of the pancake will be 1.25 m. Graphite tape will be used as inter-
layer material to avoid sticking of the cable. 

Third step of the assembly process is the soldering process, in which 
all components are soldered together by soft solder. The stainless 
steel strips are pretinned at one side; flux will be used to facili
tate the soldering process. 

Equipment is available now for most of the manufacturing steps. Fig
ure 8.3 gives an impression of the soldering line for the SULTAN 12 T 
conductor. 

Prototype conductor testing learned that resistive heat dissipation 
in Nb.Sn composite conductors cannot be completely excluded under all 
circumstances. Careful evaluation of the predesign of the coil as 
described in [8.6] showed that a resistive voltage build-up in the 
high field area of 2.5 pV/m (resistivity criterion of 10 flm) would 
consume the existing temperature margin in the high field zone of 
0.5 К almost completely. This pronounced temperature increase is 
mainly due to regenerative heat effects as well between the inlet 
pancake and the remaining part of the coil as between the first and 
second layer. 

It was decided to improve the cooling conditions by splitting the 
coil in 6 double pancakes. Fresh helium is introduced in the high 
field zone of each pancake and the helium flow is in the same direc
tion as the field gradient. There will be 5 electrical joints between 
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the pancakes and 2 joints with adjacent coils. 

The provisional cooling scheme is given in figure 8.4. A supercriti
cal helium mass flow of 10 g/s enters the coil at 4.5 K; this mass 
flow is distributed over the four legs of the first two double pan
cakes, so that the conductor coolant mass flow is 2.5 g/s. Recooling 
of the helium takes place twice. 

The double pancakes are wound on a glass-epoxy cylinder beginning at 
the inner diameter (figure 8.5). There is one fixed flange and one 
loose flange, which will be placed on the cylinder after winding, 
both flanges are made of G-10 material. 

The path of the first turn of each double pancake is milled away in 
the cylinder; to avoid rotation during winding there is a notch mill
ed away in the cylinder matching a tongue soldered on the conductor. 
At this location also coolant connections are fitted; 6 coolant tubes 
are led away through grooves in the cylinder to one side of the coil. 

The individual pancake ends are electrically coupled to the other 
pancake ends by copper coupling blocks. 

Conductor ends are soldered into these copper blocks and the blocks 
are clamped together by 16 M8 bolts. The current connections with ad
jacent coils are based upon the same technique. The length of a joint 
is approximately 450 mm. During winding additional insulation will be 
placed between the individual pancakes. 

After winding the loose flange will be positioned on the cylinder and 
the coolant tubes will be fitted with insulators. Plumbing of the 
coolant connections at the outside diameter is the next step. In this 
stage the coil is ready for impregnation with epoxy-resin. After 
impregnation the coil flanges will be machined in order to have flat 
and parallel flanges. 

Design of the ECN 12 T insert coil has been reported more in detail 
in a paper presented at the 9th International Conference on Magnet 
Technology [8.6]. 
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Figure 8.:S : Soldering line for KCN SULTAN' 1:2 T conductor. 
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9. SYSTEM STUDIES FOR NET TF-COILS (J.A. Roeterdink) 

9Л1. Conductor_studies_ 

In order to assess the design implications of the use of A-15 conduc
tor materials in NET TF-coils, the NET-team drafted contracts for 
scoping studies to European laboratories. 

The SULTAN-group (SIN, ENEA, ECN) performs these scoping studies in 
close collaboration. The 1984 work was directed to the NET-II concept 
and reported in [9.1 and 9.2]. 

In 1985 local stress analysis is performed for the ECN TF-conductor 
for NET-II and is reported in this chapter. 

Regarding the conductor designs a great deal of discussions were held 
between diff ;rent labs and NET-team to come to some convergence in 
the different designs for the TF conductor. There is agreement now 
that for the present design (NET 22 B) the target for the transport 
current will be 16 kA. Main reason for this reduction in transport 
current from 20-25 kA down to 16 kA is that it will have a beneficial 
effect on as well AC-losses as development work for this type of con
ductor. These advantages have to be paid by a higher hot spot tem
perature and a higher discharge voltage during quench. Expected hot 
spot temperature will become now approximately 100 К, whereas dis
charge voltage will become approximately 9000 V. Both values are 
within the state of the art. 
ECN has adjusted their NET II conductor design in order to allow for 
the reduction in transport current. 

Detailed stress analysis Tor the NET II conductor design learned that 
spacering of the stabilizing copper works out negatively regarding 
internal stresses. Therefore it was decided to transfer for the 
NET 22B design the forces in radial direction from flat cable to 
stainless steel by hard copper, forming a completely closed layer in 
the region close to the flat cable (see Figure 9.1). To avoid an 
unacceptable high level of AC-losses in the stabilizing copper it was 
deemed necessary now to introduce highly resistive barriers in the 
copper stabilizer (mixed matrix material). 



