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Chapter 1

SODIUM COOLED FAST REACTORS

INTRODUCTION

In 1977, the European and international scene in the field of fast reactors was marked by two major events.

On 5"' July 1977, a series of agreements was signed between French and German companies and institutes
implementing the common policy agreed upon by the French and German Cabinet ministers responsible, on 13"'
February 1976 in Nice, with regard to the co-operation of both countries in the development of advanced reactors
and of sodium cooled fast reactors in particular. On 18"' May 1976, a common note had already been signed by
the highest administration officials of both governments, fixing the guidelines of the co-operation. These
guidelines were mentioned in the proceeding annual report.

The 5th July agreements fall into two categories: one is related to R & D, the other to industrial activities.
The signatories of the agreements on R & D are the French CEA on the one side and GfK-Interatom on the
other. SCK/CEN and BELGONUCLEAIRE are linked to the agreement by a contract of adhesion signed on
29'" July 1977 with GfK/IA.

By doing this, SCK/CEN and BELGONUCLEAIRE became associated organizations to the Franco-German
agreement The aim of the agreement is to fully exchange between the partners all knowledge concerning R & D
work on fast reactors and to co-ordinate future activities in this field including the use of facilities and equipment.

On the industrial side, joint companies have been established. On the DeBcNe-side, a Nuclear
Systems Company KVG (Kenntnisvcrwertungsgesellschaft Schnelle Brutreaktoren mbH) was created by
BELGONUCLEAIRE, Neratom, Interatom and GfK. Here also, SCK/CEN is indirectly linked to the Nuclear
Systems Company by separate agreements, in this case with BELGONUCLEAIRE. The French Nuclear Systems
Company, SYFRA, and the KVG are partners in SERENA (Societe Europeenne pour la Promotion des Systemes
de Reacteurs Rapides au Sodium), a company which will make the accumulated technical knowledge of its
constituent companies available, on a commercial base, to the construction firms such as Novatome and INB.

The implementation of the agreements concerning R & D is organized through a Liaison Committee.
The DeBeNe members of this Committee are guided by, and report to, a supervisory body in which all
DeBeNe R & D partners take an active part.

The second event was the initiative taken by the President of the United States to review the position of
that country in the nuclear energy field. The light water reactor was counted on to fulfill, together with coal,
the additional demand for electricity. The work on experimental fast reactors, in particular FFTF, was to continue,
but the work on commercial prototypes such as the CRBR was to be deferred. These decisions illustrate the
will of the present Government of the United States to prevent the proliferation of fissile materials. Whereas
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it seems to be possible to implement these decisions in the U.S.A. which still have sufficient uranium reserves
to fuel LWR's until the beginning of the 21" century, this is not the case for Western Europe.

Another American initiative hns been to launch an International Nuclear Fuel Cycle Evaluation programme
(INFCE). Out of the eight working groups, group 5 will evaluate the Fast Breeder Reactor and its fuel cycle.
Belgium has the co-chairmanship of this group together with Italy and the U.S.S.R. The conclusions of this study
are expected to be available by the end of 1979.

The international scene is bound to have some influence on the orientation of the research programmes.
It is clear however that for the near future, our research will continue to be concentrated on the different aspects
of the reactor core and the fuel cycle and on the use of BR2 as an extremely valuable tool for testing materials,
fuels and reactor components even under extreme conditions.

1.1. MIXED OXIDE FUEL

In collaboration with BELG0NUCLEA1RE and as part of the SNR project, SCK/CEN has continued its
development programme on UO2-P11O2 fuel fabrication and its supporting activities for various irradiation
experiments.

In order to obtain a better control of the oxygen and carbon content of fuel pellets, studies were carried
out on the correlation of various parameters during sintering and storage.

Future design of fast reactor fuel might be orientated towards higher densities and improved solubility.
To this end, alternative and modified fuel fabrication processes have been investigated. These include the use of
non free-flowing powders requiring a prccompaction-granulation step, additional milling operations and sintering
at higher temperatures and in an oxidizing atmosphere.

Continued efforts have been devoted to a better characterization of powders and fuel pellets by mercury
porosimetry, surface area analyses, X-ray fluorescence and colour a-autoradiography.

Various examinations were carried out on the spare pins of the DFR 455 experiment, to find possible
leasons for premature in-pile failure of some pins.

Studies on welding of fuel pins included development of an acceptance welding test and the design of
a resistance welding machine for glove-box operation.

From parametric irradiation experiments in BR2 on the clad-fucl compatibility (CFC), it was confirmed
that internal clad corrosion is to be expected for O/M ratios higher than 1.96, that tellurium plays an important
role and that local rather than initial Cs/Te ratios have to be taken into account.

Mechanical tests, carried out on WN 1.4970 cladding tubes from the Rapsodie I experiment irradiated up
to a fluence of lO~nvt indicated a decrease in ductility (to less than 0.5%) and an increase in the yield strength
(from 350 to 750 N.mm'2). For the DFR 455 experiment, non-destructive examinations were completed at
Dounreay and post-irradiation work on structural assembly components was continued at LMA. The Rapsodie II
experiment has been pursued and at the end of the 47'h reactor run (February 1978), the peak burn-up and
fluence were estimated at 5.5 at.% and 6 .5X10-nv t respectively for the subassembly and 6.5 at.% and
7.7 X 10" nvt for the monitor irradiation. Finally, the fuel pins for the KNK II experiment have been transferred
to BELGONUCLEAIRE for mounting in the assembly to be loaded in the test zone of the KNK II reactor at
Karlsruhe.
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1.1.1. Mixed oxide fuel preparation
(A.J. Flipot)

1.1.1.1. Fuel fabrication studies
(A.J. Flipot, A. Smolders, R. Gilisscn, R. Lc-
inaire'')

A fuel fabrication process for the first core of
the SNR 300 icactor was worked out and tested by
die SCK/CEN-13N Fuel Group.'These studies, which
continued up to 1976, have shown that hypostoichio-
metric pellets can only be prepared in a reproducible
manner by properly controlling all the fabrication
parameters.

A great deal of knowledge has been accumulated
on the production parameters which influence the
O/M ratio of the pellets. Moreover, an attempt has
been made to organize these parameters in a ma-
thematical model in order to predict the O/M ratio
which can be obtained under given working conditions
or to determine the working conditions necessary to
obtain a well-defined O/M ratio after sintering. The
model has been developed in stages to facilitate the
experiment ll checking of its validity.

The first step has been successfully applied to a
simple tube furnace. A second step has been written
for a batch type all metal resistance furnace: the first
experimental results seem to be credible. As a final
step, a computer programme must be written for a
continuous sintering furnace, taking into account the
back-diffusion of water vapour from the cooler parts
of the furnace towards the sintering zone.

The specified hypostoichiomctry must be guaran-
teed before filling the fuel pins and not only after
sintciing: that means that the storage conditions of
the pellets must also be properly controlled. It is, in
fact, well known from earlier productions and literat-
ure that hypostoichiomctric fast breeder oxide fuel
pellets show a tendency to oxidize when stored in a
glove-box atmosphere. This may be a problem because
it is difficult and even impossible in industrial pro-
duction to keep the time between sintering of the
pellets and filling short. The oxidation rate at room
temperature depends on the magnitude of accessible
surface area, and thus on the pellet micro-structure,
the degree of hypostoichiometry and is practically
independent of water vapour concentrations in the
range of practical moisture concentrations in glove-box
atmospheres.

Low-density pellets made from free-flowing UO2
and P11O2 powders have been sintered at an O/M =
1.95 and stored under normal air atmospher.- at 10,
22 and 38CC respectively. The oxidation rate ot these
low-density pellets can be high and is strongly depen-
dent on temperature. These pellets reach an O/M of

* BI-LGONUCLEAIRE

1.99 after 133 h at 22°C or 26 h at 38°C, On the other
hand, the same degree of oxidation is only reached
after 19 days at 10cC. These results clearly explain
some of the difficulties encountered with the storage
of fuel pellets during the hot summer of 1976. On
'.'nc other hand, this dependence on temperature can
be advantageous because the oxidation rate can be
kept within acceptable liinits if the pellets arc stored
at low temperature.

For the second core of SNR 300, an improved fuel
is being studied i.e. a high density fuel which is as
homogeneous and as soluble in nitric acid as possible.
This is necessary for minimizing plutonium losses in
the head-end step of the reprocessing plants. It should
be possible to strongly incicase the microhomogencity
of the fuel by using a non free-flowing IJOi powder
instead of the free-flowing used at present. This
change offers the possibility of improving the contact
between PuO> and UOi after thorough mixing or
mixing and milling but requires a prccompaction-
granulation step in order to achieve a reproducible
filling of the pcllctizing die.

Prccompaction and granulation have been studied
with a commercial non free-flowing UO» powder,
without adding P11O2. This powdcv has a very low
friction coefficient with tungsten carbide and can
therefore be easily ptccompactcd without admixing a
lubricant. Moteovcr, the precompaction density is not
critical as a variation as huge as 10% hardly affects
the flow properties of the granules and the density of
the final pellets, at least if the difference between
prccompaction density and final green pellet density
is sufficiently large.

On the other hand, the flow rate and apparent
density of granules coming from different types and
meshes of granulator sieves ate very similar. The
sieves used ranged between 0.7 mm and 1.48 mm.
Though the granulated powder flows easily, it is still
possible, if necessary, to improve its flow-rate by a
simple sphcroidisation technique. All these results,
which are typical for the powder used, confirm that
a good powder quality had been chosen. Some ex-
ploratory experiments have also been performed on
UOa-30 wt.% P11O2 mixtures. They show that by
simple mixing, a density of about 88% T.D. can be
reached after sintering at 164O°C for 4 h. A standard
single-step dissolution procedure in I O M H N O J also
showed that these pellets are four times more soluble
than similar pellets made from PuO> and free-flowing
UO2. Only 5.9 wt.% of the fuel remained undissolved
and 16.1 wt.% of the original plutonium remained
in the residue.

A higher density can be obtained by milling the
mixture. In this case, an additional improvement with
a factor of five was obtained, due to the improved
micro-homogeneity by the milling step. Only about
1 wt.% of the fuel and 2.6 wt.% of the plutonium
was left in the residue.
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Densificiition and solubility of the pellets should
still be increased by increasing the sintering temper-
ature up to I72O°C,

Simultaneously sintering experiments were carried
out in an oxidizing atmosphere to increase the solu-
bility of the pellets. According to data available, it
was thought that the diffusion coefficients were very
high under an oxidizing atmosphere and that such
a treatment could perfectly homogenize even ,1 UO2-
P11O2 pellet containing large plutonium-rich particles,

Some experiments performed at 1400°C and 1600°C
on green pellets containing either 40-53 \im P11O2
particles or 315-400 |xm P11O2 granules show that the
pellets after sintering in an oxidizing atmosphere are
far from being homogeneous.

The coarse P11O2 agglomerates arc surrounded by a
diffusion zone only 10 urn wide. On the other hand,
ccramographic examination of the P11O2 granules
showed extended unctchable areas suggesting impor-
tant diffusion. Microprobe analysis revealed, however,
particles of high Pu content of the same order of
magnitude as those present in the green pellets and
steep diffusion gradients comparable to those found
in the above type of pellets. These observations are
in good agreement with calculations based on publish-
ed diffusion coefficients. It is postulated that the
diffusion zones formed during oxidizing treatment
processes do not result from an extended diffusion
volume but mainly from a fast intergranular diffuson
in the early stage of sintering when the grains are
small and the volume of grain boundaries is relatively
high. At present it is thought that oxidizing sintering
could be effective for the production of homogeneous
(U,Pu)O2 pellets if starting from good mixtures of
fine powders but it seems inadequate for homo-
genizing P11O2 agglomerates present in pellets which
have already been sintered. However, as the advan-
tages of the method do not outweigh the drawbacks,
it was decided to discontinue the experiments.

As some difficulties have been encountered in the
past with regard to fulfilling the specifications on
carbon content of the fuel, an attempt has been made
to find the origin of possible carbon contamination
during fabrication.

The first part of this study, carried out on UO2,
has shown that zinc stcarate, used as a lubricant for
the compaction of powders, may cause carbon con-
tamination in pellets sintered under reducing atmos-
phere. It has been shown that the O/M ratio of
the green pellets controls the maximum amount of
stcarate that can be used without difficulty. Above
this limit, important carbon contamination may occur
if the thermal treatment is not specifically adapted
to the composition of the pellets. This study has been
performed by controlling the content of hydrogen and
water vapour in the outlet gas of the sintering furnace
during the reduction of the green pellets. It has been
shown that hydrogen consumption and water pro-

duction decrease with increasing percentages of zinc
stcaratc. It was assumed that excess oxygen in the
pellets reacts with carbon rather than with hydrogen.

1.1,1,2, Fuel characterization
(P. Diels, A. Smolders, P. Henrion, R. Le-
cocq, J, Sleurs)

To control the quality of fuel batches and to gain
knowledge regarding fuel preparation parameters, fuel
characterization equipment has been put into glove-
boxes, This includes a redesigned mercury porosi-
metcr, a particle size analyser and an apparatus for
surface area measurements by gas adsorption,

The mercury porosimetry glove-box was completed
with an additional glove-box in which quantitative
mercury stripping of samples is carried out before
returning Pu samples to the fuel preparation labora-
tory, Lately, mercuiy porosimetry measurements have
reached a high level of precision in view of the
analysis of low porosity pellets,

Results obtained in gas adsorption with the simple
Dollimore apparatus arc excellent. For research pur-
poses, a complete adsorption isotherm could be meas-
ured on some plutonium-containing samples resulting
in a detailed pore size distribution curve of the mate-
rial examined.

