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ABSTRACT 

For the NET/INTOR design study, some detailed analyses were made concerning 
the impact of plasma disruptions on the first wall and the consequence of 
loss of coolant or loss of coolant flow in the blanket modules. 

Substantial progress has been made in the calculations of correlated angle-
energy distributions of non-elastic cross sections at incident neutron 
energies above 10 MeV. A new version of the precompound model has been 
developed. A step towards further unification of the statistical Hauser-
Feshbach model and the precompound model has been made by a coupling 
between the two models. 

Neutron transport calculations were performed for the neutron diagnos
tics of the JET experiment. An other study concerned the neutronic con
sequences of using a ternary Li-Pb-X alloy in the liquid breeder blanket 
of INTOR. The objective is to reduce the melting point of the reference 
alloy Li 7Pb„_ by the ternary component. Ten possible additions were clas
sified according to their influence on neutron multiplication. 

Samples of the European reference heat ss 316 are irradiated in the core 
of the HFR reactor. Vanadium-titanium alloys with a range of В additions 
have been produced. Tensile specimens and irradiation capsules were fabri
cated. 

The fabrication of the 8T niobium-titanium magnet coil for the superconductor 
test facility SULTAfJ at Villigen was completed, just within the report pe
riod. Also in collaboration with the Swiss SIN and the Italian ENEA an ex-
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tension of the SULTAN facility to 12 T has been planned. The extension 

will consist of three additional coils of 5 kA niobium-tin and niobium-

aluminium conductors. 

Finally, the results of a conductor design study for the toroidal field 

coils of NET/INTOR are reported. 
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1. INTRODUCTION 

The research and development work of ECN for fusion reactor technology 

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

Community I 1.1 I. The liaison with the collaborative European effort has 

been formalized by a FOM-ECN contract in the frame of the Euratom-FOM 

association. 

The research staff allocated by ECN to fusion technology during 1982 

amounts to 23 manyear. The work is organized in six detailed projects 

and three NET/INTOR contracts in the subject areas of: 

- radiation damage of construction materials 

- blanket technology 

- development of superconducting magnets, in particular of the tech

nology needed for utilization of niobium-tin conductors. 

Safety studies, neutronics calculations and a design study on the TF-

coil conductors for the INTOR design study, as well as ECN-participation 

in construction of a major superconductor test facility SULTAN are pre

ferentially supported by Euratom. 

REFERENCE 

11.II European Programme on Controlled Thermonuclear Fusion (1982-1986) 

C0M(8I) 357, July 1981. 
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2. SYSTEM AND SAFETY STUDIES FOR FUSION REACTORS (H.Th.Klippel) 

Work for NET/INTOR on safety aspects is going on in collaboration with 

JRC-Ispra, HMI-Berlin, Ris4, Studsvik and Fontenay aux Roses. 

The calculations on blanket collant accidents and plasma disruptions 

have been carried out in particular at ECN. 

2.I Blanket £°olant_accidents_NET/INTOR_breeder_blanket s 

Analyses of blanket coolant accidents have been performed for the reference 

NET/INTOR breeder blanket modules containing a solid lithium compound (see 

fig. 2.1a) and for the back-up solution for a breeding blanket, consisting of 

vessels with liquid Li 7Pb__ as breeder material (see fig. 2.2a). 

Some results of the calculations were already briefly reported in the pre

vious progress reports |2.1, 2.2|. More recent results now have also been 

presented in a paper at the 12th SOFT conference |2.3|. 

To ensure that the maximum temperature of the stainless steel first wall 

of the solid breeder design is below the design limit of 350 C, the water 

collant flowing in the gaps of the blanket tubes is of low temperature 

(ca. 100 C, see fig. 2.1b) and therefore also of low pressure (about 10 bar). 

In contrary with the solid breeder design the liquid breeder module is en

visaged with cooling pipes containing high pressure single phase water of 

65 bar with an inlet temperature of 240 С to ensure the liquid state of the 
LiPb eutectic (melting point 235 C). The presence of a radiation panel in 
front of the liquid breeder modules appears necessary to limit the surface 
temperature of the module. It has been shown that with the presence of a radi
ation panel the safety of the blanket module is better guarenteed too. 
An illustration of the thermal response of liquid breeder filled module to 
a loss of coolant flow event (=LOFA) is illustrated in fig. 2.2b. 

Comparing both blanket designs with respect to the thermal response of the 
blanket in case of coolant upset and accidental conditions, the following 
can be said: 

. the thermal response of the blanket of both designs and of the radiation 
panel is relatively slow in a L0FA (loss of flow caused by coolant 
tube blockage or pump failure) so that safety systems can be actuated in 
due time (order of 1 minute). 

. Failure of a tube of the reference tubular solid breeder blanket results 
in an enhanced water-steam ingress of about 2.5 kg/s into the plasma 
chamber which can be sustained for a long period. This water discharge 
contaminates and pressurizes the plasma chamber. Hydrogen production by 
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the violent interaction of water and steam wit л the high temperature 
divertor plates might be of serious concern due to the enhanced ex
plosion hazard. Also the appearence of pressure wave forces in the 
channels might lead to propagation of the event to other tubes. 

. Failure of a coolant tube inside a module of the liquid breeder blanket 
causes strong pressure oscillations on the vessel type wall. Such an 
event might result in an explosive rupture of the module by overpres-
surization of the vessel wall. Tremendous contamination of the plasma 
chamber then will follow. 

Therefore the high pressure of the coolant in the liquid breeder module 
requires complementary safety measures to ensure the vessel integrity in 
case of a LOCA (= loss of coolant due to pipe break). Work in this field 
is now going on by investigation the fluid-structure interaction of the 
liquid LiPb eutectic with the wall of the vessel after sudden rupture of 
a coolant tube. The calculations will be carried out with the 2-dimensional 
code PISCES |2.4|. Measures to mitigate strong fluid-structure interactions 
will also be investigated. This work will serve as basis for further safe
ty and consequence analysis. A comparison of the failure probability of 
the events can not be given at the moment. 

2.2 Plasma disruptions on first wall 

The calculation model developed to investigate the first wall response 
to mild and severe plasma disruptions takes into account the following 
aspects (see also fig. 2.3): 
. melting and evaporation, 
. recondensation from the vapour cloud back to the wall surface, 
. vapour shielding, i.e. attenuation of the energy loads of plasma 
particles by collisions with the vapour molecules, 

. moving boundary,i.e. receding of the first wall surface in case of 
strong evaporation. 

Some results of the response of SS 316 to mild and severe disruptions 
have already been presented in the previous progress report |2.2J. More 
extended results now are given in the SOFT paper |2.3|. 
The results can be summarized as follows: 
. For energy despositions over 500 J/cm? the first wall might be 
seriously damaged. It is necessary to avoid an impact of this magnitude 
otherwise it looks impossible to maintain a bare stainless steel first 
wall. Further calculations including stress calculations will precise 
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the limit of energy deposition under which disruptions could be tole
rated. 

. The formation of a vapour cloud has a large, significant effect on 
vaporization of the first wall surface, the effect on melting is less 
pronounced. 

. A reduction of operating surface temperature might be of safety inte
rest in giving a thinner melt layer and less evaporation. 

