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ABSTRACT 

In the water cooled IMTOR blanket nodules a loss of coolant accident vill 

result in melting of the lead rods after 1 minute and of the ss first wall 

after 3 ainutes. Also partial melting and evaporization of the ss first 

wall as caused by plasaa disruption was analysed. 

Part of the UKCTR-IIIA neutron reaction cross section data library is 

based on calculations using the nuclear-aodel codeTHRES-2. Results of 

a revision using the Modified THRES-F code are reported. A combined 

preequilibrium and equilibrium) model was applied for calculation of 

neutron emission spectra and of their angular distributions. Neutron 

transport calculations are reported to determine the poloidal distri

bution of activation of various threshold detectors, which will be 

placed on the plasma chamber of JET as part of the diagnostic system. 

In vanadium the preinjection of helium by means of cyclotron irra

diation is shown to lead to a lower cavity concentration acd a slight

ly larger cavity size as a result of a following fast neutron irradia

tion in the core of the HFR reactor. In the V - M Cr - O.IZ Ti alloy 

preinjected helium has the opposite effect on cavity concentration and 

size. The ratio between helium production and displacement damage in 

ss 316 by irradiation in the HFR is shown to meet the fusion reactor 

condition. 
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The development of high current superconducting niobium-tin cables is 

introduced as a new activity at ECU. Results are shown of a techni

que for welding multifilament wires. The conductor concept for a small 

prototype toroidal field coil is presented. Progress is reported of 

fabrication of a 8 Tesla niobium-titanium insert coil for the SULTAN 

conductor test facility. 
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I. INTRODUCTION 

The research and development work of ECN for fusion reactor technology 

is part of the Thermonuclear Fusion Program» 1979-1983 of the European 

Community jl.l'. The liaison with the collaborative European effort has 

recently (January 1981) been formalized by a FOM-ECN contract in the 

frame of the Euratorn-FOM association. 

The staff allocated by ECN for fusion technology during 1981 amounts to 

22 manyears. The work is organized in 8 detailed projects in the subject 

areas of: 

- radiation damage of construction materials 

- conceptual fusion reactor studies 

- developnent of superconducting magnets, in particular of the techno

logy needed for utilization of niobium-tin conductors. 

Safety studies and neutronics calculations for the INTOR design study 

and the ECN participation in construction of a major superconductor 

test facility SULTAN are preferentially supported by Euratom. 

REFERENCE 

|I.I| European Programme on controlled Thermonuclear Fusion (1979-1983), 

Com. (78), 616, November 1978. 
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2. STSTEM STUDIES FOR FUSION REACTORS 

The project comprises contributions to a teactor study based on the 

screw-pinch confinement scheme in collaboration with FOM and KEMA and 

on safety aspects to the INTO* design study. 

2.1 leit-Screw-finch-teactor (FOM-KEHA-ECM study group) 

The FOH-KEMA-ECN system stud? group has already presented an interim 

report on the lelt-Screw-Pinch-Reactor study at the Hth SOFT confe

rence in Oxford j 2.11. 

In this period new work has been carried out with respect to the plasma 

physical model, a parameter variation study, the pellet injection sys

tem, the cost evaluation and the comparison with other pulsed systems. 

The final report on the Belt-Screw-Pinch-Reactor is expected to be 

published in the next period. This probably will be the final activity 

of the system study group in the field of pulsed high 6 systems. 

The study group has also discussed the possibilities for future acti

vities. In this respect and to obtain better insight in the current 

activities and prospects of non-Tokamak concepts a course and a IAEA 

workshop on Unconventional Fusion Concepts was attended. 

A recommendation for new systematic analysis of a non-Tokamak concept

ual design is abandonned at the moment. At the instance of the European 

situation an activity in the frame of the international NET/INTOR study 

will be examined. 

2.2 Safety Studies for Fusion Reactors (H.TH. Klippel) 

Concerning the study of the safety aspects of INTOR close cooperation 

exists between JRC-Ispra, HMI-Berlin, Studsvik, Riso, and ECN. 

Actions to prepare the chapter "Safety and Environmental Aspects" for 

the INTOR phase I final report were discussed in meetings held in Ispra 

and Studsvik. 

At ECN specifically calculations have been carried out on blanket 

coolant accidents and plasma disruptions. 

In the framework of safety studies ECN also participated in the IAEA 

workshop on Fusion Safety held in Vienna. 



•laaket c—laat accidents ia IKTOR 

For the reference design of IKTOR water of about IOO°C at 10 bar was 

is coolant for the blanket andales. Calculations have been 

started to examine less of coolant accidents. 

Calculations on the "worst case" condition (where complete thermal 

isolation of the first wall and Fb neutron Multiplier occurs while 

the fusion power production is still going on) indicates that the 

first wall will reach its nelting point after 3 samites and the Fb 

rods within I ainute. These tiae periods show that there is relatively 

sufficient tiae available for adequate action of the safety systems. 

More refined calculations with the code RELAF, which is a computer 

code widely used ia the safety analysis of light water reactors, are 

underway. 