- 77 -

Because ECN discerned a strong desire with the NET-team to fit 

TF-coils with a firm stainless steel casing the amount of stainless 

steel present in the conductor has been reduced in comparison with 

the NET II conductor in favour of the stainless steel casing. 

It has to be stressed that the 16 kA conductor design must be con-

siderd as a tentative design that will be thoroughly analysed in the 

beginning of 1986; this means that minor adjustments are still poss

ible in this period. 

Starting points for the ECN A-15 TF-conductor were: 

- Transport current of 16 kA 

- Wind after reaction heat treatment 

- Niobium-tin material according to ECN powder process 

- Forced flow conductor cooling with supercritical helium in internal 

cooling channels 

- Flat cable design 

- Coil design with single pancakes; no conductor grading 

The layout of the ECN conductor concept has been given in Fig. 9.1. 

As mentioned above a flat cable design has been made with the cable 

located in the neutral zone of the conductor in order to keep the 

bending strain as low as practically possible. 

Due to the fact that high current densities are allowable in Nb_sn 

material produced by the ECN powder process the flat cable wil have a 

low thickness (4.8 mm). As the minimum bending radius for NET 22B is 

as small as 2.04 m the resulting bending strain will be 1.15 . 10-3; 

no appreciable strain degradation will result from such a low value. 

The flat cable is composed of 24 first stage cables wrapped around an 

inconel strip (thickness 1 mm); the inconel strip is a folded strip 

with mineral insulation inside. The dimensions of the flat cable are 

25.0 x 4.8 mm2. 

The first stage cables are fabricated from 6 Nb„sn strands (diameter 

0.75 mm) cabled around a copper core (diameter 0.75 mm); after some 

compaction the outer diameter of the first stage cables will be 

2.1 mm. 

It is envisaged to have the flat cable heat-treated as a separate 

unit before the proper conductor assembly; stabilizing copper and 

stainless steel will not be affected by the heat treatment. 
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Stabilizing copper is composed of mixed matrix material; approxima

tely 70$ of this material is pure copper, whereas the remaining part 

(30$) is CuNi. 

Between stabilizing copper and flat cable a CuNi strip is present to 

reduce AC-losses. 

Six coolant channels are foreseen; the total mass flow of helium in 

the conductor is 10 g/sec. 

The conductor is reinforced with stainless steel (316 LN) having a 

thickness of 2.5 mm. 

Table 9.1 gives the characteristic data of the ECN conductor. 
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Table 9.1 Characteristic data of ECN TF-conductor 
Critical current 
Transport current 
Current density [MA/m2]=[A/mm2] 
Conductor (with insulation) 
Conductor (without insulation) 
Copper 
Strand 

Conductor dimensions 

32.0 kA at 11.0 T, 4.5 К 
16.0 kA at 11.0 T, 4.5 К 

[mm2] 
[mm ] 

(with insulation) 
Conductor dimensions (without insulation) 
Flat cable dimensions [mm ] ? Material cross sections [mm ] 

overall 
stainless steel 
niobium-tin + powder 
helium 
inconel stip with ceramic coating 
solder material 
copper 
copper-nickel 
insulation 

Conductor length per pancake [m] 
Total conductor length per TF coil [m] 

.5 

.2 

.9 

21, 
21). 
82. 
252.0 
31.6 
30.0 
4.8 

746 
235 
23 
78 
22 
24 
193 
86 
86 

784 
15680 

23.6 
22.0 
25.0 

%Ш/ушт//шу////М 
-il. 
30 

Fig . 9 .1 : ECN TF-conductor 
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9.2._Local_stress analysison the_ECN-conductor_for_NET_II_ 
(J.~KÏök) 

An important result from the global stress analysis on TF-coils for 

NET-II [9.1] is the possibility to determine critical cross sections 

and mechanical loads for a more local stress analysis. 

Two cross sections are selected (figure 9.2) of which the local 

stress distribution is studied into more detail: section I is located 

at the end of a bucking cylinder and section II is situated at the 

equatorial plane in the straight leg of the coil. 

From [9.1] it follows that due to in-plane and out-of-plane Lorentz 

forces hoop stresses (oz), with extreme values of 190 and 165 MPa for 

section I and II respectively, dominate the global stress distribu

tion. In addition, at section II, the conductors are pressed against 

the bucking cylinder, resulting in a maximum stress in x-direction 

(°x) of 65 MPa. 