The study of the influence of the characteristics of
the UO2 powders on the friction coefficient between
UO2 and the compaction die has been continued.
Seven powder types with different characteristics with
regard to flowability, specific areas, O/M ratio and
moisture content have been investigated. The moisture
content had the greatest influence on the friction
behaviour of a powder. When no lubricant is admixed,
the friction coefficient rises exponentially with de-
creasing water content. The latter plays the role of
a lubricant.

With die lubrication, the influence of moisture is
completely reversed: the higher the water content,
the higher the friction coefficient. It is assumed that
water has a weakening effect on the lubricant or, in
other words, that penetration of the lubricant layer
by the UOi powder is facilitated by the presence of
water.

The influence of the specific surface area is greater
by not using a lubricant than with zinc stcarate, but it
is always the powder with the lowest specific surface
that shows the lowest friction.

Due to the good results obtained on UO2-ThO2
mixtures, the X-ray fluorescence technique has been
further investigated to control Pu homogeneity of
UO2-PUO2 powder mixtures as a fast and non-destruc-
tive alternative method to coulometry. It has been
shown that it is essential to mill the mixed oxide
samples to avoid segregation and/or grain size effects
when using free-flowing UOi and non free-flowing
PuOi. X-iay fluorescence is also applicable on as-

1-4



sintered homogeneous pellets but not on heteroge-
neous pellets.

Colour a-autoradiography has also been further in-
vestigated with a view to controlling the micro-
homogeneity of mixed oxide pellets, A film type and
a film processing method have been chosen. At pre-
sent, a sufficient colour differentiation can be obtain-
ed between 0 and 60% Pu and the parameters can
be adapted to obtain an optimal differentiation in the
concentration range of interest. Relative differences in
Pu content of about 209o can be clearly distinguished.

1.1.1.3. Fuel pin fabrication development
(P. De Boeck, S. cle Burburc, R. Lcmaire',
M. Van cle Cruys")

A comparative analysis of German and Belgian
DFR 455 spare pins revealed the following possible
reasons for a premature in-pile pin failure: excessive
chlorine content, rather high oxygen content, presence
of an excessive amount of hydrogen in the plenum
gas and the occurrence of grouped Pu-rich particles
at the periphery of the fuel pellets.

As already mentioned in the previous annual report,
a TIG-acceptance welding test for WN 1.4970 steel
is advised as a supplementary specification. It should
also be mentioned that no weld penetration problems
have been encountered when electron beam or re-
sistance welding is used.

The resistance welding machine designed for glove-
box operation is being mounted and will be ready
before mid 1978.

1.1.2. Fuel clad compatibility (CFC experiment)
(A. Delbrassine, A.J. Flipot)

1.1.2.1. Results of the CFC 05 experiment
(A. Dclbrassinc, J, Ketcls, C. Van Loon)

The non-destructive tests performed on the capsule
with hypostoichiometric fuel confirm the results ob-
tained from the previous experiments and the similar
behaviour of the WN 1.4981 and 1.4970 steel types.

Interesting results have been obtained from the
capsule with hyperstoichiometiic fuel:
- uniform matrix attack and intergranular coirosion

arc visible in the lower half of the fuel column;
the total corrosion depth is limited to 40 | im;

- the upper part of the fuel column is characterised
by a deep intergranular attack, the penetration of
which is as high as 120 (im; caesium is present in
the grain boundaries which are depleted in nickel
over the total depth and in chromium over the first
80 urn;

- in front of the blanket pellets, caesium is bound

with uranium and probably with oxygen but the
clad is sound.

1.1,2.2. Role of the O/M and Cs/Te ratios
(A, Dclbrassinc)

The O/M ratio does not play a direct role in the
clad corrosion but acts as a general buffer affecting
the chemical activity of each element. Below 1.94 no
corrosion is observed. Between 1.96 and 2.00, a
limited corrosion layer can be detected (40 |un) in
the presence of either tellurium only or tellurium and
caesium. In the case of hyperstoichiometric fuels, the
corrosion depth increases considerably (120 | im) .

The total corrosion depth is also influenced by the
Cs/Te ratio. When using slightly hypostoichiometric
pellets and a Cs/Tc ratio of 4, a 40 |im corrosion
Layer is observed in WN 1.4981 stainless steel, When
the Cs/Tc ratio is as low as 1.3, a clad penetration
depth of up to 190 |im is measured. Due to the fact
that the corrosion pattern and depth change con-
siderably along the hyperstoichiometric fuel column,
the caesium and tellurium balance has been measured
locally with the aid of a microprobe and yscanner.
Halfway up the fuel stack, the local Cs/Te ratio
ranges from 1.6 to 2.0. Near the upper end, the local
ratio varies between 3.8 and 4.6. These results suggest
a difference in axial mobility of both Cs and Te.

1.1.3. Mixed oxide fuel irradiation programme
(D.Haas*, M. Gaube", A. Demiklt, C. Van
Loon, J. Van cic Velde)

1.1.3.1. Post-irradiation examination for the Rap-
sodie I experiment

This experiment consisted of 2 bundles of 34 pins
irradiated in Rapsodie to a maximum burn-up of
10.5 at.% and a maximum fast fluence of 6.4X1022

nvt (E>0 .1MeV) .
Most of the post-irradiation work on the fuel pins

was completed by the end of 1976. During 1977, the
following additional examinations were carried out.
- Determination of residual fission gas on 6 fuel

samples.
- Tensile tests on cladding samples from the material

WN 1.4970 CW, which pioduced useful data con-
cerning the influence of temperature and neutron
fluence on the mechanical propetties of this material.

- Density measurements on cladding materials WN
1.4988 SA and 1.4970 CW: these measurements are
now almost complete and the results will be in-
cluded in the reference set of data for the matetials
properties for design calculations.

- Additional metallographic examinations confirmed:

I3ELGONUCLEA1RE BELGONUCLEAIRE
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. appreciable restructuring and radial relocation in
low stoicliiomctric fuel;

. high porosity and fuel relocation in highly rated
specimens;

. similar behaviour of pcripheric and inner pins of
the bundles;

, larger central voids in the 102 bundle than in the
103 bundle;

. better resistance to internal corrosion for Nb sta-
bilized WN 1.4988 steel than for the 12 R 72 IIV
steel.

1.1.3.2. Post-irradiation examination for the
DFR 455 experiment

The DFR 455 experiment was stopped in 1976
after premature failure of some pins at a burn-up of
about 5 at.9b.

Non-destructive tests (X-rays, y-scannings, diameter
measurements) have been performed at TUI (Karls-
ruhe) on some of the Belgian pins. The results have
been used to establish the programme of the destruc-
tive examination. This programme started at the end
of 1977 and consists of metallographic examinations,
burn-up determinations and residual fission gas ana-
lysis on 6 fuel pins (4 Belgian and 2 German pins).

The examinations of the structural parts of this
experiment (spacer grids, tie-rod, filling piece) were
almost complete by the end of 1977. The tests per-
formed on the grids revealed no significant effect of
irradiation on their behaviour; as the pin is free to
rotate in the bundle, wearing of the spacer grid dim-
ples has been observed.

The results will be published in 1978.

1.1.3.3. Rapsodie II experiment

By the end of 1977, the monitor capsule reached
a peak burn-up of 6.5 at.96, corresponding to a fast
neutron fluencc of 6.2 X 1022 n.cm'2, whereas the main
assembly achieved a peak burn-up of 5.5 at.% (fast
fluence: 5.2X 1022 n.cm"2). The irradiation will con-
tinue in 1978.

1.1.3.4. Post-irradiation of the MOL7B experiment

The post-irradiation examinations carried out at
TUI arc now complete. Interpretation of the results
and analysis of the failure mechanisms arc still in
process. Burn-up determination will be performed at
SCK/CEN in 1978.

1.2. CARBIDE FUEL

As part of the preparation for the new five-year plan 1978-1982, the present situation, general interest and
future prospects concerning carbides as advanced fast reactor fuels with high breeding performance have been
assessed. Based on the results, it was decided to gradually stop future programme and not to start any new
R & D activities.

Adaptation of the mixed carbide laboratories was continued with a view to the treatment of carbide scraps
and specific studies on UOrPuGv

Post-irradiation examinations were carried out for the MFBS 7, DFR 527 and CIRCE 2S expetiments. From
these it was concluded that a large initial gap between fuel and cladding, as envisaged for coping with fuel swelling,
gives rise to considerable restructuring even in fuel types based on a specific morphology and addition of vanadium.

1.2.1. Basic studies on uranium carbides

See §5.3.1.2.

1.2.2. Adaptation of the mixed carbide labora-
tories
(G.Woutcrs, A.J.Flipot)

Adaptation of the mixed carbide laboratories was
started in September 1975 in order to increase the
fabrication batch size to 1 kg and in order to allow

the fabrication of long fuel pins for demonstration
irradiations. The modified laboratories should make
possible the study of the carbide preparation based
on the carbothermic reduction process and of the
carbide pellets fabrication on a representative pre-pilot
scale.

By the end of 1976, the installation of the carbide
preparation line was almost complete. Some minor
modifications of the carbothermic reduction furnace
remained to be carried out and a quadrupole mass
spectrometer should complete the analytical control
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instrumentation, In 1977, mounting of the pellet
fabrication line was started. Apart from some minor
modifications to the auxiliary instrumentation of the
hydraulic press, the pellet line is ready for tests on
uranium. Non-active tests on a modified oxidation
furnace have been completed. This furnace will be
mounted in a glove-box for recovery of the fissile
material from existing carbide scrap materials. Apart
from installation of the oxidation furnace, the adapta-
tion work has been suspended since September 1977.

1.2.3. Irradiations and post-irradiation examina-
tions
(A. Delbrassine, G. Woutcrs, A J . Flipot, G.
Blondccl, M. Socnen)

The irradiations of mixed carbide fuels form part of
an experimental fuel performance programme which
aims to investigate the use of pellctized stabilized
carbide fuel clad with stainless steel and bound with
helium as an advanced fast reactor fuel. The main
approach in this study is the addition of vanadium
carbide for both thermochemical and geometrical sta-
bilizations. For comparison purposes some ordinaiy
stoichiometric and hypcrstoichiomctric uranium-pluto-
niuin carbide fuels were incorporated in the pro-
gramme. The different types of fuel have been irra-
diated under thermal flux (CIRCE03 and CIRCE2S)
under epithermal flux (MFI3S7) and under fast neu-
tron flux (DFR527). Apart from the CIRCE 2S and
DFR 527 experiments, the post-irradiation examina-
tions have been completed and some interesting but
picliininary conclusions with respect to fuel cladding
compatibility and swelling behaviour of the vanadium-
stabilized fuel specimen can be drawn.

CIRCE 03

.Three different types of mixed carbide fuels have
been irradiated in a thermal neutron flux in the BR2
reactor, up to about 50,000 MWd.t"1.

The destructive examinations revealed high a-activ-
ity in the outer region of the fuel pellets. As some
doubt existed as to the origin of the local a-activity,
microprobe analyses have been carried out. These
icvealcd that the high a-activity was due to Am and
Cm build-up in this region, as well as preferential
migration of the fission products Ba and Sr to the
fuel cladding interface. The secondary phases observed
in all fuel types were identified as La, Nd and Pu
oxide phases. No uranium was detected in these
fission product inclusions.

CIRCE 2S

The CIRCE 2S fuel capsule has been especially
instrumented with devices for in-pile fuel pin swelling

and fission gas release rate measurements in BR2 of
a stabilized (UPu)VC fuel.

The CIRCE 2S rig was permanently unloaded after
BR2 reactor cycle 11 /76 due to a cladding rupture
of the fuel capsule. This was observed at a burn-up
of about 58,000 MWcl.f1 and irradiation was con-
tinued until a maximum burn-up of 64,880 MWd.f1.

Visual inspection of the fuel capsule showed a crack
I cm long in the cladding. The dimensional meas-
urements in LMA gave a mean relative cladding dia-
meter increase of 0.33%, while the last reliable in-pile
measurement at a burn-up of 56,000 MW.f1 indicated
a relative increase of 0.23%. Rcinvcstigation of the
rig calibration calculations has been started to explain
the difference taking into account some non-linear
characteristics of the measuring system. The destruc-
tive post-irradiation examination will start in due time.

MFBS7

This is a joint SCK/CEN-EIR irradiation experi-
ment in a sodium loop and under epithermal neutron
flux in the BR2 reactor. The SCK/CEN pins contained
three different mixed carbide fuel types. The experi-
ment was stopped after failure of one stabilized fuel
pin at a burn-up of about 50,000 MWd.f1, The results
of the non-destructive examinations have been report-
ed in the previous annual report. These examinations
gave evidence of important local stresses in the cans
with stabilized fuel types.