An illustration of the time dependence of the depth of the melting front 
in SS 316 and the deminishing of the first wall thickness by evaporation 
due to a severe disruption with E = 600 J/cm2 is given in fig. 2.4. 
The total amount of evaporated material from a graphite wall as function 
of the intensity of the disruption energy is given in fig. 2.5. 
A completion of the analysis on severe disruptions requires further in
vestigation on the stability and dynamic behaviour of the melted and 
evaporated layer. The calculation model therefore will be extended with 
a better treatment of the dynamic interaction of the vapour on the dis
ruption process and a treatment of the magneto-stability of the melt 
layer. 
The work described in this section was partial fulfilled within an 
NET/INTOR study contract |2.5|. 
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3. NUCLEAR DATA FOR FUSION REACTORS (H. Gruppelaar) 

One of the concepts for the tritium breeding blanket of INTOR is based on 
the application of liquid Li Pb„. as breeder material. Its relative high 
melting point of 235 С implies the risk of unwanted solidification. It 
has been suggested to decrease the melting point by adding a third compo
nent, which should be acceptable from the nuclear point of view. Nuclear 
data of possible additives X in LiPbX alloys have been provided by means 
of selecting and supplementing existing data files. For this purpose some 
provisional model calculations have been performed, as described in Sect. 
3.1. 

Substantial progress has been made in the calculation of correlated angle-
energy distributions of non-elastic cross sections at incident neutron 
energies above 10 MeV. A new version of the precompound model is described 
in Sect. 3.2. The results of this work will be applied in sensitivity cal
culations to investigate the effect of including coupled angle-energy dis
tributions in the computation of blanket parameters. 

A step towards further unification of the statistical Hauïer-Feshbach 
model and the precompound model has been made by a coupling between 

the two models. The preliminary results are quite satisfactory, as is 

shown in Sect. 3.3. The new system of cotmled codes will be used to 

calculate cross sections at energies below 15 MeV. 

3il^i_Nuclear_data_for_a_stud^_of liquid breeder_terлагу alloys 
(H.Gruppelaar, D.Nierop, K.A.Verschuur) 

In order to provide nuclear data for a study of possible alternative 
neutron multipliers to be used in LiPbX alloys (see Sect. 4.1) we 
have selected neutron cross sections for element X from various data 
files, as indicated in Table 3.1. For some elements (Li, Na, K, Mg and 
Pb) data were available on the MACKLIB-IV library |3.l| which is based 
upon ENDF/B-IV. For the stable nuclides of most of the remaining 
candidate elements (As, Sn, Sb, Ba) data were available on ENDF/B-IV 
fission-product files. A drawback of the latter files is that the 
(n,2n) cross sections are not given separately but are included in 
the inelastic cross sections, and that the charged-particle emission 
cross sections are neglected. These therefore have been produced with 
the THRES-2 codp 13.21. 
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The cross sections resulting from these model calculations have been 
renormalized to 14.5 MeV data. For some of the reactions (that pro
duce radioactive isotopes) experimental 14.5 MeV activation cross 
sections |3.3| were used for renormalisation. The remaining (n,2n) 
cross sections have not been renormalised, and therefore are based on 
the reaction moils contained in the THRES-2 code; the remaining 
charged-particle emission cross-sections have been renormalised using 
recent systematics [3.4, 3.51. 
For 64Zn Jata were available on the RCN-2 evaluated data file |3.б|. 
For the remaining stable Zn isotopes and the stable Ga isotopes, no 
evaluated data were available at all. For the last-mentioned nuclides 
the (n,2n) cross sections and the charged particle emission cross 
sections have been produced with THRES-2. 
To estimate the neutron capture by (n,y) reactions for Zn and Ga, we 
have relied on a2200 and 1 data from |3.7|. 

Y Y ' ' 
For the important element Bi, cross sections have been evaluated by 
Smith |3.8|. Part of these data have been copied from the listing in 
the report. In the future the new CEA-evaluation |3.9| will be used. 
The data have been processed as follows: The 171-group MACKLIB-IV data 
have been condensed to 100 group EPR |3.10| structure, with the re
trieval program delivered with the library, using a standard fusion-
reactor neutron flux spectrum (fusion peak, 1/E, Maxwell spectrum at 
300 K). 

The data in ENDF/B-format and the THRES-2 results in KEDAK-format, 
have been processed to the 100 group EPR-structure with the FOUR ACES 
code J3.1l|, using the same fusion-reactor neutron flux spectrum as 
above. Finally, all 100 group cross sections thus obtained were trans
formed into MACK-activity tables with the FACMAC program, that was 
developed for that purpose. 

The application of these data for selection of liquid ternary alloys 
is described in Sect. 4.1. 
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3.2. Angle-energy correlated mcdel qf_ pree<^U_ibrium emission (C.Costa, 

H.Gruppelaar, u.Nierop, J.M.Akkermans ) 

The development of precompound models at ECN has recently been described 

in the thesis of Akkermans |3.12|. Part of this vork deals with angular 

distribution models. It also contains a summary of recent results. 

This work has been extended, leading to the "Angle-energy correlated 

model of preequilibrium emission", of which the main characteristics 

have been summarized in the previous progress report |3.13[. Meanwhile, 

the model has been presented at an international conference |3.14[ and 

a letter and an article have been submitted for publication |3.15,3.16]. 

The abstract of the last mentioned paper is as follows: 

In this purper a new version of the generalized exciton model of 

preequilibrium angular distributions is proposed, to predict the 

energy dependence of inelastic neutron-scattering angular dis

tributions. The F.ikuchi-Kawai expression is used for the scat

tering of the followed "fast-particle" in nuclear matter, where

by its full angle-energy correlation is taken into account to 

desiri.be the emission at the first collision. For the higher 

steps an energy-aüeraged scattering kernel is employed for the 

description of the changes in direction of the fast particle on 

i*-s way inside the nucleus. The refraction of the incident and 

outgoing beam is described by the approximation of geometrical 

opiiis. This model retains the simple mathematical structure 

previously introduced by Akkermans et at., providing an easy 

interpretation of the observed energy-dependence of angular-

iistribution coefficients without the use of fit parameters. 

A comparison with experimental neutron emission data and with 

the empiri,oal Kalbach-Mann systematics suggests that the present 

physical model has the same predictive ability as the systematics. 

To illustrate the last-mentioned conclusion, we give in Fig. 3.1. a 

comparison of reduced Legendre coefficients f calculated from the 

present model (full lines) with the systematics of Kalbach and Mann 

|3.17| (dashed-dotted curves) as a function of the incoming energy E 

at a high emission energy (r. =E-I MeV). The calculations have been 
93 performed for inelastic neutron scattering on Nb. The circles and 

squares represent extrapolated experimental data from measurements at 

]4.6 and 25.7 MeV |3.I8,3.I9|. The figure shows good agreement between 

) Present address: Ministry of Education and Science, P.O.Box 20601, 

The Hague, The Netherlands. 

http://desiri.be
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theory and systeraatics, in particular for the first and second order 

coefficients upto 40 MeV. The trend of experimental neutron emission 

data at 14.6 MeV is different for f2- This last mentioned discrepancy 

requires further study. However, the experimental data are quite un

certain. This also follows from the spectral distributions, given in 

Fig. 3.2(a). 