Neglecting plastic material behaviour and assuming a generalized 

plane strain situation global hoop stresses (<j ) are converted into 

stresses within the conductor components (o .) via equivalent 
z, l 

quantities (law of mixtures). In figure 9.3 this is illustrated by a 

simple beam model: 

(1) 

with: 

0 
Z , l 

E i -

i » 
E -

E . 
l щ - ' °z 

i 
Young's modulus of 

equivalent Young's 

li c j Ei 

component 

modulus 

(2) 

with: a - fraction of component surface rfith respect to the total 
conductor surface 

With material properties from table 9.2 and the assumption that the 
superconducting material does not contribute to the conductor 
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stiffness in z-direction the following stresses and strains are 
calculated: 

o[MPa] : r{7.] 

stainless steel 

copper 

INCONEL 

section I 

° 2 , i 
257 
180 

257 

ez 
.129 

.129 

.129 

section II 

°*,i 
223 

156 
223 

ez 
.111 

.111 

.111 

E = 

a 

a 

a 

148 GPa 

= 
3 

= 

.53 

.26 

.03 

The effect of in-plane (x and y) loads on conductors situated near 
the bucking cylinder (section II) is studied by means of finite 
element calculations. Therefore a quarter of a conductor is modelled 
with 195,8-node plane strain elements (figure 9.*»). The corner area 
is filled up with epoxy material which makes it convenient to apply 
boundary conditions to the model. Figure 9.4 also illustrates the 
boundary conditions. Due to symmetry the upper side and right hand 
side of tne model are constrained to remain straight and parallel 
to their original orientation. These bour.̂ iry conditions are applied 
to the model by means of multi point constraint equations. Between 
the stainless steel jacket and the copper rods sliding without 
friction is permitted whereas the displacements are coupled 
perpendicular to these boundaries. 

Using material properties from table 9.2 an elastic analysis is 
performed with the code MARC [9.3]. 

In figure 9.5 deformations and stresses (o , o and о ) are pre-
x у ху 

sented. 
In x- and y-direction the extreme displacements amount to -0,006 and 
0,002 mm respectively. Like stamps copper rods are pushed into the 
jacket as well as into the superconductor which causes high local 
deformations and stresses. In the upper leg of the jacket and in the 
superconductor str."=:es can be compared qualitatively. In areas lo-



cated directly above and below the copper rods stress concentrations 
can be observed. 

Both areas are under pressure with the following extreme values: in 
the jacket о = -110 МРа, о = -65 MPa and in the superconducting x у 
cable о = -100 MPa, о = -12 MPa. Obviously, in x-direction the cop-x у 
per rods are under pressure with stress concentrations in their cor
ners. Near to the jacket boundary the extreme values for о amount to 
-200 MPa. As can be expected from the deformed conductor in-plane 
shear is concentrated in areas near the supporting copper. The dis
tribution is almost symmetrical with respect to lines in x-direction 
through the centres of each rod. Extreme values for о are -34 and 
+32 MPa both in the jacket and in the cable. 
From the in-plane stresses described above it can be concluded that a 
prescribed load in x-direction is transmitted partly through the 
copper on to the superconducting cable. In x-direction the supercon
ductor has a substantial support function. Assuming this cable be
haves like soft copper (°vield~70 MPa) plasticity will occur locally 
which might result in undesirable deformations. 

9.3. Stress analysis on a central vault geometry for NET-22B 
UT~KÏök)" 

In the former paragraph a bucking cylinder is used to support the net 

centering force on each coil. Another option is to apply a central 

vault construction in which the supporting cylinder is formed by the 

straight legs of the individual coils as depicted in figure 9.2. 

Around the winding pack a casing is constructed in order to unload 

this winding pack especially in circumferential direction. From a 

representative vault geometry for NET-TF coils a calculation model is 

generated (figure 9.6) which consists out of 56 generalized plane 

strain elements. 

Lorentz forces resulting from a toroidal field P are applied to the 
о х 

model as body forces f . [N/пг]. The load function can be directly 
derived from P by integration across the winding pack, as follows: 
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fx = If Px • I dxdy (3) 
xy 

with: P = toroidal field defined by: Px = 10.4 (1 - x/.6) [T] (4) 

I = winding pack current density: 20,9 [MA/m ] 

In z-direction a prescribed strain of .1$ is applied. 

Figure 9.6 illustrates the mesh lay-out and boundary conditions. 
Both the vertical midside plane and the plane between two coils are 
assumed to be planes of symmetry and therefore only cne half of the 
vault geometry for one coil is modelled. 

Stainless steel is assumed to behave isotropically whereas the wind
ing pack material behaves orthotropically based on nine equivalent 
elastic properties as described in an INTOR-CH study [9.1]. Ortho-
tropic properties for the winding pack are summarized in table 9.3. 
Between the casing and winding pack compatibility is maintained, so 
sliding is not permitted. An elastic analysis on this central vault 
is performed with MARC. 

