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ABSTRACT 

For the NET/INTOR design study a number of detailed analyses were made 
of loading paterns on components under up set or accident conditions* 

- loss of coolant flow and its extreme form of loss of coolant in the 
radiation panel in front of the first wall and in the blanket modules 

- consequences of mild and hard plasma disruptions on the stainless 
steel first wall in terms of melting and evaporations. 

In order to provide an improved data base for neutronics calculations, 
the energy dependence of angular distributions of neutron emission cross 
sections was investigated. Neutron fluence spectra on the plasma chamber 
of JE'P "ere calculated both for the D-D and for the D-T operation fase, 
for planning of the time integrated neutron yield monitor system. For 
INTOR an assessment was made of the amount of radioactivity which could 
erode from the first wall, next to the total radioactivity and resulting 
after heat. 

An investigation of the effect of helium on the microstructare of neutron 
irradiated niobium has been rounded off. Preparations for determination 
of the tensile properties of V-5% Ti alloy, in which helium and atom 
displacement are introduced simultaneously, simulating the effect of 
14 MeV neutron irradiation, are well under way. Two irradiation capsules 
containing tensile and fatigue specimens of the NET/INTOR ss 316 L type 
construction steel were assembled and mounted in the core of the HFR-
reactor. A third rig for crack propagation specimens is in construction. 
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The development work on superconductors performed during the reporting 

period did concern: 

- development of a continuous soldering process and its application in 

the final production runs of the niobium-tin conductor for the SULTAN 

8 Tesla coil 

- installation and first test runs of a braiding machine for making 

fully transposed cables 

- the effect of deformation on the superconducting properties of 

niobium-tin wire 

- development of a suitable welding method for niobium-tin wire. 

Finally, the first results of a conductor design study for the TF-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 Porgramme 1982-1986 of the European 
Community 11.1 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 utiliztion 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 testfacility SULTAN are pre
ferentially supported by Euratom. 

REFERENCE 

11.1 I European Programme on Controlled Thermonuclear Fusion (1982-1986) 
П0М(81) 357, July 1981. 
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2. SYSTEM AND SAFETY STUDIES FOR FUSION REACTORS (H.Th. Klippel) 

After recent completion of the Belt Screw Pinch reactor study 12.11 no 
new reactor design study was started. Work for NET/INTOR on safety aspects 
is going on in collaboration with JRC-Ispra, HMI-Berlin, Ris^> Studsvik 
and Fontenay-aux-Roses. The calculations on blanket coolant accidents and 
plasma disruptions in particular are performed by ECN. 

2^2.Blanket .coolant_accidents_in_Li.7?bR__liguid_breeder_blanket 

The analysis of blanket coolant accidents for the reference NET/INTOR 
breeding blanket module containing solid Li compounds was reported in 
the previous progress report 12.11. The results of calculations concern
ing coolant disturbances in a breeding blanket consisting of vessels 
with liquid Li.,Pb„, as breeder material will be described below. 
Transient conditions like loss of coolant flow, flow coast down by 
pump failure and coolant pipe failure have been analysed. This liquid 
breeder design consists essentially of vertical situated ss 316 vessels 

2 (modules), about 125 cm high and about 30 x 40 cm in cross section, 
containing nearly stagnant liquid Li.-Pb-. eutectic (see fig. 2.1). 
The thickness of the vessel wall is 8 mm. High pressure water (65 bar) 
flowing through ss 316 cooling tubes inside the vessel is the primary 
coolant. The inlet and outlet temperature of the water is 240 С and 280 С 
respectively and ensures that the Li-Pb eutectic is in the liquid state 
(melting point of Lil7Pbg3 = 235 C). Two different conditions can be con
sidered, depending on whether or not a low-temperature radiation panel 
is placed in front of the breeder modules. The radiation panel consists 
of horizontal tubes placed one against the other without being welded 
together to allow unrestricted expansion. The inner diameter of the 
coolart channels of the panel is 10 mm, the thickness of the wall at 
the pasma side is 12 mm and at the rear 2 mm. The coolant is heavy 
water at 10 bar and 100°C. 

Moderate and severe disturbances of the coolant flow either in the radia
tion panel or in the blanket modules itself have been examined. The tran
sient thermal calculations have been carried out with the finite element 
code MARC 12.31. One particular coolant flow disturbance, which will be 
described below, is a flow coast down due to a loss of pumping power. 
The mass flow during coast down can be given by, see 12.41: 
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M = M (l+t/т)"1 о 
where 

М = mass flow rate (kg/sec) in the primary 
coolant circuit during coast down 

M = M at the nominal steady state operation 
T = total half-lifetime of the primary system, 

determined by the inertia of the pump and 
the fluid mass and the friction losses in 
the coolant circuit. 

For large power systems т is of the order 1 to 10 sec. The sudden block
age of a coolant tube (i.e. a severe LOFA) is equivalent with т = о. 
If no emergency stand-by pumps may come into operation the final heat 
removal capability will be determined by the natural convection velocity. 
Fig. 2.2 shows the temperature response of the radiation panel for differ
ent values of x, assuming a residual heat transfer coefficient of only 
0.5% of the original steady state value. It appears that the radiation 
panel remains safe for not too severe coolant disturbances and for a 
pump failure, provided that the loop inertia and the natural convection 
velocity are not too low. 

From the calculations it became clear that a blanket module without radia
tion panel is out of the scope for NET/INTOR because the maximum tempera
ture in the wall then will be about 550 С which is far beyond the INTOR 
design limit of 350 C. Even with radiation panel the maximum temperature 
is slightly too high (> 400 C), because of the necessity of keeping the 
coolant temperature above the melting point of Li.-Pb--. 

Fig. 2.3 shows the temperature response of the wall of the module to a 
severe and moderate reduction in mass flow. The results for the blanket 
with and without a radiation panel are given. For moderate coolant dis
turbances the temperature rise in the structural material is rather slow 
due to the thermal capacity of the whole blanket module. From the cal
culations it also turned out that after a rapid reduction of the cool
ant flow, the tube closest to the wall of the module would show a 
faster temperature rise than the wall itself. Therefore rupture of a 
inner cooling tube would be more feasable, causing initiation of a LOCA. 