Destructive examinations revealed columnar grain
growth in all fuel types. A central hole was observed
in the hyperstoichiometric and stabilized fuel columns,
but not in the MC fuel with high oxygen content.
Caiburiz.ition of the cladding material was important
in the case of the hyperstoichiomctric fuel but less
significant for other fuels. Since there was some
evidence of plutonium migration in all fuel types,
severe vanadium migration in the stabilized fuel and
unidentifiable secondary phases in all fuel types, ad-
ditional microprobe analyses on one specimen of each
fuel pin are being carried out at LMA.

DFR 527

This fast neutron flux irradiation experiment in
DFR contained two SCK/CEN fuel pins with stabil-
ized (U,Pu)VC fuel, irradiated in a duplex rig. The
irradiation ended on 23"' March 1977, with the last
and final shut-down of the DFR reactor. The fuel
had reached a maximum burn-up of 64,300 MWd.f1

and a mean burn-up of 56,400 MWd.t ' . The mean
linear power rating was 600 W.cm'1. During irradia-
tion a total neutron dose of 5.5 X 10'12 nvt had been
accumulated.

Visual inspection in the DFR hot cells showed
serious cladding rupture of the pin with AISI 316L
cladding. The pin with WN 1.4981 cladding seemed
to be intact.
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The destructive examinations at EIR-Wiircnlingen
have been started on the defective pin. No central
void formation nor columnar grain growth has been
observed. Examination of the cladding of the rup-
tured region showed crack initiation on the external
surface. The destructive examinations arc still in
progress.

Conclusions

From post-irradiation results of the thermal and
epithermal neutron flux irradiations available at pre-
sent, some interesting preliminary conclusions can be
drawn. These conclusions have still to be completed
and confirmed by the results of the DFR 527 fast
flux irradiation.
- Apart from a well-defined purpose or studies of

particular parameters which arc not influenced by
mass transport and fuel-clad interaction, irradiation
under thermal neutron flux is only of limited interest
for pclletized fuel. It seems that the difference in
in-pile behaviour in a thermal and fast neutron flux
is reduced with decreasing fuel thermal conductivity.

- Large gaps and high density in a helium-bonded fuel
pin concept lead to a strong restructuration at least
for linear powers ranging from 800 to 1100 W.cnV1.

- A special structure docs not reduce the swelling as
the rcstructuration of the fuel destroys the original

morphology, but is not sufficient to obtain stiess
release in the affected fuel zone. This is more or
less confirmed by the fission gas release ratio for
mixed carbide (20 to 35% for all fuel types).

- More experiments arc ncccssaiy to determine the
limit of the carburization, but it seems that the
M2C1 content must be as low as possible (a few
percent). The mechanism for carburization might
be related to the carbon and oxygen activities.

1.2.4. Nuclear physics support
(Cli. DcRacdt, W. Detuvernier, N. Mncne)

A new analysis was made of the results of the
calorimetric measurements performed during the irra-
diation, taking into account the most appropriate
treatment of the enthalpies both for the sodium and
for the CO2 balances. According to this analysis, the
maximum burn-up of the EIR fuel pin at the maxi-
mum flux level reached 6.2 to 6.6% FIMA which is
to be compared with the 6.0% FIMA deduced from
burn-up measurements performed at Wiircnlingen.
The ncutronic measuicments carried out at BR02 give
values even higher than the calorimetric measure-
ments. As all values nevertheless remain within the
error margins quoted, the agiccment may be con-
sidered as satisfactory.

1.3. FUEL ASSEMBLIES

No tests have been carried out on fuel assemblies in the Na3 loop.

Operation of the loop is reported in § 1.7.

1.4. MATERIALS DEVELOPMENT
(JJ.Huet)

Post irradiation examination of helically wrapped tubes tested in the Na3 loop was completed. The effect
of sodium is not likely to lead to corrosion problems in the assembly. The most striking result is a near complete
recrystallisation of the AISI 316 steel in the test conditions after 3000 h exposure.

For the SNR project, advantage was taken of SCK/CEN having two flowing sodium creep benches to study
the behaviour of \VN 1.4948, reference structural material for the primary circuit of SNR 300. A reduction in
time to rupture with respect to air environment was found but the secondary creep rate does not seem to be
affected.

The fabrication studies of dispersion-strengthened ferritic steels concentrated on looking for a more
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economical way of producing the material by the use of atomized and "cold-streamed" powders. The oxygen
content of these powders is somewhat difficult to control which results in a large scatter of properties.

Mechanical alloying under inert atmosphere enables a tight control on oxygen content whatever the milling
time. A correlation was found between the TiO> content and the particle size after mechanical alloying. The cold
drawing of this material is more difficult than for materials tested in the past. This is due partly to an increase
in the free titanium content of the alloy - titanium is less oxidized during milling - and partly to a smaller oxide
size with a better dispersion. An adjustment of the nominal composition seems necessary.

Thermal treatment pioccsscs were studied and it was found that the rate of heating and cooling has a
significant influence on the structure. No grain growth has been observed even in the case of heating at 115O°C
for long periods. Efforts were also made to gain a bstter knowledge of the creep properties in order to define
the confidence level of the data and to evaluate the influence of the thermomcchanical ticnlmcnl sequence.
Influence of sodium exposure on creep and on structure was also studied.

Much effort was devoted to the preparation of RFPCEX II irradiation which was loaded in Rapsodie at
the beginning of October 1977. I3R2 pin irradiation demonstrated the excellent behaviour of DT02 canning at
high burn-up of the oxide fuel, high temperature of the clad and high power rating. This success led to the
prepaiation in 1978 of a rig with UOJ-PUOJ fuel pins to be irradiated in Rapsodie.

Neutron as well as IIVEiM irradiations revealed a small void swelling in the fcrritic alloy in the low
temperature region at about 425°C. A better picture of the swelling behaviour will be obtained with the
R1PCEX 1 samples which will he available in 1978 and which, by that time, will have accumulated a dose of
1.2X1O23 n.cm2.

1.4.1. Post endurance analysis on helically wire-
wrapped tubes tested in Na3
(A. De Brcmacckcr)

Analyses concerning the compatibility between the
tube and the wire and the behaviour of the welds
of the helically wire-wrapped tubes of the B4 sub-
assembly (A IS I 316 steel) have been continued. Tubes
with different coiling tensions (114 N and 147 N)
and submitted to an internal argon pressure of 7 MPa
wcie exposed to dynamic sodium at 600°C for 3000 h
in the Na3 loop. After a few hours, two tubes burst
in the loop; the other tubes and bundle components
behaved normally.

From the examinations, it can be concluded that:
- compatibility between tube and wire is excellent;
- the austenitic cold-woikcd structure of the as-

reccived tube had disappeared; after 3000 h at
600°C, the material had recrystallised;

- there is no indication of stress corrosion, even in
the burst areas;

- there is no difference between the behaviour of
upstream and downstream welds and it is better
when the coiling wire tension is high; fot the same
wire tension, the welds exposed to Na are not quite
as good as those exposed to Ar;

- on the tube which burst near the weld in such a
way that the wire elongated to 2.85%, calculations
showed that the weld supported a wire tension of
186 N without failing;

- the relaxation law was found to be cr,,= (0.65)'"'.o-,
where n is the number of thousands of hours and
ff, is the initial stress.

1.4.2. Influence of flowing sodium on the creep
rupture behaviour of WN 1.4948 stainless
steel at 823 K

A common programme between IA, GfK and
SCK/CEN is being carried out to determine the
quantitative influence of a sodium environment on
the creep rupture behaviour of WN 1.4948 stainless
steel, the reference structural material for the primary
cooling circuit of SNR 300.

At SCK/CEN, the tests are carried out in the
uniaxial creep facilities mounted on the Na2 sodium
loop. The tests are performed at 823 K in an upstream
position, the sodium velocity at the specimen being
3.6 m.s' and the temperature difference between the
hot and cold leg of the loop being 240 K. During the
first test scries, the cold trap temperature was main-
tained at 433 K.

The first results indicate that the presence of
flowing sodium causes a deterioration of the creep
properties as compared to an air environment: time
to rupture is reduced by a factor of about 4, total
elongation at fracture is much smaller and the onset
of tertiary creep occurs earlier. The secondary creep
rate, however, does not seem to be affected.
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In sodium, intcrgranular cracks develop from the
sodium wetted surface (Fig. 1.1.). Fracture in air
occurs in a much more ductile \va;« after narrowin»
of the cross-section.

^MEaBE fJnfj"*jrT^wifr^fjjyjajftffispjjpa^mfflraiaBiBffiaafliBMMiinHiMiMMM

/•/j? / /. — \VN 1.4948 win pie ruptured ajtei uiiiiixuil creep
test hi sndiiim ill S23 K mid showing inteigranulai
cracks (30x).

These conclusions are confirmed by the fiist results
at GfK and IA, except for the time to rupture values
obtained at IA, which coincide with the air data.
This diffeiencc may have been caused by the much
lower cold trap temperature (383 K) at which IA
performed these tests. Additional tests will be carried
out at GfK and SCK/CEN to check the effect of the
cold trap temperature on the creep rupture behaviour
in dynamic sodium.

1.4.3. Fabrication of dispersion-strengthened
ferritic steels
(L. De Wilde)

Powder preparation and evaluation
(L. Coheur)

The use of pre-alloyed powders can be a more
economical way to fabricate the oxide dispersed ferritic
steels. ''Cold streamed" powders were evaluated using
three batches.

The first batch, with a very low Mo content was
tested in a "cake pan" and a ball mill. During the first
24 h in the cake pan, milling and mechanical alloying
were obsetved. After 24 h, mechanical alloying be-
comes the most important process. The ball mill had
only a minor influence on the particle size distribution
of the powders. Mechanical alloying without any oxide
addition occurs in the cake pan mill, but requires
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a longer milling time than the mechanical alloying of
elementary powders. The chemical composition of the
second batch was closer to the composiiion of the
standard DTO2; however, Ti and O contents were
rather high. Difficulties encountered weie probably
due to the high oxygen content and further work was
stopped on that batch. It had however been con-
firmed that a heat treatment pioees* at 1250°C for
10 min + 1 100°C for 6 h resulted in coarse oxide
particles and a decrease in the mechanical properties.
The chemical composition of the third hatch was
better and the oxygen content w.is low. The oxide
is also located at the surface of the particles but the
layer is much thinner. When treated for 1 h at IO5O°C,
the cold swaged bars gave higher ductility at loom
temperature and a high tensile strength at 700°C.

Mechanical alloying in the cake pan undei argon
atmospheie of clementaiy powders lesults in better
products without oxide stringers and the oxygen con-
tent can be controlled between narrow limits. It is
now possible to study the influence of the /-phase
and the oxide content on mechanical piopcrties. There
is a clear conclation between the particle size after
mechanical alloying and the TiOj content of the
mixture (Fig. 1.2.). The amount of Ti metal powdei
in the mixture does not influence the particle size.

, Particle size.
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Fin 1.2 — Correlation between particle size after mechanical
alloying, and TiO2 content in the DTO2 mixture.

Tube fabrication
(L. De Wilde, J. Gedopt)

Mechanical alloying under argon atmosphere makes
it possible to obtain a fixed chemical composition.



Cold drawing tests have been started on tubes with
a view to determining the influence of the powder
piepnration method and the oxide content on the
drawability. lubes made from an alloy containing
4,796 Ti (total) and 1.596 O contained large surface
cracks whatever the drawing scheme applied, even
when the composition is very close to that of the
DTO2 tubes prepared by mechanical alloying in air.
The difference can be explained by the much finer
o.side dispersion which is more effective in preventing
plastic deformation. The amount of oxide has been
teduced and tubes fiom an alloy containing 3.796 Ti
and 1.196 O have reached the final 6/5.2 mm dia-
meter dimensions. This was only possible when the
reduction between annealings was large enough to
produce a veiy fine grain size. Tests on an alloy
containing 2.296Ti, 0.396 O and 0.596 Y A , con-
firmed that a minimum deformation is to be reached
between passes in order to produce a very fine grain
size and avoid crack formation.

Thermal treatment tests have shown that tecrystal-
lixation begins at about 870°C. It is accompanied by
a reduction in the amount of /-phase at temperatures
higher than 900°C, the /-phase almost completely
disappears and recrystallisation is complete after 15
min; however, no significant grain growth can be
obseived for longer holding times and temperatures
up to 1I5O°C. The rate of heating and cooling has
a considerable influence on the final grain size and
the /-phase distribution.

Joining
(S. de Burbure)

Resistance welding is carried out on a routine basis
on empty capsules. All the RIPCEX II capsules were
welded in this way. Similar capsules have now been
welded for internal pressure and axial creep tests.
Future efforts will be directed towards CARAFE and
CFC experiments with UO2-P11O1 fuel, which means
that a horizontal resistance welding machine is to be
developed for glove-box operation.

Non-destruct ive testing
(J. Gedopt)

Eddy current is used to contiol the quality of the
tubes during fabrication; flaws detected in the earlier
stages became larger dm ing fabrication. The back-
ground signal increases with grain size and con-
sequently flaws in huge grain size material are more
difficult to detect. The detection limit is about 0.1
mm. For smaller flaws, the ultrasonic test bench is
to be used; depending on the grain size, the surface
roughness and the transducer frequency, flaws as
small as 10 or 20 |xm can be detected.