In figure 9.7 the deformed vault and the in-plane stress distribu
tion is presented. From figure 9.7 it can be seen that the entire 
vault moves inwards (UyHX = .32 mm). This causes considerable press
ure in x-direction. Characteristic values for о in the winding pack 
and in the inner 'ring' of the casing are -140 and -270 MPa respect
ively. At the corner area a stress concentration in о up to -680 MPa 
can be observed. In y-direction overall stresses are small with char
acteristic values of -25 in the winding pack and -10 Mpa in the 
casing. Like о the y-stress shows a concentration in the corner of 
the casing with an extreme value of -85 MPa. In this corner in-plane 
shear is also concentrated with values up to -110 MPa. These stress 
concentrations can be explained by boundary conditions applied to the 
calculation model. Due to symmetry in y-direction the side walls of 
the casing are constrained to deforme whereas in x-direction the 
'central ring' is not constrained. Ac the centre of the winding pack 
the in-plane shear is small (oxy < -5 MPa). Between winding pack and 
casing compatibility has to be maintained which causes shear stresses 
near the boundary up to -30 MPa. 



- 84 -

Stresses (and strains) within the winding pack can be used to define 

boundary conditions for more local stress analysis (e.g. stress 

analysis on the conductor). 
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E[GPa] 
V 

stainless steel/ 
inconel 

200 
.30 

copper 

140 
.30 

super conductor 

140 
.30 

epoxy 

25 
.30 

Table 9.2: Material properties for conductor model. 

E[GPa] 

V 

G[GPa] 

stainless steel 

208 

.28 

81.25 

equivalent properties 
for winding pack 

x-dir. 

90 

xy-
plane 

.30 

20 

y-dir. 

90 

xz-
plane 

.30 

20 

z-dir. 

130 

yz-
plane 

.30 

20 

Table 9.3: Material roperties for central vault model. 
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Fig. 9.2: TF COIL 

/ 
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super conductor => VA 

copper a = .26 

Fig. 9.3: Simple beam model of conductor 
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10. Irradiation of ceramic tritium breeding materials in the 

EXOTIC 1 and 2 Experiments (H. Kwast) 

10.1. Introduction 

tor the development of solid tritium breeding materials it is 

important to investigate the tritium release characteristics and the 

factors influencing the release mechanisms. With respect to this 

in-pile tritium release experiments are essential. Sofar, a limited 

number of such experiments was carried out by ANL at Oak Ridge [10.1] 

and CEA [10.2] on lithium aluminate and by JAERI [10.3,10.4] on 

lithium oxide. These experiments indicated the influence of among 

other things the temperature, the grain size and sweep gas composi

tion. However, the number of on-line release experiments on well 

characterized material has to be increased. 

The experimental programme, EXOTIC, aims to contribute to the under

standing of the tritium release characteristics of various solid 

breeding materials. This programme is described in [10.5]. Meanwhile, 

two experiments, EXOTIC-1 and -2, have been conducted in the High 

Flux Reactor (HFR) at Petten. 

10.2. Experimental 

The samples irradiated in EXOTIC-1 and -2 were supplied by 

SCK/CEN-Mol (Li2Si03) and SNL-Springfields (Li2Si03, LiA102 and 

Li20). The SCK/CEN-samples, twelve per capsule, are annular pellets. 

The outer and inner diameter are 14 mm and 4 mm respectively. The 

SNL-capsules contained 51 specimens of six different shapes, modelled 

as closely as possible to the shapes required for the various post-

irradiation measurements, like bending stress, thermal expansion, 

thermal conductivity and permeability. 

In the first irradiation specimens were used with 0.06, 0.6 and 

7.5% "Li, whereas in EX0TIC-2 all specimens contained 0.6? *Li. 

The meta-silicate samples from SCK/CEN were made first by inti

mately wet mixing and milling of lithium-carbonate and silica [10.6]. 
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The resulting suspension is spray-dried to obtain very reactive par

ticles with a specific surface of up to 100 m2/g. This mixture is 

pre-calcined at low temperature (about ^30 °C) and in order to obtain 

a sinterable meta-silicate calcined at 550 °C. Three batches of pel

lets with different grain sizes have been made by compaction in a 

hyaraulic press and sintering [10.7]. A fourth batch of pellets has 

been prepared using a different drying technique. 

The SNL meta-silicate powders were made by calcining stoichiometric 

Si02/Li2C03 mixtures in moist C02 for 24 hours at 700 °C [10.7,10.8]. 

The preparation of Y-aluminates occurred by calcining stoichiometric 

Al203/Li2C0j mixtures in moist argon for eight hours at 700 °C and 

eight hours at 800 °C. 

These SNL-powders were subsequently hot pressed to 80$ TD at 25 MPa 

and 900 °C. 

Some characteristics of the SCK/CEN- and SNL-samples of EX0TIC-1 are 

given in table 1. 

In EXOTIC-2 one capsule contained lithium-aluminate samples with a 

density of approximately 90% TD. The aluminate powder was prepared by 

the same route used for EX0TIC-1. The higher density was obtained by 

hot pressing at 25 MPa and 950 °C. 

The lithium-oxide powder was prepared by calcination of lithium-

peroxide under vacuum between 300-400 °C for four hours and then 

heated to 500 °C for two hours to remove traces of hydroxide. The 

lithium-peroxide was made from lithium hydroxide which for EX0TIC-2 

was prepared from lithium-caroonate. 