In normal conditions the pressure within the vessel is only the hydro
static pressure (about 1 bar). In case of a coolant tube rupture inside 
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the vessel (LOCA) the water-steam ingress in the liquid metal will 

pressurize the vessel. Simple one-dimensional calculations with the 

code CHARME I2.5I have been carried out to estimate the magnitude of 

these pressure loads on the vessel wall and to find the pressure his

tory in the steam bubble which will be formed at the fracture. Pressure 

peaks on the wall of over 90 bar have been found. More refined 2-dimen-

sional calculations will be carried out at Ispra with the code 

SEURBNUK 12.61 to answer the question of fluid-structure interaction 

in a cylindrical type of vessel. The pressure history in the steam 

bubble obtained with the 1-dimensional calculations will be used as 

source term in the 2-dimensional calculations. 

Preliminary calculations of the effect of a gas buffer over the Li-Pb 

liquid metal show strong impact of the accelerated liquid mass on the 

vessel head. Further analysis of this phenomenon is going on. Also mea

sures to mitigate strong fluid-structure interactions will be investi

gated. 

2^2_Mild_and hard_£lasma disruptions_on_ss_326 walls 

Severe plasma disruptions on the first wall are a matter of serious 

safety concern. In the previous progress reports 12.21 calculations 

on the temperature history, the formation of the melting layer and the 

amount of evaporated material from the first wall have been reported. 

In the present period new calculations concerning disruptions on ss 316 

have been carried out taking into account a number of improvements in 

the calculation model which might be of importance, esneciallv for the 

calculation of the amount of surface evaporation 12.71. These modifi

cations are: 

- the effect of build-up and the dynamics of the vapor cloud during 

wall evaporation leading to a recondensation flux of molecules back 

to the wall surface, reducing the nett mass loss from the wall (in the 

previous calculations only the absolute vacuum evaporation flux had 

been considered). Assuming sonic flow of the vaporized molecules a 

value for the recondensation flux of about 25% of that of the evapo

ration flux attained within 60 ys was found. 

- the effect of the attenuation of the energy loads due to the slowing 

down of the energetic incoming plasma particles in the vapor cloud 

by elastic and inelastic collisions on the vapor molecules ("vapor 
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shielding") 12.81. The vapor molecules will be excited, ionized and 

heated to high temperatures. The absorbed energy in the vapor radiates 

away isotropically as soft X-rays. For a sufficient thick and dense 

vapor layer effectively only half of the original incoming energy 

flux will be deposited on the wall surface. The remainder will radiate 

away to other surfaces. This is assumed to be the condition of maxi

mum vapor shielding. 

- for strong evaporation rates the resulting decrease of wall thickness 

("moving boundary") has to be taken into accoun*.. 

The calculations have been carried out for ss 316 with the most recent 
2 

parameters for the reference INTOR disruption (E = 175 J/cm , disruption 

time 20 ms and 5 ms) and for accidentally occuring hard disruptions up 
2 

to 1200 J/cm . The material properties of ss 316 are taken from '2.91. 

The initial surface temperature is assumed to be 350 C. The most import

ant results are given in figs. 2.4 and 2.5. 

From the calculations it turned out that the effect of recondensation 

on the total amount of evaporation is small (only about 5%). This is caused 

by the fact that recondensation increases the surface temperature, which 

again increases the evaporation rate. Also the effect of incorporating 

a moving boundary has only a slight influence on the thickness of the 

molten layer (1-4%) and on the total amount of evaporated material(4-7%). 

Vapor shielding has a dominant effect on evaporation (see fig. 2.5). The 

anount of ablated material will be reduced by a factor of about 4 if one 

assumes maximum vapor shielding. The effect on melting is small (see 

fig. 2.4). 

No direct answer is available to the question of how thick (and dense) 

a vapor layer has to be to obtain such maximum shielding of the in

coming flux. However from a parametric analysis it appears that this 

parameter is of minor importance (maximum variation in evaporated 

material was found to be about 20%). Whether or not the vapor 

cloud will remain in front of the wall surface and will effectively 

shield the wall is still unanswered at the moment. In the present calcu

lations no vapor transport by blow-away parallel to the surface has 

been considered. Also the treatment of the motion of the molten layer 

by electromagnetic forces has not yet been considered. 
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From the calculation on mild disruptions (e.g. the reference INTOR dis-
2 

ration of E = 175 J/cm ) it turned out that a lower initial surface 
temperature T might be of interest. Smaller values of the molten layer 
thickness and evaporation will result, see table 2.1. The effect of 
vapor shielding is negligible for the 20 ms disruption and of importance 
for the 5 ms disruption. 

Table 2.1 INTOR reference disruption on ss 316 (E = 175 J/cm ) 

without vagor shielding 
max.surface temp, 
thickness melt layer 
evaporated layer 

with max.vagor shielding 
max.surface temp, 
thickness melt layer 
evaporated layer 

, TQ = 350°C 

T =5 ms a 

2505°C 
97 у 
2.8 у 

2130°C 
73 у 

0.32 у 

т,=20 ms 

1475°С 
24 у 

0.8 10""у 

1475°С 
24 у 

0.8 10~3у 

Т = 200°С о 
т =5 ms a 

2456°С 
86 у 
1.8 у 

2066°С 
66 у 

0.22 у 

т,=20 ms a 

1435°С 
5 у 

0.2 10_3у 

1435°С 
5 у 

0.2 10~3у 
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3. NUCLEAR DATA FOR FUSION REACTORS (H. Gruppelaar, C. Costa and D. Nierop) 

In order to provide nuclear data for application in neutronics calcula

tions of fusion reactors work is in progress to modify the activation 

data library UKCTR-IIIA (see also Sect 4.2), to supplement existing 

data libraries with (n,2n)-reactions for potential neutron multipliers 

and to study angle-energy distributions of important blanket structural 

materials. 

In the previous progress report 13.11 we have reported on some improve

ments of the nuclear-model code PRANG 13.21. We have continued to modi

fy this code by introducing a more realistic description of the angular 

distribution of neutron emission cross sections. Application of the new 

model code to calculations of multi-group scattering matrices for neu

tronics calculations of fusion reactor blankets is in progress. 