Flasaa disruptions in IMTOK 

For first walls of Al, SS and C the transient behaviour during pi 

disruptions have been analysed. Especially the melting and the eva-

porisation at the first wall surface have been looked at carefully. 

For TUTOR a reference plasma disruption of 20 as with a hot spot energy 
2 

density of 288 J/cm is specified. During the disruption an average 
2 

incident heat flux on the first wall surface of 144 MW/a then can be 

expected. 

Calculations have been carried out with the computer code MARC which 

is a finite element code for thermal and mechanical analysis. In the 

analysis the effect of the latent heat of melting and the latent heat 

of evaparisation on the heat balance and temperature histories are 

incorporated. 

The evaporization velocity at the surface is given by the following 

equations: 

P (torr) rr\ 
*<-/»>«» 0.6 ^ 7 ^ / ^ (•) 

The saturation vapour pressure P j at the surface temperature T is 

p - const, exp (-AH/T ) (2) 

The heat flux for evaporation then will be 

q" * P H « (3) 
^ev ev * ' 
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The coefficient a represents the sticking probability of netal atoas 

on the surface and varies from 0.1 to 1 depending en th» Material 

choice. 

For an intensive «vaporisation the «vaporization heat flux a," can be 

a substantial fraction of the incident heat flux and therefore this 

aust be incorporated in the heat transfer calculations. 

An exaaple is given in figure 2.1. where the tenperature history of a 

graphite first wall surface is given for two different values of the 

incident heat flux. In figure 2.2 the extension of the evaporisation 

during the disruption is given. 

A pits— disruption is a phenonena which is at present not understood 

very well. The course of the energy deposition on the wall, the tin» 

period of the disruption, and the part of the first wall area on which 

this plasma energy will be dunned, are completely unknown for large 

devices. 

Therefore the extend of the ablated mass from the surface resulting 

from a disruption with an energy flux exceeding the reference value 

for IRTOt, has to be analysed. 

For SS the effect of a variation in the incident energy density and a 

variation in the disruption profile on the depth oi the netting front 

and on the amount of evaporated material has been examined. 

A time-independent heat flux q"(t) - constant and a time-dependent model 

q"(t) » f(t) of OKHL |2.2[ have been considered. Some results are given 

in figures 2.3 and 2.4. 

Especially the amount of evaporated material is sensitive to the value 

of incident heat flux and deposition model.An energy deposition which 

is 50Z higher than the reference case already results in a 5 to 10 times 

larger amount of evaporated material, i.e. of the order of about IDO g 
2 

per m first wall surface. 

IAEA workshop on Fusion Safety 

From March 23 to 27 the first workshop of the IAEA technical committee 

on Fusion Safety was held in Vienna. The workshop was attended by 20 

experts from 7 countries. The aim of the workshop was the improvement 

of the international understanding of fusion reactor safety, the co

ordination of current safety related programs and the discussion and 

recommendation of fusion safety R and D requirements. In this scope ECU 
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2.1 TEMPERATURE HISTORY OF WALL SURFACE OF 

GRAPHITE DEPENDING ON THE EXTENSION OF 
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Figure 2.2 ËVAPORtZATlON HEAT fafMW/m2 ,' 

AND ËVAPORtZATlON VELOCITY h(mm/s) 

FOR GRAPHITE MSI DURING PLASMA 

DISRUPTION (X=20ms ) 
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Figure 2.3 
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TEMPERATURE AS FUNCTION OF THE INTENSITY 

OF THE PLASMA DISRUPTION ENERGY. 
SS - FIRST WALL 

° a. 
x " -
< o 
s z 

UJ 

0.4 

0.3 

0.2 

0.1 

Id isr" Ho 

<Vdisr--"" 

100 

100 
4-

t 
REFERENCE _.. 

*disr (MW/m2 ) 

200 

200 300 400 500 

E^ | S r (J /cm2) 

*'disr= f (t) 
adisr ' ^0 

400 500 

EE'disr (J/cm2) 



- 1 4 -

Figure 2.4 EVAPORATED LAYER OF SS 316 FIRST WALL 
AS FUNCTION OF THE INTENSITY OF PLASMA 
DISRUPTION ENERGY 
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3. NUCLEAR DATA FOR FUSION REACTORS 

As an extension of evaluation work on nuclear data for fission reactors 

a project has been initiated to evaluate nuclear data for fusion re

actors. The purpose of this activity is to provide evaluated nuclear 

data for application in neutronics calculations for fusion reactor 

design studies. The data will be processed to group constants as used 

in neutron transport calculations. 

In this progress report some first (preliminary) results are presented. 

3.1 Modification of the transmutation and activation data library 

UKCTR-IIIA (H. Gruppelaar and K.A. Verschuur) 

The UKCTR-IIIA data library [3.1| is a multi-group neutron reaction cross-

section data library intended for use in studies of transmutation and 

activation of fusion reactor structural materials and coolant materials. 