As in the case of the meta-silicate and Y-aluminate the oxide 

specimens were prepared by hot pressing. In this case the temperature 

was 350 °C and the pressure 25 MPa. During hot pressing operations 

the graphite dies have been blanketed with an eversafe argon/hydrogen 

mixture. 

Three capsules of EX0TIC-2 contained meta-silicate samples manu

factured by SCK/CEN in the same way as those of EXOTIC-1. The pellet 

density, however, was higher, 95% TD instead of 80* TD. Two different 

batches of meta-silicate were used. One batch contains 0.3Ï ortho-
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silicate. Moreover, from each batch three different types of samples 

were made by using sinter temperatures of 900, 1000 and 1030 °C, res

pectively [10.9]. In table 10.2 some characteristics of the samples 

used in EX0TIC-2 are given. 

22i2^2_._Irradiation_device 

The irradiations are carried out in a rig containing four indepen

dently controlled and reloadable sample holders (SH). Each sample 

holder contains two capsules. In EXOTIC-1 four capsules were purged 

with helium + 0.1% H2 to measure in-situ the release of tritium. In 

the four closed capsules the tritium release will be measured during 

post-irradiation examination. In EX0TIC-2 one open and one closed 

capsule were connected. The rig and the sample holders were equipped 

with neutron fluence detectors. In addition each capsule was instru

mented by thermocouples to determine the axial and radial temperature 

distribution. A more detailed description of the irradiation device 

is given in [10.5]. 

IQi^i^i.Irradiatio^conditionsons 

In EX0TIC-1 samples of Li2Si03 and LiA102 with three different
 eLi 

contents were irradiated for one cycle. EXOTIC-2 lasted two cycles 

and contained Li2Si03, LiA102 and Li20 samples with approximately 

0.6* 6Li. The density of the specimens of Li2Si0j and LiA102 was 

higher in case of EXOTIC-2. The irradiation conditions are given in 

table 10.3. The irradiations were carried out in the positions H2 and 

H6 of the HFR. In these positions the mean neutron fluences were: 

thermal 0.5 - 0.6 x 1 0 " m-2 s-1 

fast (> 0.1 MeV) 0.6 - 1.2 x 10" m-2 s-1 

The actual thermal neutron fluences depend strongly on the % *Li of 

the samples. At several axial and radial positions the neutron 

fluence has been measured. 

Because of the various shapes the SNL-specimens were assembled in 

graphite containers with an outer diameter of 14.0 mm, which fit in 

the stainless steel cladding, see figure 10.1. More details of the 

samples are given in tables 10.1 and 10.2. 
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The purge gas flow rate was about 150 cmVmin. in EX0TIC-1 and 100 
cmVmin. in EXOTIC-2. However, due to a still unknown restriction in 
the gasline the flow rate in SH 8.1 was limited to 15 cmVmin. 

10.3. Results and discussion 

The irradiations were started at the lowest possible temperature 
in order to check the instrumentation. The first irradiation should 
be considered as a prototype. The temperature of the various sample 
holders (SH) of EXOTIC-1 and -2 were adjusted to the target values 
after seven days and within one day respectively. The radial position 
of the various thermocouples are shown in figure 10.1. The figures 
10.2 and 10.3 show the temperature history of SH 2.1 and SH 8.1 of 
EX0TIC-1 and -2 respectively. 

The temperatures remained practically constant during the experi
ments except for a short period of time at the end of the first cycle 
of EXOTIC-2. In this period a temperature decrease has been achieved 
in a few steps of about 40 °C in order to determine the effect on the 
tritium release. After a decrease of about 150 °C the temperature 
was adjusted to the initial levels. 

The temperatures of SH 2.1 and 8.1 at the positions shown in figure 
10.1 are given in table 10.4. 

The average irradiation temperatures in the various sample holders 
are given in table 10.5. 

!2лЗд2д_Тги1ит_ге1еазе 

During Irradiation the upper capsules in each SH have been purged 
with helium doped with 0.1jt H2. The tritium release was measured by 
use of an ionization chamber mounted in a gas analysis station. The 
open capsules were consecutively connected to this measuring station 
[10.5]. 

EX0TIC-1 
For a given pressure and flow of the purge gas, the tritium release 
rate is directly related to the measured voltage of the ionization 
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chamber (1С). However, to determine the t r i t i um re lease r a t e the IC-
voltage has to be corrected for the eventual presence of act ivated 
nucl ides . 

A Nal-crystal was used to measure the presence of "foreign" a c t i v i t y . 
The r e l a t i v e t r i t i um re leases of the SH 1.1 , 2 . 1 , 3.1 and 4.1 are 
shown in f igure 10.4. This figure i s based on non-corrected data . In 
order to compare the r e s u l t s i t should be noted tha t the t o t a l volume 
of the SCK/CEN samples was larger than those of SNL. 

Figure 10.4 ind ica tes that af ter the f ina l temperature was adjusted 
the t r i t ium re lease reaches equilibrium within a day or some hours. 