The spectral distributions in Fig. 3.2. are given for inelastic neutron 

scattering on 93Nb at E» I4.6, 25.7 and 40 MeV. The present model (full 

lines) agrees quite well with the available data 13-18, 3.191, except 

for f2 at 14.6 MeV. The systematics deviates from the model calcula

tions at low values of e, where the experimental data are scarce. 

For f2 there are indications that f2 should be larger at low values 

of E, to account for the symmetric distribution of the (multi-step) 

compound process, that uptill now has not been included in our model. 

Although further improvements may be necessary to describe f2, parti

cularly at low values of e and at 14.6 MeV, it is clear that the present 

model reproduces the data to a great extend, without the use of 

phenomenological "fit"-parameters. These results may replace the 

systematics that is currently used to predict nuclear data for the 

design of fusion naterials irradiation test facilities. 

3_.3_._gelatign_bet.wegn exciton and Hauser-Feshbach models (H.Gruppelaar and 
C.Costa) 

The PRANG code system, developed at ECN ,3.12, 3.141 calculates double-

differential cross sections including precompound effects. A basic 

approximation in this code is the neglect of quantum-mechanical con

servation of angular momentum and the continuum treatment of low-lying 

states. Furthermore, the model needs to be extended with an option to 

calculate y~ray emission competition (to be introduced in the near 

future). 

On the other hand, the usual statistical model codes of the Hauser-

Feshbach (HF) type neglect precompound effects. Introduction of pre

compound effects is usually performed in an approximative way, without 

taking into account angular-momentum conservation for the precompound 

emission or without solving the full master equation. 

http://3_.3_._gelatign_bet.wegn
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In order to improve this situation we have studied the relation between 

the two models by: 

a) Introducing equivalent level-density formulas in the two models. 

b) Renormalizing the Q(n)-factor [3.21[ to exactly 1 at the equilibrium 

exciton number n and assuming Q(n) » 1 at higher values of n. 

(The Q-factor accounts for the fact that in the initial phase of the 

reaction there is an increased probability to emit the projectile). 

c) Introducing preequilibrium effects into the HF code. 

The last mentioned point was achieved by replacing the level-density of 

residual states (characterized by spin J, parity IT and energy U) by 

p(J,ii,U) -*• £ p(n) p(n,J,ir,U), 
n 

where p(n) is a weight factor and p (n,J,i:,U) is the level density of exciton 

state n. At equilibrium all weights are equal to unity and 

p(J,Tr,U) = Z p(n,J,ir,U). The weights are obtained from the PRANG code and 
n 

are defined as follows: 

./„> . T(n)Q(n) . т(п) 
Ы'П,Е) ы(П,Е) 

where т(п) is the mean life time and u(n,E) the state density of the 
composite nucleus at exciton number n and energy E. When precompound 
emission is important, the weights for low values of n are quite high, 
leading to enhanced emission to states with simple configurations. At 
n = n the weight equals unity; also at higher values of n the weights 
are close to unity; since т(п)/ш(п,Е) becomes independent of n. 

These changes in the codes are a step towards unification of the HF 
and precompound models. Some of these modifications are close to those 
proposed by Fu [3.22[. The main approximation, still in the codes, is 
the assumption that the weights are independent of the spin I of the 
composite nucleus, meaning that the equilibtation process does not 
change the spin distribution of the composite nucleus. 

Some preliminary results of the intercomparison between the two models 
are given in Table 3.2. The results are calculated with the (modified) 
PRANG code and the code PERINNI, that is the ERINNI code [3.23[ with a 
precompound option, introduced at ECN. The PERINNI code reads the 
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weights p(n) calculated by PRANG at each incident energy and for each 
first-emitted particle (n, p or a). These first results are quite 
satisfactory, except for a-emission (this needs a special treatment) 
and secondary-neutron emission at 10 MeV (y-ray competition needed in 
PRANG). At higher energies excellent agreement is obtained. Since the 
computer costs of the PERINNI code are at least a factor of 10 higher 
than those of PRANG, this is an important observation, that encourages 
further development and use of the latter code. 
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Table 3.1. Cross section data used for liquid breeder ternary Li-Pb-X alloys. 

Element or 
isotopes 

6Li, 7Li 
Na, Mg, K, Pb 

75As 

J15sn,>,6Sn,1,7Sn 
4 8Snj119Sn>120Sn 
•22snJ2ASn 

»21sb,J23Sb 
13ABa,135Bej136Ba 

l37Ba,I38Ba 

66Zn,67Zn,68Zn 
70 Z n 

69Ga,
9,Ga 

MZn 

209Bi 

°tot» °el» °inel °n,Y °n2n» °n,3n °n,x» °n,n*x 

from MACKLIB-IV |3.l|, based on ENDF/B-IV general purpose files 

Based on ENDF/B-IV fission 
product files, processed with 
FOUR-ACES |3.11|. 
(°inel also incluses on 2n> 
charged-particle emission 
cross sections have been 
neglected). 

Produced with THRES-2 |3.2|, 
partly renormalized using experi
mental data or systematics, and 
processed with FOUR-ACES. 

no evaluated data available, 
capture (n,v) estimated using 
a2*00

 and IY from |3.7|. 

from RCN2, evaluated data file |3.6|. 

no ready avail
able data 

evaluation of A. Smith et al. |3.8| in ENDF/B 
format (in future: 0. Bersillon et al. |3.9|). 



Table 3.2. Preliminary comparison between PRANG and PERINNI codes 
(with preequilibrium) for neutron-induced reactions on 
9-ЬгЬ (cross sections in mb). 

Quantity 

CTnnx 
anpx 

ann' 
an2n 
an3n 
annp 

V 
anpn 

an,nem 
ап,рет 

E=I0 MeV 
PERINNI 

1799 
17.1 

1414 
386 
0 
0.1 

17.1 
0 

2185 
17.3 

PRANG 

1803 
16.7 

1296a> 
507a> 
0 
0 

16.7 
0.02 

23l0a) 

16.7 

E-14.6 
>ERINNI 

1692 
53.0 

355 
!332 

0 
1.8 

42.0 
10.6 

3046 
54.8 

MeV 
PRANG 

1701 
47.7 

369 
1340 

0 
1.5 

33.4 
13.4 

3057 
49.2 

— 
E-20 MeV PERINNI 

1567 
97.1 

191 
1092 
256 
18.2 

37.5 
58.8 

3235 
116 

PRANG 

1579 
90.0 

202 
1086 
273 
16.7 

34.5 
55.2 

3276 
107 

E-25.7 MeV 
PERINNI 

1465 
138 

128 
449 
810 
17.6 

29.0 
77.0 

3723 
199 

PRANG 

1470 
134 

135 
473 
804 
21.3 

25.4 
82.5 

3727 
191 

a) No r-ray competition is included as yet. This leads to enhanced multi-
particle emission, in particular at low energies. 

Figure Captions 

Fig. 3.1. Comparison of reduced Legendre coefficients fj (Я = 1 to 3) 
calculated from the present model |3.14-3.1б| with the 
systematics of Kalbach and Mann |3.17| as a function of 
incoming energy E at a high emission energy (c = F-| McV). 
The circles and squares represent extrapolated experi
mental data from measurements at 14.7 and 25.7 MeV 
|3.18,3.19| of inelastic neutron scattering on 7'Nb. 