A small part of the reaction cross sections on this file is based on 

calculations with the nuclear-model code THRES-2 |3.2|, "with the 

library user being left to perform the final adjustment of these 

computed cross sections to experiment using3 for example, data points 

in the range 14-15 MeV" [3.1|. ECN is taking part in a group of neutronics 

specialists (see chapter 4) that performs activation, transmutation and 

afterheat calculations for first wall materials on behalf of Euratom, 

Brussels. As part of this activity we have performed this adjustment by 

a renormalization of the cross sections calculated from THRES-2 to 

recent experimental 14 MeV data j3.3[ or systematics |3.4-3.6|. Import

ant changes were made for the (n,t) cross sections of materials Z > 17, 

which appear to be a factor of 100 to 1000 lower than given on the 

UKCTR-IIIA library. 

The above-mentioned revisions are facilitated by the use of our code 

THRES-F, which is a modified version of THRES-2. The new code delivers 

the fusion-peak averaged cross sections |3.7| in the multi-group scheme 

adopted in the UKCTR-IIIA library. Another code inserts the modifica

tions in this data file. 
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3.2 Study of preeguilibrium effects in double differential cross 

sections (H. Gruppelaar, J.M. Akkermans* and D. Nierop) 

Previous ECN work on preequilibrium models for the description of neu

tron cross sections has resulted in a number of publications |3.8-3.15|. 

The most recent paper |3.15J describes as an application the calculation 

of neutron emission spectra and their angular distributions. Some results 

of these calculations for the mono-isotopic element I, are shown in 

Figs. 3.1 and 3.2, where a comparison is made between results of calcula

tions with the usual eqiilibrium model (evaporation shane of spectrum, 

isotropic angular distribution) and our new combined preequilibrium and 

equilibrium model (high-energy tail in spectrum, forward-peaked angular 

distribution). The calculations were performed in two steps, referring 

to first and second particle emission. The calculations are compared 

with measurements of Hermsdorf et al. |3.16J. 

We note that our calculation system (see Fig.3.3) computes the Legendre 

expansion coefficients of the quantity 

o „m(E,E'0) - a ,(E,E',9) + a (E.E',6) + CJ (E,E\9) + 2a 9(E,E' ,9). n,em nn npn ' nan nzn 

This quantity is the one which is measured and which is needed in neutron 

transport calculations. However, existing processing codes start from the 

various components of o , assuming simplified descriptions of their 

dependence of E' and fl. For this reason we have adopted the new MF-6 

format of ENDF/B-V proposed by Macfarlane J3.17| to store the angle-

energy distributions of our calculated neutron (and charged-particle) 

emission cross sections (code SORTXS, see Fig.3.3). In addition we have 

started with the preparation of a processing code to calculate corres

ponding transfer matrices in the group structure used in neutron trans

port calculations. Our approach follows the recommendations of the 

"Working Group on Neutron Transport and Gamma Ray Production" at the 

IAEA Advisory Group Meeting for Fusion Reactor Technology (Vienna 1978). 

* Present address: FOM Institute for Plasmafysica "Rijnhuizen", Nieuwegein. 
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Fig. 3.1. Total neutron emission spectrum of neutron-induced reactions 

on I at E = 14.6 MeV. The neutron production after the n 

emission is indicated by encircled numbers. The dotted curve 
. . . . . . st 

indicates preequilibrium emission in the 1 step. 

The calculated total emission spectrum may be compared with 

the equilibrium result (dashed curve) and measurements of 

Hermsdorf et al. |3.16|. At high emission energies the adopted 

formalism for the level density leads to poor results. In the 

bottom part of the figure the effect of assuming equilibrium 

emission in the second emission is indicated in per cent. 

This effect is small at E = 14.6 MeV; it becomes significant 

at energies above about 25 MeV |3.15|. 

Fig. 3.2. Experimental and calculated normalized Legendre coefficients 

f and f as a function of emission energy (expressed in 

center-of-mass system) for neutron emission of neutron-
127 

induced reactions on I at E = 14.6 MeV. The coefficients 

calculated after the n emission are indicated by encircled 

numbers. In the bottom part of the figure the effect of 

assuming isotropy in the second emission is indicated in 

per cent. This effect increases at higher incoming energies 

|3.15|. 

Fig. 3.3. Flow diagram of the PRANG code system |3.131 _ The code PREQIN 

prepares input for PREANG2 (updated version of PREANG |3.1l|), 

using files with inverse cross sections and exciton distri

butions of excited states and interactive input from a CRT 

terminal. The spectra produced by PREANG2 are sorted by the 

code SORTXS. 
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4. MEUTKOHICS FOR FUSION REACTORS (K.A. Verschuur) 

The objective is to contribute tc the European program for fusion reactor 

development, by performing calculations iu the field of neutronies. 

Two activities can be mentioned: firstly neutronic* calculations for the 

JET neutron diagnostics, secondly activation, transmutation, afterheat 

and damage parameter calculations for first wall materials, that are 

required by the Euratom Expert Group on Materials. 

The first activity is performed at request of the Harwell group which 

is involved in the development of the neutron diagnostics for JET. The 

second activity is performed in a cooperative effort of ISPRA, Jülich 

and Petten at request of Curatom Brussels. 