Average values of the t r i t ium b i r t h r a t e and re lease r a t e are given 
in t ab l e 10.6. 

EXOTIC-2 
In EXOTIC-2 five capsules , 5 . 1 , 5 .2 , 6 . 1 , 7.1 and 8 . 1 , were purged 
of which 5.1 and 5.2 were connected. This means tha t the purge gas 
passes both capsules . As in the f i r s t experiment the open capsules 
were consecutively connected to the t r i t i um measuring s t a t i o n . In 
addi t ion , two iden t i ca l ionizat ion chambers were i n s t a l l ed in the 
downstream purge gas l ines of the capsules 7.1 and 8 . 1 . Therefore, 
the re lease of t r i t ium in these capsules was determined continuously. 

The r e l a t i v e t r i t i um re lease of SH 5.1 • 5 .2 , 6 . 1 , 7.1 and 8.1 i s 
shown in f igure 10 .5 . 

Average values of the t r i t ium b i r t h r a t e and re lease r a t e are given 
in t ab le 10.6. 

Figure 10.5 shows that a lso in EXOTIC-2 the t r i t ium re lease r a t e was 
almost constant . 

As mentioned before, the given t r i t ium re lease data are based on the 
t o t a l ionizat ion cur ren t . The response of the Y-ray counter (Nal-
c rys ta l ) was approximately 1500 (SH 1.1, 2 . 1 , 5.1+5.2 and 6 .1) , 3500 
(SH 8 .1) , 5500 (SH 4 .1 ) , 15,000 (SH 3-D and 22,000 (SH 7.1) cpm 
when the capsules were connected t o the measuring s t a t i o n . We are 
confident tha t the "foreign" Y-act ivi ty hardly contributed to the 
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ionization current as evident from experiments in which the radio
active decay of enclosed purge gas samples was measured. It was sys
tematically observed that the ionization current remained constant 
during several half life times of the Y-activity. 

From this and the data of table 10.6 it can be seen that the capsules 
with the highest Y count rate were operated at the highest tempera
ture and were also those with the highest tritium release values. 

Therefore, it is concluded that in particular the release data of 
SH 7.1, 3-1 and 4.1 may have to be corrected after further analysis 
of the accumulated data. 

The presented tritium release data are obtained from a limited number 
of experiments with a rather large number of parameters. Therefore, 
no specific conclusions can be given yet. Nevertheless, it can be 
concluded that the tritium release of the high density (95H TD) and 
large grain size (10 um) Li2SiO, of SH 5.1+5.2 and 6.1 is much lower, 
44 and 32% respectively, than the release of the low density (80Ц TD) 
Li2Si03 of SH 1.1 and 2.1, which was about 68*. 

Because all SCK/CEN capsules contained Li2SiO, with three different 
grain sizes, a specific influence of the grain size on tritium 
release can only be determined from post-irradiation examination. 

However, the present data show, table 10.6, that the tritium release 
from the Li2SiO, of the SH 1.1 and 2.1 is almost equal (68Ц), al
though the irradiation temperatures differed significantly, 395 °C 
and 505 °C respectively. The same phenomenon is also observed from 
the LiA102 of the SH 3.1 and 4.1. In this case the tritium release 
was 96% at temperatures of 640 v and 460 °C respectively. This 
lithium aluminate differed not only in temperature but also in *Li 
content. 

The difference in tritium release, 44J and 32Ц, between the 
LijSiOj of the SH 5.1*5.2 and 6.1 is most likely attributed to the 
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difference in irradiation temperature, 630/575 eC and 425 eC respec

tively. 

Taking into account that, in particular, the measured tritium release 

rate of SH 7.1 possibly has to be corrected, it can be stated that 

the release of tritium from Li20 is almost 100% at 660
 eC. At 445 'C 

the release is about 50%. These data appear to be in good agreement 

with those of Kurasawa [10.3]. 

19^3z3i_Dosimetr^ 

The neutron fluence was monitored by use of activation detector sets 

containing wires of NiCo, Ti and Fe and foils of AlAg and Nb. The 

detectors are encapsulated by quartz minitubes of diameter 

1.5/0.8 mm. Six of these detector sets were stacked in an aluminium 

tube to determine the axial neutron fluence distribution in the TETRA 

rig. This is done at four external positions. In addition in the 

capsules 1.2, 4.1 and 4.2 five detector sets were assembled. 

One of these detector sets was positioned in the center of one of the 

10 mm diameter pellets. The other four sets were assembled in the 

surrounding graphite as close as possible to the outer surface of 

this pellet. These internally positioned detector sets enables to 

determine the neutron flux depression. 

The results of the neutron metrology of SH 4.1 are given in table 

10.7. The material irradiated in SH 4.1 was LiA102 with 7.5% 'Li. 

From these data it can be calculated that the thermal neutron flux 

depression has been 0.77. 