Some other activities to be mentioned concern the provision and pro

cessing of nuclear data for use in neutronics calculations. For this 

purpose we have made interfaces between cross-section processing codes 

and the multi-group libraries used for neutronics calculations. For 

some materials cross sections are not available (e.g. for Bi) and ad-hoc 

solutions were needed to obtain approximate data. 

5ii_§H55êE2_2£_HnifiÊÉ exciton model 

In the unified exciton model of preequilibrium and equilibrium neutron 

emission 13.31 the double-differential cross sections are calculated 

from the equation 

Л 
di§ïï(a'b) • " , I V n ' E ) T ( n » Q ) ' <!) 

n 
where a and b denote projectile and ejectile nucleons, respectively; 

a is the composite formation cross section; w, (n,e) is the emission 
a b 

rate of particle b from exciton state n with emission energy e, т(п,П) 
is the mean life time of exciton state at emission angle ft. 
The mean life times are expressed as a Legendre polynomial series: 

т(п,Я) = I ^(n) P^(cos9), (2) 

where the coefficients follow from a master equation: 
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- n° (n) = угГ(п-2)г;я(п-2) + u£X (n+2K£(n+2) + 

- jw(n) + Л+(п) + Г(п) + (l-u1)X°(n)]ct(n). (3) 

In this equation A , Л and Л are the intranuclear transition rates 
and w is the total emission rate. 

The eigenvalues u follow from the equation 

ƒ dn'GO^inP^cose) = u^CcosS), (4) 

where G(ft,fl') is the scattering kernel. The inital condition n„(n) refers 

to the Legendre coefficient of the initial (t=0) occupation probability: 

о q°(n,fi) = £n° (n)P.(cosB). (5) 

In our previous work we have assumed that G(Q,ft') is obtained from the 

assumption of free nueleon-nucleon scattering inside the nucleus. 

Furthermore, we have assumed 

°/ ч x (2Л+1) ,,ч 

\ ( П ) = б п 1 р * — 4 T - ( 6 ) 

with p the eigenvalue following from the equation 

J dfl'R(n,a') P£(cos6») = PjlP£(cose), (7) 

where R(n,fi') is the refraction kernel. In fact we have assumed in Ref. 

13.31 that the refraction of the incoming beam is at its maximum, i.e. 

proportional to cos9 upto 6 = ir/2. In this case it is easy to show that 

R(n,fi') = G(n,fl') and therefore P =P„. 

In refs. 13.3,3.41 we have studied the energy and angular distributions 

of neutrons scattered at 14.6 MeV incident neutron energy for a large 

number of target elements, using the above-mentioned theory. In the next 

sections a summary is given in some recent model improvements, to be 

reported at the forthcoming Antwerp conference 13.51. These improvements 

mainly concern the incident energy dependence of the angular distribu

tions. The previously published results were only valid at E = 14 to 15 

MeV. For fusion reactor applications we need to consider a much wider 

energy range. 
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3^2_Scattering_kerne1 

Referring to the recent article of Sun Ziyang et al. I3.6I we have intro
duced the cross section expressions of Kikuchi and Kawai 13.71 for scat
tering of nucleons in nuclear matter into our code. These expressions 
are based upon the assumption that nuclear matter behaves like a Fermi 
gas. We have also accounted for the Pauli principle by requiring that 
after a collison each of the two particles involved has a momentum 
larger than the Fermi momentum. The calculated scattering kernel is ob
tained by averaging over outgoing energies E'. However, for the initial 
emission (from n =3) the original energy-angular distribution of Kikuchi 
and Kawai has been adopted. This "correlated emission model", combined 
with refraction (Sect. 3.3) gives quite satisfactory results as is illus
trated in Sect. 3.5. The adopted expression for the Legendre coefficients 
of the mean life time at n=n is: 

о 

*i<ve>= Wi^'v (8) 

where u!(e) and у refer to the reduced Legendre coefficients of 

2 2 
1Шand J d r a d E ' » r e sP e c t i veiy . 

313^Refraction_kgrnel 

For the neutron refraction kernel we have adopted the expression: 

R<Q,0') = R(9) * 2* [(n2+l)coS9-n(Cos28+l)UH(9 _Q} ^ ( g ) 
11 (n-2ncose+ir " 

where H is the Heaviside function and 6 is the maximum refraction angle 
8 = тг/2 - arcsin 1/n. (10) 
n 

The refraction index n is defined as 

/E+V n - V 7 ^ , (II) 

where V is the real potential, taken from the Becchetti and Greenlees 
13.81. Eq. (9) differs from the expression given by Gadioli and Gadioli 
Erba 13.91, who have omitted the Heaviside function. 

The calculated eigenvalues p (Eq.7) approach 1 at high energies (n«l). 
On the other hand, maximum refraction is obtained for n -+ <*> leading to 
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R equal to G in the case of free nucleon-nucleon scattering. For the 

relatively low energies in a fusion reactor (E < 15 MeV) the refraction 

effects are quite large. 

3.4 Refraction of incoming and outgoing beam 

It has been shown in Ref. 13.31 that the solution of the master equation 

(3) for £ leads to a proportionality with n. and thus with p . This 

means that the refraction of the incoming beam leads to a reduction 

factor p.(E). 

Recently, it has been shown by Akkermans 13.10! that Eq. (8) can also be 

used to describe the refraction of the outgoing beam, replacing E by e 

in Eq. (11). This leads to the conclusion 13.101 that Cl(n) should be 

multiplied with p.(c) to include the effect of refraction of the out

going beam. The new value of this coefficient is denoted by c''. This im

portant result means that r," is proportional to p (E)p (e). 

3.5 Angular distribution at highestemisgion energy 

At the highest emission energie e -+ E the Legendre coefficient of the 

mean lifetime of the initial exciton state n =3 is roughly proportional 

to 

Z" (n ,E) * p2(E)y!(E). (12) 

Я. О 9. 