4.1 Calculations -or JET neutron diagnostics 

Neutron transport calculations are being performed to determine the 

poloidal distribution of the activation of various threshold detectors, 

that will be placed at different positions on the fint wall. This is 

being done for the operating scenarios: full aperture D-shapcd plasm.*, 

fall aperture circular plasma, reduced aperture plasma and the plasma 

with neutral bean injection; for a DT-plasma as well as for a DD-plasma. 

The influence of the peaking of the plasma and of the radial shift of 

the plasma on these poloidal distributions is studied. 

The calculations for the full aperture DT-plasma's have been completed. 

The geometry and some of the results for the D-shaped plasma are shown 

in figures 4.1 up to 4.5. From the calculations it can be concluded that 

the activation of the detectors will be determined mainly by the flux 

peak at 14 HeV, caused by the uncoilided fusion neutrons (80Z or more 

depending on the threshold of the reaction). Therefore the poloidal 

distribution of the activation will not be much different for the 

different detector materials. 

On the other hand the poloidal distributions will be quite different for 

the different operating scenario's for the plasma. Using the activation 

measurements for plasma diagnostics, this has to be taken into account. 

In the second half of 1981 the calculations will be continued. The 

transport calculations arc being performed with the code system FURNACE 

that has been developed at ECU specially for neutron and photon 

transport circulations in toroidal fusirn reactor geometries. Recently 

the FURNACE code has been adapted for calculations in D-shaped toroidal 
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geeaetries. aad for the use of arbitrary aeatraa source spectra (as 

is needed for the different fasioo reactions). 

4.2 activation and Traaiiitatioa Calculations 

The so-called "Meutreaic Calcalatioas Group** perforaa calculations oa 

activation, traasaatatioa. afterbeat. contact dose, (as production aad 

d.p.a.s for a aaaber of first wall Materials (AISI-31*. EMI2, «NCR. 

TZH. TiuAl** aad V20Ti). AISI-3I* is chosen as Che reference aaterial 

that will he calculated by all participation; laboratories (i.e. Ispra, 

Jalich aai Petten). The other aaterials are subdevided between the 

laboratories. The calcalatioas for TiaAI4* «ad flOTi are perforaad in 

Petten. The calcalatioas are being perforaed for three different 

biaakec coafiguratioas: a aataral lit*»iaa blanket, a lithiaa lead 

eatetic blanket aad aa ire* water shield. Attention is being paid 

also to the data base. Part of the nuclear data aeeded has aot yet been 

aeasered, or is known with iasufficieat accuracy. Por the wastable 

nuclides, for exaaple, anay data are based oa nulcear aodel calcalatioas. 

which have to be aoraalised to systaaatics based oa aeasared data at 

14 H>V. At Pettea the BKCTR-IIIA library is beiag reaomalised that way 

(see chapter 3). The calcalatioas aad the iatertoap arisen of the results 

for AISI-31» are aot yet coapleted aad therefore ao fiaal results caa be 

given now. The calcalatioas are being perforaad with the 04.IGEX-F code 

obtained froa KFA Jalich. Soae extensions aad iaprovaaents to the code 

aad the data libraries were aeaded to which ECU has contributed also. 

The blanket Technology Study Croap 

This group has been set up by Euratoa Brussels, to "investigate in a 

co-operative effort the f&tdamental problems of, and the USD needs for 

a breeding blanket....". The work is devided between seven subgroups. 

The subgroup neutronics consist of Saclay and the three labo-atories taking 

part in the Reutronic Calculations Croup aentioaed before. This subgroup 

studies soae general probleas connected with activation aad traasavtation 

of structural aaterials and the influence of the first wall on the tritiua 

breeding properties of blankets. Further soae feasibility studies are 

being perforaad on benchaark experiaencs for blankets. After coaptation 

of these general studies the activities will be directed acre towards 

the probleas related to the RET study. 
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5. RADIATION DAMAGE OF REFRACTORY METALS (W. van Witzenburg) 

Production of gas by transmutation reactions, notably helium, and atom 

displacement are generally considered to be most damaging for the first 

wall material of fusion reactors using deuterium and tritium as fuel. 

To be able to assess relevant irradiation damage, the fusion reactor 

irradiation conditions must as yet be simulated. 

In our current fusion reactor materials programme, foils of a number of 

refractory metals have been implanted with helium and subsequently neutron 

irradiated in a fission reactor. This procedure may seem to be further 

away from the real fusion reactor conditions than for example dual ion 

beam irradiations, which certainly have the advantage of simultaneous 

build-up of helium content and atom displacement. However, ion bombard

ment usually occurs at high displacement rates. Ion irradiation induced 

swelling of refractory metals has been shown to be quite insensitive to 

the presence of helium. Experimental as well as theoretical indications 

exist that the influence of helium on void swelling increases with de

creasing displacement rates. The displacement rate during neutron irra

diation in a fission reactor not only is much lower than for ion bom

bardment, it is also comparable in magnitude to the rate to be expected 

in D-T fusion reactors. Studying the effect of large quantities of 

helium combined with low displacement rates (~ 10 dpa/sec) can be done 

by: a) making use of (n,a) reactions, which for refractory metals re

quires addition of elements with a large (n,o) cross-section for fission 

neutrons, or b) preimplanting the materials with helium. For this project 

we used the second method. A new project is in preparation, which aims to 

investigate the first method by means of boron doping. 