1.4.4. Properties of dispersion-strengthened fer-
ritic steels
(Ph. Van Asbrocck)

Mechanical properties
(W. Vnndermeulen, W. Hendrix)

The tensile properties - strength as well as duc-
tility - were found to be almost independent of the
degree of cold work or of ageing temperature. The
material prepared from the argon milled powders com-
pares rather well with previous DTO2 tubes, except
for the total elongation at 700°C which is lower.

A computer progiamme has been written which
enables the plotting of the creep curves and the 9596
confidence intervals for these lines. Cold straightening
lowers the creep strength of aged samples by about
5 MN.in'2; the negative influence of the straightening
can be eliminated by re-annealing at I050°C for 15
min before ageing but, in practice, it will probably
not be possible to apply this second annealing since it
is likely to give rise to a new distoision of the tube.

The pressurized capsules of the RIPCEX II ex-
periment will be irradiated between 400 and 500°C.
The internal picssure should be such that a maximum
value of 196 diameter incieasc would be produced
by thermal creep. Internal piessurc ctecp tests were
started at 550°C to confirm the predicted maximum
values. In all tests, which will be continued for
10,000 b, the strain after 50 h is a considerable pro-
portion of the total deformation after 6500 h.

Sodium corrosion
(F. Casteels, H. Tas)

No increase in the secondary creep rate or decrease
in the time-to-rupture due to sodium exposure could
be observed in DTO2. On the contraty, a significant
decrease in the secondary creep rate occurs during the
fiist 1000 h. Two important compositional changes
in substitutional elements occur: selective leaching of
chromium to surface concentration of about 796 and
a nickel pick-up to a concentration of 1.5 wt.96 after
9000 h exposure to flowing sodium at 700°C. No
measurable molybdenum or titanium gradients were
noticed.

During sodium exposure, changes in the surface
morphology and fracture mechanism occur. At the
beginning of sodium exposure, the mechanically de-
formed surface layer is removed.

Further exposure results in the development of a
smooth surface formed by elongated subgrains and
decorated with isolated particles. After 6000 h, holes
start to develop at isolated places. In the creep tested
specimens, a much higher density of holes was ob-
served. Where the /-phase has disappeared, flat struc-
ture paths develop perpendicular to the stress axis
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which is of the microvoid coalescence type; it pro-
gresses at increasing velocity without any significant
ductility until it reaches the x-phusc containing sec-
tion. Sodium exposure gives rise to crack formation
and causes a loss of ductility at rupture; it does, how-
ever, reduce the secondary creep rate.

Influence of carbon and nitrogen on phase
relationship
(R. Dc Marlelncre*, F. Cnsteels)

The influence of various amounts of nitrogen and/
or carbon on the nature and amount of phases present
in DT02 alloys has been studied. Only one type of
intcrmetallic compound was found: the "/"phase, the
amount of which decreases with an increasing amount
of interstitial elements. The observed oxide is of the
TijOi type. Different types of carbides (Ti,Fe)C,
Ti(C,N),Ti(CO)and M2,G, and of nitrides (Ti,Fe)N,
CrjN are present when carbon and/or nitrogen ate
added to the alloy.

Ovciageing effects can be detected in DT02 after
long term heat treatment processes at 700 and 800°C,
whereas DTO2 alloyed with carbon is practically in-
susceptible 10 ovcrageing. An increase in the dimen-
sions of the x-phnsc «incl of the oxide particles was
not observed. The addition of carbon to the DTO2
alloy results in the disappearance of or a delay in
the piecipitation of the "/-phase.

Material irradiations
(Ph. Van Asbrocck, W. Vandcrmculcn)

It was decided to continue the R1PCEX 1 experi-
ment, for which final unloading was planned for
July 1977, until July 1978. The RIPCEXIL expcii-
ment has been loaded into Rapsodie and the irradia-
tion started early October 1977. It contains some
ferritic steels (DTO2, D Y 0 0 5 , EM12, WN4914

and A1S1 405) provided by SCK/CEN and austenitic
steels and nickel alloys provided by 1A, GfK and UN.

Post-irradiation examinations of the DISP04 ex-
periment irradiated in I5R2 up to 10~ n.cm'2 ( > 0 . 1
MeV) in the temperattiie range 3OO-42OCC were
completed. At 300°C, the ductility of DTO2 is the
best of all alloys tested whereas at higher temperatures
AISI 316 CW gives the best ductility.

A few samples ii radiated in Rapsodic and EBR II
up to a dose of about 5 X 1 0 " n.cm'2 ( > I MeV) have
been measured. The lesults are given in Table 1.1.
No voids wcie found in the matrix except at the
lowest (427°C) irradiation temperature, giving a cal-
culated 0.2% void swelling. As can be seen on the
IIVEM photographs provided by 11EDL, the voids
have nucleated on oxide (ITig. 1.3.).

Voids were found in the largest TiiOj oxides; these
voids aie formed very early on during the irradiation

TABLE 1.1.
Fcnilic steels swelling, data

», Dose
temperature

Matcri.il composition c „ Reactor n.cm-5 Density change
(E> 0.1 MeV)

1. 13Cr-1.5Mo-3.5Ti-2TiO2 427 EBR II 5X10" +0.54
2. 13Cr-1.5Mo-3.5Ti-2TiO2 483 EBR It 5 x 1 0 " —0.17
3. 13Cr-2Mo-5Ti-2TiO, 580 Rapsodie 5.6x10- +0.18
4. 13Cr-1.7Mo-4Ti-2TiO2 710 Rapsodie 4 2X10" +0.70
5. 13Cr-1.5Mo-3.5Ti-lY,Oj 710 Rapsodie 4.2x10" +0.15
6. 15O-4A1-0 25Y 710 Rapsodie I 4.2x10" +0.07

' K.U.Lcuven
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anil they can be seen in the samples irradiated
in the BR2 up to a fast neutron dose as low as
O.SXlO^n.cnV2.

Pin irradiations
(A. Dclbrnssinc, J. Vnn de Velde, C. Van Loon)

Two capsules clad with dispersion-strengthened
ferritic steel were irradiated in BR2: the CIRCE 6Ü
containing helium bonded carbide fuel pins and the
CFC 4D containing oxide fuel. In both cases the
canning material was annealed and aged ÜT02.

After 96 days of irradiation and an estimated burn-
up of 32,800 MWd.r1, a leak developed in the U2C,
pin. Diameter increase was only about 0.1 to 0.59o
and no significant carburization was detected.

Despite the very high linear power (550 W.cm'1),
high smear density (87 and 90% T.D.) and high
mid-wall temperature (670°C), the UOJOS capsules
of the CFC 4D experiment withstood a burn-up of
120,000 MWd.r1 obtained after 402 days of full
power irradiation. After this irradiation period, a leak
developed in the higher density pin. The diameter
incicase in the pin which did not fail was 0.5% at
the fuel level and less than 0 .1% at the plenum
indicating the absence of creep under the influence of
fission gases. A very limited fission product attack
has been observed.

Swelling simulation
(M. Snykers)

The JEOL JEM 1250 High Voltage Election Mi-
croscope of the University of Antwerp (RUCA) is
now calibrated for void swelling simulation experi-
ments. It is equipped with two Faraday cages and the
current intensity measured with the lower one gives

the exact value of the current received by the spe-
cimen. The temperature of the specimens is set by
means of a small furnace. A temperature increase due
to beam heating has to be taken into account. For
AISI 316, the mean void diameter is a strong and
nearly linear function of the temperature between
400 and 600°C, relative shift in the void diameter
as a function of temperature gives the temperature
incicase for two different beam currents. A temper-
ature increase of between 5 and 8.5°C per 0.1 |iA in
total beam current was found for the spot size most
used.

The choice of adequate sample thickness is essential
for significant swelling simulation. Specimens which
are too thin do not simulate bulk material because
of surface effects and specimens which are too thick
cause overlapping of the voids.

Helium doping is important for void swelling
deteiinitiations. The ferritic alloy S.i (Fc 13Cr O.SMo
0.2Ti) does not swell in the absence of He. Speci-
mens containing 10 ppm He irradiated at 435°C show
voids even at low doses. Since the helium build-up is
gradual in reactor operation and the total helium
content should be lowered to about 1 ppm for ferritic
alloys, the results obtained probably give too J'irgc
a swelling.

The total void swelling for DTO2 and S4 meas-
ured inside the grains and after a dose of 10 dpa is
0 .55±0 .1%. A grain boundary acts as a sink for
point defects and gives rise to the presence of a
denuded zone. A subgrain boundary may act as
a nucleation site for voids.

In the /-phase, no swelling has yet been observed.
The presence of oxide particles does not seem to
influence void swelling which contradics what was
found in reactor irradiation, where most of the voids
were discovcied to be associated with oxide particles.

1.5. FAST REACTOR PHYSICS
(J . Debruc)

In the SNR 2 project, emphasis has been put on the achievement of high breeding performance and
improvement of the safety characteristics. Experimental and theoretical programmes support the design work, in
order to meet these requirements with a sufficient degree of accuracy in the following way:

- to assess the validity of the neutionic calculation methods, experimental studies on large plutonium fuelled core
configurations are being perfotmed in the low power teactor ZEBRA at Winfrith (UK), as part of an
AEEW-GfK agreement; SCK/CEN is taking part in these measurements;

- a similar effort is being made on a world-wide scale on a purely theoretical basis: a benchmark problem has
been defined under the sponsorship of the NEA Committee on Reactor Physics for an interlaboratory
comparison of the calculation methods and nuclear data sets in use in different laboratories; ten countries,
including Belgium, are involved in this comparison;
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- a specific task to be carried out by SCK/CEN is the improvement of nuclear data for reactor structural materials
through semi-integral clean experiments, as performed in the BR1 fast neutron facilities.

Reactor physics activities arc also concerned with the fuel and material development programmes which
require irradiations in testing reactors. The characterization of the neutron environment in these irradiations
(in-pile neutron dosimctry) is necessary to ensure the consistency of the test results obtained in different reactors
and to apply them to power reactors. Progress lias been made in the calibration of the equipment used for
measuring high activity monitors and in the development of the data acquisition and handling system. Close
collaboration was maintained with US laboratories for the assessment of the basic metrology techniques and,
more particularly, their application in the FFTF charactciization programme. Dosimctry for the fuel and material
irradiation programmes involves BR2, Rapsodic, PFR and KNKII .

1.5.1. Work in support of the SNR 2 project

1.5.1.1. BIZET programme
(G. Minsart, A. Fabry, P. Vnndcplas)

An agreement has been established between
UKAEA (The Reactor Group) and GfK, to carry out
a large common programme called BIZET in support
of the design studies of CFR (UK) anJ SNR 2. The
partners of the DcBeNe project are tak'ng part in this
programme.

Owing to the availability of large anounts of pluto-
nium (SNEAK fuel from GfK and ZEBRA fuel at
AEE Winfrith), it is possible to build large cores in
the ZEBRA critical facility at Winfrith.

The first phase of the BIZET programme (phase
BZA) started mid-November 1976 and was completed
at the end of February 1977. SCK/CEN has con-
tributed mainly to control rod worth measurements
using the pulsed neutron technique. The main goal
of these measuteinents was to compare the results
obtained by this method with those from the source
multiplication method.

The control rod worths have been measured for
five control rod patterns in the BZA core. Seventeen
runs were performed in the range of 1.5 to 26 S
subcriticality. Two souicc positions on the axis of the
core were used: one at the core centre, the other at
the coie-reflector interface. Three pairs of BFj coun-
ters, at different radial and azimuthal positions, were
installed; the optimal radial position was selected for
each configuration, on the basis of the two-dimensio-
nal diffusion calculation using the SNAP code. The
icsults show good reproducibility of the measure-
ments and only a small influence of the source posi-
tion. The response correction necessary because of
the use of a J/v detector (BFj) instead of a fission
detector was calculated in a 26 group scheme. The
laigest correction factor is 1.06 and corresponds to
the largest subciiticality.

The comparison of the final measuicmcnt results
with the SNAP calculation results shows a maximum
discrepancy of 496. The discrepancy between the

pulsed source and the source multiplication tesults
amounts to -196 on average, with a maximum of 1296.
Agiectnent in the case of large subcriticalities is very
satisfactory.

Tbc BZB phase started mid-March 1977 and will
be completed by the end of January 1978. SCK/CEN
participation has been focused on central cell radio-
metric fission and capture rate measurements in co-
operation with GfK and UKAEA. For the SCK/CEN
measurements, emphasis has been placed on very
careful matching of the uranium oxide foils in the
ZEBRA platelets in order to avoid streaming per-
turbations.

Two independent calibration methods have been
used for each reaction rate. For a ' Pu , B iU and a sU
fission rates, these involve:
- absolute l40Ba-l'l0La detection by means of a leference

Nal(Tl) spectrometer calibrated on an interlabora-
tory basis;

- gross fission pioduct counting calibrated with res-
pect to NBS type fission chambers exposed in a
half-empty ZEBRA core channel.
For 3SU capture rate measurements by •"'Np de-

tection with two Ge(Li) spectrometers, calibiations
relate to:
- separate irradiations in a known thermal neutron

flux;
- •4'Am standard sources (which a-decay to ^ 'Np).

