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ABSTRACT 

The safety analysis of the liquid lithium-lead blanket module concept 
for INTOR/NET was extended to shock waves resulting from coolant tube 
rupture. 

A report was published on first wall damage by plasma disruptions. 

A review is given of all tools developed by ECN for model calculations 
of nuclear data. Re-evaluated level-density parameters of the stable 
lead isotopes are presented. 

Neutron transport calculations with FURNACE performed for the neutron 
diagnostic system of JET, were compared with MORSE calculations per
formed in Harwell. A new formula is introduced to predict tritium bree
ding losses due to penetrations. 

Samples of stainless steel 316 and of vanadium-titanium alloys are under 
irradiation in the core of the HFR, for assessment of radiation effects 
on mechanical properties. Low cycle fatigue testing of unirradiated ss 
316 - as reference - provided information on temperature, frequency and 
strain range dependence. 

The 8 Tesla niobium-titanium superconducting solenoide of 1 m inner bore 
was installed in the SULTAN superconductor test facility and was found 
to operate according design specification. Progress is reported in de
velopment of a 5 kA niobium-tin conductor as required for one of the 
12 Tesla insert coils for SULTAN, which will be constructed by ECN. 

New projects started on development and testing of ceramic lithium com
pounds for tritium production and on the design of an in-pile fatigue rig. 
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1. INTRODUCTION 

The research and development work of ECN for fusion reactor technology 

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

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

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

association. 

During the report period the Commission introduced a detailed project 

structure for the technology part of the European programme. The asso

ciated laboratories were invited to submit project proposals based on a 

series of task descriptions. The ongoing projects of ECN were accepted, 

after some adjustment to improve their contribution to the program ob

jectives. ECN submitted a project proposal on tasks concerning development 

and testing of ceramic lithium compounds for tritium breeding, which was 

only approved to start, awaiting further coordination of the total ef

fort in this area by the Commission. 

Research staff and manpower in workshops, allocated by ECN to fusion 

technology during 1983 amounts to 22 manyear. The work is organised in 

seven detailed projects in the technology subprogrammes: 

- radiation damage of construction materials (Mat) 

- blanket technology (B) 

- safety analysis (S&E) 

- superconducting magnet technology (M). 

Their project codes in the European programme are given in the list of 

contents. 

REFERENCE 

11.11 European Programme on Controlled Thermonuclear Fusion (1982-1986), 

COM (81) 357, July 1981. 
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2. SYSTEM AND SAFETY STUDIES FOR FUSION REACTORS (H. Klippel) 

The safety studies for fusion reactors now belong to the action field 

"safety and environment" subtask "accident analysis" of the European 

Fusion Technology Programme 1982-1984 and are carried out in close 

cooperation with JRC-Ispra, HMI-Berlin, Ris4, Studsvik, Fontanay-aux-

Roses and KfK. 

Particularly these studies are focused on the analysis of coolant ac

cidents in some well defined blanket concepts and of severe plasma 

disruptions damaging the first wall. The reported results may help in 

finding new design options and protection measures. 

2ili_92°l52£_2££iË£0£_ï5ï25/NET_breeder_blankets 

The thermal response of the two types of INTOR/NET breeder blanket modules 

- containing either a solid lithium compound or liquid lithium breeding 

material - in case of coolant upset and accidental conditions have been 

analysed and reported in the previous year 12.11. Recently the results 

have also been presented and discussed at the workshop on Fusion Blan

ket Technology at Erice (Sicily) 12.21. 

One of the main conclusions was that a failure of a high pressure coolant 

tube inside the liquid breeder module might be of serious concern which 

needs further investigation. The rapid pressure oscillations occuring 

in such an event may cause dynamic deformations possibly resulting in 

failure of the blanket module. Then considerable contamination of the 

plasma chamber with liquid breeder material and coolant would follow 

possibly accompanied with chemical reactions, leading to fires or ex

plosions. It must be proven that the dynamic behaviour of the module is 

within tolerable limits in order to ensure the containment integrity of 

the module. Therefore our study has been extended with the investiga

tion of the fluid-structure interaction of the liquid LiPb eutectic 

with the wall of the blanket module in order to evaluate the integrity 

of the module after a sudden rupture of a coolant tube. Such a failure 

(= guillotine break) of the coolant tube is considered here as a design 

basis accident. 

Numerical calculations now are being performed with the 2-dimensional 

code PISCES 12.31. PISCES is a finite-difference computer program used 

for solving static and dynamic problems of structure, fluids and fluid-
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structure interaction. 

In the present analysis the blanket module is represented by an idea
lized cylindrical vessel, see fig. 2.1. With a length of 120 cm, a 
diameter of 40 cm, and a wall thickness of 8 mm the vessel is filled 
with a liquid LiPb eutectic at 1 bar. Somewhere in the liquid-LiPb 
filled vessel a sudden exposure to a water flow at 50 bar can 
be simulated. The pure radial vibration of the empty cylindrical 
elastic shell if exposed to a sudden applied inner pressure of 50 bar 
is given in fig. 2.2. The fundamental frequency of this axi-symmetric 
vibration is given by 

о To R p 

in which R = radius of the cylinder, E = modulus of elasticity (= 2.10" 
N/m 2), p = density of wall material (= 7800 kg/m3). This results in 
a period of T = 250 us. The sound speed in liquid LiPb eutectic is 
derived from that of liquid Pb 12.41 and is found to be 1750 m/s. The 
travelling time of pressure waves in the liquid LiPb is also in the 
order of 250 vis. The calculations on fluid-structure interaction and 
wall response to an assumed water tube break are still in progress. 

2.2. Plasma disru£tions_on_first_walls 

The existing literature on the theory of disruptive instabilities and 

experimental observations of plasma disruptions has been reviewed in 

order to collect information on plasma disruption characteristics for 

INTOR. However the present-day knowledge on disruptions is still too 

limited for a reliable extrapolation to INTOR, see e.g. 12.51. In par

ticular the time scales of heat deposition and plasma current decay 

and the spatial distribution of the energy deposition on the walls are 

important but badly known parameters. Although some encouraging re

sults were obtained in preventing disruptions 12.51, the occurence of 

disruptions in large Tokamaks with high density, like INTOR or DEMO, 

can not be excluded. It has been observed, see e.g. fig. 2.3,which 

is taken from 12.61,that in a major disruption triggered by fast 

growing MHD instabilities first the plasma temperature falls, asso

ciated with the energy loss, then the plasma current decreases while 

the magnetic energy is dissipated. These time scales are different, 
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dividing the plasma termination and also the wall response into two 

periods. 

Typical observed values for the energy deposition time of present-

day machines are of the order of 100 us as illustrated in fig. 2.4 

(taken from 12.71). This time increases with machine size, plasma 

density and toroidal field, but it seems difficult to determine this. 

The extrapolation to larger Tokamak machines results in disruption times 

which are one or two orders of magnityde larger, see fig. 2.4. The 

disruption time of INTOR therefore might possibly be substantial lower 

or higher than the depicted reference value of 20 ms. 

Also the spatial- and time-dependent distribution and the frequency of 

disruptions are burdened with large uncertainties. Therefore inves

tigations on the disruption process are still needed to find a re

liable set of plasma disruption characteristics for the future large 

Tokamak machines. 

The earlier results of our investigation of the thermal response of 

the first wall to plasma disruptions were compiled in an extended 

report |2.8|. This work was also being presented at a colloquim held 

at KfK, 8 February. 

One of the critical issues for further investigation concerns the stabi

lity and dynamic behaviour of the melted and evaporated layers following 

a plasma disruption. As discussed above, during a plasma disruption also 

the poloidal magnetic field falls off, causing eddy currents in the 

first wall. Then by the presence of the toroidal magnetic field high 

Lorentz forces on the first wall will appear. These forces, acting 

also on the damaged surface area, would lead to distortion of the melt 

layer resulting in a considerable reduction of the permanency of the wall 

against disruptions. 

A study on this problem has been initiated with an examiniation of the 

literature on the instability of viscous melt layers. Special atten

tion has to be paid to the so-called Taylor instabilities 12.91 of 

surface waves rising from forces perpendicular to the liquid surface. 

The literature search has not been finished yet. 