Our programme at present is limited to vanadium and niobium. Alloys of 

these metals appear to offer excellent potential for application in 

high neutron flux regions of fusion reactors. In a recent paper |5.l| we 

presented our results for 99.9% pure vanadium and the vanadium alloy 

V - 1% Cr - 0.1% Ti. The alloy has approximately the composition of 

originally pure vanadium, in which Ti and Cr are formed by transmu-
2 

tation, after a ten year exposure to a neutron wall-loading of 1 MW/m . 

Helium was implanted in the materials by means of the KVI cyclotron 

(University of Groningen) at 420 K. The helium content ranges up to 

1000 at.ppm, which is of the order to be expected in the first wall 
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of a fusion reactor. Following helium implantation, specimens with and 
25 -2 

without helium were irradiated at 813 K to 4.5 x 10 n.m (E > 0.1 MeV), 

in the High Flux Reactor at Petten. This fluence level corresponds to 

4.3 dpa in vanadium. The sizes, concentrations and volume fractions 

of the voids observed in these specimens are summarized in Table 5.1. 

Helium preimplantation in vanadium apparently leads to a lower void 

concentration and slightly larger voids, resulting in a lower void 

volume fraction. The effect is, however, independent of the amount 

of implanted helium. For V - 1% Cr - 0.1% Ti preimplantation appears 

to have the opposite effect: smaller voids and a higher concentration. 

This concentration is low, with and without helium. Also for the alloy 

there is no systematic dependence of void size and concentration on 

the amount of implanted helium. It may be significant that the neutron 

irradiated alloy with helium contains a disproportionate number of 

small cavities, in addition to the voids (Fig.5.1). This is not the case 

for pure vanadium (Fig. 5.2). 

REFERENCE 

[5.1 | W. van Witzenburg, A. Mastenbroek and J.D. Elen, The influence of 

preimplanted helium on the microstructure of neutron irradiated 

vanadium, Second Topical Meeting on Fusion Reactor Materials, 

Seattle, Wash., 9-12 August 1981. 



Table 5.1. Void parameters for vanadium and V - 1 % Cr - 0.1% Ti neutron irradiated at 813 K 

4.5 x 1025 n.m"2 (E > 0.1 MeV). 

Vanadium, 
recrystallised 

Vanadium, 
cold-worked 

V-1% Cr-0.1% Ti, 
recrystallised 

V-1% Cr-0.1% Ti, 
cold-worked 

Average diameter (nm) 

No helium 

14.9 

15.1 

16.8 

11.7 

Helium a) 
preimplanted 

17.5 
(12.6 - 22.4) 

16.0 
(13.4 - 22.3) 

12.0 
( 7.6 - 17.3) 

9.4 
( 8.3 - 10.4) 

20 -3 
Concentrations (10 m ) 

No helium 

39.0 

22.3 

1 .6 

1.2 

Helium a) 
preimplanted 

10.3 
( 5.9 - 15.6) 

7.9 
( 4.2 - 18.4) 

2.2 
( 1.1 - 7.3) 

4.6 
( 2.2 - 7.1) 

Volume fraction (%) 

No helium 

0.68 

0.40 

0.04 

0.01 

Helium a) 
preimplanted 

0.29 
(0.08 - 0.35) 

0. 17 
(0.12 - 0.23) 

0.02 
(0,01 - 0.03) 

0.02 
(0,01 - 0.02) 

a) Numbers in parentheses are the ranges of parameters found for 10-1000 at.ppm helium. 
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Fi^. 5.!. Voids in heliun prcimp1 anted (1000 at.ppm) and neutron irra

diated vanadium. 

fi;T, 5.2. Voids in helium preimplanted (1000 at.ppm) and neutron irra

diated V - I/, Cr - 0. 17 Ti . 
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6. RADIATION DAMAGE OF STAINLESS STEEL (B. van der Schaaf) 

Several European laboratories using various test reactors will parti

cipate in selection and testing of the ss 316 first wall construction 

material for the NET or INTOR reactor experiment. In order to facili

tate comparing results from the different establishments quantitatively, 

a calibration programme with one isotropic, homogeneous reference heat 

of stainless steel will be carried out. ECN will measure the mechanical 

properties after irradiation in the HFR reactor at Petten. Results will 

be calibrated against measurements from other test reactors and labo

ratories . 

Material 

The JKCIspra has ordered the reference heat from Creusot-Loire. The 

product form is hot rolled plate 30 mm in thickness. The heat of 4 

metric tons will be delivered in October 1981. The alloy is type 3I6L 

stainless steel with a ferrite content below 0.5Z. The chemical specifi

cation is given in Table 6.1. Primary requirement for the heat is 

homogeneity for the chemical composition, structure and consequently 

mechanical properties. 

Procedure 

The reference heat will be subjected to a number of standardized me

chanical tests in unirradiated and irradiated condition. 