After irradiation the individual specimens will be subjected to ex

tensive post-irradiation examinations [10.5]. Sofar, only gamma scan

ning on the 1 mm diameter stainless steel wires of EX0TIC-1 has been 

performed. In each sample holder two of these gamma scan wires were 

assembled in the shroud tube surrounding the capsule wall. The gamma 

scans provide together with the activities measured with the inter

nally positioned detector sets, see paragraph 10.3.3» information on 

the axial, thermal and fast neutron fluence distribution close to the 

outer surface of the samples. 
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The figures 10.6 and t0.7 show the Cr-51 (thermal) and Co-58 ( fast ) 
gamma act iv i ty distribution of SH 2.1 and 2 .2 . The Cr-51 gamma scans 
show that the neutron fluence i s s ignif icant ly depressed by the 
higher *Li-content (7.5%) of SH 2.1 re lat ive ly to SH 2.2 (0.6* *Li). 
Moreover, the axial act ivi ty gradient i s substantial . For SH 2.2 the 
maximum to average Cr-51 ac t iv i ty ratio i s approximately 1.1. This 
ratio i s much higher for SH 2.1 because of the steep act iv i ty in
crease at the upper and lower end of the stack. 

The average a c t i v i t i e s of the wiree of a l l capsules are given in 
table 10.8. 

10.Ц. Conclusions 

1. EX0TIC-1 and -2 demonstrated the successful operation of the irra

diation r ig , sample holders and tritium measuring stat ion. 

2. The tritium release from the Li ,Si0j samples decreased by increas
ing the material density. 

3. In a few cases the tritium release has s t i l l to be corrected for 
"foreign" act iv i ty . 

4. The tritium release front the Li20 samples i s in good agreement 
with Japanese data. 

5. I t appeared that in al l capsules of EX0TIC-1 and -2 a steady s tate 
tritium release rate has been achieved. 
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Tab le 10.1 

C h a r a c t e r i s t i c s o f EXOTIC-1 samples. 

Material 

Supplier 

'Li content X 

Li2Si03 

SCK/CEN SNL 

7.5 0.6 0.06 

LiA102 

SNL 

7.5 0.6 0.06 

T o t a l p o r o s i t y o f 
samples % 18.4 19.5 18.7 21 .3 19.5 23-7 

Open p o r o s i t y % 16.1 17.8 17.8 20 19.3 22.4 

Average pore s i z e pm 0.13-0.31» 2 1.5 1 1.5 0 .15 

Average g r a i n s i z e \m 0 .5 -2 12 12 8 8 1 

«L i -a tom d e n s i t y a t / c m 3 x 1 0 2 f l 20 .3 1.62 0.16 11.1 1.1*» 0.11 

Total sample volume 
per capsu le cm' 17.08 10.5 10.5 10.5 10.5 10.5 

I n capsu le SH 1.1+2.1 1.2 2 .2 4 .1 3-1 + l».2 3 .2 
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Table 10.2 

Characteristics of EX0TIC-2 samples. 

Supplier 

Material 

Total porosity 

Open porosity 

av. pore size 

av. grain size 

'Li content 

'Li atom density 

Amount of ortho-
silicate 

Total sample volume 
per capsule 

In capsule 

i 

% 

lim 

iim 

% 

at/cm'x10: 

% 

cm3 

SH 

Li: 

0, 

to 

SCK/CEN 

£SiO,(A) 

4.8 

4 

.12-0.16 

11 

0.6 

1.92 

0 

17.08 

5.1 

Li2Si0,(B) 

4.0 

3-2 

0.07-0.11 

10 

0.6 

1.93 

0.3 

17.08 

5.2+6.1 

SNL 

LiA102 

11.1 

1.0 

8 

0.6 

1.18 

0 

11.09 

6.2 

Li20 

20.4 

20.0 

1.5 

5-10 

0.6 

3.92 

0 

11.09 

7.1+7.2 
8.1+8.2 
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Table 10.3 

Irradiation conditions of EXOTIC-1 and -2. 

Capsule, 

SH 

1.1 

2.1 

3.1 
4.1 

1.2 

2.2 

3.2 
4.2 

5.1 
6.1 

7.1 
8.1 
5.2 

6.2 

7.2 

8.2 

Material 

Li2Si03 

Li2Si03 

LiA102 

LiA102 

Li2Si03 

Li2Si03 

LiA102 

LiA102 

Li2Si03 

Li2Si03* 

Li20 

Li20 

Li2Si03* 

LiA102 

Li20 

Li20 

Density 

* TD 

EXOTIC-

80 

80 

80 

80 

80 

80 

80 

80 

EXOTIC-

95 
96 

80 

80 

96 

90 

80 

80 

% *Li 

•1 

7.5 

7.5 
0.6 

7.5 
0.6 

0.06 

0.06 

0.6 

-2 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

0.6 

Target 
temperature 

°C 

400 

600 

600 

600 
600 

600 

600 

600 

600 
400 

600 

400 

600 

600 

600 

400 

Purged 

Yes/no 

Yes 

Yes 

Yes 

Yes 
No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

* • 0.3% Li„Si0,, 
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Table 10.4 

Temperatures of SH 2.1 and 8.1 at the positions shown in figure 10.1 

SH 

2.1* 

• 

8.1 

Thermocouple 

no. 