Application of coated surfaces could be an interesting possibility to 

protect first walls against the impact of severe disruptions. Research 

on this subject is carried out on several places, see e.g. 12.101. The 
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prospect looks to be promising. At ECN an evaluation of coated first 
wall materials manufactured with the plasma spray technique will be 
intitiated next year. 

^^ijleferences 

|2.1| H.Th. Klippel, "Safety analysis of NET/INTOR first wall and 
blanket". 
Proc. 12th Symp. on Fusion Technology, Jtilich, September 13-17, 
1982, p. 721-728, Pergamon Press 1983. 

|2.2| Workshop on Fusion Blanket Technology, Erice (Sicily), 6-10 
June 1983. 
Ettore Majorano International School of Fusion Reactor Techno
logy, Proceedings in EUR-FU-BRUX/XII/83-571. 
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(Physics International Сотр.). 
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3. NUCLEAR DATA FOR FUSION REACTORS (H. Gruppelaar) 

The evaluation of nuclear data for fusion reactors at our laboratory is 
mainly directed to neutron emission cross sections at energies above 
5 MeV. Existing evaluations of these data need to be updated with im
proved energy- and angular distributions. In this progress report we 
describe in Sect. 3.1. the status of our model codes, that are used to 
aid the evaluator of double-differential cross sections. In Sect. 3.2. 
we reflect on further improvements and developments to calculate angular 
distributions of emitted particles from neutron-induced reactions at 
14 MeV incident energy. Sections 3.3. to 3.5. deal with more theoretical 
aspects of precompound models. 

An important application of these tools is the revision of the Pb data, 
that are used in blanket calculations of the INTOR reactor. This work 
has been initiated with a study of the level density of the lead isotopes 
(see 3.6.). The aim is to obtain a more reliable prediction of the 
neutron multiplication in the blanket of a fusion reactor. 

3.1. Evaluation of neutron cross sections at energies above 5 MeV 
(H. Gruppelaar, C. Costa, D. Nierop, H.A.J, van der Kamp) 

At incident energies above 5 to 10 MeV the usual statistical compound 
model needs to be supplemented with a precompound description. For this 
purpose we have a quite fast interactive code system called PRANG to 
calculate precompound and compound reaction cross sections as well as 
energy spectra and angular distributions of emitted particles (Fig. З.1.). 
The programme flow is controled by a (CTR) terminal. The input is pre
pared by the code PREQIN-3 that reads a file with inverse reaction 
cross sections calculated at the required energy points by means of an 
optical model (OPTMDL). The code PREANG-3 calculates a, ~ , -^-£r for 

de dtdü 

various types of outgoing particles, according to Refs. |3.1.-3.4.|. The 

exciton distribution of each state in each residual nuclei excited by 

the first (or previous) emission is stored and utilized for a next run 

of PREANG-3 to calculate the secondary (or higher) emission. By this 

method |3.4.| precompound and compound emission upto a maximum of 10 
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outgoing particles is accumulated. The output is sorted by the code 

SORTXS to obtain detailed energy spectra and angular distributions of 

emitted particles or by the code MACFL to obtain the total particle-

emission cross sections and their angle-energy distributions in the new 

ENDF/B format. In a recent coordination meeting on evaluation of nuclear 

data for fusion reactors, held at Karlsruhe (June 23, 1983) it was 

decided to adopt this format for European evaluations. These data are 

processed with the code GROUPXS designed to read the ENDF/B-file 6 

format and to calculate the particle-transfer matrices in a multi-

group structure. 

A new development concerns the codes PREQIN-3 and PREANG-3 that have 

been adjusted to the recent theory given in Ref. 13.3.1. We have also re-

normalized the particle-hole level densities by requiring that the sum 

over all possible particle-hole configurations is asymptotically equal 

to the level density prescribed by the backshifted Fermi-gas formula. 

The use of a more realistic level-density formula for the particle-hole 

components is being investigated at present. 

The above-mentioned code system is quite fast and can be used for 

calculations at high energies (> 10 MeV), for parameter search or for 

fitting and for try-outs of new theories. However, at relatively low 

neutron energies (5 to 15 MeV) the approximation of neglecting angular-

momentum conservation and neglecting discrete-level excitation is no 

longer justified. Therefore, a so-called "unified" statistical model with 

angular momentum conservation is used, in which the level density p(J,n,E) 

is replaced by £ p(n)p (n,J,IT,E), where p(n) is a weight factor and 

p(n,J,ir,E) is the level density of exciton state n (see also previous 

progress report). The weights for each residual nucleus are calculated 

by PREANG-3 and read by the unified statistical-model code (see Fig. 

З.1.). This coupling of codes requires complete consistency of the two 
models. Recently, the relations between the unified and exciton models 
were studied more thoroughly, see Sect. 3.3. 

The above-mentioned system has been used to perform preliminary cal
culations to check the specifications of an "гк^супо'^гоп';- ' ÏVI.'IPJW mode' 

• •n.ie ••nmp'i.rii.iun on ]iï,a(j.qnil--'bin->trr\ cj'J'p<rL's,r. These specifications were 

made at ECN, in cooperation with the NEA Data Bank at Gif-sur-Yvette 

13.6.1. 
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In addition to the above-mentioned series of codes various optical-
model and Hauser-Feshbach model codes are used. Recently, the code 
GNASH 13.7.| has been implemented at our computer. This code has been 
used for neutron cross section calculations upto about 40 MeV. It also 
contains a preequilibrium option. 

3.2. Improvement of angular-distribution calculations of double differ
ential cross sections 
(H. Gruppelaar) 

In Fig. 3.2. an example of calculated precompound angular distributions 
of neutron inelastic scattering is given. The experimental points, aver
aged over several MeV's and 10 elements to reduce the fluctuations, are 
from Ref. |3.8.|. The dotted curve represents an early calculation based 
upon the theory of Mantzouranis et al. |3.9.| (without refraction effects). 
The dashed curve is the result of a calculation with our recent angle-
energy correlated model 13.3-1, including refraction effects. This model 
contains no free parameters for the angular-distribution part and gives 
a reasonably good description, although its backward-angle prediction is 
still too low. This could be (at least partly) due to a neglect of the 
contribution from neutrons emitted after most of the incoming angular 
momentum has been absorbed by the composite nucleus. 

After a large number of internal collissions it is expected that the com
pound nucleus will rotate around an axis perpendicular to the incoming 
direction. Emission of a neutron from the compound nucleus then leads to 
the well-known angular distribution, symmetric around 90 . However, also 
at a relatively una11 number of collisions a symmetric component is ex
pected, in particular when the reaction proceeds throwgh "bound" config
urations. Following the procedure suggested by Ignatyuk et al. 13.10.1 
we find that about 25% of the emission has to be attributed to these 
"multi-step compound" processes and that their angular distribution is 
proportional to I + 0.30 cos20 (see dashed-dotted curve in Fig. З.2.). This 
is a relatively small anisotropy, but the replacement of 25% of -гтг by 
this symmetric distribution largely affects the emission in the backward 
hemnisphere, as is shown in Fig. 3.2. by the full curve. 

The above-mentioned result indicates that multi-step compound proaeaser, 

need to be included into our model. This work is in progress. Still, we 
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feel that small adjustments in the calculated angular distribution coef

ficients might be needed for the purpose of nuclear-data evaluation, as 

the adopted theory is based upon a global approach, not accounting for 

detailed (structure) effects. A provision to perform adjustments in the 

Legendary coefficients has been introduced into the PRANG code system. 

For a more detailed calculation of (discrete) level excitation, we would 

like to follow a direct or collective model. In the continuum we feel 

that our PRANG code system is a very useful tool for the evaluation of 

dr>-..-',le-(üiferential emission cross sections. 

Recently, we have applied our model also to pix>tcm emission, by studying 

the angular distribution of protons emitted at 14.5 MeV from the 93Nb(n,p) 

reaction. The preliminary results show a quite good consistency between 

calculated and experimental |3.1l.| angular distribution coefficients, 

although the second-order distribution coefficient is predicted too low. 

This is in accordance with our experience from the analysis of (n,n') 

reactions. However, the calculations for the (n,p) data seem to be in 

better shape with the experimental results than the (n,n') data. We note 

that the experimental (n,n') emission spectra at high outgoing energies 

have large uncertainties due to the subtraction of a huge elastic peak. 