Static testing will comprise: 

- Tensile tests in the range of 600 to 900 K and three strain rates: 

10~3, 3 x 10"5 and 10~6 s"'. 

- Creep tests in the range of 750 to 800 K and the stress interval 

of 50 to 300 MPa. 

Dynamic tests will include: 

- Low cycle fatigue in the temperature range of 600 to 300 K total 

strain amplitudes in the range of 0.5% to 21 and in the strain rate 
—2 —ft —1 

interval of 10 to 10 s . 

- Crack propagation in the temperature range of 600 to 800 K in the 

frequency range of 0.01 to 10 Hz. 
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The irradiations will be carried out at the mechanical testing tempe

ratures. All rigs are of the standard sodium filled, gas gap controlled 

type. The irradiations will accumulate radiation damage in the range 

from 10 " to 5 dpa. The HFR Petten presents a useful tool for irradia

tions relevant for fusion reactor first walls. Several positions, for 

example D8, are of the flux trap type. In those positions the double 

neutron-nickel reaction produces so much He that the He-dpa ratio 

compares quite well with the fusion reactor ratio, Fig. 6.1. 

Time Schedule 

Preparation of the specimens is foreseen in the first half of 1982. 

Then also the irradiation rigs will have to be machined and assembled. 

Irradiations will be completed before April 1983. Testing of unirra

diated material will commence in the end of 1982. The testing of irra

diated material will be performed from mid 1983 to the beginning of 

1984. Analyses and reporting will be finished in the summer of 1984. 

Table 6.1. Chemical composition in weight percentage of the 

European reference heat of ss 316L. 

c 

S 0 . 0 3 

Cr 

17 
18 

Ni 

12 
12.5 

Mo 

2.3 
2.7 

Mn 

1.6 
2.0 

N 

0.06 
0.08 

A 

< 0 . 5 

Cu 

< 1.0 

Co 

< 0 . 2 5 

S 

<0 .025 

P 

<0.035 

Ta 

< 0.15 

B 

<0.0025 
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7. DEVELOPMENT OF HIGH CURRENT SUPERCONDUCTING CABLES (H. Veringa) 

During the first half of 1981 ECN has defined the braiding technique 

to be applied to fabricate the high current A-15 cable conductors. The 

budget available to buy the required equipment imposes restraints on 

the capacity of the braiding machine and the diameter of the conductor 

to be used. We have finally chosen for a braiding technique which also 

gives the possibility to fabricate so called Rutherford cables. The 

maximum number of strands that can be used will be as high as 24. 

The braiding machine will be delivered to ECN in February 1982. Firstly 

pure copper wires will be used to find the optimum braiding parameters. 

NbTi based superconductors will be used after this period and secondly 

bronze based Nb.Sn conductors. As soon as ECN type conductors will be 

available in sufficient quantity, we will start to make ECN-Nb-Sn cables. 

A number of lengths of different conductors have been ordered in the 

meantime. 

One important feature of this development is to make cables of any length 

out of conductors with a length of not more than 500 meters. This means 

that a welding technique will be adopted to make joints between wires 

with the following requirements. 

1. The joint will have sufficient strength to make bending possible 

in combination with stressing during the braiding operation. 

2. The thickness of the joined areas shall be the same as the thickness 

of the wire itself. 

3. The electrical resistivity of the joint under normal conditions (non 

superconducting) will be of the same order as the copper matrix of 

the wire. 

4. A superconducting joint is regarded as favourable. 

During the reporting period a technique has been developed by the ECN 

technology department to make in a simply way the joints which meet the 

above mentioned requirements, his welding procedure is described in 

ref. 7.1. It works well for NbTi composites with a copper matrix as well 

as for Nb-bronze composites where the filaments embedded in bronze are 

grouped in 61 islands consisting of 85 filaments, each of which island 

is surrounded by a tantalum sheath and copper. 
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This latter conductor approaches the final lay-out of the ECN conduc

tor *s close as possible and is therefore selected for the development 

of the welding technique. 

The figure 7.1 and 7.2 represent aetallographic cross sections of two 

different joints Made by this technique. 

REFERENCES 

l?-1! M.W. Brieko and L. Hoorn, Fabrication of resistant welded joints 

in niobiua-titaan superconducting wire, Proc. JOH-1 conf. 

Elsinore, Denmark, April 1981. 
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8. HIOtUBt-TITASlüM MAGNET FOK SULTAN (U.M.f. Franken) 

The main objective for this project is the construction of the con

ductor test facility SULTAN in collaboration with SIX, Switzerland 

and CHEN, Italy [8.l|. The layout of the facility is given in Fig.8.I. 

The facility will be constructed in two phases. For the first phase 

an 8 Tesla background field with an I • cold bore is foreseen. In the 

second phase the facility will be ungraded to the 12 Tesla field level 

by A-15 insert coils. 

The Netherlands will deliver the high field section of the 8 Tesla 

background coils. The coil will be constructed in collaboration with 

the HOLEC Company. 