Interpretation of the measuicments is in progress.

1.5.1.2. Theoretical studies
(G. Minsart)

The main objectives for theoretical work in reactor
physics arc to extend the capability of calculating the
neutronic performances of reactors and of irradiation
devices, and to gain better confidence in the predicted
icsults. This development work has been carried out
in three ways:
- new or enlarged cross-section sets;
- computer codes;
- theoretical benchmark studies.

Close co-operation is maintained with GfK and
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BELG0NUCLEA1RE to avoid duplication of work
.ind improve mutual suppoit.

Cross-section sets

Two cross-section libraries were received from JRC-
lspra and made available on the computer used by
SCK/CEN:
- EUKLIBI: 100 neutron groups, derived from

ENDF/B III;
- EURL1B3: coupled neutron-gamma library (100

neutron groups -+• 20 gamma groups) derived from
ENDF/B IV.
'I'o enable gamma field calculations related to the

BR2 (40-group) cross-section library commonly in
use at SCK/CEN to be carried out, two special cross-
section sets were derived from the gamma part of
EURLIB3:
- an (n-y) set (40 neutron groups - 20 y gioups)

for computing the gamma souices from neutron
reaction rates (captures and fissions);

- a (y-Y) set (20 y groups) to be used for calcula-
tions of gamma field distributions.

Computer codes
- The two-dimensional triangular-mesh transport DIA-

MANT code developed at SCK/CEN has been trans-
mitted to GfK and to BELGONUCLEAIRE. The
user's guide and a test problem were also made
available. A scries of tests have been performed for
kill pioblcms, including mesh size influence, spatial
distributions of direct and adjoint fluxes, comparison
with TRIBU

- The programmes SWANLAKE and ANISN-C have
been obtained from CPL Ispra and loaded into the
computer. They are mainly used in connection with
EURLIB1 and EURLIB3 cross-section libraries,
for sensitivity computations in the framework of
the reactor materials cross-section validation experi-
ments in the BR1 facilities.

- A new programme named GAMSOURC has been
developed for computing the gamma sources cor-
responding to a given one-dimensional flux map
and a set of corresponding compositions; an en-
larged version of this code, named GAMPREP,
produces as output the entire input deck needed
for a DTF 4 or ANISN gamma calculation, and is
now in current operation. The present associated
"cross-sections" (y yields and y interaction cross-
sections ) are the two libraries (n-y and Y"Y) derived
from EURLIB3 (sec above).

- Modifications have been introduced in the DTF 4
routines in order to make the programme fully com-
patible with the anisotropic components of the scat-
tering cross-sections, mainly for y calculations.

Theoretical benchmark studies

A large fast reactor benchmark problem has been

proposed by ANL at the request of NEACRP; it is
a simplified model of a 1300 MWc fast breeder, to
be computed with a two-dimensional diffusion com-
puter code (RZ geometry) in a 25 or 26-group
scheme. Eight configurations (reference, Na-voidcd,
hot conditions, central contiol rod or follower, ...)
wcie to be studied; direct and adjoint computations,
reactivity worth profiles for several materials, reac-
tion rate distribution, detailed neutron balances...
were requested for the reference and the Na-voided
cases.

The 208-group cross-section set has been used to
compute spectra for the various regions and composi-
tions, and the macroscopic cross-sections have been
collapsed into the standaid 26-group stiucturc of the
ABBN and GfK sets. The two-dimensional diffusion
calculations and the requested treatment piocesscs of
the results (perturbation, reaction rates, ...) were
carried out in co-operation with BN. In this
framework, the SCK/CEN programme for collapsing
SIGMN cross-section files has been extended in Older
to handle effective micioscopic data needed for reac-
tion rate computations.

1.5.1.3. Nuclear data validation experiments
(G. De Leeuw-Gicrts, S. De Lceuw)

The one-material experiments on spherical iion
shells, driven by natural uranium, mounted in the
1 m cavity of the vertical thermal graphite column
of BR1, have been continued. Several spectra were
mcasuicd by means of the (n,p) and 6Li(n,a)t neu-
tron spectromctry techniques in the centre of the
configurations (iton thicknesses used up to now: 2
and 5cm) , using successively a 3 and a 6 cm U,,.,i
driver. Typical results were published in {310}.
The complexity of the interpretation of the expeii-
mental results, as compared to fast icactor benchmark
fields, is incicascd because of the important cpi-
thennal neutron component.

For the 6Li method, the simultaneous presence of
this component and of y-radiation leads, because of a
pile-up effect, to a validity neutron energy limit not
lower than 100 keV. A 10B screen around the spectro-
meter was used in one of the configurations to reduce
this epithermal component and to quantify the pile-up
spectral perturbation.

Simultaneously, the sensitivity o< the central neu-
tron spectra to the cross-section library used for the
computation of these configurations was investigated:
the ENDF/B 3, ENDF/B 4, KEDAK 2 and KEDAK 3
libraries were considered successively.

The most striking differences in the spectral shapes
over the energy range covered result from the in-
elastic ""LI cross-section. This leads to the emphasis
of data in single U,ui configurations.

The 6Li spectra interpreted so far and measured as
well in the benchmark neutron fields, predominantly
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characterized by the ^ U data, as in the 6 cm U,,.,i
configuration at present being measured, show best
agiccment in the MeV region with the spectra cal-
culated by means of ENDF/B 3 i.e. higher than
KEDAK2 in the 1 to 3 MeV region, but lower than
KEDAK3 and ENDF/B 4 above. This agreement
with ENDF/B 3 could here be related to a systematic
overestimation of the (lLi(n,a) cross-section. This will
be verified by the analysis of the E, + E, spectra
measured in the 1 cm, 3 and 6 cm U„.„ drivers. Indeed
the comparison of the ratios of the theoretical spectra
in these configurations with the corresponding ratios
of the ''Li unfolded E„-f-Et results is independent of
the 6Li(n,a) cross-section. Differences, if any, must
be directly related to the ^ U data.

The same method is applied for the analysis of the
experimental results obtained in the configurations
with Fe shells, so as to ensure independency of cross-
section and/or possible systematic errors.

1.5.2. Neutron dosimetry for fuels and materials
irradiations
(A. Fabry, H. Tourwe)

1.5.2.1. Benchmark neutron fields for the valida-
tion and calibration of reactor dosimetry
techniques

The major objectives of Fast Breeder Reactor (FBR)
dosimetry aie:
- to provide independent assessment of fuel fission

and capture rates, primarily for "'Pit, "'U and mU
(fissionable dosimeters);

- to define neutron fluence spectra, material defect
production rates and helium generation rates for the
correlation of the radiation damage effects in icactor

structural components,
Of major importance to the progress of reactor

dosimctry in meeting such objectives (to the required
accuracy) is the sustained development and impro-
vement of an ENDF/B dosimetry cross-section file,
a fission yield file and a gas production file for reac-
tion rate predictions consistent with the actual meas-
urements in benchmark neutron fields: e.g. in simple
facilities characterized through interlaboratory studies,
experimental and/or theoretical. This approach, en-
dorsed by IAEA, has been implemented by the U.S.
Inierlaboratory Reaction Rate (1LRR) programme in
which SCK/CEN is an active participant. The status,
strategy and future directions of dosimetry benchmark
field development and application have recently been
reviewed from a general point of view {273}. Integral
nuclear data testing results for threshold reactions in
the ENDF/B IV dosimetry file deserve to he briefly
highlighted here as a relevant example of cm rent
accomplishments.

It has essentially been shown that the ratio of
measured-to-computcd integral cross-sections for most
threshold reactions is invariable from field to field,
provided that the neutron spectra are ad'isted, within
the limits of transport theory and/or neutron spectro-
metry data uncertainties. This enables the reproduc-
tion of measured reaction rates for a selected set
of icactions for which the differential-energy cross-
sections are well established (category I reactions).
Average bias factors have thus been deduced for the
less well-known reactions (category II) (Table 1.2.).

These bias factors must be applied as normalization
to the ENDF/B IV differential-energy cross-sections
befoie the corresponding reaction can be consistently
used for adjustment or unfolding of reactor neutron
spectra; whenever the bias factor differs fiom unity
by more than ± 5 % however, the icaction is likely

TABLE 1.2.
Bias factors for ibicsbold reaelioiii in I he I1NDF/B IV dowiictiy crois-scclion file''

l l 5 I n ( n , n ' ) l l 3 l " I n

M2Th(n,f)

•"Ti(n,p)-"Sc

«Sfn.p)12!'
S4l'c(n,p)5^1n

Ti(n,.\)*Sc

27AI(n,p)27Mg

Category I reactions:

1.017 ± 0.025

1.15

0.825 ± 0.03

0.987

0.967 ±0.018

1.128 ±0.026

0 94 + °'05
U '^—0.03

*>Co(n,a)*Mn
MCu(n,a)w>Co
48Ti(n,p)4SSc
l27I(n,2n)I2«I
55Mn(n,2n)5-tMn
90Zr(n,2n)8C)Zr

a7Np(n,f), MSU(n,f), 5«Ni(n,p)5SCo
5('Fe(n,p)56Mn, 27Al(n,a)MNa, MCu(n,2n)«Cu
5sNi(n,2n)5?Ni

0.973

1.42

1.75 ± 0.11

0.778

0.803

1.715

Integral testing performed in 4 to 5 independent benchmark neutron fields, unless no
uncertainty quoted (^U thermal fission neutron spectrum benchmark only).
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to be unreliable for dosimetry use until improved
cross-sections are obtained.

Progress has also been made in the study of the
ISNF, a primary Intermediate energy Standard Neu-
tron Field {139} co-operatively designed in collabora-
tion with, and now in operation at, the U.S. National
Bureau of Standards (NBS). Moderation and absorp-
tive tailoring of the fission neutron spectrum (califor-
nium-252 or uranium-235 sources) in a spherical ar-
rangment of carbon and boron-10 governs the physics
of this fundamental system { 140}. This is the only fast
reactor environment today amenable to an accurate
( < ± 5 % ) transport theory characterization over the
full neutron energy range. A careful measurement of
the gold capture (standard reaction) cross-section in
the ISNF has been accomplished. Data analysis is in
progress.

Another important application of benchmark neu-
tron fields, the direct calibration of instruments and
dosimeters, including quality assurance and mass
assay, currently suffers from the existence of a large
flux level gap: the fluences attainable in benchmark
fields are in the range 10"-1016 cm"2 as compared to
values as high as 10ucnV2 in actual fast reactor and
material test environments. Usual methods to cope
with such gaps are discussed in the next section.
A novel and supplementary approach involves a high-
flux reference benchmark field, NIGHTMARE, for
which a conceptual design has been established: this
is a boron-10 tailored cylindrical assembly to be in-
serted close to the centre of the heavy-water moder-
ated core of the NBS reactor.

1.5.2.2. Dosimetry measurement laboratory and
development of advanced dosimeters

Practical radiometric (activation) dosimetry meas-
urements over a fluence range as large as 10'3 to
10McnV2 require the possibility of varying the sensor
sizes and detection sensitivities by many orders of
magnitude under precisely controlled conditions.

Very dilute alloys (0 .1wt .%) applied at high
fluenccs are difficult to assay. For fissionable dosi-
meters, this can be done only by neutron activation
iclative to thick sensors (Nightmare facility, see
p-cvious section). Furthermore, these vanadium-en-
capsulated alloy wires are not generally available
outside the United States. It was decided in October
1977 to establish an independent inventory in Europe
and thus co-operation between SCK/CEN, CBNM
(EURATOM, Geel), NBS and the U.S. Department
of Energy (MEDL and ORNL laboratories); inter-
laboratory mass assay and quality assurance is a crucial
component of this effort.

The sensitivity band to be covered by the special-
ized radiomctric counting facility is even larger than
for sensor sizing, and hazards to personnel must be
taken into account and eliminated. A new, high

resolution, large dynamic range Gc(Li) gamma ray
spectrometer has been developed for this purpose.
It consists of a 4 m long lead-shielded tunnel inside
of which the dosimeters are moved on a guiding track;
a tungsten collimator defines the effective counting
geometry.

Calibration measuicments in the energy range 400-
1500keV have confirmed that for a given collimator
size, the relative energy dependence of the efficiency
does not depend on the dosimcter-to-detector distance
(if this distance largely exceeds the collimator aper-
ture). Irradiation of enriched europium-151 (96.8%)
in BR2 is used to produce h2Eu sources with activities
from a few [xC to a few hundred mC, suitable for
calibration of the tunnel spectiometer in the energy
range 0.1-1.5 MeV; normalization is carried out to
conforming PTI3 b2Eu standards.

A new data acquisition system (SCORPIO 3000,
CANBERRA) has been installed for operation with
this spectrometer. The basic components arc a PDP
11/04 computer with 28 K CPU, floppy disc, 100
MHz 8 K ADC and 16 K data memory. The analysis
of simple gamma ray spectra (well isolated peaks) is
carried out with the incorporated software (SPEC-
TRAN code) while for complex spectra such as
the ones of fissionable dosimeters, the SAMPO pro-
gramme has been entirely rewritten and adapted to
on-line use.