Therefore, further study of (n,p) data seems to be quite useful to 

establish the theory. 

3.3. Unified preequilibrium and equilibrium model 

(H. Gruppelaar) 

For calculations of the energy and angular distributions of total neutron 

emission spectra, induced by 14 MeV incoming neutrons, the PRANG code 

system is quite attractive. However, for the calculation of the various 

components of these spectra, in particular near the reaction thresholds, 

the continuum treatment of the level density fails and in addition spin-

and parity conservation needs to be accounted for. This could be achieved 

by a modification of the statistical Hauser-Feshbach code, introducing 

a precompound option. Usually, this is performed in an approximate way, 

leading to normalization problems between the equilibrium and preequilib

rium components. Moreover, the spin-distribution of the level density 

is assumed to be independent of the exciton number, which seems quite un

realistic. 
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In principle one could formulate a "unified" model in a more rigorous 
way by introducing exciton-dependent quantities into the Hauser-Feshbach 
model. Such unified model (UM) should yield the Hauser-Feshbach (HF), 
Weisskopf-Ewing (WE) and exciton (EM) models as limiting cases. Recently, 
we have studied the relations between these models; see paper {3.12.1, 
presented at a meeting on level-density problems. In that paper the 
expressions for the differential cross sections for an incident particle 
a at energy E and an outgoing particle b at energy e are denoted by: 

Hauser-Feshbach (HF); 

d°ab(E'e> . ЛП У И ( £ ) 

de " i n ° a w t
J n ' 

Weisskopf-Ewing (WE); 

dCab(E'g) . a \ 
de a Wt 

Exciton model (EM); 

da , (E,e) Z W, (п,е)т(п) ab _ n b 
dë "a E И (п)т(п) n t 

Unified model (UM); 

do . (E,e) m I W. Jn(n,E)TJn(n) 
ab _ г Jll n b 
de in a v IT J n , \ J n/ \ 

Jit Ï, W (п)т (n) 

In these equations a is the composite formation cross section, W, is 
the emission rate of particle b, W is the total emission rate and т(п) 
is the mean life time of exciton state n; the indices J and Л refer to 
the spin and parity of the composite state, respectively. The mean life 
time т(п) follows from the solution of the time-integrated master equation. 
If an exact solution is obtained the denominators in the EM and UM ex
pressions become equal to unity and a /a , respectively. 

а а 
By summation over spins and parities we expect: HF -> WE and UM -> EM; 
assuming that emission is only possible from an equilibrated compound 
state we expect: UM -> HF and EM -»• WE. The study of these relations re-
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quires assumptions with regard to the spin- and parity-dependent level 
density, occuring in the emission rates. We found that the first two 
relations are valid only when the spin distribution of the level density 
is independent of energy and exciton number. Otherwise, the usual ex
pressions for the emission rates in the Weisskopf-Ewing and exciton 
models need to be multiplied by ratios of spin-distribution factors of 
the residual and composite nuclei (see Ref. |3.I2.|). 

ЛП °a It is also shown in 13.13.1 that with the assumption т (n) = т(п), 
th °a 

(i.e. the spin-parity population of the n exciton state is equal to 
that of the initial state of the composite nucleus) consistent relations 
between the unified and exciton models are obtained. On the other hand, 
the assumption of Fu 13.13.I that the spin-parity population is proportional 
to the spin-parity distribution of the level density leads to inconsis
tencies between these models at low values of n. These conclusions lead 
to a redefinition of the weights p(n), introduced in the previous progress 
report (see also Sect. З.1.). 

3.4. Random-walk model of precompound decay 
(J.M. Akkermans) 

As a continuation of the paper on the random-walk formulation |3.4.| of 
precompound decay a second paper |3.14.| has been submitted for publica
tion. The abstract of this new paper is es follows. 

The uncertainties arising from the stochastic nature of pre compound 
decay nuclear mictions are analyzed in the framework of the preequi-
iibriwt exciton and random-walk models. It is demonstrated that the 
standard deviations and the r.,^an values of the exciton-state lifetimes 
are of the same order of magnitude. Their correlations are weakly posi
tive, except for exciton states near the equilibrium number, where the 
correlations are significant. The usefulness and the limitations of the 
never-come-back approximation are discussed.. A general proof is pres
ented of the conditions under which the master-equation and random-walk 
approaches to Markov processes are equivalent. Connections between 
different preequilibrium models, e.g. the multi-step compound model and 
the microscopic statistical, theory of precompound decay, are pointed 
out. It is shown that the waiting time between subsequent collisions 
is governed, by a Poise >n process, suggesting that the Variance associ~ 
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ated with the nucleon mean free path in nuclear matter, as estimated 

from preequilibrium models, is considerable. The stochastic uncertain

ties in the emission cross-sections correspond to those of a Bernoulli 

process. 

A review of the random-walk model of precompound decay has recently 

been given in Ref. |3.15.1-

3.5» Reflection effects in inelastic neutron scattering 

(J. Steijger and H. Gruppelaar) 

Recently, the angular distribution of inelastic scattered neutrons has 

been described in the framework of the preequilibrium exciton model taking 

into account the full angle-energy correlation for the first collision 

|3.3.|. For the next collisions a simpler energy-averaged distribution has 

been used. The resulting distribution was modified by a refraction which 

occurs when the neutron passes the nuclear surface, i.e. the interface 

between nuclear matter and the vacuum. A simple description of this re

fraction follows from geometrical optics. This description was persued 

by adding the possibility of reflection at the interface, taking into 

account the existence of a critical angle. 

Following Austern |3.16.I the Fresnel reflection formula was applied to 

neutronic "rays" traversing the nuclear matter. We have considered the 

angular distribution of a uniform beam of particles in nuclear matter 

that is refracted and/or reflected at the (concave) nuclear surface. The 

reflected beam may be absorbed in the nucleus or is (partially) refracted 

at another part of the nuclear surface. Accounting for first and second-

order refraction we find for the lowest energies a forward peak with a 

"backward image" as mentioned by Austern |3.16.|. At very high energies 

the contribution in the backward hemnisphere vanishes, whereas more 

complicated angular distributions occur at intermediate energies. 

These results confirm that due to reflection effects the angular distri

bution of the inelastically scattered neutrons are less-forward peaked 

than expected from the theory given in |3.3.|, in agreement with the 

experimental data at incident energies at 14 MeV. However, the imple

mentation of these findings into the model is not so straightforward, since 

the reflected beam traversing the nucleus could collide with another 

nucleon before it enters the nuclear surface. 
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3.6. Revision of the lead evaluation 
(H.A.J, van der Kamp and H. Gruppelaar) 

The available ENDF/3-IV evaluation of natural lead |3.I7.| needs to be 
revised with respect to the total neutron-emission cross section. Firstly, 
the absolute value of the (n,2n) cross section needs to be updated with 
more recent measurements as indicated in Refs. |3.18.1 and 13.19.1-
Secondly, the angular distribution of the continuum part of the neutron 
emission cross section, that has been assumed isotropic in ENDF/B-IV, 
needs to be revised. From recent measurements of Takahashi et al. [3.19.I 
at 14 MeV, it follows that there is a quite strong anisotropy in the 
continuum. These data should be used, together with preequilibrium/ 
equilibrium models to update the evaluation. Finally, in the range of 
outgoing energies from 9 to 14 MeV, where direct processes determine the 
energy-angle distribution, some revisions are needed, in particular near 
10 MeV |3.19.|. For this purpose DWBA calculations were used in ENDF/B-IV. 

As a first step we have studied the evaluation report of Fu and Perey 
|3.17.| to determine where improvements could be made with respect to 
the revision of neutron-emission cross sections. The first point was to 
update the level schemes of the important lead isotopes using the recent 
evaluation by Schmorak |3.21.|. This gives some improvement for the low-
lying levels of 208Pb. 