Eq. (12) shows that the present theory leads to a significant incident 
energy dependence of the angular distributions. 
In previous models the calculated angular distributions were independent 
of E, as is shown in Fig. 3.1 (dashed lines), where we have plotted the 
reduced-angular distribution coefficients f of neutron scattering at 
93 . 
Nb, as a function of E at the highest outgoing energies (e«E-lMeV). 

The experimental energy dependence is approximately given by the 
dotted-dashed curves, according to the Kalbach-Mann systematics 13.111. 
Taking into account refraction according to Sects. 3.3 and 3.4 leads to 
the full curves in Fig. 3.1. Further improvements are obtained by in
troducing the Fermi motion of the target nucleons as is shown in Fig. 
3.2. Accounting for the Pauli principle leads to the dashed curve in 
Fig. 3.3. In the last two cases an average kernel has been used. In
troduction of Eq. (8) leads to the present results (full curves in Fig. 
3.3), which are quite close to the systematics. In view of the uncer
tainties of the Kalbach-Mann systematics we may conclude that the pre-
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sent model is equally good as the systematics, at least up to 40 MeV. 

These results are particularly important for the provision of nuclear 

data pertaining to intense neutron sources, to be used for the irra

diation of fusion reactor materials. 

3.6 Sjectral_dependence 

We have also studied the spectral dependence of f at incoming energies 

varying from 14.6 MeV to 40 MeV. The conclusion of this study is that 

the present model satisfactory competes with the systematics 13.51. We 

note that in our calculation no fit parameters have been used. A remain

ing problem is that f_ seems to be underpredicted at 14.6 MeV both by 

the theory and by the systematics. Possibly, this is related to the 

neglect of angular-momentum effects in our model. 

3.7 Applications 

The results of this study will be applied to fusion reactor studies. For 

this purpose we have to process the correlated energy-angle distributions 

into multi-group constants. The processing code 6R0UPXS 13.11 has been 

developed for this purpose. The output of this code is combined with that 

of a conventional processing code (4-ACES 13.121). We have made an inter

face between the 4-ACES output and the neutronics calculation data libra

ry (100 groups GAM-2, ANISN-format). This interface is also used to supply 

nuclear data of materials, which are not given in the existing data 

files (e.g. Bi). We have also made a version of this interfacing code 

to supplement the MACKLIB-IV library for nuclear response functions. 
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4. NEUTRONICS CALCULATIONS FOR FUSION REACTORS (K.A. Verschuur) 

The transport calculations for the JET neutronic diagnostics have been 

continued and will be reported shortly. Further some calculations have 

been performed on the activation of first wall erosion for INTOR. 

The results of the activation and transmutation calculations for the 

EC Materials Expert Group have been reported 14.11. 

4.1 Calculations for JET neutron diagnostics 

The JET machine has a double walled D-shaped toroidal plasma chamber 

with a horizontal minor radius of 140 cm and a gap of approximately 

10 cm. The torus is surrounded by 32 D-shaped TF coils. The wedge 

shaped regions between the outer limbs of the TF-coils contain a 

coil supporting structure that is filled with barite concrete for 

radiation shielding. 

Since 1981 neutron transport calculations have been performed for the 

planning of the time integrated neutron yield monitor system. Activa

tion detectors will be irradiated at a number of positions around the 

torus just outside the plasma chamber. The neutron flux spectra at the 

detector positions will be influenced by the scattering of neutrons 

in the vessel walls and the components of the machine surrounding the 

chamber. Therefore the calculational model used in the transport cal

culations should contain the main components of the machine. The FUR

NACE code system applied for the neutron transport calculations assumes 

toroidal symmetry and does not accept void regions inside the blankets. 

Therefore a simplified model for the JET torus was required. We first 

studied the effect of such a model simplification on the calculational 

results. 

In the simplified model the void region inside the double walled chamber 

and the void region between the chamber and the TF-coils are removed. 

It could be shown eaeily that this will not effect the calculated detect

or response by more than 1%. The wedge shaped regions filled with 

barite concrete have a more serious effect. Thib has been studied by 

comparing the results for the following toroidally symmetric blanket 

geometries: 

A. the barite concrete in the wedge shaped regions is replaced by the 

coil mixture; 



-26-

B. the outer limbs of the TF-coils are replaced by barite concrete. 
The results for these two geometries have shown that the presence of 
the barite concrete has only a small effect on the response of detect
ors with a high threshold energy, but that it becomes important for 
low threshold detectors (~ 15% for In(n,n')). 
It may therefore be concluded that the simplified model for the torus 
is acceptable as far as the void regions are concerned, but that it 
will have to be decided whether a better representation of the wedge 
shaped regions between the TF-coils is required, in which case a 
threedimensional version of the FURNACE code has to be developed. 

Results are shown for the D-shaped full aperture plasma and the torus 
completely surrounded by the coil configuration. The geometry is given 
in fig. 4.1. The treshold detectors are placed in the poloidal posi
tions IP = 6 and IP = 14. The neutron fluence spectra at these posi
tions are given for DD-plasmt'. operation and for DT-plasma operation 
in figures 4.2 and 4.3 respectively. 

The peak in the fusion neutron source distribution (fig. 4.1) is radi
ally shifted outward with respect to the plasma centre line by about 
20% of the horizontal plasma radius (e = 0.2). Deviation of e from this 
value will be observed in the relative detector responses. Figures 4.4 
and 4.5 show that the dependency of the detectcr response ratios on e 
is practically linear. Further ь lower threshold energy results in a 
smaller response ratio and a smaller slope. This is because the flux 
of scattered neutrons, which is less dependent on the source distri
bution than the uncollided neutron flux, contributes more to the detect
or response if the treshold energy is low. Similar results have been 
obtained for the circular full aperture plasmas. 