13 

16 

U 

17 

15 

18 

37 

38 

39 

40 

41 

42 

Radius 

mm 

6 

3 

6 

3 

6 

3 

- 4 

- 2 

6 

6 

6 

6 

Temperature 

°C 

475 

515 

190 

525 

500 

535 

440 

450 

440 

440 

450 

450 

Temperature 
difference, °C 

40 

35 

35 

axial position 
as percentage 
of stack length 

85 

85 

55 

55 

7 

7 

* The axial position of the thermocouples of SH 2.1 are all at 75? of 
the stack height. 



- 105 -

Table 10.5 

Average irradiation temperatures of EXOTIC-1 and -2. 

EXOTIC-1 EX0TIC-2 

Capsule 

Temperature, 

Capsule 

°C 

1.1 

395 

1.2 

2.1 

505 

2.2 

3.1 

640 

3.2 

4.1 

460 

4.2 

5.1 

630 

5.2 

6.1 

425 

6.2 

7.1 

660 

7.2 

8.1 

440 

8.2 

Temperature, °C 590 660 610 590 575 675 600 390 
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Table 10.6 

Tritium release data of EXOTIC-1 and - 2 . 

Calculated Measured Average 
t r i t ium t r i t ium Tritium sample 

% 'Li b i r t h r a t e re lease r a t e re lease temperature 
mCi/min. raCi/min. % °C 

SH 

1.1 

2.1 

3.1 

4.1 

5.1*5.2 

6.1 

7.1 

8.1 

Material 

Li2Si0j 

LijSiOj 

LiAlOj 

LiA102 

LiaSiO, 

Li2Si03 

Li20 

Li20 

% 6L 

7.5 

7.5 

0.6 

7.5 

0.6 

0.6 

0.6 

0.6 

1.77 

1.89 

0.11 

0.87 

0.72 

0.37 

0.K7 

0.45 

1.2 

1.3 

0.105 

0.83 

0.32 

0.12 

0.51 

0.23 

67 

68 

96 

96 

44 

32 

108» 

51 

395 

505 

640 

460 

630/575 

425 

660 

445 
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Table 10.7 

Neutron fluences determined in SH 4.1 
(East, South, West, North) of a 10 mm 
7.5% *Li. 

Neutron fluence 
10ie m-2 s-1 

Thermal 

Average of the 
four peripheral 0.26 
sets 

at the center 0.20 

at the center and the outer surface 
diameter pellet of LiA102 containing 

rate Neutron fluence 
1024 m-2 

fast Thermal Fast 

0.20 0.55 0.42 

0.20 0.42 0.42 
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Table 10.8 

Average gamma a c t i v i t i e s of EXOTIC-1 capsules at measuring times 
of 1000 s . 

SH 

1.1 

2.1 

3.1 

4.1 

1.2 

2.2 

3.2 

4.2 

Material 

Li2Si03 

LijSiOj 

LiA102 

LiA10a 

Li2Si03 

Li2Si03 

LiAlOj 

LiA107 

% 6Li 

7.5 

7.5 

0.6 

7.5 

0.6 

0.06 

0.06 

0.6 

Cr-51 activity 
(thermal) 

Average 

9660 

11180 

139Ю 

10820 

14540 

16280 

15910 

13990 

max/av. 

1.53 

1.51 

1.16 

1.25 

1 .09 

1 .10 

1 .10 

1.08 

Co-58 activity 
(fast) 

Average 

3740 

5200 

3720 

2590 

3540 

4910 

3590 

2520 

max/av. 

1.05 

1.04 

1.07 

1.07 

1.09 

1.07 

1.10 

1.14 
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Thermocouple nos 

OD/:Q '.4/4 щ , 

13 16 
17 

1U 

15 

Graphite 00 !4 ни 

37 

38 

Graphite 00 14 «n , a ' 3 I 0 

. A 39 

uo 

Graphite 00 14 mm 
dia 5 

U1 

k2 

Fig. 10.1 Fositions of thermocouples. 
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Fig. 10.3 Irradiation temperature history of SH 8.1, 
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Fig 10.4 Relative tr it ium release of EXOTIC I 
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Fig.10.5 Relat ive average t r i t i u m release ot EXOTIC II 
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Isotope : CR-51 
Energy : 320.1 keV 
t,yt : 27.72 days 
100% : 11176 counts 
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Fig. 10.6 Cr-51 gamma-scan (thermal) ofSH 2.1 and 2.2. 
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Fig. 10.7 co-58 gamma-scan (fast) of SH 2.1 and 2.2. 