Fig. 3.2. Spectral distributions of (reduced) Legendre coefficients 
of inelastic neutron scattering on " N b at various ener
gies. The calculations are made with the angle-energy 
correlated model |3.14-3.16| and the systematics of 
Kalbach and Mann |3.17|. The measurements are from Refs. 
'3. 1Я-3. Л) ! . 
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4. NEUTRONICS CALCULATIONS FOR FUSION REACTORS (K.A. Verschuur) 

A study has been performed on the neutronic consequences of using a 
ternary Li-Pb-X alloy in the liquid breeder blanket design of INTOR 
instead of Li 7Pbft,, in order to decrease the melting point. Neutron 
transport calculations were performed for the JET neutron diagnostics. 

4.1. .Neutronic behaviour of some elements X in liquid breeder ternary 
Li-Pb-X alloys (K.A. Verschuur, H. Gruppelaar, D. Nierop) 

The binary alloy Lii7Pbg3, used in the NET/INTOR liquid breeder blanket 
design, has a relatively high melting point, and therefore it has been 
considered to replace it by a possible ternary Li-Pb-X alloy with a 
lower melting point. 
From the seventeen elements X selected by Tas |4.j] for this purpose, 
seven could be excluded on qualitative neutronics and cost considerations. 
The remaining ten elements have been classified into four groups, based 
on their neutronic behaviour. For this classification spectrum-averaged 
cross sections for neutron producing and parasitic neutron capture 
reactions have been calculated for three neutron flux spectra that are 
representative for Li-Pb blankets. 
A part of the elements X studied are not in common use for fission re
actor applications, so that cross section data for these elements are 
lacking on available data files. For most of the lacking data cross 
section evaluations have been performed. See chapter 3.1. 

With the ANISN code |4.2| and the EPR group cross section library 
(4.3| neutron flux distributions have been calculated for three blanket 
models that are derived from the Li|7Pbg3 liquid breeder NET/INTOR 
blanket design 14.4 1. A one dimensional representation of this blanket 
design has been used, with a "breeder" zone containing respectively 
Li, Li.^Pb„_ and Pb , so that a hard, an intermediate and soft neutron 
spectrum are obtained. The blanket dimensions and compositions used 
are given in Table 4.1. Neutron flux spectra for these blanket models 
have been obtained by averaging the neutron fluxes over the "breeder" 
zone volumes (fig. 4.1). Using these spectra, spectrum-averaged cross 
sections have been calculated for the reactions (n,2n), (n,3n), (n,y), 
(n,p), (n,d) and (n,ct). From these, spectrum averaged cross sections 
have been derived for neutron production a , parasitic capture a and _ m с 
neutron gain о defined as follows: 
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m n,2n n,Jn 
_c n,Y n,p n,d n,a 
с = a -а g m с 

(I) 

An element X with a positive a value will produce more neutrons than 
it captures. An element X with a negative a value will capture more 
neutrons than it produces. The resulting Бщ, ac and ag values are given 
in Table 4.2. With respect to Zn and Ga it must be noted that a£ was 

estimated for the Pb-spectrum (which is practically a 1/E spectrum in 

the epithermal energy region) by using 2 2 0 \ and Iy data. This wa not 

possible for the other two spectra, as these deviate too much from a 

1/E-spectrum. (see chapter 3.1). 

In the table the elements are arranged in classes (А, В, С and D) for 
decreasing a values in the Li,^Pbon spectrum. These cross sections 

g 6 7 are given as well for Li, *Li and Pb. The influence of the elements X 
on the neutron balance can be assesssed by comparing their a values 

О 
with the a value for Pb. It can be seen that for the Li-spectrum and 

g 
the Li ?Pb„_ spectrum, the a values for Bi and Pb are practically 
equal, and that for the soft Pb-spectrum Bi is even better than Pb. 

210 . 
However, one should realize that production of toxic Po is a con
sequence of using Bi. 
For the remaining elements the a values can be used to estimate the 

g 
relative change of the neutron multiplication if a fraction fx of the 
Pb is replaced by the element X: 

Да 
— 6 ; fx(a (X) - a (Pb))/a (Pb), (2) 
g 

Wc now uocd this relation to calculate f values that will result in a 
decrease of 10% (Да /а = -0.10). For the Li.,PbQ_ spectrum wc obtained: g g 17 83 

class В 

element 

Mg 
Na 
К 

fx 

8.6% 
8.1% 
Ь.Ъ% 

class С 

element 

Zn 
Sn 
Ba 

fX 

-
3.2% 
2.6% 

i — • . 

class D 

element 

Ga 
As 
Sb 

fx 

-
0.3% 
0.15% 
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What Да /а value is acceptable can not be evaluated here as it will 
g g 

depend on the blanket and reactor design considered. From the table 
above it is clear, however, that the class D elements As and Sb (and 
most probably Ga) cannot be expected to give acceptable LiPbX breeder 
materials. Further the class В elements (Mg, Na, K) look more pro
mising than the class С elements (Zn, Sn, Ba). 
This classification based on a Lij-Pb-- spectrum will not hold for 
blankets with a higher Li content. 

A higher Li content will result in a harder spectrum and hence in a re
duction of the neutron capture due to (n,y) reactions. For the Li spectrum 
higher a values therefore can be expected. In Table 4.2 can be seen that 
this indeed is the case, except for the class В elements Mg, Na and K. 
Contrary to the other elements the neutron capture in Mg, Na, and К is 
mainly due to (n,p) and (n,ot) threshold reactions with only a small con
tribution of (n,y) reactions. Therefore a notable increase in a for a 
harder spectrum is not observed for the class В elements. On the other 
hand, for the class С elements the improvement in a in a harder spectrum 
is so large that the a values even become positive for the Li spectrum. 
We therefore must conclude that for large Li contents (>> 17% at.%) the 
class С elements (Zn, Sn, Ba) may become more attractive than the class В 
elements (Mg, Na, K). 

For a fixed source normalisation (say S fusion neutron per s per cm torus 
length) the total neutron flux averaged over the breeder zone is different 
for the three spectra calculated. Clearly a softer neutron spectrum implies 
that the total neutron flux is higher. Therefore to compare the neutronic 
behaviour of an element for the different neutron flux spectra the spectrum 
averaged cross sections must be multiplied with the "breeder" zone average 
total neutron fluxes Ф . We therefore defined the following normalised 
"microscopic reaction rates": 

Rg(X) = а^(Х).ф* /S^, (3) 

where i = neutron spectrum index, 
ф • total neutron flux averaged over breeder zone for 

spectrum i, 
S. • number of fusion neutrons produces per second per cm 

torus length. 
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The resulting R values are given in Table 4.3. 
It can now clearly be seen that the neutron gain largely increases 
for all elements except for Mg, Na and K, if the flux spectrum be
comes harder. 
The following conclusions can be drawn with respect to the neutron 
gain: 
- Bi is as good as Pb and even better for very soft spectra. 
- Mg, Na and К (class B) might be used in ternary alloys for all 
neutron spectra, if a small loss in neutron gain is acceptable. 

- Zn, Sn and Ba (class C) may become attractive for ternary alloys 
with a large lithium content (>> 17 at.%). 