4,.2_Radioactivit2 release^into^he^NTOR-torus^due to_first_wall_erosion 

The erosion of the first-wall of INTOR, which will amount up to 1 mm/y 
in the last operation stage, will cause the release of activated material 
into the torus. This has been recognized as a potential safety problem, 
and therefore has been studied. The reduction in first-wall thickness 
during INTOR-life due to the erosion will influence the spectrum of the 
neutron flux and its distribution over the first-wall thickness. These 
effects should be taken into account in an activation calculation for 
the first-wall erosion. In principal the ORIGEN-F code (developed in 
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Jiilich and further improved in collaboration with Petten) is suited for 

this task as it can perform time and space dependent activation calcu

lations. A feature was introduced into ORIGEN-F, that takes the erosion 

into account, and also its effect on the neutron flux in the first-wall. 

Moreover the efficiency of the code had to be improved, as the calcu

lation time would be prohibitive otherwise. The version of the ORIGEN-F 

code thus obtained has been used for our calculations. 

The calculations have been performed for the INTOR reference design 

using Li_SiO, as breeder material. The blanket has been approximated 

by a slab geometry as given in table 4.1. As the tritium breeding is 

not considered in our calculations, the breeder zones have been homo

genised. The composition of the AISI-316 f irst_wall is given in table 

4.2. The neutron flux distribution in the blanket was calculated for a 

series of values for the first-wall thickness. The calculations weie 

performed in infinite cylinder geometry, using a first-wall radius of 

1.85 m and an effective plasma radius of 0.925 m. The ANISN code 14.21 

was used with 100 group neutron cross sections taken from EPR/DLC37F 

14.31 and DLC2D 14.41. The neutron flux files for the different wall 

thickness thus obtained, then were used as input to the new version of 

ORIGEN-F. The operating scenario (as given in fig. 4.6) and the time 

dependent wall thickness (as given in fig. 4.7) were input to the code 

as well. The activation cross sections were taken from a renormalized 

version 14.51 of the UKCTRIIIA library 14.61. Information on the opera

tion scenario and the first-wall erosion was taken from 14.71 and 14.81. 

The geometry and composition of the Li„Si0~ blanket was taken from 14.91. 

The radioactivity release rate due to first-wall erosion is given in 

fig. 4.8. The maximum value at the end of INTOR-life is 2.15 10 Bq/y 

per meter torus length. Assuming a torus major radius of 5.2 m. this 

sums up to 7.0 10 Bq/y for the whole torus, which is equivalent to 
2 . 2 

18 MCi/y. Expressed per cm wall surface the release rate is 4.8 Ci/cm /y. 

Fig. 4.9 gives the total radioactivity of the first-wall (integrated 

over the wall thickness) per meter torus length during INTOR-life. 
3 

Though the radioactivity per cm of first-wall material will increase 

gradually, it can be seen that after 8 years operation the total radio

activity declines, due to the reduction of the first-wall thickness. 

At the end of INTOR-life we have 9.7 10 Bq/m, giving for the whole 

torus 3.2 10 Bq (85.6 MCi) and per cm2 wf .1 surface: 22.5 Ci/cm2. 
3 

At the end of INTOR-life the volumetric radioactivity will be 45 Ci/cm . 
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2 At 8 years operation time these figures are 143 MCi, 37.6 Ci/cm and 
3 

34.5 Ci/cm respectively. The volumetric after-heat during INTOR-life 
is given in figure 4.10. The maximum value at the end of life is 0.3 

3 
MW/m . For the 5.03 mm wall thickness left this adds up to 0.57 MW for 
the whole first-wall. The total after-heat produced in the first-wall 
has its maximum of 1.2 MW at 8 years operation time. 

In the calculational model used it is assumed that the eroded material 
is not redeposited on the first-wall. Redeposition will occur, however 
though the mechanism is not yet properly understood. Therefore the 
total radioactivity of the first-wall as calculated is a minimum value. 
The same holds for the radioactivity release rate as calculated. The 
eroded material that is not redeposited on the first-wall will enter 
the vacuum system. Thus about 10 MCi/y of heavy particles will enter 
the vacuum system, which will cause serious safety problems. 
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Table 4.1. Li2Si03 blanket model 

zone 

first wall 
cooling 
n.multiplier 

cooling 
"second" wall 
breeder zone A 

breeder ^one В 

breeder zone С 

n.reflector 
shield 

thickness 

1.6 cm 
0.2 cm 
6.29 cm 

0.2 cm 
0.3 cm 
5.83 cm 

5.83 cm 

11.66 cm 

40 cm 
40 cm 

composition 

AISI-316 
D20 
Pb(80.65 V Q L Z ) 
D20 (6.45 vol.*) 
AISI-316 (12.9 vol.Z) 
D20 
AISI-316 
Li2Si03* (30.42 vol.Z) 
H20* (23.46 vol.Z) 
AISI-316 (12.06 vol.Z) 
Li2Si03 (26.06 vol.Z) 
H20 <29.65 vol.Z) 
AISI-316 (11.78 vol.Z) 
Li2Si03 (13.03 vol.Z) 
H20 (31.65 vol.Z) 
AISI-316 (11.70 vol.Z) 
AISI-316 
AISI-316 (50 vol.Z) 
H20 (50 vol.Z) 

* p(D20) - 1.063, p(H20) = 0.958, p(Li2Si03) -2.52 g/cm3. 

Table 4.2. Composition of AISI-316 first wall 

EX. 

Fe 
Cr 
Ni 
Mo 
Mn 
Cu 
Si 

wt Z 

63.9 
17.5 
12.25 
2.5 
1.8 
1.0 
0.5 

... 

E5L 

Co 
Та 
N 
P 
С 
S 
В 

wt Z 

0.25 
0.15 
7 10"2 

3.5 10"2 

3 10~2 

2.5 10"2 -
2.5 I0"3 
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BLANKET GEOMETRY AND 

SOURCE CONTOUR LINES 
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5. RADIATION DAMAGE OF REFRACTORY METALS (W. van Witzenburg) 

Investigation of the effect of helium on the microstructure of neutron 
irradiated niobium has been rounded off during this period 15.1 I. Per
haps one microstructural feature deserving further analysis is the pre
sence of vacancy type dislocation loops, in specimens of the Nb-alloys 
only. As indicated previously, preimplantation of pure niobium with 
helium has been found to have essentially no effect on the neutron irra
diation induced swelling, while it clearly increased this swelling in 
the Zr-containing Nb alloys. This suggests that interstitial impurities, 
especially oxygen, have more influence on cavity formation and the en
suing swelling than the preimplanted helium has. This is an important 
conclusion, because it implies that swelling due to irradiation with 
fusion neutrons will be influenced not so much by the transmutation 
produced helium, but by interstitial impurities, at least in niobium 
and also in vanadium which has been investigated earlier. Control of 
this type of impurity seems therefore essential for application of 
these materials in fusion reactors. 