Next, we have checked the level densities used in the ENDF/B-IV evalua
tion. These are based upon rather old compilations. As there are some 
recent papers |3.22.-3.23.| on neutron resonances in seperated lead 
isotopes, we have decided to reanalyse these data. A difficult problem 
was to determine the fraction of missed s- and p-wave resonances, for 
these highly non-statistical nuclei. Our main tool to determine this 
fraction is the statistics of reduced neutron strengths. We have assumed 
that the weak resonances still obey these statistics, in contrast to the 
stronger resonances, that often reflect a "doorway-state" reaction 
meachanism. As an example we show in Fig. 3.3. a comparison between the 
experimental and theoretical reduced p-wave neutron-width distributions 
of resonances in the ?07Pb+n reaction in the energy range up to about 
468 keV. It has been assumed that the average value of fj' • is equal 
to the observed sum ЕеГ divided bv the total number of resonances 

n 
N . This last number was adjusted from 95 (observed) to 110 to fit the 
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theoretical curve through the weakest resonances. Note that there are 
serious deviations from the curve at higher reduced widths where door
way states are expected to spoil the statistics. The analysis leads to 
an average p-wave level spacing of DQ = 11.6 keV. This means that about 
40 s-wave resonances should be present in the above-mentioned energy 
interval. However, only 10 have been observed, indicating a very large 
number of missed (or misasigned) resonances, or a complete failure of 
the statistical spin- and parity-distribution laws. As long as this 
discrepancy is not yet clarified we assume DQ Я 11.6 keV, corresponding 
to a Gilbert-Cameron level-density parameter of a s 10.00 MeV-1. 

A similar analysis was made for 206Pb+n. Here the results of s- and 
p-wave resonances were not too different: Dg « 28.5 and 23.1 keV, 
respectively (values reduced to E = 0). This corresponds to a weighted 
average of a = 10.28 MeV *. We note that the number of experimentally 
determined spins with J = 1/2 and 3/2 are not proportional to 2J+I. So 
far we neglect this discrepancy and assume that we may apply the statis
tical laws. 

For the reactions 204Pb+n and 208Pb+n the resonances given in the 
Brookhaven compilation |3.24.| were used. From the first reaction we 
find from the reported s-wave resonances after a correction for missed 
levels a ~ 13.74. The number of observed resonances in the second reac
tion is too low to draw significant conclusions. Therefore we determine 
the level-density parameter from local systematics, as indicated in 
Fig. 3.4., where a /A has been plotted as a function of the shell correc
tion S, taken from the work of Gilbert and Cameron 13.25. |. From this 
curve also the a-para^ters of the remaining lead isotopes are taken. 
Compared to the results of Fu and Perey [3.17.| we find reasonably good 
agreement for a of 207Pb and 208Pb, but a much larger value for 206Pb. 
This could increase the (n,2n) contribution from 207Pb. 

Finally, we have studied the energy dependence of the level density of 
the lead isotopes. Fu and Perey 13.17.1 have adopted the Gilbert-Cameron 
composite formula that consists of a constant-temperature part, fitted 
at the low-energy part of the level scheme and a (forward-shifted) Fermi 
gas formula. However, for 207Pb and 208Pb there was a discontinuity in 
the slope of the level density at the energy where the two formulas are 
joined together, see Fig. 3.5. This is due to the circumstance that the 
slope of the Fermi-gas formula is not steep enough for 208Pb, as follows 
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from more recent work of Ignatyuk et al. |3.26.|, who argued that the 

level density should increase much faster with energy for magic nuclei, 

where shell effects are important. This is shown in Fig. 3.6., where 

the dashed and dashed-dotted curves are the Fermi-gas formulas accor

ding to Gilbert-Cameron and Ignatyuk et al. respectively, fitted through 

the experimental level density at the neutron-separation energy (full 

circle). Unfortunately, the experimental data at low energies are not 

reproduced and a constant-temperature formula does not match the slope 

of the Ignatyuk formula either. We note that this could be solved by 

adjusting the pairing energy. This is in fact performed in the prescrip

tion of Dilg et al. 13.27.I, that leads to a satisfactory energy depen

dence over the energy range of interest (see full curve in Fig. 3.5.). 

Similar results are obtained for ?07Pb and ?0<*?b. Model calculations 

with the obtained parameters are in progress. 
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Figure captions 

Fig. 3.1. Flow diagram of a fast interactive code system (PRANG) to 

calculate double differential cross sections of multi-particle 

emission reactions at high incident energies. 

Fig. 3.2. Comparison of calculated and experimental angular distributions 

at 14.6 MeV neutron inelastic scattering. The experimental data 

of Hermsdorf et al. |3.8.| have been averaged over 10 elements 

around 93Nb and over outgoing energies from 6 to 11 MeV. The 

full, dashed and dotted curves correspond to calculations for 

93Nb according to the present model, the model of Costa et al. 

|3.31.| and the model of Mantzouranis et al. |3.9.|, taking into 

account Legendre coefficients upto the fourth order. The dashed-

dotted curve is the multi-step-compound contribution to the 

angular distribution. 

Fig. 3.3. Estimate of missed p-wave resonances in the reaction 207Pb+n. 

The plot shows the number of resonances with strength above 

gr1, plotted as a function of /gr1. The histogram refers to 

experimental data |3.22.|, the curve represents the theoretical 

distribution function with an average strength equal to the 

experimental value. The theoretical distribution is based upon 

a weighted sum of a Porter-Thomas and an exponential distribution. 

The strongest resonances have been identified as "doorway states". 

Fig. 3.4. Local systematics of the level-density parameter a. The open 

circles are values of a/A determined from experimental data as 

discussed in Sect. 3.6. The full line is an eye-guided curve 

through these data, plotted as a function of the shell correction 

that is the largest (in absolute value) for the doubly magic 

nucleus 208Pb. The black dots are the values obtained from this 

"systematics". 

Fig. 3.5. Energy dependence of the level density of 208Pb. The dashed curve 

was followed by Fu and Perey |3.I7.|, the full curve is based 

upon the approach of Dilg et al. |3.27.|. The experimental points 

at low energies are from low-lying levels, whereas the point at 

the neutron binding energy (7.4 MeV) is obtained from the 207Pb+n 

resolved resonances. 
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Fig. 3.6. Comparison of level density formulas of Ignatyuk et al. 

13.26.1, Gilbert and Cameron 13.25.| and Dilg et al. (3.27.|-

See further caption of Fig. 3.5. 
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4. NEUTRONICS CALCULATIONS FOR FUSION REACTORS (K.A. Verschuur) 

For the development of a threedimensional version of the FURNACE code 

some numerical and programmatic problems had to be solved. A study on 

a parametric model for the JET plasma source distribution was started. 

Further the application of FURNACE in the JET torus geometry was test

ed by comparison with MORSE calculations performed by Swinhoe (Harwell). 

The development of blanket neutronics during the last ten years was 

studied, for presentation at the workshop on Fusion Blanket Technolo

gy, held at Erice, June 1983. 

4.1 Accuracy of FURNACE for applicationto the_JET neutron diagnosties 

As reported earlier 14.1,4.21 two dimensional transport calculations 

have been performed with the toroidal geometry transport code FURNACE, 

to predict the response of the time integrated neutron yield monitor 

system of JET. 

Before implementing new features into the FURNACE code (to treat the 

source anisotropy in case of NBI-heating,streaming through the view 

ports and point sources for calibaration purposes) |4.2|, it seemed 

appropriate to test the applicability of the FURNACE code to the JET 

geometry by comparison with MORSE results. To recall, the FURNACE code 

applies an exact model for Che neutron transport inside the toroidal 

vacuum vessel, but uses an approximate model for the neutron transport 

in the surrounding blanket. It therefore was very helpful that M.T.Swinhoe 

(Harwell) was willing to perform MORSE calculations for a simplified model 

of the JET-torus. The model called PSEUDO JET, consists of a sphere (radius 

425cm) that is penetrated by a cylinder (radius 175 cm), so that a toroidal 

surface is formed. The torus is clad with an iron layer of 2.4 cm and a 

copper (25 vol.% H-0) layer of 37.1 cm. A simple plasma model with a 

square cross section ( 80 x 80 cm) and a flat source distribution was 

used. At the boundary between the iron and the copper six detector posi

tions were specified (figure 4.1). The point estimator (P.E) originally 

applied by Swinhoe in his MORSE calculations resulted in bad statistics 

for the scattered neutron contribution. Using the track length (T.L.) 

method good statistics were obtained. 10»000 histories were followed, ob

taining a standard deviation for the calculated fluxes of 1 to 10% depend

ing on the detector position 14.31. 
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The same geometry was calculated with FURNACE using exactly the same group 

cross sections. For the raytracing 14.5! inside the torus 1280 discrete 

angles in the quadrant were used, and for the neutron transport in the 

iron and copper layers an angular quadrature S8 was used. 