Design of the inner coil 

The design of the inner coil has been finalized {S.2|_ Figure 8.2 

shows the layout of the coil. The coil can be regarded as an insert 

for supplying the additional 2 Tesla to the 6 Tesla bias field of the 

outer coil. No radial support of the inner coil by the outer one was 

permitted hence the Lorentz forces of the inner coil have to be couner-

balanced by the inner coil construction itself. As a consequence of 

the 6 Tesla bias field the Lorentz forces are at a high level through

out the windings. 

As no space was left for electrical and cooling connections between 

both coils, a conventional pancake construction could be used. This 

leads to a coil wound in layers and with all connections made axial-

ly outside the coil. Internal cooling was chosen for the coil cooling 

to enable the construction of a rigid coil body, necessary at the 

high stress level. The conductor layout is given in Fig. 8.3. The 

conductor is composed of a 16 strand Rutherford cable soldered to 

one side of a rectangular copper tube. This tube serves as coolant 

channel and enhances the cryogenic stability and mechanical rigidity. 

The conductor length of each layer is almost 500 m. The high pressure 

drop at forced flow cooling of such long channels demands the use of 

supercritical helium coolant. 

The conductor size is 9 x 9 mm, including 0.3 mm thick epoxy impregnated 

fiber glass insulation. The radial build-up of the coil starts with a 

12.5 mm thick stainless steel cylinder, 2.5 mm additional insulation, 



-Jt-

10 conductor layers, 2.S an insulation and ends up with a 9.5 am thick 

stainless steel outer cylinder. 

Tfc* conductors are connected electrically in series by interlayer joints 

outside the fiances. After coupletion of the winding process the 9.5 nm 

thick cuter cylinder will be placed around the coil and will ton»let» 

the confinement of the winding region. This confinement, aorsover. 

serves as a vacuum nous ins, for the impregnation process. The coil will 

be suspended from the outer coil fiances. A bolted connection between 

the inner coil and the CXEX-coil provides at one side axial and radial 

positioning. A stainless steel membrane allows for possible differential 

canstraction of both coils at the opposite sine. 

The electrical connection fron one layer to the next adjacent layer will 

oe nade by soft soldering of the two overlapping conductors over about 

25 cm. There are hydraulic connections to each individual conductor end. 

The copper coolant tube of the conductor end will be soldered outside 

the electrical overlap joint to the hydraulic piping; this piping is 

electrically insulated in order not to interfere with the electrical 

circuit of the coil. 

The main paraaeters of the inner coil are given in Table t.l. 

Production of coil components 

The major concern is the production of the composed conductor with a 

total length of about 5 km. The conductor will be delivered by 

Magnetic Corporation of America as individual lengths fos each layer. 

Quality control tests have been executed on both the copper cooling 

tube and the Rutherford cable. The half-hard drawn copper tube act the 

mechanical requirements of a high value of the yield strength (300 MPa), 

necessary to withstand the Lorentz forces, combined with sufficient 

strain to fracture demanded for the winding process. The full length 

of tube has been produced. The Rutherford cable has been aanufactured 

partly and the critical current has been aeasured on a test saaple. 

The test conditions were: 

- external field 8 Tesla 

- helium bath temperature 4.2 K 

- measuring length 25 en. 

The test resulted in a critical current of 4530 A, which value exceed

ed the specification by 2 per cent. 
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The next step at the conductor production will be the soldering of the 

Rutherford cable to the coolant tube. 

The production of the stainless steel coil components, such as inner 

and outer cylinder and flanges has been started. 

The coil will be provided with sensors for measuring the coil tempera

ture during cool dwon, the helium temperature and pressure during 

nominal operation, voltage drops over each coil layer and strain of 

the inner and outer cylinder. The required electronic components, such 

as pre-amplifiers and quench detection and protection devices are also 

taken into production. 

Fabrication procedures 

Preliminary farbication procedures have been worked out for the coil 

winding, for the soldering processes, for the vacuum impregnation and 

fjr the final assembly of the coil. A production line for the coil 

fabrication has been set up. 

A full scale dummy coil, using a bare copper conductor instead of the 

expensive superconductor, is under construction at the HOLEC company 

to test the proposed fabrication procedures. The winding and soldering 

process for this dummy coil has been completed. Figure 8.4 shows a 

detail of the dummy coil during winding. 

REFERENCES 

|8.l| J.D. Elen et al., The Superconducting Test Facility SULTAN, 1980 

Applied Superconducting Conference, Santa Fé, IEEE Transactions, 

on Magnetics, January 1981, Vol.Mag-17 no. 1, p. 490. 

|8.2| W.M.P. Franken et al., Design and Construction of an eight Tesla 

insert coil, IEEE Transactions on Magnetics, Karlsruhe, September 

1981, Vol.Mag-17 no. 5, p. 2011. 
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TABI.E 8.1. 

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 

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 (apporx.) 

Conductor 

shape 

ext. dimensions (not insulated) 

insulation thickness 

substrate tube: ext. dim. 

int. dim 

rutherford cable: dimension 

twist pitch of the strands 

no. of the 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 

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 

Cooling 

velocity 

mass flow 

pressure drop over the coil 

inlet temperature 

: 0.54 m/sec. 

: 2 gr/sec. 