Preparations for determination of the tensile properties of a vanadium-
titanium alloy, in which helium and atom displacement are introduced 
simultaneously, simulating the effect of 14 MeV neutron irradiation, are 
well under way. Sheets of I mm thickness of the alloy V-5Ti, partially 
doped with boron-10, have been manufactured by Metallgesellschaft, 
Frankfurt. The actual boron content and its spatial distribution still 
have to be determined. Irradiation of the tensile specimens, which will 
occur in a central core position of the HFR during 6 cycles corresponding 
to a displacement dose of 9 dpa for the alloy, remains scheduled to 
start near the end of 1982. Design of the irradiation capsule has been 
completed. Construction is expected to begin shortly. The specimens 
will be irradiated at three temperatures: 500, 600 and 700 C, while 
immersed in liquid sodium. Each of these temperatures will be realized 
in one leg of a TRIO-rig. The sodium will guarantee an accurate tempe
rature control and a uniform temperature over the specimens. However, 
sodium-specimen interaction, in particular transfer of oxygen to the 
specimens, is likely to occur. Especially at the higher irradiation 
temperature of 700 С embrittlement due to corrosion of the specimen ma
terial may overshadow radiation effects, as suggested by recent results 
concerning similarly irradiated V-20Ti at ORNL 15.51. At the irradiation 
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temperatures of 500 and 600 С corrosion effects are expected to be in
significant 15.31. To separate any effect due to sodium-specimen inter
action, tensile specimens will be exposed to sodium at the three tem
peratures out-of-pile. 

During the initial period of irradiation the ratio of the production 
rate of helium (at. ppm) and dpa's in the alloy, doped with 100 at. 
ppm of boron-10, will be as high as 96, compared to approximately 5 
for the case of 14 MeV neutron irradiation of the alloy without boron-
10. However, this ratio decreases rapidly. Halfway the irradiation 
period of 6 cycles it has dropped to about 1.2. Over the entire irra
diation period the He/dpa ratio averages 11. That most of the helium 
is produced during the first few weeks of irradiation is different from 
14 MeV neutron irradiation which produces helium and dpa's in a vir
tually constant ratio. An attempt to use cadmium shielding, to reduce 
the thermal neutron flux level and thereby flatten the He production 
rate as a function of time, has been abandoned. The amount of cadmium 
involved was considered to be unacceptable for normal operation of the 
HFR because of its anti-reactivity effect. Nevertheless, the simulation 
method employed in this project is expected to be superior to preimplant-
ation with helium because the helium will be introduced in the material 
while the point defect production rate is high. Furthermore, a clear 
disadvantage of preimplantation with helium is that the specimen thick
ness is limited to a few hundred microns. On the other hand, helium pro
duction by means of boron-10 implies production of lithium as well. The 
effect of lithium on the tensile properties of V-Ti alloys is not known. 
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6. RADIATION DAMAGE OF STAINLESS STEEL (B. van der Schaaf) 

Material 

In February we received 100 kg of the 316L heat with lot number 201103. 

The steel, made by Creusot Loire, has been distributed by JRC Ispra 

to the various participating laboratories. The chemical analyses, per

formed by our Chemistry Department, are given in Table 1 together with 

the specified limits. Metallography analyses have been made in three 

planes: one perpendicular to the rolling direction and two (one hori

zontal, one verical) parallel to the rolling direction. There was no 

difference in the plates structure. The upper and lower layers of the 

plate, about 5 mm in thickness, show grain diameters of about 80 um 

(Fig. 6.1). The core of the rolled plate 20 mm in thickness shows a 

grain diameter of about 50 um . The coarsely grained layers 

show a very low ferrite content. The core shows ferrite contents up 

to 0.7%. This inhomogeneous structure is probably brought about by 

the late solidification of ferrite promoting elements. The micro dis

tribution of the chemical composition will be studied next half year 

in more detail. 

Since the specimens are manufactured from the core of the plate, the 

gage length of specimens has a homogeneous grain diameter of about 

50 um and a ferrite content up to 0.5%, according to ferrite scope 

measurements, which is within specifications. The manufacturer's so

lution heat treatment has been successful. Carbide precipitation has 

not been revealed by modified Murakami etching. Some titanium carbo-

nitrides, manganese sulfides and oxides have been observed in negli

gible quantities. 

The specimens have been manufactured. Only a small number had to be 

rejected due to sub-specification quality. The yield was lowest for 

the most simple specimens: the crack propagation blocks. 

The two rigs containing tensile and fatigue specimens have been assem

bled and are being irradiated now successfully on schedule. This is a 

major achievement since the material has been delivered three months 

later than in the original workplau. The manufacturing, assembly and 

testing lines have worked very efficiently to catch up with the origi-
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nal schedule. The rig containing the crack propagation specimens will 

be assembled and loaded into the reactor core in October. 

The operating experience with rig T-62 is satisfactorily. As an 

example some control details of leg 622 of T-62 are given in Fig. 6.2 

As can be seen the 10 temperature readings show that there is suffi

ciently control space for the rig. It is expected that after 10 reactor 

cycles the rig will be removed from the reactor. Then in the steel of 

rig T-62 will have been generated 23 atomic ppm (appm) He from B, 

about 30 appm He from Ni and I appm He from N, in total 54 appm. The 

displacement damage will be about 4.7 dpa, which adds up to an He/dpa 

ratio of 11, a figure highly relevant for first-wall and blanket struc

tures of fusion reactors. 

*!3°JSL« ^ w ^ \ . . ' ' ' \ 

Fig. 6.1 The grain structure of heat 201103 in the 5 mm thick surface 

layer. 