- Ga, As and Sb do not seem attractive. 

A further study of the neutronic.s for ternary Li-Pb-X alloys can best 
be performed after more is known of their elemental composition. 

In the last two years neutron transport calculations have been performed 
for the time integrated neutron yield monitor system |4.5|, using the 
toroidal geometry transport code FURNACE that has been developed at ECN. 
From these calculations, it could be concluded that the sensitivity of the 
activation foils - at the planned positions outside the vacuum vessel -
for changes in the plasma shape and position, s^em sufficient for plasma 
diagnostics application. Some questions remain however, as for example 
the influence of neutral beam heating and the influence of neutron 
streaming through the view ports. 
Further calculations are required for the calibration of the activation 
foils, for which measure measurements are bei g planned with a Cf neutron 
source or a Van de Graaf generator. The response of the time resolved 
neutron yield monitors, should be calculated as well. These are fission 
counters, which will be mounted on the magnets. 
To perform the required calculations, the plasma models and the geometry 
options for modeling the torus have to be extended. 
These extensions of the FURNACE code and their application for neutron 
diagnostics will be performed in a JET-contract. 
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Tab Ie 4.1 Blanket dimensions and composition. 

Region 

plasma 

void 

first-wall 

"breeder" zone 

rcflector 

Thickness 
(cm) 

70 

70 

1 

40 

30 

Composition 

vacuum 

vacuum 

AISI-316 

89Z Li or Lil7Pb83 or Pb 

2.5X AISI-316 

8.52 H20 (p * 0.8 g/cm
3) 

957. AISI-316 

b% H20 (p = 0.8 g/cm
3) 



T&Die 4.2.Spectrum averaged neutron production, ncutr.»n capture and neutron y.ain с rocs sections (barns) a) 

Class 

Ref. 

A 

В 

С 

D 

Element 

*Li 
?Li 
Pb 

Bi 

Mg 
Na 
К 

Zn 
Sn 
Ba 

Ga 
As 

Sb 

1 

o in 

0 . 0 

3 . 8 ( - 3 ) 
4 . 1 ( - 1 ) 

4 . I ( - J ) 

5 .5<-3) 
2 . 9 ( - 3 ) 
4 .0<-4 ) 

9 . 6 ( - 2 ) 

3 . 0 ( - l ) 

3 . 4 < - l ) 

l . 7 ( - l ) 

l . 6 ( - l ) 
3 . 0 ( - l ) 

ui-spectrum 

0 
с 

3 . 4 ( - 3 ) 
1 .6 ( -3 ) 

2 . 4 ( - 3 ) 

6 . 3 ( - 3 ) 

6 . 9 ( - 2 ) 
4 .5<-2) 

1 . 5 ( -1 ) 

-

) . 5 ( - l ) 
1 .4 ( -J ) 

-

1.2 
1.4 

0 
g 

- 3 . 4 ( - 3 ) 

2 . 2 ( - 3 ) 
4 . H - 1 ) 

4 . l ( - l ) 

- 6 . 3 < - 2 ) 
- 4 . 2 C - 2 ) 

- 1 . 5 ( - l ) 

-

1 . 5 ( - l ) 

2 .0C-I) 

-

- 1 . 0 

- 1 . 1 

Li, 

0 
m 

0 . 0 
9 . 2 ( - 4 ) 

9 . 4 ( - 2 ) 

9 . 5 ( - 2 ) 

1 . 5 ( - 3 ) 
8 . 8 ( - 4 ) 
l . 3 ( - 4 ) 

2 , 7 ( - 2 ) 
7 . 8 ( - 2 ) 

8 . 5 ( - 2 ) 

4 . 5 ( - 2 ) 
4 . 3 ( - 2 ) 

8 . 3 ( - 2 ) 

7Pbg3-spectrum 

0 
с 

1 .2 ( -3 ) 

l . 0 ( - 3 ) 

5 . K - 3 ) 

8 .5 ( -3> 

1 . 7 ( - 2 ) 
2 . 2 ( - 2 ) 
7 . 3 ( - 2 ) 

-

2 . 7 ( - l ) 

3 . 3 ( - l ) 

-

2 .5 
5 .6 

0 
g 

- 1 . 2 ( - 3 ) 

- 8 . 1 ( - 5 ) 

8 . 9 ( - 2 ) 

8 . 7 ( - 2 ) 

- ) . 5 ( - 2 ) 
- 2 . K - 2 ) 
- 7 . 3 < - 2 ) 

-

- I . 9 ( - I ) 
- 2 . 5 ( - l ) 

— •• 

- 2 . 5 

- 5 . 5 

Pb-spectrum 

O 

m 

0 .0 
5 . 0 ( - 4 ) 

5 . H - 2 ) 

5 . 2 ( - 2 ) 

8.0<-4> 
4 . 9 ( - 4 ) 
7 . 0 ( - 5 ) 

1 . 5 ( - 2 ) 
4 . 4 ( - 2 ) 

4 . 7 ( - 2 ) 

2 . 5 ( - 2 ) 
• 2 . 4 ( - 2 ) 

4 . 7 ( - 2 ) 

0 
с 

I .K-2) 
9.7(-3) 
4.9(-2) 

J . 4 ( - 2 ) 

2 . 5 ( - 2 ) 
) . 5 ( - l ) 
5 . 9 ( - l ) 

3 . 2 ( - l ^ 
3 . 6 ( - l ) 
5 . 6 ( - l ) 

1.3 b) 

3 .0 

6.7 

0 
g 

- I . K - 2 ) 
-9.2(-3) 

2.5(-3) 

3 . 8 ( - 2 ) 

- 2 . 4 ( - 2 ) 

- I . S ( - I ) 
- 5 . 9 ( - l ) 

- 3 . 0 ( - l ) b ) 

- 3 . 2 ( - l ) 

- 5 . K - I ) 

- 1 . 3 b) 

- 3 . 0 

- 6 . 6 

,-3 a) In the table З.Л(-З) means 3.4.10 J, etc 
b) Estimated values, usinj; •• and Ц from s| 



-32-

Table 4.3 Normalised 'Hicroscopic reaction rates" R _ _ j 
(in barn cm ). 

Class 

Kef. 

Л 

В 

с 

I) 

Element 

*Li 

Pb 

Bi 

Kg 
Na 
К 

Zn 
Sn 
Ba 

Ca 
As 
Sb 

Li-
spectrum 

-l.2(-5) 
7-5(-6) 
l.4(-3) 

l-4(-3) 

-2.1(-4) 
-l.4(-4) 
-5.1(-4) 

•5.1(-4) 
•6.8(-4) 

-3.4(-3) 
-3.8(-4) 

Lil7Pb83" 
spectrun 

-8.5(-6) 
-5.7(-7) 
6.3(-4) 

6.2(-4) 

-1.1(-4) 
-l.5(-4) 
-5.2(-4) 

-I.3C-3) 
-1.8(-3) 

-1.8(-2) 
-3.9(-2) 

Pb-
spectrum 

-l.3(-4) 
-l.0(-4) 
2.9(-5) 

4.3(-4) 

-2.7(-4) 
-l.7(-3) 
-6.V(-3) 

-3.4(-3)b) 

-3.6(-3) 
-5.8(-3) 

-1.5(-2)b) 
-3.4(-2) 
-7.5(-2) 

a) l.4(-3) means 1.4.I0"3, etc. 