: 7 bar (approx.) 

! 4.4 K 
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coolant 
connection*I 

winding 

Fig. 8.2 Design of the 8 Tesla inner coil. 
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Figure 8.3 Conductor Design (16 strand Rutherford Cable soldered to 
rectangular copper tube. 
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Figure 8.4 Detail of the dummy co il during winding 
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9. NIOBIUM-TIN MAGNET FOR TESPE (P.A. Nammensma and J.A. Ro»terdink) 

The main objective of the project is to manufacture a small prototype 

toroidal field coil from niobium-tin wire by the "react first and wind 

later" technique as will have be applied for the large size reactor 

magnets. 

1. General 

Magnetic fields higher than 8T have to be generated in order to reach 

fusion conditions with the help of magnetic confinement. To generate 

these fields, in a volume needed for commercial fusion, superconducting 

materials are superior to copper materials. Niobium-tin has a higher 

critical temperature, upper critical field and intrinsic current density 

than niobium-titanium, therefore, application of niobium-tin to niobium-

titanium is preferred. A severe obstacle for the use of niobium-tin is 

the vulnerability to strain. Generally speaking, strain should not 

exceed 0.5 percent. This maximum strain is the sum of all possible 

strains occuring during magnet winding and operation |9.l|. 

Due to the fact that governability and controls of TESPE at KfK are 

versatile and numerous, there is an opportunity to investigate the be

haviour of a magnet built according to the "react first and wind later" 

technique. The design of such a magnet (NL-TESPE) is subjected to a 

number of restrictions. One of these is the maximum outer diameter of 

the magnet. 

2. Design of the High Current Nb-Sn Cable for TESPE 

One starting point for the magnet design is use of supercritical helium, 

which has the advantage that no nulceate boiling appears. Besides that, 

the cooling temperature can be chosen different from 4.2 K. We choose 

as a further starting point the use of the coil housing which has been 

developed for the TESPE niobium titanium coils. This choice leads to 

a minimum bending radius of the superconductor at 0.18 meter. This, 

together with the fact that we want to use the existing power supply 

of KfK gives that we should have the same number of windings as for 

the niobium-titanium coil of KfK. 

As a consequence of the "react firs and wind later" technique the ratio 

between the distance of the outermost superconducting filament from 
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the neutral axis and the bending radius of the wire Bay not exceed 0.5 

percent. Therefore, the distance of the outermost filaments from the 

neutral axis should not exceed 0.9 mm. 

The figures 9.1 and 9.2 show the cross sections of superconducting 

cables which meet all the above mentioned requirements. Both figures 

show a superconducting cable with sixteen strands. Each strand is I am 

in diameter and is specified for a critical current at 4.2 Kelvin and 
-14 

8 Tesla of 500 A minimum, using a resistivity criterion of 10 ohm-m. 

Also copper to guarantee good heat transfer and stabilization is added. 

The copper profile contains a square conduit for supercritical helium. 

In case of a quench the conduit has to withstand pressures of about 

10 MPa. Following the design shown in figure 9.2 the conductor itself 

is immersed in supercritical helium. For stability copper is added in 

the form of distance pieces which position the 16-strand cable around 

the neutral axis of the conductor. In both designs a stainless steel 

casing is foreseen to sustain the Lorentz forces. The windings are 

electrically insulated from each other by a 0.<» mm thick insulation. 

It is decided to produce a conductor following design of figure 9.1 

because it separates the cooling and electrical functions. 

3. Realization of the Cable Design 

Two parallel lines are at this moment considered along which we try 

to obtain the cable (figure 9,1). One line is to apply for quotations 

for the complete cable, the other is to get the components only. In 

the latter case we will assemble the cable at ECN. To obtain reliable 

data on the I -B performance of niobium-tin wires which are considered 
c 

to be candidates for use in the NL-TESPE, we have decided to determine 

these properties in our laboratory. Therefore we will order a small 

length of the candidate wires. Preliminary activities were undertaken 

to produce a cable at ECN. The first step was production of a piece 

of cable with a length of only about 10 cm. Welding of a stainless 

steel envelope, with dimensions similar to the ECN~design, around a 

copper strip was done satisfactory. In the next step a length of one 

meter will be welded following the same procedure. 
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Quotations for a length of 50 m cable are asked to several manu

facturers of multifilament niobium-tin wire. Also quotations for 

•ultifilament Nb.Sn wire are asked for suffiecient length of wire 

to assemble a cable of 50 meters. 

REFERENCE 

|9.l| P.A. Nammensma and H.J. Veringa, The effect of strain on Nb_Sn 

Superconductors, IEEE Transactions on Magnetics, Vol.Mag-I7, 

p. 2289. 
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1. 16 Strand cable. 

2. Cooling channel. 

3. Copper. 

4. Stainless steel. 

Figure 9.1. 

Cross-sectional view of a NL-TESPE cable design. Outer 

dimensions 7 x 11.5 mm . 

Figure 9.2. 

Cross-scctional view of a NL-TESPE cable design. Outer 

dimensions 5 x 15.6 ram. Numbers are as in figure I. 
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