Sufficient discrete angles in the raytracing were taken to obtain a nume

rical accuracy of better than 1%. 

Performing FURNACE calculations with different angular quadratures (Sn) for 

the blanket would require the production of double differential albedo-

and flux kernel libraries for différents -values, which would be very 
n 

expensive. Therefore the influence of the angular quadrature was checked 

in a infinite cylinder approximation of the torus using the ANISN code. 

The inner vessel radius was taken equal to the horizontal radius of the 

PSEUDO JET geometry (= 125 cm) and the plasma radius (45 cm) was taken 

to obtain the same plasma cross section. The ANISN results with S8 and 

SI6 show differences in the group fluxes at the iron-copper interface 

of less than 2%. Finally the same infinite cylinder geometry was cal

culated with FURNACE with S8 in the blanket and 1280 discrete angles for 

the raytracing. The differences between the group fluxes for this cal

culation and the ANISN S8 calculations were smaller than 1%. Therefore 

it is assumed that the numerical accuracy of the PSEUDOJET calculation 

with FURNACE is in the order of a few percent. 

The MORSE and the FURNACE results are given together in figure 4.2. The 

agreement is quite satisfactory, except for detector 4, which is situated 

at the inboard side at the mid-plane. Considering the numerical treat

ment applied in FURNACE, the best agreement should be obtained at the 

mid plane however. Therefore the discrepancy of 15% at detector 4 points 

to a possible systematic error. At the writing of this report the source 

of this discrepancy was not yet found. Except for this remaining discrepancy 

the comparison of FURNACE results with MORSE results show that the FURNACE 

code can be applied to the JET torus with sufficient numerical accuracy. 

4.2 Model_f2E_QSiJtron_source_distribution_i2_£he_JET_£lasma 

If in neutron transport calculations the spatial distribution of the fusion 

neutron source is taken into account, a simple parabolic distribution is 

normaly applied: 

S(a) = S ,(l-a2/a 2) p k (1) 
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where a is the horizontal plasma radius, and a the horizontal radius of 
a contour line with constant source strength. The exponent e , is the 
peaking parameter that largely depends on the plasma ion temperature. 
This source model therefore has been applied in FURNACE. It can be shown 
that this simple source tnodel can be applied nicely for the JET plasma, so 
far as plasma-plasma interaction is being assumed. For bundle-plasma 
interaction a more accurate plasma model has to be considered. For plasma-
plasma interaction the source distribution depends on the ion density and 
the reactivity only: 

S(r) = n?(r).<av>T (2) 
i 

Now to obtain a parabolic distribution the temperature dependence of the 
reactivity is approximated by : 

<ov> « <av>~ .(Т\/Т.)4 (3a) 
i i 

V*iere the value of q follows from the known expression of <ov> for a 
Maxwellian plasma distribution: 

q = q(T.) = | (6/T.,/3- 2) (3b) 

It can be shown that this approximation is acceptable as most of the 
fusion reactions take place at the ion peak temperature T.. 
Now following Sadler 14.41 it is assumed that the ion temperature distri-
bution T.(r)/T. is equal to the magnetic flux distributions ф(г)/ф(о). 

It can further be shown that the magnetic flux distribution as given in 
|A.4| can be nicely approximated with a parabolic distribution: 

Ф(£)/Ф(о) - (1 - a2/a£)P (4) 

providing that the radial plasma shift caused by the finite aspect ratio 

of the torus is taken into account. For this we used the expression given 

by Price and Chapin |4.5| : f(a) = e a (1 - a7/a ?) (4a) 

Now using (3) and (4) in (2) and assuming a flat ion density distribution 

we obtain the parabolic distribution (1) with a peaking parameter given 

b y e , = p. q. Assuming that the ion density has the same distribution as 
pk •» 

the magnetic flux we have e . = p(q+2). For the range of T. values assumed 
for JET the calculated e . values are given in figure 4.3. 

pk 
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FURNACE results for JET |4.»| show that for e > 7 the plasma practi
cally acts as a line source, but that for smaller e . values the spa-

рк 
tial source distribution has to be taken into account. Therefore for 
higher plasma temperature the spatial source distribution becomes more 
of importance. 
To obtain the higher plasma temperature NBI-heating will be used, requiring 
a different model for the source distributions. The source distribution 
given in |4.4| for a 12C kev deuteron bundle on a deuterium plasma can only 
roughly be approximated by the parabolic formula with e , ~ 5. Further 

pk 
due to the kinetic energy of the hot ions the fusion neutron source will be 
anisotropic, with the largest anisotropy for the high energy tail of the 
source spectrum. Therefore a better source model based on the work of 
Sadler |4.4| and Scheffel and Elevant |4.6| will have to be developed. 

*•3 A•Simple_formula_tg_estimate_tritium breeding_logses_due to 
penetrations^ 

For a long time it was assumed that the relative loss in tritium breeding 
due to neutron leakage through penetrations always is less than two times 
the relative loss in coverage with breeding blanket. This view was 
based on calculations performed for natural lithium blankets. At the 
last SOFT conference, however, W.R. Meier from Lawrence Livermore pre
sented a paper |4.7j on the breeding performance of lead-lithium blankets 
in a inertial confinement fusion reactor, where he states that for 
Lil7Pb83 blankets the relative breeding loss due to penetrations is 
about 5 times the relative loss in coverage. This was explained by the 
fact that due to the bad moderating properties of lead the neutron flux 
at intermediate energies in a Li 17Pb83 blanket is much higher than in a 
natural lithium blanket, so that the streaming losses at those energies 
are enhanced. This is of importance with respect to the European Lil7Pb83 
blanket design for INTOR |4.8', as the required tritium breeding for INTOR 
might be affected. 

Therefore this was a big issue at the workshop on Fusion Blanket Techno
logy held this year in Erice |4.9i. In a paper presented at this work
shop |4.10| a new formula was presented to estimate breeding losses 
through penetrations. The advantage of this formula is that it takes into 
account the aperture angle of the penetrations and the effect of the 
neutron spectrum for the blanket of interest. 
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Using a simple neutron balance for the neutron transport in a fusion 
reactor vessel, the following formula for the effective breeding ratio 
T is obtained: 

T = T 
1 Lm 

1 - с дп/2тг 

1 + а.с Д£2/2тг P 

where T is the breeding ratio in absence of penetrations, 
m 
с is the relative coverage of the vessel with penetrations, 
P 

AÜ is the solid aperture angle of the penetrations, 
a is the total reentering current per fusion neutron (a = J_/S). 

The parameter a that takes the neutron flux spectrum into account can 

be calculated for the specific blanket concept with the ANISN code, ap

proximating the torus with a infinite cylinder. As an example the for

mula is applied to a natural Li blanket and the Lil7Pb83 blanket calcu

lated by Meier. 

The results are given in figure 4.4. 
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JET source model 
for plasma- plasma interaction. 
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5. RADIATION DAMAGE OF REFRACTORY METALS 

(W. van Witzenburg) 

Change in_scop_e_of_the_gro^ect 

The scope of the current ECN project on vanadium, which since last June 

forms part of the European fusion technology programme, has been expanded 

in two ways. The original aim was to explore the boron-10 doping tech

nique for vanadium alloys to obtain helium in addition to dpa's by irra

diation of the alloy V-5%Ti in the High Flux Reactor at Petten. The 

effect of dpa's and the helium produced was to be determined by tensile 

testing and metallography only. In a second phase of the project, the 

post-irradiation fatigue crack-growth rate of some HFR-irradiated vana

dium alloy specimens will now be determined in addition. Furthermore, 

the desired helium concentration of 100 appm in these specimens will be 

attained, not only by boron-10 doping of one batch of specimens, but 

also by preimplantation with helium of a second batch. Arrangements have 

been made to use the JRC-Ispra cyclotron for helium implantation early 

1985. 