"' estimated values. 
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Energy(MeV). 

Fig. 4 . 1 . 
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5. RAPIATION DAMAGE OF REFRACTORY METALS (W. van Witzenburg) 

Manufacture of I mm thick tensile specimens of the alloy V-5Ti, par
tially doped with approximately 100 appm boron-10 in order to obtain 
helium production by fission neutron irradiation in addition to atom 
displacement, thus simulating the effect of fusion neutron irradiation, 
has been completed. In fact, two batches have been made up. The first 
batch was rejected because it contained too much natural boron, 375 
appm. Since natural boron consists of 20% boron-10, the remainder 
being boron-Il, this means that the boron-10 content of doped and refe
rence alloy of this batch is 175 and 75 appm respectively. The difference 
seemed too small. For budgetary reasons the second batch was not entirely 
produced externally, as was the first batch. Arc-melting of the alloy was 
done by Metallgesellschaft, Frcnkfurt, and hot-rolling by Hoogovens, Be
verwijk. The remainder of the work, which involved cladding of the but
tons in stainless steel sheet for corrosion protection during hot-rolling, 
was done at the Materials Department of ECN. The 16 mm thick and 40 mm 
diameter buttons were hot-rolled at 1300 С in one pass to 7 mm thickness 
and subsequently heated at 1100 С during one hour. Further reduction in 
thickness to 1 mm was obtained by cold-rolling with intermediate annea
ling at 1000 С for one hour in vacuum. Production of the tensile speci
mens from the 1 mm thick alloy sheet preceded the final annealing treat
ment. The hardness following this heat treatment, as well as the inter
mediate ones, was HV5 = 130 kg/mm2. The grain size of the alloy in the 
final condition is about 40 urn, corresponding to ASTM 6.5 (Fig. 1). The 
oxygen content is ~ 0.1%. The natural boron content in the doped and 
reference alloy is lower than in the first batch but again it is not 
negligible: ~ 100 appm, with the result that the boron-10 content is now 
120 and 20 respectively. The spatial distribution of the boron still has 
to be determined. This distribution is probably homogeneous because the 
solubility of boron in vanadium is ~ 2% [l]. Also, we found the boron to 
be homogeneously distributed in the first batch. 
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Construction of the irradiation capsule was also completed by the 
end of 1982. As indicated previously, the tensile specimens will be 
irradiated at the temperatures 500, 600 and 700 C, in liquid sodium. 
Figure 2 shows a cross-section of the TRIO-rig, and the arrangement 
of the specimens in one leg [2]. The Zr centre bar, carrying the 
specimens, also serves as getter for impurities in the sodium (e.g. 
oxygen, carbon). Not shown is a thin Zr foil situated between the 
stainless steel inner wall and the specimens. The purpose of this 
foil is also to absorb impurities. Irradiation is now expected to 
last 5 cycles, starting in February 1983 and ending around June of 
this year, when replacement of the HFR reactor vessel is scheduled 
to begin. 

References 

[1] R.P. Elliott, Constitution of binary alloys, First Supplement, 
McGraw-Hill Book Сотр., 1965, p. 142. 

[2] H. Scheurer, Irradiation of vanadium samples with boron doping 
in Na-bonding, Design and safety report, Techn. Note P/Fl/82/20, 
1982. 

Fig. 5.1 Grain structure in V-5%Ti, lOOx. 
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Fig. 5.2. Cross-section of the irradiation capsule, 
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6. RADIATION DAMAGE OF STAINLESS STEEL (B. van der Schaaf) 

Irradiations 

The irradiations of the two rigs containing tensile, creep and fatigue 
specimens of the European Reference Heat of AISI Type 316 are proceeding 
according to plan. Temperatures are better under control than the speci
fied limits of plus and minus 20 К allow. The total amount of helium 
generated and the number of displacements per atom are somewhat less 
than foreseen in the original plan. This implicates that the irradia
tions might be prolonged beyond the 10 reactor cycles of the original 
schedule. In June 1983 it will be decided if and for how long the irra
diations will be extended, in order to obtain the target helium to dpa 
ratio of 10 and the required 5 dpa. 

In October the irradiation of a REFA-rig containing ten compact tension 
specimens of the European Reference heat was started in HFR position 
H-8. This irradiation position requires a review in June 1983. It is 
certain that the irradiation has to be carried on for at least 10 cycles 
in H-8 after June. It has to be analyzed whether the behaviour of the 
rig allows irradiation in a position with a higher flux such as F-2, in 
order to accomplish the target irradiation specifications in a shorter 
time. This would reduce the delay of post-irradiation testing caused 
by the low neutron flux in H-8. 

In fig. 6.1 one of the ten specimens is shown. The four small screw holes 
in the right rim of the specimen are intended for the attachment of 
wires for the d.c.-potential drop measurement, that will be used in 
post-irradiation mechanical testing. In fig. 6.2 the complete REFA-assem-
bly is shown prior to the final, thermocouple attachment. To keep the 
temperature gradient across the specimens to an acceptable level irra
diation in a low dose position such as H-8 in the HFR is necessary. 
For the cylindrical specimens with diameters of 8 mm in the SINAS-rig 
this figure is not as critical as for the CT-blocks which are packed 
as blocks of 60 x 60 x 12,5 mm. 

The temperature control of the REFA-rig is within specification. In 
fig. 6.3 the temperature of a specimen at the position of the core centre 
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line is given as dependent on time. From the figure it is clear that 

temperature control by adjusting the gas mixtures quentitatively is 

very effective. 

Fig. 6.1. The crack tension block for crack growth experiments. 

Dimensions are 60 x 60 x 6 mm. 
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Fig. 6.2. The REFA-rig at mid 

assembly stage just 

prior to thermocouple 

attachment-
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Fig. 6.3. The temperature of a crack tension block in REFA-rig 63 as dependent on time. After about 
230 h the temperature has been adjusted by changing the gasmixture in the control gap. 
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7. NIOBIUM TITANIUM MAGNET FOR SULTAN (W.M.P. Franken) 

In this period the 8 Tesla coil has been manufactured in five month time 

after delivery of the conductor from the USA. 

Conductor_deliver^ 

The conductor, developed for the SULTAN inner coil, is shown in figure 

7.1. The Rutherford cable, 16 NbTi multifilament strands, was soft sol

dered to a rectangular copper tube. The tube will serve as channel for 

the supercritical helium cooling, it will enhance the cryogenic stabi

lity and it will provide for the mechnical strength, needed for operation 

at the very high Lorentz forces. The conductor dimensions are 8.4 x 8.4 mm; 

the transport current is 1860 Amp. Already in the previous period the full 

length of 5200 m composite conductor was produced at Magnetic Corporation 

of America using continuous soldering process which was developed in col

laboration with ECN. A joint paper describing conductor manufacturing has 

been presented at the 1982 applied Superconducting Conference at Knoxville 

17.11. 

Conductor samples have been tested for critical current at Oak Ridge Nat. 

Lab. and at Fermi Nat. Lab., proving that the critical current is slight

ly in excess of the specified 4440 Amps at 8.2 Tesla and 4.2 K. 