Renewed efforts have been initiated to further
develop the 93Nb( n,n')"3'"Nb reaction for fast fluence
measurements. This dosimeter is very attractive be-
cause of its long half life (16.4 y) , low energy thres-
hold (between 0.5 and 1 McV) and low activity after
irradiation; the accuracy of the necessary nuclear data,
level scheme and cross-sections is rather uncertain
however, and the measurements are difficult to per-
form, in particular because of radiation (X-rays) self-
absorption and of tantalum impurity interference.

Two techniques have been studied to solve the
measurement problems:
- roll the dosimeters into foils ~ 20 |im thick after

high vacuum annealing (2 h - 1400°C);
- prepare thin deposits after dissolution in HF +

HNO,.
The second approach has finally been adopted.
Collaboration has been established with the Max

Planck Institute (MPI) in Stuttgart where a method
has been developed to produce high purity niobium
crystals ( < 4 a p p m Ta); the material will be tested
in BR2, BR3 and other reactors.

1.5.2.3. Dosimetry applications in materials test-
ing and fast reactors

The fast neutron flux in the RAPSODIE I experi-
ment has been measured by means of the54Fe(n,p)3''Mn
reaction in the WN 1.4970 stainless steel cladding of
a selected fuel pin (BU15). Using cross-section data
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from the ENDF/I5 IV file and taking into account
the bias factor of Table 1,2., agreement to about 10%
has been obtained, in the region of reactor midplane,
with the information provided by the reactor oper-
ator; in the blanket region however, a discrepancy of
25% has been observed. Helium production data are
also available but have not yet been interpreted.

Complete multiple foil dosimetry has been provided
for the MOL 7D experiment in BR2 and the RIP-
CEX II experiment in RAPSODIE (see also pievious
Annual Report); the measurements are planned for
1979 and 1980 respectively. A similar dosimetry has
been prepared for a GfK transactinidc integral cross-

section measurement experiment in the central zone
of the KNK II reactor.

As part of the ILRR co-operation (sec § 1.5.2.1.),
and of the SCK/CEN contribution to the definition
and implementation of the FFTF (Fast Flux Test
Facility at Hanford Engineering Development La-
boratory) environmental characterization programme
plan, extensive contacts have been made for the
planning of intcrlaboratory comparisons at the EI3R II
core centre in 1978 and at FFTF itself during the
1979 start-up. Similar measurements have been pro-
posed for SNR 300,

1.6. FAST REACTOR SAFETY

CASSANDUE, a 2-dimensional space multigroup neutron diffusion dynamics code for the analysis of
nuclear reactor core accidents in the predisasscmbly phase, is operational. In its present version, it only deals with
one phase coolant flow; coolant boiling has not yet been considered,

The in-pile tests, related to local cooling disturbances in a subassembly, have been continued in collaboration
with GfK. A first experiment with a local blockage in a 30 fuel pin bundle was performed in May 1977. For this
fiist experiment, the fuel bundle was pre-irradiated for 12 days and then the transient phase was started by
interrupting the additional cooling of the local blockage region. After a transient phase of local sodium boiling,
dry-out, fuel cladding melting and fuel relocation, a stable cooling condition of the bundle was obtained in less
than 30 seconds after initiation of the incident. Continuous boiling was maintained for 45 minutes without fast
propagation. Preliminary results of the tests are very encouraging and indicate that fast fuel failure propagation
does not occur and that a local blockage is not likely to cause severe core accidents. Additional tests in 1978
and 1979 must be carried out to confirm the results of the first experiment.

R & D efforts in the field of instrumentation were mainly devoted to the icliable measurement of irradiation
induced diift in sheathed chromcl/alumcl thermocouples up to thermal and fast neutron fluences exceeding
1022nvt, to the development of a thermoelccttic neutron dosimetry method, to the solution of hardware and
software problems raised by the sophisticated MOL 7C/2 in-pile loop instrumentation and to the operation of
early failure detection test equipment.

1.6.1. Fast reactor safety evaluation
(A. Siebertz)

1.6.1.1. Principles and standards of fast reactor
safety

During 1977, SCK/CEN participated in the activ-
ities of vatious working groups organized by the
Commission of the European Communities.

In the framework of the Safety Working Group
(SWG), representatives from designers, utilities, li-
cencing authorities and research centres from various
member countries reached a consensus on the tech-
nical content of preliminaty LMFBR safety criteria
and guidelines based on present knowledge and with
regard to primary reactivity accidents. The SWG will

continue to develop other provisional safety criteria
and guidelines with regard to other accidents (general
cooling accidents, subassembly cooling accidents) and
to safety systems (shut-down systems, residual heat
rejection systems, . . .): this lengthy but important
work is the fiist step in the preparation for harmoniza-
tion of LMFBR safety criteria within the Emopean
Communities.

1.6.1.2. CASSANDRE, a 2 dimensional multigroup
neutron diffusion dynamics code for the
analysis of nuclear reactor core accidents
in the predisassembly phase

In collaboration with ULB in the ncutronic field,
SCK/CEN is elaborating the prcdisassombly phase
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code "CASSANDRE" which will be integrated into
the common European core accident code system.

The main characteristics of the code are briefly
.summarized as follows:
- the quasi-static approximation is used and extended

in the sense that each group is allowed to have a
different amplitude function;

- the normalization inherent in the quasi-static ap-
proximation is maintained for each group;

- the quasi-singular problem for the solution of the
shape function equations is solved by an iterative
method which preserves the normalization of an
eigenvector by the introduction of G pseudo-eigen-
values;

- the non-linear set of equations for the shape and
amplitude of the flux and precursors is solved by
a Ncwton-SOR algorithm;

- t'ie point kinetics module is based on an A-stable
iilgorithm with spectral matching with extrapolation
by the Bulirsch-Stocr method which yields error
margins;

- an error margin is computed for the shape function;
- the space dependent flux is described on the basis

of a multigroup 2D finite element routines which
aie either bilinear, biquadratic or bicubic;

- the thermohydraulics module allows transient fluid
flow and heat transfer without disassembly and, at
present, without coolant boiling.
The present version of CASSANDRE is operation-

al with two exceptions: the module for the computa-
tion of the error limit of the shape functions does
not yet function properly and automatic control of
the time steps has not yet been carried out.

Analysis of a transient without temperature feed-
back showed, for the same test problem used for the
2D-FX2 code, good agreement between CASSANDRE
results and FX2 results for reactivity below prompt
critical; some persisting discrepancies for reactivity
near and beyond prompt critical need further analysis;
extensive and systematic numerical tests are in pro-
gress and are aimed at determining where a sup-
plementary theoretical effort is necessary.

A second ULB-SCK/CEN progress report on num-
erical methods for space-dependent nuclear reactor
dynamics and covering the period October 1976 -
November 1977 has been published.

a ) T h e 2-dimcnsional space mult igroup neutron
diffusion kinetics module
(J. Devooght", E. Mund" , M. Bardiaux*, D'Hae-
mers', J.Daniels, P. Dugnoille, C. Joly, A. Sie-
bertz)

Theoretical developments

A systematic study of implicit "one step" and

'• U.L.Bmxclles
1 NFWO/FNRS (U.LBru\ellcs)

"Runge-Kutta" type methods for integrating the point
neutron kinetics equations has been carried out.

Five numerical tests have been performed for fast
reactors (neutron generation time 10"7 s) and for
thermal reactors (neutron generation time 5X10 ' ' s )
and have been chosen so as to simulate a set of realis-
tic conditions (step and ramp reactivity insertions
with and without feedback, periodical variation of
reactivity).

Multigroup point kinetics module: the ampli-
tude function module

This module is operational and includes integration
of the equations, within a given maciostep, by the
Wi.i method, by a Burlish-Stoer type extrapolation
method and by local error control using the Gear
criterion; there is no automatic control of the micro-
time step but temporary time step controls, similar
to those used in the QX1 and FX2 codes, with step
reduction in the vicinity of the prompt critical
threshold, have been implemented.

It has been noticed that, for reactivity near prompt
critical, small perturbations of the "inhour" matrix
entries cause great variations in the asymptotic eigen-
value and that there is therefore great sensitivity to
small variations in the shape functions.

Multigroup spatial kinetics module: the shape
functions module

This module is fully operational.
A finite element spacial discretization with bilinear,

biquadratic or bicubic basis functions is being used
for the G multigroup shape functions. The G non-
homogeneous equations have a quasi singular matrix
operator: the solution of this system is made possible
by the introduction of G pseudo-eigenvalues which
can be computed by forcing G shape function nor-
malization conditions to be satisfied, whatever the
time.

b) Heat transfer and coolant dynamics module
(J. Daniels, C. Joly, A. Siebertz)

The thermohydraulic behaviour of a fuel rod bundle
is simulated by an average elementary channel com-
prising one single fuel rod with its associated coolant;
no heat transfer is assumed to occur between two
adjacent elementary channels and all the coolant
velocity vector components but the axial one are
assumed to be equal to zero.

As mentioned {144}, the axial and temporal inte-
gration method (GEAR, A.C. Hind, 1976) used en-
tailed unacccptably long computation time. After a
detailed study of the heat transfer and momentum
equations in 2D cylindrical geometry, it has been
decided:
- to use cubic Hermite piecewise continuous poly-
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nomials (finite element method) as trial functions
for both temperature and coolant velocity radial
profiles;

- to use the collocation method at the Gaussian points
of each radial interval, for the radial integration of
the equations;

- to select the most efficient of the Poi, Pii, P12,
P22, Wii, W12 and W22 methods from the point of
view of accuracy and computing time for the axial
and temporal integration of the equations.
As the first module is not yet operational and

requires further important developments, a .second
much simpler module has been developed with the
aim of fully taking into account the non-linear effects,
on ncutronics, of the time dependent temperature
feedback, to allow significant numerical tests on the
CASS ANDRE code.

This second simple module is operational for steady
and unsteady states.

The following assumptions make it simpler:
- the thcrmophysical properties of the fuel, clad and

coolant arc assumed to be constant;
- the coolant velocity is assumed to be only dependent

on time;
- the radial profile of the fuel temperature is assumed

to be parabolic;
- the heat capacities of the fuel rod gap and cladding

are ignored;
- heat fluxes through the gap and from the cladding

to the coolant are assumed to be proportional (heat
transfer coefficient) to the temperature difference.

1.6.2. M 0 L 7 C project (in-pile sodium flow per-
turbance test in a fuel bundle)
(G. Vanmassenhovc, A.Verwimp, G. Geboers,
R. Meier*, R. Oris, L. Leenders, N. Maene,
L. Foiiurge)

1.6.2.1. Introduction
Fuel element behaviour under local off-normal cool-

ing conditions and possible pin-to-pin failure propaga-
tion are of special interest in the safety analysis of
fast reactors. In a common programme called M0L7C,
SCK/CRN and GfK are carrying out experiments
related to this in a sodium loop in the BR2 reactor.
In three experiments, the aim is to demonstrate that
fast pin-to-pin failure propagation does not occur and
that total cooling of the pin bundle is not endangered
even if the pins in a large part of the cross-section
of the bundle have failed.

The loop facility is designed for irradiation and
testing of a 37 pin bundle. The in-pile section with
a length of 8.2 m and a diameter ranging from 122 mm
to 300 mm, has been inserted into the central position
of BR2 core. The test section is cadmium screened
for providing an epithermal neutron flux. It houses

' EURATOM

the pin bundle with 30 UO2 fuel rods and 7 dummy
rods, The total length of a pin is 800 mm, with a
fissile length of 400 mm and an enrichment which
depends on its position in the bundle. The fuel bundle
contains a porous local blockage which is additionally
cooled via the central dummy tube during pre-irradia-
tion. The transient test phase is initiated by inter-
rupting this forced cooling.

The fast phenomena occurring during this period
arc recorded by a large number of instrumentation
sensors (Fig. 1.4.).

Hg. 1.4. — Instrumentation oj the MOL 7C experiment.
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1.6.2.2. First in-pilo experiment MOL7C/1

In April 1977, the first in-pile section M 0 L 7 C / 1
was loaded into the 13R2 reactor, On 9"' May 1977,
the sodium coolant flow through the testing fuel rod
assembly of the loop was intentionally disturbed in
order to simulate a local flow blockage. Fuel rod
failure was recorded by the loop instrumentation but
the integrity of the experimental device was not af-
fected. In the blocked region, temperatures near the
melting point of stainless steel were recorded. Sodium
boiled for several minutes. The preliminary analysis
of the data recorded during the test phase shows that
the test run followed the expected sequence of events.
As an example representative of recorded data, Fig.
1.5. shows the readings of a thermocouple in the
blockage ( T E 3 5 ) , a thermocouple at the bundle
outlet (TE43) and the flow meter at the outlet of
the bundle (FE22) .

Some important events which occurred during the
test phase are as follows:

Qll/sll

0 s Rapid temperature increase in the local
blockage;

10.0s On-set of sodium boiling within the block-
age;

10.8 s Sodium saturation temperature reached in
the blockage;

12.6 s On-set of dry-out in the blockage;
First pin failure detected by the flow meter
at the bundle outlet.