The precise nature of the alloys to be investigated in the second phase 

of the project remains to be determined and depends on the outcome of 

a separate corrosion resistance literature study. A start has been made 

with this study during the first half of this year. Alloying with ele

ments that develop stable protective layers by chemical reaction with 

corrosive agents are presently considered to offer most perspective. Two 

elements commonly used for this purpose, Cr and Al [l], appear to be 

interesting also from the point of view of mechanical properties [2]. 

An important limitation of the geometry of the crack-growth specimens 

to be implanted with helium is that their thickness may not exceed 

~ 0.5 mm because of the limited range of the ct-particles. The various 

aspects of whether the specimens should be centre-cracked or edge-cracked 

have been considered, but no firm conclusion has been reached so far. 
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Irradiation 

Irradiation in the HFR of the tensile specimens of V-5ZTi, partly doped 
with boron-10, started in February of this year. Apart from a tempera
ture increase of about 50 over the target temperature for each of the 
three temperature regions in the irradiation capsule during a period of 
12 hours, as a result of an operational error, the irradiation pro
gressed without problems. The irradiation was scheduled to continue un
til early July 1983. 

Parts needed for the reference experiment, to expose tensile specimens 
of V-5ZTi to sodium at 500, 600 and 700 С (corresponding to the irra
diation temperatures) during a period equal to the irradiation period, 
have been manufactured. The specimens will be mounted, in the same way 
as in the irradiation capsule, to a central zirconium cylinder, which 
serves at the same time as getter for impurities (e.g. 0, C, N) in the 
sodium. 

§ES£ïal distribution of bqron^jO 

An attempt is being made to characterize the spatial distribution of the 

100 appm boron-10 which was added to the alloy V-5%Ti of the tensile 

specimens. The principle of the method used is based on the formation 

of damage tracks in an adjacent acetobutyrate foil, by ions produced 

by the reaction 10B(n,a)7Li. These tracks can be made visible by suitable 

etching. This method has been used successfully in our laboratory for 

austenitic steels [3]. Results for the vanadium alloy are expected to 

become available shortly. 
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6. RADIATION DAMAGE OF STAINLESS STEEL 316 (B. van der Schaaf) 

Irradiations 

The rigs T-61 and T-62 have changed positions in order to improve 
cheir He/dpa ratios. By shuffling Che rigs they have been exposed 
to spectra with different fasC and thermal neutron ratios. When the 
rigs will be removed from the reactor core, expected in November 
1983, their integrated amount of helium and dpa's will be more near 
che targets Chan without Chis "spectrum tailoring" move. 

Tlie temperatures of all rigs, including T-63 containing the crack 
growth specimens are well in control. It is decided to remove the 
T-63 from the reactor in November, though che dpa number will be low, 
about 2.5. It has been decided to build another rig, T-64, in 1984, 
containing crack growth specimens. T-64 will also contain tensile, 
creep and fatigue specimens of reduced size. In this way the number 
of specimens will be increased to an acceptable level. 

The facigue testing in the present study is devoted to measurement 
of four effects in order of importance: 
- irradiacion 
- temperature 
- frequency 
- amplitude. 

The testing of irradiated and reference material will start second 
half of 1984, due to the irradiation and parallel annealing time. To 
check on the time schedules, especially important for che low fre
quency testing, and to obcain a quick overview of the European Re
ference Heats low cycle fatigue properties, ten low cycb fatigue 
tests were conducted. The plate material has been tested in the as-
received, thus solution annealed, condition. The tests w-те performed 
under axial strain control on hour glass specimens in air. 
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Temgerature 

In Fig. 6.I the number of cycles to failure have been plotted versus 
the testing temperature. For these tests the strain rate was I0~3s_1. 
The total strain range for the tests included amounted to IZ. Testing 
at temperatures over 500 К shows a decrease of the number of cycles 
from over 5000 at 400 К to about a quarter of that value at 800 K. 

The effect of temperature on the fatigue life for a given strain rate 
is complex. At present there does not exist a generally accepted model 
that describes the effects in an analytic expression. For tests in 
air there has been observed an effect of oxidation [6. IJ tor austenitic 
stainless steels tested at temperatures well over 800 K, resulting in 
early intergranular fatigue crack initiation. The fracture surfaces 
of the specimens of the present investigation did not show any inter
granular features for temperatures up to 800 К and a strain rate of 
I0_3s-1. The surfaces of the higher temperatures did not show signi
ficantly different oxidation layers. 

All fracture surfaces are covered with striations. At several dis
tances of the specimen rim the mean striation width has been measured. 
In all five cases the main fatigue crack moved from one initiation 
spot to the opposite side of the specimens. Crack initiation occurred 
on different levels of the specimen outside, but the main fracture 
has grown from just one initiation site. In Fig. 6.2 the striation 
counts of the specimens tested at five different temperatures at a 
rate of I0-3s are shown. For each temperature also the best fit line 
has been plotted. From Fig. 6.2 it is clear that, excluding the 600 К 
data, the striation width, thus Che fatigue crack growth rate, is 
increasing with increasing temperature. For a distance of I mm from 
the fracture surface rim the striation width at 800 К has increased 
roughly by a factor of four compared to the 300 К and 500 К trend 
lines. The inverse of this factor, a quarter, is about equal to the 
maximum reduction in number of cycles to failure. The reduction in 
number of cycles to failure depends thus largely on the increasing 
crack growth rate with increasing temperature. This in accordance 
with Wareing's (6.2] results reported for Type 316 up to I01' cycles . 
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In Fig. 6.3 the plastic strain range has been plotted versus the number 

of cycles to failure. Torakins [6.3] has derived an analytical expression 

(1) for their relationship based on the stage II crack propagation 

mechanism: 

e * N F
, / ( 2 0 + , ) - C (I) 

where: e = plastic strain range 
P 

N, = number of cycles to failure 

8 = dynamic strain hardening exponent 

С = constant. 

The bes t f i t l i ne a lso drawn in the f igure gives a value of 0.75 for 

the exponent 1/(26+1) and 360 for C. The value of 0.75 i s in accor

dance with the value that i s usual ly obtained for 304 and 316 s t a i n 

less s t e e l . 

S t r a in_ ra t e 

In Fig. 6.4 the dependence of the number of cyles to failure* on cycl ic 

frequency i s given for 700 К and 800 K. With decreasing frequency 

the number of cycles i s decreasing. Or ig ina l ly Eckel [6.4] proposed 

a frequency time parameter which can be rewr i t t en as 

Nf * v k _ ' = С (2) 

where: Nf = number of cycles 
v = frequency of fatigue 
k&C = constants 

The three data points at 700 К give values of 0.8191 and 3655 for К 
and С respectively. The numbers of cycles to failure can than be pre
dicted for this heat at 700 К within 5% accurate. For 800 К the trend 
seems comparable to 700 K, though more data are required for a check 
on equation (2). 

The fit is rather surprising. The fracture surfaces of specimens sub
jected to test frequencies over 10 mHz are totally transgranular. At 
a frequency of 0.5 mHz partially intercrystalline fracture has been 
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observed both at 700 К and 800 К, Fig. 6.5. So the fracture mechanism 
is changing in this frequency range. 

Fig. 6.6 illustrates the increasing striation width, thus crack growth 
rate with decreasing strain rate. To what extent this effect is due 
to corrosion effects and deformation mechanism could not be quantified. 
The fracture surfaces after 0.5 mHz tests are more oxidized than the 
higher frequency tests, but they are by no means heavily oxidized. At 
the lower frequency the main part of the fracture surface is trans-
granular, but limited intergranular cracking has accelerated the pro
pagation of the main crack. 

On the basis of these preliminary results it can be concluded that in 
as-received condition the European reference heat shows effects of tem
perature, strain range and frequency, quite normal for austenitic 
steels. The data on frequency and strain range dependence fit the 
accepted models. Surprising is the frequency effect at 800 К and even 
at 700 K. The intergranular low frequency fracture at temperatures far 
below half the melting temperature is unexpectedly. 
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Fig. 6.5. Intercrystalline features on the fracture surface of a 
specimen subjected to 1% total strain range fatigue at 
700 К with a frequency of 0.5 mHz. 
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7. FACILITY FOR IN-PILE CRACK GROWTH MEASUREMENT (A.J. Nolten) 

Project_goal 

The project aims at the design of an experimental facility, in which 

the fatigue crack growth can be measured in a steel sample which is 

subjected to mechanical load cycling during irradiation in the High 

Flux Reactor at Petten. 