The conductor has been shipped to the Netherlands, where it was avail

able for the coil production in September. 

The coil has been designed to increase the magnetic field of SULTAN from 

6 Tesla to 8 Tesla. Some parameters are given in the Table 7.1. The coil 

has to fit with rather close tolerances within the 6 Tesla outer coil of 

ENEA and it has to leave the total inner space available for experimental 

devices; so, all electrical and hydraulic connections have to be processed 

axially outside the winding region. 

The conductor was delivered in individual lengths of about 500 m each, 

sufficiently long for a single winding layer. The coil consisted of ten 

winding layers. The winding equipment is shown in figure 7.2. 

It contained all the components for streching, for conductor surface 

treatment, for insulating with glass fiber tape and for winding the 
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coil, all in one process. Before starting to wind a layer the conductor 

was soft soldered to the end of the previous layer. In that way the 

electrical connection could be made outside the winding region (figure 7.3). 

The testing of such type of overlap soldering joints indicated that the 
—8 

resistance was less than 10 Ü at helium temperature. 

After completion of each winding layer a blow through test and an helium 

leak test was executed to check the hard-drawn conductor tube on damage 

during the winding process. For that case one spare length of conductor 

was available, but the use of it turned out not to be needed. 

After terminating the winding of the coil the stainless steel outer 

cylinder was placed. This cylinder together with the inner cylinder and 

auxiliary end flanges formed the vacuum housing for potting. 

Figure 7.4 shows the set up for vacuum impregnation. 

The coil was placed vertically in a vacuum furnace and evacuated. The 

epoxy resin, prepared before in the mixer, was then slowly pushed into 

the coil from the bottom side. This filling process lasted about 8 hours, 

sufficiently long for the epoxy resin to penetrate into glass fiber in

sulation but short enough to keep the viscosity low. After the filling 

the coil was presurized, its temperature was increased and the epoxy 

resin was hardened. This impregnation procedure was tested and approved 

on a full scale dummy coil in an earlier stage of the project. 

As a last production step the instrumentation and electrically insulated 

cooling connections were fitted to the coil and the magnet had been sub

jected to a room temperature acceptance test: leak testing, high voltage 

testing and instrumentation check. 

The coil (figure 7.5) is ready now for transport to Villigen, Switserland 

for installation in the SULTAN facility. 

A joint SIN, ENEA, ECN paper has been presented at the 1982 Applied 

Superconductivity Conference at Knoxville, describing the progress of 

the total SULTAN project up to November 17.21. 

REFERENCES 

|7.1| Franken, W.M.P., De Vries A.H., Beeke A.G. ter, Brieko H.W., 

Strauss В.P., Torrey S.F. and Winter T.A. de, Manufacture of the 
hollow supercritical He cooled conductor for the ECN-SULTAN project, 
Proceedings of the 1982 Applied Superconductivity Conference, 
Knoxville, Nov. 30 - Dec. 3, 1982. 
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|7.2| Horvath, I., Vecsey G., Weymuth P., Zellweger J., Bolsamo E.P., 

Pasotti G., Ricci M.V., Sacchetti N., Spadoni M., Elen J.D. and 

Franken W.M.P., Status report on the forced flow, high field test 

facility SULTAN, Proceedings of the 1982 Applied Superconductivity 

Conference, Knoxville, Nov. 30 - Dec. 3, 1982. 

TABLE 7.1. 

Parameters for the inner coil 

Magnet 

inner diameter (winding) 
outer diameter (winding) 
length (winding) 
free bore 
overall current density (winding) 
max. field 
total length of conductor 
number of layers 
number of turns per layer 
stored energy 
total weight 

Conductor 

shape 
ext. dimensions (not insulated) 
insulation thickness 
substrate tube: ext. dim. 

int. dim. 
rutherford cable: dimension 

twist pitch of the strands 
no. of strands 
no. of filaments per strand 
filament diameter 
twist pitch of the filaments 

Cu/s.c. ratio 
critical current (8.2 Tesla, 4.2 K) 
operating current (8.2 Tesla, 4.4 K) 

Cooling 

velocity 
mass flow 
pressure drop over the coil 
inlet temperature 

1.08 m 
1.26 m 
1.13 m 
1.055 m 
23.106 A/m2 

8.2 T 
4600 m (approx.) 
10 
125 
15 MJ 
3000 kg (approx.) 

square, hollow 
8.4 x 8.4 mm 
0.3 mm 
8.4 x 6.4 mm 
6 x 4 mm 
8.4 x 2 mm 
75 mm 
16 
367 
37 ym 
25 mm 
6.6 (approx.) 
4400 A 
1860 A 

0.54 m/sec. 
2 gr/sec. 
7 bar (approx.) 
- 4.4 K. 
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Rutherford cable 
16 strands NbTi 

copper 
tube 

cooling 
channel 

Fig. 7.1 The conductor for the SULTAN 8 Tesla coil (critical current 
4440 Amp, 8.2 Tesla, 4.2 K). 

Fig. 7.2 Line for winding of the coil. 
The drum with non-insulated conductor is situated left outside 
the figure. The line includes pre-tensile device (1), cleaning 
stations (2,3), insulation (4) and superconducting coil (6). 



winding layer 

interlayer 
e'.oct rieal 
i-onnoct ions 

Fig. 7.3 Coil winding 
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Fig. 7.4 Vacuum impregnation 
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8. NIOBIUM-TIN MAÜNET FOR SULTAN (J.A. Roeterdink) 

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

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

12 Tesla is planned. A project proposal for this extension has been made 

in the second half of 1982 18.1 I. 

In this proposal upgrading of the facility has been proposed with 3 A-15 

coils to be delivered by the three participants. The three coils operating 

at a maximum fie1d level of 12.2 Tesla will add about 20 MJ to the exis

ting system of 57 MJ. The free inner bore of the system after realisation 

of the extension will be o.58 m. 

The three laboratories will use each their own A-15 techniques 

ECN : Nb,Sn powder metallurgy technique 

SIN : Nb-Sn external diffusion technique 

ENEA : Nb.Al sandwich technique. 

For all three coils the react and wind technique will be used. A sketch 

of the conductor proposed by ECN is given in fig. 8.1. This conductor 
2 

having outer dimensions of 24.2 x 7.6 mm (uninsulated) will be forced 

by supercritical helium. The superconducting material will be placed in 

a flat cable consisting of 38 strands. The critical cutrent will be 8550 

Amps/5K/12.2T. The bend strain on the conductor due to coil winding will 

be 2.8.10~3. 

A considerable amount of conductor development work has been proposed 

in order to realize the production of this conductor. The operating 

current level (5280 Amps) of the three A-15 conductors to be developed 

for this project is such, that these conductors could close part of the 

gap between current A-15 conductor technology and proposed NET conductors. 