15.0s Temperatures in the blockage reach melting
point of stainless steel;

~ 30 s Stabilization of bundle flow rate at 90%
of its initial value and simultaneous increase
in the sodium temperatures at the bundle
outlet as a result of the formation of secon-
dary blockages;

> 3 0 s Further operation at full power without
further significant events except the failure
of another fuel pin after about 25 minutes,
characterized by a slow depressurization.

FE22

TE43

TE35

10 20 30 40 50
TE35: Temperature in local blockage
TE 43 ! Temperature at bundle outlet
FE22: Sodium flow rate at bundle outlet
Fig. 1.5. — Characteristic temperature anil jlow signals jor the MOL7C/1 experiment.

60 t f s ]
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By the end of August, ncutronradiographs of the
test section hud been made. Obstruction of the inner
subchannels between the local blockage and the next
spacer grid was revealed. No visible damage to the
structural parts of the loop or important fuel reloca-
tion were seen. (See 1,6.2.5.)

In September 1977, gamma scannings of the com-
plete loop and gamma spectromctry measurements of
the test section were made. No large fuel movements
were detected; only the accumulation of a small
amount of fuel in the niobium filter behind the fuel
bundle was revealed.

In October 1977 the fuel bundle was removed
from the loop by cutting off the lower part in the
ATIIA cells. The fuel bundle was shipped under
solidified sodium to Karlsruhe. Betatron tecordings
confirmed the results of the ncutronradiographs.

Further post-irradiation examinations will be carried
out in the GfK laboratories in 1978. The sodium will
be drained from the fuel assembly and replaced by
Aralclit.

The lower and upper part of the bundle will be
examined separately. Special attention will be paid
to defective pins and to the composition of secondary
blockages. Mechanical tests on the canning material
will also be performed.

1.6.2.3. Second in-pile experiment MOL7C/2

In 1977 a second in-pile section was assembled.
With respect to the first one, only some minor
modifications were introduced. At the fuel bundle
inlet and outlet, permanent magnet flow meters were
installed instead of the eddy current type and a more
efficient degassing system has been incorporated. By
the end of 1977, the loop was under final testing.
Irradiation is scheduled to start in Match 1978.
Fig. 1.6. shows the lower part of the test section
with the total blockage valve and the arrangement
of instrumentation and heating wires.

1.6.2.4. Third in-pile experiment MOL7C/3
The third in-pile section MOL 7C will be almost

identical to the second one. The major difference
concerns the local blockage. The local blockage of the
first and second experiments consisted of a cage filled
with stainless steel spheres of 0.5 mm diameter. For
the third experiment, the filling material will be
enriched UO: particles coated with a chromium layer
of about 10 |xm.

The upper part of the loop is under assembly. The
fuel pins and components of the lower part of the
loop are being constructed. Irradiation is planned for
the beginning of 1979.

1.6.2.5. Reactor physics support
With a view to testing the calculation method used
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when deteimining the reactivity associated with the
melting of fuel in the MOL 7C loop, various experi-
mental and calculated data were compaied with the
reactivity of fuel pins in a similar loop mock-up
introduced into a large reactor configuration in BR02.

The irradiation of MOL7C/1 in BR2 was pre-
ceded by a one-hour run at low power with a mock-up
replacing the loop. Unperturbed reaction rates were
measured in the epithermal and fast neutron flux
range. The aim was to determine the axial power
distribution in the loop and to compare the incident
fluxes in the subsequent MOL 7C loops on a relative
basis.

Gamma spectrometry measurements with a Ge-Li
spectrometer and a collimator device were carried
out under water on the complete test section of the
MOL7C/1 loop after irradiation. The objective was
to localize fission products outside the failed pins.
It appeared that only a small fraction of the fission



products had accumulated on the filter, about 90 cm
above the upper end of the fuel column. These meas-
urements also showed an approximate axial distribu-
tion of the power density along the fuel bundle,

1.6.3. Instrumentation
(R. Meier", F. Mathicu")

During the test phase of the MOL 7C/1 irradiation,
the high speed analogue and the low speed digital data
acquisition instrumentation worked very satisfactorily,
but problems were encountered with the transducers.

Rccalibration of the pressure transducers under iso-
thermal conditions before the transient tests assured
a good scale adjustment, but the high temperature
dependence resulted in a zero shift as large as the
pressure indicated for a 50% reactor power variation.
The temperature error was less important for the
transducers giving the pressure of the fuel pins
enabling cladding failures to be determined exactly.

Another serious difficulty was the interaction of
the electronics of the failed pressure transducers with
the electronics of the sensors which were still working.

Recalibration of the eddy current flow meters was
not possible in the reactor. Due to the temperature
dependent output, only the dynamic phenomena could
be measured with certainty.

For the MOL 7C/2 inadiation, sodium flow will
be measured by correlation methods. In order to
allow detailed off-line signal processing, the analogue
magnetic tape recorder equipment has been increased
to include a fifth tape drive. A total of 84 simul-
taneous write/read tracks are at present available.

1.6.4. Early failure detection
(G. DeMaerc *, M. Giot"
Meier", M.DcgcIing)

F.Mathieu", R.

1.6.4.1. Propagation of controlled thermal per-
turbations in thermohydraulic circuits

One method which has been proposed for iden-
tifying a slowly developing flow reduction in a fuel
subassembly at an early stage is thorough analysis of
the random temperature fluctuations at the assembly
outlet. Several laboratories are working on this topic.

Another potential method for identifying flow va-
riations in individual subchannels is to measure the
time taken by controlled thermal perturbations to
pass through the reactor core. A pilot test section
designed for a feasibility investigation of this method
has been connected to the 114 water loop. It consists
essentially of two parallel channels, one of which
contains an electrically heated pin and thus simulates
the reactor core, the second simulates the core by-pass.
A prcheatcr installed in the common inlet liner gener-
ates controlled thermal perturbations of small am-
plitude.

Fig. 1.7. gives a general view of the test section
and of the signal processing electronics which are
used to detect the thermal perturbations at different
locations along the circuit.

The objective of the first test scries which is being
run in collaboration with U.C.L. is to understand the
overall system behaviour and to find an answer to
two basic questions, namely:
- is it possible in the absence of disturbing temper-

ature noise to determine flow variations through
measurements of the transit time of an externally
generated thermal perturbation of small amplitude
between two given locations ?

- is it possible to detect externally generated thermal
perturbations of small amplitude in the presence of
random temperature noise of appreciable RMS value
(transit through fuel assembly) ?
The answers to both questions have turned out to

be positive. Temperature differences of a few thou-
sandths °C in particular can be handled with great
confidence. This is indeed a very encouraging result.

The next step of the programme will consist of
systematically studying the response of the system to
parameter variations.

1.6.4.2. Surveillance of rotating machinery

The vibtational behaviour of the rotating machines
of the Na3, ETL and H4 loops has been periodically
checked and analysed.

The final objective of this surveillance programme
is to develop expeiimentally supported criteria and
algorithms which are reliable for the identification,
as soon as possible, of abnormal behaviour likely to
lead to failures, either serious or otherwise.

1.7. SODIUM COOLANT STUDIES
(M. Soenen)

The Na2 has been operated for uniaxial creep tests on dispersion-strengthened ferritic steels and on
structural material for the SNR 300 programme.

* EURATOM
** U.CLouvain
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The Na3 loop has been operated to obtain a tatter understanding of the purification and plugging system
of the loop.

Sodium purification and mass transfer studies were carried out in the ASL 1 loop. It was operated with
its main circuit close to SNR conditions e.g. 550°C for the hot section and 380°C for the cold section.
Complementary to the Flame Ionization Detector (F[D) carbon monitor, a mass spectrometer and a hydrogen
monitor with an ion getter pump have been installc.l. To increase the versatility of the sampler, the sampler
holder has been redesigned to take either crucibles, vanadium wires or strips of Fe-Ni, Fe-Mn and Fc-Cr-Ni.

Efforts have also been devoted to the evaluation of the vanadium wire technique as a method for
determination of oxygen in sodium.

Laboratory tests on a prototype electrochemical carbon meter with NajCCVl^COj electrolyte have been
continued as well as preparatory work for the installation of an oxygen meter in the cold section of the loop.



1.7.1. Operation of the sodium loops
(M.Soencn, G. Gcbocrs, J. Dckcyscr, G. Van-
massenliove)

1.7.1.1. The Na2 loop

During 1977 runs on uniaxial creep tests under
dynamic .sodium were performed. One run was carried
out on fcrritic steel, the others on structural material
for the SNR 300 programme.

Fcrritic steel (Fe-13 Cr-1.5 Mo-3.5 Ti-2 TiO2) test-
ed in creep unit 1 at 78.4 MPa and 700°C ruptured
after 972 h. In creep unit 2, a similar sample also at
78.4 MPa and 700°C ruptured after 466 h.

The preliminary test runs on structural material for
the SNR 300 concerned the following points.
- Influence on the probe elongation of ambient tem-

perature, sodium temperature and sodium level,
which was found to be very limited.

- Cicep tests at 550°C and a cold trap setting at
160°C. The samples are put under a tension of
293 MPa for a duration of 150 to 200 h. The
sample in creep unit 1 ruptured after 15 h and in
creep unit 2 after 66 h.

- Creep test up to rupture
Because of the short duration of the previous test,
a creep test up to rupture has been performed, for
which the sample ruptured at a tension of 416 MPa.
The slope of both curves being identical, the proper
tests could be started.
The proper tests performed at 550°C and cold trap
settings of 160, 120 and 110°C are in progress and
concern the following.

. A first test with creep unit 1 under a tension of
291 MPa and creep unit 2 under 269 MPa. The
sample in unit 1 ruptured after 46 h and the
sample in unit 2 after 116.5 h for a cold trap
setting at 160°C. The expected duration was 200
and 500 h respectively.

. A second test with creep unit 1 under a tension
of 208 MPa and creep unit 2 under 224 MPa.
These tensions are set to obtain a time-to-ruptute
of 2500 and 1000 h respectively. Creep unit 1
ruptured after 1870 li with the cold trap first at
160°C for 1141 h, then at 120°C for 418 h and
lastly at 110°C for 311 h. In creep unit 2 the
sample ruptured after 729 h with A cold trap set-
ting at 160°C.

. A third test with creep unit 2 under a tension
of 224 MPa resulted in rupture after 1401 h with
a cold trap setting first at 120°C for 311 h and
later at 110°C for 1090 h.
The influence of the cold trap setting is veiy
pionounccd and will be examined further.

Statistics relating to the operation of the Na2 loop
during 1977 are shown in Table 1.3.

1.7.1.2. The Na3 loop

The Na3 loop has been operated in order to obtain
a better understanding of the characteristics of the
purification and plugging system of the loop. With a
maximum temperature in the main circuit of up to
560°C and a cold trap setting at 140°C, no second
plugging has been observed. On the contrary, when
the temperature exceeds 560°C in the main circuit,

TABLE 1.3.

Month

January
February
March
April
May
June

July
August
September
October
November
December

WORKING HOURS

Working hours at

0-399

—

—
91

119
190
152
—
132
—

•100-499

—
—
—
—

2
23

3
9

—
3

—

Total working hours 1977:
Total working hours at the end of 1977:

LOOP Na2 - 1977

temperatures (°C)

500-599

226
8

96
71

—
68

301
189
183
744
466
744

600-700

664
468
539
—
—
—
—
—
—

—

Total per
month (h)

226
672
564
610
—
161
443
382
344
744
601
744

5,491
80,261
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a slow but continuous reduction in purification flow
and multiple plugging points is experienced. To permit
a hot sodium dump through the core region of the
cold trap, a supplementary valve will be installed for
easier cleaning of the trap. To ensure better protec-
tion against sodium fire, more shielding has been
placed around the loop and the manually operated
valve on the normal dump-line changed to an auto-
matic i ie. Table 1.4. gives the operation statistics for
the Na3 loop for 1977.

1.7.1.3. The ASL1 loop

The sodium temperatures in the main circuit of
ASL 1 arc fixed at 550°C for the hot section and
3S0°C for the cold section. A maximum of 10% of
the main sodium flow is passed through the purifica-
tion system. A second carbon monitor with mass
spectrometer has been installed on the side loop of
the hot section "HS-1" and a hydrogen monitor with
an ion getter pump has been installed on the side loop
of the cold section "CS-1". The side loop housing
for these on-line monitors is shown in Fig. 1.8. Details,
of the probe assembly and monitoring flowsheet of
the carbon meter with FID are shown in Fig. 1.9.
and 1.10. The sampler holder has been redesigned
to hold either crucibles, strips or vanadium wires.
Also, for the large side loop of hot section "IIS-3",
the loading of vanadium wires or strip material has
been made possible.

The response of the carbon meters to temperature

variations in the cold trap and to the monitor mem-
brane has been followed but these signals arc only
meaningful when they can be correlated with sodium
activity measurements based on an independent me-
thod. For this reason, work is still in progress to
first check the reliability and rcproducibility of the
strip equilibration method for carbon activity meas-
urements in sodium under well-defined conditions.

As a first operation level, the hydrogen monitor
has been set at 400°C. This indicated a hydrogen
contamination of the loop with a stable reading of
about IX 10" torr for a loop cold trap temperature
of L20°C. Further systematic testing of the H2 meter
for other settings and loop conditions is planned.