Table 6.1 Chemical composition in weight percentages of 316 L heat no. 201103 

Specified 
Limits 

Measured 
Values 

С 

< 0.03 

0.021 

Cr 

17 
18 

17.5 

Ni 

12 
12.5 

12.3 

Mo 

2.3 
2.7 

2.41 

Mn 

1.6 
2.0 

1.79 

N 

0.06 
0.08 

0.059 

Si 

< 0.5 

0.43 

Cu 

< 1.0 

0.21 

Co 

< 0.25 

0.18 

S 

<0.025 

0.009 

P 

< 0.035 

0.029 

Ta 

< 0.15 

0.05 

В 

< 0.0025 

0.0023 
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(13.04 mV) are _+ 20 К (0.84 mV). Temperatures are controlled 
by changing the indicated gas mixture or movements with the 
ve r t i ca l displacement unit 
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7. DEVELOPMENT OF HIGH CURRENT SUPERCONDUCTING CABLES (H.J. Veringa) 

During the reporting period, a braiding machine for making cables out of 
a maximum of 24 strands was installed in the laboratories of the Materials 
Department of ECN(Fig.7.1). This machine can produce four different types 
of braid, including a simple helical configuration with all strands going 
in the same direction. The pitch of the cable can be varied between 16 mm 
and 145 mm, independent of the type of braid. During the commissioning 
of the machine and the learning period, first pure copper wire was 
used to make cables of the order to 50 m length. Stepwise six to nine 
copper strands were replaced by multifilament NbTi-wire. It was observed 
that braiding of wires with different elastoplastic properties, in this 
case NbTi and copper, gives problems. It was also found to be impossible 
to roll this cable into л rectangular shape by means of a "Turks head" to 
a filling factor higher than 80%. 
In fact it was found that a 24 strand cable with 6 NbTi-strands can be 
rolled to a filling factor of only 63% and for 9 NbTi-strands 57% appears 
to be the maximum. An example of this cable is shown in Fig.7.2. Detailed 
metallographic analysis has shown that the relatively soft copper wire 
is heavily deformed by the hard NbTi-strands. In going to higher filling 
factors than indicated the copper will break. In order to achieve high 
density mixed Cu-NbTi-cables some adjustments and a close control over 
the mechanical properties of the copper wire used is necessary. 
These experiments were repeated with mixtures of copper wire and commercial 
bronze type Nb.Sn-ttiultifilament wires. Preliminary observations suggest 
that similar problems arc not encountered here. A test program for making 
high current 24 strand-cables with 18-filament ECN-type Nb.Sn-wire was 
started. 

An important aspect of the fabrication of superconducting cable is the 
welding of superconducting wire. Preliminary experiments had indicated 
that satisfactory butt welds, could, in terms of low resistivity and high 
bend strength, be obtained using either a DC or an AC method. 
A number of tests was performed by both methods with a number of 
different welding parameters including heat input (or welding current 
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and time), pre treatment of the surfaces to be joined and compressive 

stress. The first mechanical test was bending over a radius of 5 mm. 

The welds that successfully passed that test were used for resistivity 

measurements and tensile tests. The tensile test showed that a weld 

did not appreciably influence the strength of a wire. Resistivity 

measurements showed that the quench current in magnetic fields in the 

range 8-14 T was generally not less than 90% of that of the unwelded 

wire. Heat dissipation in the weld was generally found to be rathjr low, 

i.e. comparable to the heat dissipation in roughly a 100 cm length of 

unweK?d wire. After selection of the most promising welding parameters, 

about 60 welds were made in an IMI 1.2 mm diameter Nb_Sn-(bronze)~wire. 

Twenty of these were tested by bending of which 18 survived the test. 

Failure of the other two welds could not b<i correlated to a high weld 

resistivity nor to any abnormal condition during welding. The remainder 

of the welds was prepared for resistivity measurements and tensile tests. 

Another important part of the present project is concerned with 

mechanical properties of superconducting wire, in particular the effects 

of tensile stress and strain and bending strain on the superconducting 

properties. During the reporting period the main effort was spent on 

the design and construction of an improved tensile testing device for 

measurements in fields up to 14 T, as a replacement for the old equipment 

in which measurements were limited to 6 T. An unavoidable and essentially 

new feature of the equipment, causing an appreciable amount of extra com

plications, is that the axis of the cryostat and the axis along which 

a strain can be introduced from outside the cryostat. This makes it 

necessary to design a sample holder in which an axial displacement can 

be transformed into a transverse displacement, relative to the magnetic 

field and thus to the cryostat. This makes force transmission and 

stress and strain measurement much more complicated than in the old 

equipment in which a split pair magnet generated a transverse magnetic 

field and for which a relatively simple axial load train could be used. 

The new sample holder is shown in Fig. 7.3. 

Not only had a number of tricky mechanical problems to be solved, in 

addition it was found necessary to use a minicomputer to control the 

whole measurement procedure and perform the data processing on-line. 
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In essence the measuring cycle consists of three parts, viz. stressing, 
J -measurement and J -calculation. In the stressing step the operator с с 
operates the tensile testing machine to generate a certain stress. When 
this stress does not increase any more, stress and strain are recorded 
and the J -measurement is started, consisting of alternating measure
ment of current and voltage. Transgression of the 10 uV value is indi
cated by a sound signal and the operator ends this part of the cycle when 
voltage starts to increase sharply. In the data treatment these measured 
values are approximated by a series of straight line by a least square 
procedure. 
An example of a stress-strain plot is given in Fig.7.4. 
An example of a J -measurement plot is given in Fig. 7.5. 
It should be noted that only for the lowest curve, for zero strain the 
vertical voltage scale is the correct one. For the other curves the 
voltage scale is shifted to avoid overlapping of curves. The slanted line 
going through the origin indicated the 10"1 * fictn resistance criterion. 
In Fig. a series of J ~e~curves is shown, determined from the inter
cept of the current-voltage curves at various strains with the lines 
for the various resistance criteria I0-11, 10~10 and 1СГ9 Пет. The I 

max 
plot gives relatively arbitrary values, i.e. the current at which 
the operator ended the J -measurements. 