Project requirements 

The irradiation facility, called INFANTE (INpile FAtigue TEsting) must 

be designed in accordance with the following requirements. 

Test sample: 

- material : SS316 (European reference staal) 

- type : CT 

- size : depends on the irradiation facility. 

Test conditions: 

- mechanical cyling : load range, 0,1 - 10 KN 

frequency range, 5 10 3 - 0,1 Hz 

- irradiation temperature: sample temperature 532 and 723 K. 

The test conditions are derived from the NET-INTOR design study. 

ÏS£bQÏ£Sl_EÏ28EË55 

Mechanical cycling system (fig. 7.1). 

Mechanical cycling will be achieved by connection of the sample, via 

pull rods, to an hydraulic driven piston. The piston moves within a 

cylinder positioned on top of the irradiation facility. Pressure con

trol of this drive cylinder is achieved by an hydraulic control unit, 

placed outside the reactor pool. 

The hydraulic control unit consists of two connected cylinders. The 

secondary cylinder is connected to the drive cylinder and the primary 

or main cylinder is connected to a pump drive hydraulic supply system. 

The movement of the main cylinder is controlled by a load cell, which ii 

part of the tensile structure. The primary side is filled with oil, the 

secondary (reactor) side is filled with water, in order to avoid the 

risk of an oil leakage into the reactor pool or reactor circuits. A pre-

design of the system has been made and submitted to the drawing office 

for detailed design. 
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Crack growth measuring system. 

Four measuring methods are being considered: 

a) the "compliance" method, by which the crack opening is continuously 

measured by means of a displacement transducer; 

b) the "pneumatic leakage" method, by which the gas pressure is moni

tored in separate systems. Each system consists of a small hole, 

perpendicular to the crack area, connected to a pressure transducer 

via a minitube. Pressure loss in the system will indicate that the 

fatigue crack has reached the hole to which the system is connected; 

c) the "neutron radiography" method, consisting of the intermittant 

(between irradiation periods) neutron radiography of the sample 

section. The complete fatigue testing facility will be taken out 

of the reactor and placed into a neutron radiography installation. 

Next, the facility will be replaced in the reactor core. The ope

ration can be done within a few hours; 

d) The "resistance" method, which is normally used in laboratory set-ups, 

cannot be used since the in-core sample will be submerged in liquid 

metal. As a consequence there is no sufficient difference in the 

effective electrical resistance of the sample and the surrounding 

liquid metal. 

Technical process during the reporting period consists of: 

a) development of a fabrication method by means of spark erosion for the 

small holes in the test sample, as required for the pneumatic leakage 

method; 

b) laboratory testing of a prototype set-up of the pneumatic leakage 

method. Only static tests are carried out, showing satisfactory cha

racteristics of the general method. Cyclic testing, to be carried out 

during the next half year, will have to reveal the resolution and the 

dynamic characteristics of the method; 

c) neutron radiography of a pre-cracked test sample under "dry" and under 

"wet" (i.e. submerged in sodium) conditions has been prepared. In the 

test facility it is possible to stretch the sample in order to make 

a better shoL. A neutron radiography shot of a single sample gavp a 

clear configuration (fig. 7.2). 

Irradiation facility. 

The design specifications for the irradiation facility have been agreed 

upon and summitted to the drawing office for preliminary design. The 
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test sample will have to be submerged in sodium or sodium-potassium 

mixture in order to provide for effective and equal removal of the 

nuclear heat which is generated in the sample. In that way it is 

possible to achieve the required temperature level and homogenity. 

In accordance with reactor safety requirements, the submerged sample 

has to be double contained. Technical complications are foreseen 

with regard to the penetration seals for the mechanical cycling pull 

rods. The design of the displacement transducer, which will be used 

for the compliance method, will be complicated by the presence of Na 

or NaK. 
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I 

Fig. 7.2. Neut ron radiography showing fatigue crack in a CT specimen 
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8. NIOBIUM TITANIUM MAGNET FOR SULTAN - STAGE I (W.M.P. Franken) 

The first construction phase of the Sultan superconductor testfacility 

concerned the fabrication of the 8 Tesla magnet system of one meter bore 

and all the indispensable equipment on cryogenics, power supplies and 

data acquirsition for coil operation and conductor testing. The fabri

cation of the various components was finished early 1983. The outer 6 

Tesla coil, weighing about 16 tons, was made by the Italian company 

Ansaldo. The inner coil (see figure 8.1), weighing about 4 tons, was 

manufactured at SMIT Transformers BV in the Netherlands. After a room 

temperature acceptance test at the factory the coil was shipped to 

Switserland. Both coils arrived according to the time schedule for assem

bly and first operation op the SULTAN facility. 

Assembly £r_the_facilit^ 

As a first step, the outer coil was placed in its correct axial and 

radial position within the vacuum tank and was suspended on its flanges 

by a number of steel cables, which were fixed to suspension supports 

outside the tank. In this way the coil position could be accurately ad

justed to limit the lateral magnetic forces due tc misalignment in 

between the thick iron walls situated outside the tank for stray field 

shielding. Subsequently the ECN coil was inserted into the outer coil and 

bolted at one side to an outer coil flange. At the other end, the inner 

coil is supported by sliding pieces to allow for differential contraction 

of both magnets. 

The conductor ends of both coils were paired, fixed to supports in the 

tank chimney and soldered to the current leads. The full electrical 

circuit, including current leads, cabling, main switches for de-ener

gizing at a quench, dump resistors and power supplies were previously 

installed and tested by SIN. 

As both coils were designed to operate at different cooling modes, the 

connections to the cryogenic system were completely dis-simular. The 

outer coil, to be cooled with a forced flow of subcooled liquid helium 

in a closed loop system, was connected by a transfer line to the pump 

cryostat, in which two liquid helium pumps were installed. The inner 

coil will be cooled by a single passage of supercritical helium through 

the full 5000 m conductor, with intermediate recooling after each 1000 m. 

The individual winding layers of the inner coil were directly connected 
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to the refrigerator system according to the appropriate flow diagram. 
As a last step of the assembly phase the instrumentation was fixed up. It 
included the wiring of the temperature, pressure and flow sensors, strain-
gages and voltage taps together with the proper electronics and data 
acquisition system. 

СО£1_Н*2?5_21_£ЬЕ_!3212Е£Ё 

The cool down from roomteraperature to about 40 К was performed by circu
lation of cold helium gas through both outer and inner coil in parallel 
flow circuit. The pressurized helium was supplied either by a compressor 
with the helium circulating through a liquid nitrogen heat exchanging 
system or directly from the cold outlet of the refrigerator. A number of 
constraints were limiting the cool down speed: 
- limitation of thermal stresses within the winding region set bounds 

to the helium inlet temperature; 
- the suspension construction of the inner coil on the outer coil 
flanges restricted the permittable temperature difference between 
both coils; 

- the high hydraulic resistance of the inner coil limited its flow 
especially in the high temperature region; 

- in the low temperature region the cool down of particularly the outer 
coil was restrained by flow limitations of the refrigerator system. 

These constraints were foreseen in the design phase. A high degree of 
flexability in the cryogenic system allowed for a reasonable efficient 
operation for cool down at the various temperature levels. Figure 8.2 
shows the cool down temperatures of the coils; the proces took a period 
of about 22 days, as was foreseen in the time schedule. 

2BSÏê£i2S_2^_£i!ê_§Uï;ïè5_SêS3Ê£_SÏS£Ê5 

When the temperature of both coils reached 4.6 K, the system was ready 

for energization. The first tests concerned a check on power supplies 

and quench protection system. Separate power supplies are available for 

the outer and the inner coil. 

Characteristics of the power supply controllers were determined at low 

current levels for both coil circuits separately and for the set of coils. 