REFERENCE 

18.11 Elen, J.D., Sacchetti, N. and Vécsey G., Project proposal: 12 Tesla 

coils for SULTAN test facility including conductor developemtnt, 

Swiss Institute for Nuclear Research, Villigen, Jan. 1983. 
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HELIUM 

STAINLESS STEEL 

CABLE 

Fig. 8.1 ECN-conduccor for SULTAN ph««i II 
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9. A-15 CONDUCTORS FOR INTOR/NET TOROIDAL FIELD MAGNETS (J.A. Roeterdink) 

This study, which is organised in the framework of the SULTAN coopera
tion (ENEA, SIN, ECN) concerns the definition of A-15 conductors for 
the TF-coils of the INTOR/NET project 19.1 I. Some changes have been 
introduced in the ECN-conductor concepts presented in Ref. 19.21. Part 
of the changes was necessary in order to match the conductor to the last 
conceptual design of the KfK INTOR TF-magnet housing; other changes were 
made in order to adapt the conductor to the high current densities of Nb_Sn 
material made by the ECN powder metallurgy technique 19.3, 9.41. At 12 

2 Tesla and 4.2 К current densities of 1200 A/mm (Nb_Sn + powder area) are 
typical. The new concept is given in fig. 9.1. The critical current of 
the conductor is 42.9 kA at 12 T and 5 K, whereas the operational current 
is 24.3 kA at 11.5 T. The conductor is wide (50 mm) and flat (20 mm) in 
order to keep the bending strain on the niobium-tin material low and to 
have a large surface available for heat transfer to the coolant. Since 
most of the stabilizing copper will be added to the conductor after rea-
tion heat treatment, cold worked copper may be used contributing я great 
deal to the mechanical strength. The superconducting material is wrapped 
around a CrNi-core; the 38 elements of this cable are 2.15 mm in diameter. 
Each element comprises 6 Nb~Sn strands and I copper strand; each Mb_Sn 

. -3 
strand comprises 36 filaments with an outer diameter of 81.10 mm. 
The material cross sections for the NET-conductor are: 

2, Overall cross section < 
Nb-Sn + powder 
Copper 
Stainless steel + CrNi 
Helium 
Solder 

mm 
Г II ' 

' ii -i 

Г 1 1 У 

f If > 

Г II > 

) 20 х 50 
) 43 
1 498 
> 165 
1 240 
) 40 

The fabrication process includes: 
- manufacturing of the basic strand 
- production of the first stage subcable 
- compaction of this subcable 
- wrapping the subcable around the CrNi-core 
- heat treatment 
- soldering conductor core to stabilizing copper 
- welding of stainless steel jacket. 
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Since in the chosen conductor concept main part of the Lorentz-forces is 
taken by the coil casing, the definite geometry of this casing defines 
the exact stress level within the conductor. There is some confidence 

,-3 
-3 . that the axial conductor strain can be limited to about 2.10 . Bending 

4 x 285 
0.21 

5 x 28.8 
112000 

0.8 
742 
4.44 

m 
MPa 
g/sec 

m/sec 
W/m2K 
mm 

strain in the conductor during coil winding can be limited to 1.3 x 10 
(minimum beding radius of 1.99 m). 

Cooling 

The Nb^Sn coil is forced-flow cooled by supercritical helium entering the 
coil at 4.5 K. There are 5 sets of 4 pancakes which are connected hydrau-
lically in series. 
The cooling characteristics are: 

Length of a coolant channel 
Pressure drop 
Total mass flow rate 
Reynolds number 
Coolant velocity 
Steady state heat transfer coefficient 
Equivalent diameter 

Quench 

Due to a relatively large fraction of copper and coolant within the con
ductor, the quench characteristics are uncritical and a large discharge time 
constant may be used. 

Discharge time constant 55 sec 
Discharge voltage 4 kV 
Maximum temperature 34 К 

AC^losses 

The estimated AC-losses averaged over one cycle for one Nb-Sn TF-coil are: 
- hysteresis losses 47 Watt 
- coupling losses 70 Watt 
- eddy current losses 85 Watt 

Total 202 Watt 
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17.6 

23.7 

544 

47 

A/mm 

A/mm 

A/mm 

A/mm 

Stability 

By using a flat conductor with a large surface-volume ratio the conductor 

can be made cryogenically stable against thermal disturbances. The dissi

pation during local quenching amounts to 880 W/m. Adiabatic and dynamic 

stability is attained easily even for filaments with a diameter of 81 um, 

since the niobiura-tin filaments are surrounded by pure high conductivity cop

per. 

Current_densities 

Overall current density (winding region) 

Conductor current density (metal) 

Nb_Sn + powder current density 

Copper current density 
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Pig. 9.1 INTOR/NET TF A-15 conductor (ECN-3), 
2 

averall cross section 20 x 50 mm . 
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10. DEVELOPMENT OF SUPERCONDUCTING CABLES (H.J. Veringa) 

As shown in the previous two chapters, the conductors for the 12 T 

SULTAN coil and of our concept of the TF coils for NET are based on 

a flat prereacted niobium-tin cable positioned at the neutral zone 

for bending. For making those cables from multifilament wire, two con

figurations are of interest: a Rutherford cable or a braid rolled to 

a rectangular cross section. The latter has the advantage of a higher 

degree of shape stability, which is felt to be of importance for pro

tection against overstraining when handling reacted cable. Its dis-

advange is a lower filling factor, which could be increased by rolling. 

A series of 24-strand braids was made, to assess the limits for com

paction by mlling imposed by eventual damage of the multifilament wire. 

The more expensive multifilament superconducting wire was partially 

reglaced by copper wire. Three types of 0.7 mm diameter superconducting 

wire was used: 

- multifilament niobium-titanium 

- unreacted multifilament niobium-tin of the bronze-type 

- unreacted multifilament niobium-tin made by the ECN process I'O.II. 

The rolled braids were further inspected on the occurence of filament 

and/or wire breakages. Therefore, we have etched away the copper matrix 

over a length of at least two times the cable pitch (+ II cm). By means 

of light microscopy and SEM-analysis, severe filament damage was looked 

for. In the table the maximum filling factor and aspect ratio is given 

for each of the investigated cable lay-outs showing no severe filament 

damage. One extra parameter is the choice of hard or soft copper, which 

appears not to be of great importance for the occurence of filament or 

s.c. wire breakage, but it is important for the rolling operation. 
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£• 10.1 Maximum filling factor and minimum cable thickness reached 

in cable without filament and/or wire breakage. 

Copper 
type 

Soft 

Hard 

S.c. type 

NbTi 

Nb-Sn 

Bronze 

NbTi 

Nb-Sn 

ECN 

No. of s.c. 
wires 

9 

3 

6 

9 

6 

9 

4 

12 

Filling 
factor 
(%) 

70 

85 

80 

85 

68 

63 

72 

67 

Minimum 
thickness 

(mm) 

2. I 

1.7 

1.75 

1.75 

2.0 

2.1 

1.85 

2.25 

It may be concluded from this table that a cable with 4 ECN-type 

wires has a minimum thickness of about 4 times the wire diameter. 

This is due to the fact that our braided cables with 12 multifilament 

wires have locations at which 4 of them are crossing. During rolling, 

deformation of the individual wires should occur. This needs not ne

cessarily lead to degradation of the superconducting properties if 

this deformation is mainly accommodated by the copper matrix. 

In figure 10.1 this deformation process may be followed. It shows a 

sequence of metallographic "oss-sections at 7 locations, being 1 mm 

apart. Clearly the wire defi < .. .on is also reflected in the final 

shape of the filament. Possibly a slight heat treatment to soften the 

copper matrix will improve this situation. 
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