с 
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F i g . 7 J The b r a i d i n g machine 
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Fiq. 7,3 Sample holder for traneveree stressing 
of superconducting wire at 4. 2 K. 
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8. NIOBIUM TITANIUM MAGNET FOR SULTAN (W.M.P. Franken) 

The major effort has been spent to the production of the conductor, 

needed for winding the SULTAN 8 Tesla coil. According to the design 

(figure 8.1) the conductor is composed of a 16 strand superconducting 

Rutherford cable and a copper cooling tube. As described previously, 

there will be a high level of Lorentz forces during coil operation. 

These forces, to be counterbalanced in the windings, will work basic

ally on the Rutherford cable. The cable will be pressed towards the tube; 

the latter will provide the necessary strength to the conductor, as it 

is made of half-hard copper. The cable will be soft soldered to the tube 

and this solder bond has to meet high standards of fixation and fil

ling in order to avoid even small motions of the Rutherford cable, 

resulting in an unacceptable coil training behaviour. 

The full conductor length has been soldered earlier by an outside sup

plier, but the quality of the solder bond turned out to be inadequate to 

such extent that the product could not be accepted by ECN. Subsequently an 

appropriate resoldering process has been developed by ECN in collaboration 

with the supplier. Theprocess was based on controlled solder solidifica

tion under fixation of the conductor components within a no zle. The 

equipment is shown in figure 8.2. 

The conductor is passing subsequently: a fluxing station, a preheat 

station, a soldering wave, a nozzle of final conductor dimensions and 

a cooling station. The conductor, entering from the solder wave into 

the adjacent nozzle gets there its final dimensions and is solidified 

inside the nozzle by cooling the conductor surface at the nozzle exit. 

In this way a satisfactory fixation, high solder filling rate and dimen

sional stability can be guaranteed for the final conductor. This solder

ing equipment has been fit into the soldering line of the supplier. The 

entire conductor length was then resoldered succesfully. 

Critical current tests have been executed at Oak Ridge National Labora

tory and at Fermi National Laboratory, both resulting in critical cur

rent data exceeding the specification of 4440 Amps at 8.2 Tesla and 

4.2 K. The conductor has been approved by ECN and shipped to the Nether

lands for further processing at the coil winding. In the mean time all 

other coil components (such as stainless steel housing, insulation) has 

been manufactured, so that it is expected that the coil fabrication can 

be terminated at the end of 1982. 
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Fig. 8.2 Equipment for continuous soldering of the composed conductor 
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9. A-15 CONDUCTORS FOR INTOR/NET TOROIDAL FIELD MAGNETS (J.A. Roeterdink) 

This study, which is organized in the framework of the SULTAN-cooperation 
(ENEA, SIN, ECN), will concern the definition of A-15 conductors for the 
TF-coils of the INTOR/NET project. Two conductor concepts are generated 
viz. ECN-1 and ECN-2 (see fig. 9.1). Both concepts have an operating 
current of 25 kA/4.2 K/12 T, whereas the critical current is 40 kA/4.2 K/ 
12 T. ECN-1 has the s- perconducting wire cabled around a CrNi-core, ECN-2 
has a braided cable. They are based on the following design considera
tions. 

Stability 

By using a flat conductor with a large surface-volume ratio the conduc
tor can be made cryogenically stable against thermal disturbances. The 
dissipation during local quenching amounts approximately 1000 W/m; 
forced flow cooling with supercritical helium at a flow rate of 20 g/sec 
can assure cryostability. The pressure drop over one coolant length of 
566 m will be 0.12 MPa. 

Stresses and strains 

Since in the chosen conductor concept main part of the Lorentzforces 
is taken by the coil casing (the contribution of the stainless steel 
in the conductor will be about 30%) the definite geometry of this casing 
defines the exact stress level within the conductor. From different TF-
coil casing concepts based on the above mentioned philosophy it became 

-3 clear that the axial conductor strain can be limited to 2 x 10 for a 
2 conductor current density of 25 A/mm . The maximum transverse in-plane 

load of 65 MN/m will induce a maximum compressive stress in the copper 
stabilizers of 125 MPa. This stress level can only be taken by cold-
worked copper, that is added to the conductor after reaction of the con
ductor core. Bending the conductor during coil winding over a minimum 

-3 radius of 2500 mm will result in a bend strain of 1.6 x 10 

Quench 

Limiting the maximum discharge voltage over 1 coil to 4 kV results in 
a discharge time of 55 seconds; the maximum temperature of the conductor 
will be 63 К (ECN-1) and 58 К (ECN-2). It will be clear that a closed 
coolant conduit will be better suited to withstand the high discharge 



-56-

voltages that will be induced during a quench. 

AC^losses 

The AC-losses averaged over the coil amount for the Nb_Sn-section to 

0.76 W/m; the time average for the 12 Nb_Sn-sections will be 5.5 kW. 

Major part of these losses are due to eddy currents in the copper 

stabilizers. If necessary, the AC-losses can be cut down to about 

half this figure by increasing the number of resistive barriers in the 

stabilizing copper. 

Current_densities 

2 
Overall (coil) current density 10.6 A/mm . 

2 
Conductor current density 25 A/mm . 

2 
Copper current density 50 A/mm (ECN-1). 

48.3 A/mm2 (ECN-2). 

Potential fabrication_£roblems 

Key element in the fabrication of the Nb_Sn-conductor is the brittle 

nature of the Nb-Sn-material. A second element in the fabrication is 

the reacting process needed to form the Nb^Sn. 

For INTOR-size coils the only feasible fabrication sequence will be 

the react and wind procedure. As the INTOR TF-conductor is a highly 

stressed conductor it will be an advantage to have the stabilizing 

copper and the stainless steel in a state in which it can contribute 

its utmost to take the electromagnetic forces; this demands for a 

solution in which the superconductor itself is reacted before assembly 

with stabilizing material and stainless steel. Furthermore, it offers 

the opportunity to have a solder-bond between the materials used. 

As far as can be seen now, there is not a principal restriction with 

regard to fabrication and operation of the Nb-Sn INTOR TF-conductor. 
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Fig. 9.1 INTOR/NET TF A-15 conductor 
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