Three energization runs have been made with the ENEA coil alone. At all 

runs the coil quenched at a current level slighly below the design value 

of 5280 Amps. 
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The ECN coil has been energized twice without bias field from the outer 

coil. The nominal current of I860 Amps (2 Tesla) was reached without 

quench. At last the both coils were loaded together; first with a mode

rate current level (75Z) in the ECN coil. At all runs the outer coil 

quenched. Some specific data are given below: 

*ENEA 

(A) 

5071 

5002 

4750 

TENEA 

(K) 

4.7 

4.7 

4.7 

XECN 

(A) 

1375 

1862 

1907 

T 
ECN 

(K) 

4.6 

4.6 

4.6 

èECN 

(g/s) 

1.8 

2.0 

1.7 

XECN 

0.33 

0.54 

0.50 

ECN 

1.76 

3.56 

3.86 

В(50 cm) 

(T) 
7.4 
7.8 
7.6 

The ECN coil did never quench at the test runs. This coil was operated on 
full current at a peak field of 8 Tesla with supercritical cooling at a 
temperature level of 4.6 K, slightly higher than designed for (4.4 K). 
In spite of the limited margin of 1.8 K, of the large stored energy 
(15 MJ) and of the high level of Lorentz forces (180 MPa stress in the 
copper substrate) the coil operated safely far beyond the cryogenic 
stability limit: a < 2-i. 

The ENEA magnet has been designed for cooling by forced flow of slightly 
subcooled helium. Caused by a mismatch at the cryogenic feed connections 
resulting in an unexpected additional pressure drop, in the first runs 
only two-phase cooling could be achieved. In this situation an uneven 
distribution of coolant flow in the 40 parallel pancakes could not be 
avoided. Nevertheless, the double coil system could be operated at 98% 
of the design value. In the course of different trials at different cool
ing conditions and different field balance between the two coils a slight 
variation of quenching current was observed depending on coolant massflow 
(20-150 g/s), with no indication of training. 
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Fig. 8.1. The assembly of the two superconducting coils. The KN'F.A coil 

is ready for being inserted in the tank. In front the F.CN 

coil. 
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9. NIOBIUM TIN MAGNET FOR SULTAN - STAGE II - (J.A. Roeterdink) 

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

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

12 Tesla is planned. A proposal for this upgrade has been submitted 

to the European Commission and has been granted preferential support 

19.11. The main task in the first phase of the project is to develop 

a composite conductor following a number of advanced design principles: 

- application of the "react and wind" technique 

- internal forced flow cooling with supercritical helium 

- high operating current (5280 Amps). 

A number of production techniques necessary for the development of com

posite conductors are evaluated by practising on short lengths. 

As reported in 19.21 braided cables, which are compacted in a Turk's 

head in order to increase the filling factor, suffer from filament 

damage in the cross-over points already in an early stage of deformation. 

The minimum cable thickness which can be attained without damage to the 

filaments will be 3 to 4 times the strand thickness. Since for SULTAN 

stage II the operational current is quite large compared to the magnet 

size, bending strains in the prereacted A-15 material of the cable will 

be of major concern. This demands for a flat cable with a high filling 

factor and a minimum cable thickness; Rutherford-type cables do meet these 

requirements. Therefore the braiding machine available at ECN was modified 

in order to allow for the production of this type of cable. There are 

early indications that this type of cable is less sensitive to damage 

due to deformation. 

As well low temperature (230 C) as high temperature (800 C) soldering was 

practised on dummy cables for cable impregnation and jointing of the 

stabilizing copper to the cable. Five different types of soldering flux 

and two different types of low temperature solder are examined on wet

ting and filling properties for cable impregnation; eutectic (63% Sn, 

37Z Pb) solder and flux type F-SW 32 (DIN 8511) were selected as the 

best combination. Fig. 9.1. shows a cross section of a braided cable 

filled with the selected solder. The dimensional tolerances are within 

a range of 0.02 mm and the number of voids is minimal. High temperature 

soldering, which is considered to be a back-up solution for soft-solder

ing, was conducted with Cu-Ag material. The main advantage of high tem

perature soldering is, that it can be done prior to the reaction process. 
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It was established that high temperature soldering does not effect the 
superconducting properties of the stranded material. Some risk is in
troduced by this process since Cu readily dissolves in the solder ma
terial; the effect can be minimised by soldering with a short cycle-time. 

Extended welding trials have been conducted on the stainless steel con
duit with micro-plasma apparatus to establish the best set of welding 
parameters. Fig. 9.3 shows the welding apparatus used in these trials. 
High quality, leak-tight welds can be made although the measured tem
perature inside the conductor core during welding is not yet satisfac
tory. 
Fig. 9.2 shows a cross section of a weld at one side of the conduit. In 
the near future laser welding will be tried out for this joint also. 

Anticipating the full-size conductor, manufacturing techniques will be 
brought together in a sub-size conductor having dimensions of 15.9 x 5.2 
mm2. This sub-size conductor (fig. 9.4) will be used for testing in the 
present SULTAN-facility at 8 Tesla. The conductor will be forced cooled 
and will have a stainless steel reinforcement. The core of this conductor 
will be a Rutherford cable (1.8 x 8.55 mm2) formed from 17 strands 
(0 1.0 mm). The critical current of this conductor will be about 8000 
Amps at 8 Tesla. 

REFERENCES 

|9.1| J.D. Elen, N. Sacchetti and G. Vecsey, Project proposal: 
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Fig. 9.1. Braided cable filled with solder 

Fig. 9.2. Stainless steel conduit jointed by micro-plasma arc welding. 
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Fig. 9.3. Micro-plasma apparatus used for welding trials 
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1 = stainless steel 

2 = Rutherford cable 

3 = copper 

Fig. 9.4. Sub-size Nb3Sn-conductor (15.9 x 5.2 mm2) 

8 kAmps at 8 Tesla. 
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10. DEVELOPMENT OF CERAMIC TRITIUM BREEDING MATERIALS (H. Kwast) 

The European Fusion Technology Programme (1982-'86) consists among 

others of the Blanket Technology Research and Development. This 

programme aims to study the blanket concepts presently selected by 

the Expert Group on Blanket Technology. 

The study implies experimental investigations on the capabilities of 

effective tritium breeding and tritium extraction from solid blankets. 

Tritium breeding is a prerequisite for a fusion reactor from both eco

nomic and tritium availability considerations. In this respect it is 

essential that tritium can be extracted to low concentrations, to limit 

the inventory. A low tritium inventory in the blanket is also required 

for safety considerations. Therefore, the main concern is assessment of 

all factors influencing the tritium release mechanisms and the material 

properties both out-of-pile and in-pile. 

In addition it is essential that the solid breeder materials are mecha

nically and thermally stable and that they are compatible with the po

tential cladding materials. 

The present most promising solid materials nominated by the Expert Group 

on Blanket Technology are: 

1) LiA102 

2) Li20 

3) L i 2 S i O r 

The main objective of the experimental invest igat ion of the se lected solid 

breeder materials, LiAlO-, Li.O and Li.SiO-, i s to determine their per

formance as tritium-breeding material in the NET/INTOR blanket. The re

sults should supply, in consultation with the NET-team, blanket design 

specif icat ions . 

The programme includes the Tasks BI1-16 of the Technology Programme, 

which means: 
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1. Manufacture and characterization of the Li-compounds. 

2. Acquisition of basic data (measurement of mechanical, 

physical and chemical properties). 

3. Determination of the compatibility of the ceramic ma

terials with potential cladding materials. 

4. Determination of the in-pile behaviour of the Li-com

pounds . 

5. Determination of the optimum conditions for in-pile tri

tium extraction. 

The programme will be jointly undertaken bij the UKAEA Springfields 

Nuclear Power Development Laboratory (SNPDL) and the Netherlands Energy 

Research Foundation, ECN, Petten. 

SNPDL will take care of the manufacture, characterization and determina

tion of the physical and mechanical properties of the ceramic lithium 

compounds. ECN will be responsible for the irradiations in the HFR-Pet-

ten and the post-irradiation examinations. 

In this period a programme proposal has been submitted to the European 

Committee on Fusion Technology. Meanwhile preliminary approval has been 

obtained by the Fusion Technology Steering Committee (FTSC). Therefore, 

the project could be started officially and is designated as EXOTIC 

(Extraction of Tritium in Ceramics). 
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