The last quarter of 1977 was mainly devoted to
evaluation of the vanadium wire technique. The eva-
luation method consisted of comparing, for each run,
wiic and sample analysis for oxygen content with
different cold trap settings on the loop. The cold trap
settings chosen are 120, 140, 160, 175, 185 and
195°C in upward as well as downward direction.
The vanadium wire setting temperature is fixed at
730± l °C for 5.30 h for each run.

The series of tests with the upward cold trap
settings were finished by the end of 1977.

Laboratory tests on an electrochemical carbon meter
with Na2COj-Li2CO! electrolyte have been continued
as well as preparatory work to install an oxygen
meter in the cold section "CS-2" of the loop.

Statistics for the operation of the ASL 1 loop
during 1977 are shown in Table 1.5.

TABLE 1.4.

WORKING HOURS

Month

January
February
March
April
May
June
July
August
September
October
November
December

Working hours at

0-399

11
—
—
—

—
—
—
—

—

•400-499

—
—
566

3
—
—
—
—

101
108

Total working hours 1977:
Total working hours at the end of 1977:

LOOP Na3 - 1977

temperatures (°C)

500-599

672
348
92

416
—
—
—
—

28
363

600-699

—
396

62

—

47

Total per
month (h)

11
672
744
720
419
—
—
—
—
—
129
518

3,213
28,585
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TABLE 1.5.

WOKK1NG 1IOUKS

Month

January
February
March
April
May
June
Julv
August
September
October
November
December

Working hours at

0-399

2-18
—
—

2
—

633
4-15
—
356

400-199

744
280

2
—
534
720
111
699
373
27

Total working hours 1977:
Total working hours at the end of 1977:

LOOP ASL 1 -1977

temperatures (°C)

500-599

144
742
60

—
—
—

347
361
353
744

600-699

—
—
—
—
—
—
—
—

367
—

Total per
month (h)

744
672
744
60

536
720
744
744
720
744
720
744

7,892
19,189

1.7.2. Mass transfer
(F.Casteels)

The operating conditions of the hydrogen free
carbon activity meter in the ASL 1 loop in relation to
the maximum temperatuic in the loop have been
determined. It has been found that maximum sensitiv-
ity can be obtained at a temperatuie slightly below
the maximum temperature in the loop. The overall
sensitivity of the meter will be improved by incieasing
the active surface of the membrane, using thin walled
( ~0.25 mm) iron tubes.

Carbon activities have been determined in ASL 1
as a function of maximum temperature in the loop
and tempeiature of the cold trap, by equilibrium of
thin foils of Fe-8 or 20 Ni (70 urn), Fe-12 or 20 Mn
and F c l 8 C r - 5 N i (25 um and 50p.m) alloys. The
Ni and Mn rich alloys have been used at the lowest
maximum temperature in the loop (below 600°C).
It has been found that the carbon activity measured
increases considerably by reducing the maximum tem-
perature to less than 600°C. The carbon activity
measured at 550°C increases in comparison with the
results obtained at 600°C by a factor of about 10.

The alloys have been examined after caibon activity
measurements by mctallographic, microprobe and mi-
croscan techniques.

The thermal stability, selective corrosion behaviour
and overall distribution of carbon in the foils have
been evaluated. These results have been published
{280}.

1.7.3. Sodium chemistry and analyses
(F. Lievens, C. Pnrincnticr)

The off-line chemical characterization of sodium
samples from the SCK/CEN sodium loop was carried
out by using the routine analytical proceduics develop-
ed in previous years. Nevertheless, improvements and
modifications have been made for the determination
of metallic impurities in order to reach the sub ppm
level. An optical fluorimetric procedure was used for
the determination of uranium. Without pre-separa-
tion, it was possible to obtain a satisfactory detection
limit of 0.01 ppm and it can be lowered to 0.001 ppm,
if necessary, by removing the bulk of the sodium by
vacuum distillation. Vacuum distillation was also used
for the separation of less volatile metals from sodium,
followed by an optical emission spectrographic deter-
mination. It was calculated that with this pioccdure,
36 metallic impurities may be determined down to
the 0.001 ppm level {281}; these 36 elements include
most of the components of stainless steel structural
materials, for which the solubility in sodium is so
low that other procedures arc unsuitable for their
determination.

The hydrogen on-line meter installed on ASL 1 is
of a design similar to those used at ANL. The meas-
urement is based on the hydrogen flow through a
nickel membrane separating the sodium from a high
vacuum. The membrane is heated at 400°C or more.
Vacuum is maintained below 10'6 torr with an ion
getter pump, and the current from the pump serves
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as an indication of the hydrogen flow. This flow is
then proportional to the hydrogen concentration in
the sodium. With the set-up on the cold section 1 of
ASL 1, a good correlation was found between the

operation of the loop and the meter indications. This
hydrogen meter was built for mass transfer studies of
carbon, since an interaction is expected between
carbon and hydrogen.
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Calibration Operation

F I 0

Calibration^

Fin 1.10. — Carbon monitoring flowsheet with F.I.D.

The on-line carbon meter connected to hot section 1
of ASL 1, is one of the three meters which will be
compared for their relative merits on a long-term run.
Because of its favourable chaiacteristics, the intention
is also to obtain a better insight into the decarburiza-
tion of the iron membrane. The meter uses a pure
vacuum to extract the carbon from the membrane
and a mass spectrometer to analyse the gases ex-
tracted. Towards the end of the year, the meter
was in operation with its iron membrane at 600°C.

Vacuum and backgiound of the spectrum were found
to be satisfactory.

Development work was carried out on an electro-
chemical activity carbon meter of the type developed
by Salzano at ANL. This meter uses pure iron (Armco
0.025 mm) as a measuring electrode, a eutectic mix-
ture of Na2CO3-Li2COj as an electrolyte and a car-
burizecl iron as a reference electrode. Two off-line
set-ups were tested in experimental conditions (tem-
perature, piessurc, materials) corresponding to loop
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Operation at 7ÜO°C. The measuring head dips in a
static sodium bath sealed in a stainless steel container
of AIS1 316 material. The estimated operation pres-
sure on the sodium side is about CM MPa. The first
set-up worked only for a few hours at 640°C.
The electrodes were short-circuited by the collapsing
Annco iron working electrode. To avoid this collapse,
the second set-up was equipped with a ceramic tube
between the electrodes. This improved design worked
for several hundred hours, until again short circuit
due to the collapsing membrane was observed. During
this experiment, the electrode potential (compared to
caiburizcd iron as reference electrode) became pro-
gressively closer to -204 mV after 451 h; this corres-
ponds to a carbon activity in sodium of about
4 . 5 X l 0 \ Several equilibrium steps were observed
which seem to be related to the equilibrium of the
stainless steel containment, in contact with the sodium
bath, at 680°C. Further measurements will be needed
to confirm this interpretation.

An on-line monitor was built following the same
principles, but taking into account the experience
gained previously and with special attention paid to
the safety aspects, connected to the metal-ceramic
seals used for the reference electrode. This seal must
be strong enough to contain the sodium if the Armco
membrane fails.

1.7.4. Tritium monitoring in sodium
(M. Monsecour, P. Dc Regge)

Tritium produced in fast reactor fuel diffuses
through stainless steel cladding and ends up in the
primary coolant sodium. Part of this tritium is trapped
in the cold trap and part of it may escape into the
environment through the heat exchangers and cover
gas releases. An on-line monitoring system for follow-
ing the 3T concentration in the primary sodium has
therefore been developed as part of the SNR 300
project.

A stainless steel vessel equipped with a tritium
monitor has been filled with 650 g of sodium to
which about 1 mg of irradiated 6LiD had been added.
The tritium monitor consits of a 0.33 mm thick Ni
membrane immersed in the sodium. Tritium diffusing
through the membrane is flushed by a suitable gas
into a proportional counter. The monitor response as
a function of the composition of the flushing gas and
the sodium temperature was investigated. The preci-
sion on the monitor signal is about ± 3 % after
equilibrium conditions have been obtained. This equili-
brium is strongly dependent on the flush gas and
varies from less than 1 h for Ar-f 5% \h to about 8 li
for CII4. The temperature dependence of the counting
rate gives a typical Arrhcnius graph with a fivefold
decrease per 106°C in the range 200cC to 550°C.

A quantitative method for the destructive determin-
ation of 3H in sodium has been developed and tested
in order to calibrate the on-line monitoring system.
The sodium is slowly reacted with water under a
He atmosphere and the evolved HT is oxidized to
HTO in a CuO reactor at 400°C. The HTO vapour
is condensed in a trap cooled by liquid nitrogen. The
tritium concentration is determined by liquid scintilla-
tion counting.

1.7.5. Determination of uranium in sodium
(M. Monsecour, P. De Rcgge)

Verification of the SNR 300 sodium specifications
for uranium necessitates the determination of U at
the 10 ppb level. The uranium concentration and its
detection limit in a sodium sample taken at 110°C
was determined by activation analysis in BR2 and
subsequent chemical isolation of ^'Np by ion exchange
on Dowex 1X4 in 7 N HNOj-ferrous sulphamate me-
dium. The uranium content in the sample was found
to be about 0.1 ppb. By optimization of the irradiation
and decay period, the detection limit could be de-
creased to 0.02 ppb.
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Chapter 2

GAS COOLED REACTORS

INTRODUCTION

SCK/CEN participates or takes interest in various working groups and co-ordination efforts for the
development of gas cooled reactors such as:

- the International Working Group for High Temperature Reactors (IWGHTR) to be set up by the IAEA;

- the NEA co-ordinating group for gas cooled fast reactors;

- the GBR association for gas cooled fast reactors.

In addition to various capsule irradiation experiments carried out in BR2 on behalf of the German research
centres, the SCK/CEN experimental work for gas cooled reactors is primarily orientated towards irradiation and
helium technology.

For the GSB project for testing vented fuel elements for gas cooled fast reactors carried out in collaboration
with KFA, an integrated helium loop has been designed, constructed and successfully put into operation for
simulation tests using a dummy and a UO2 fuel clement.

For helium coolant studies, the operation of the out-of-pile helium loop has been continued for mass
transfer and purification studies. Heat transfer tests at very high temperatures (above 1000°C) are being prepared.

2.1. The "GSB" experiment
(G. Vanmassenhove, P. Vanderstraeten, R. Oris,
G. Gebocrs)

An in-pile helium loop has been constructed for
the irradiation in BR2 of fuel for gas cooled fast
bleeders.

The aim of the experiment is to investigate, in
co-operation with KFA, the irradiation behaviour of
fuel bundles, pins and components, including the fuel
pin venting system.

The in-pile section is located in the peripheral H4
channel of the BR2 reactor. The 96 mm OD in-pile
section is surrounded by a cadmium screen which is
an integral part of the BR2 type 210 driver fuel
element. The test fuel element has 12 fuel pins of
8 mm OD, with a fissile length of 600 mm and
a total length of 12 IS mm. Irradiation specifications
arc:

- 450 W.cm'1 maximal linear power;
- 680cC cladding temperature;
- 61 bar helium coolant pressure;
- 60,000 to 100,000 MWd.f1 burn-up.

In 1977, the contributions of SCK/CEN to the
programme concentrated on the following points:
- operation and modifications of the out-of-pile equip-

ment;
- installation of the in-pile section in the reactor;
- irradiation campaign with the dummy fuel element

Hc lml ;
- irradiation campaign with the UOi fuel element

Helm 2.

Operation of the out-of-pile equipment
- For several weeks, the main loop was operated to

test the functional behaviour of the systems and
to provide a training period for the operating per-
sonnel.
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- The fission gas nclsorption system (Spags), operated • '1'liu power produced by gamma radiation from tlic
by automatic programmes, was tested and the pro- reactor in the fuel element was measuied and in-
grammes adapted, creased with increasing hum-up of the driver fuel

- The auxiliary systems (purification, pressure con- element from 3.5 to 5.5 W.g' AI without rotating
trol, gas discharge, water and hydrogen injection, the driver element,
gas analysis, tritium sampling) were put into oper- - Tritium measurements were curried out to deter-
ation step by step, mine the tritium production in the helium coolant

- The loading anil unloading operations of the fuel from activation (if l ie: the measured value is lower
element Helm I in the in-pile section were carried than \">b of the tritium produced by fission.
out using (lie fuel transfer device, - After irradiation, Helm I was unloaded using the

fuel transfer device and transferred to the hot cells
Irradiation campaign wi th the dummy fuel (after storage in the reactor deep pool). The fuel
clement Helm I element was inspected and disconnected from the

shield plug and positioning mechanism. It has been
- The dummy fuel element I lehn I was irradiated placed in a container and stored under water await-

for three reactor cycles. ing transport to KFA-Jiilich.



IiTiicliation campaign with the UO2 fuel element
Helm 2

- At the end of 1977, I lehn 2 was irradiated for one
reactor cycle (the irradiation campaign consists of
two reactor cycles followed by a cooling period of
one reactor cycle).

- The irradiation conditions obtained correspond to
the conditions specified:
fuel element power: 285 k\V
fuel clement inlet temperature: 250°C
fuel element outlet temperature: 500°C
maximal cladding temperature: 680°C
main coolant mass flow: 225 g.s"'.

- Fission gas measurements have been carried out to
determine, for each isotope, the percentage of atoms
generated by fission that are released from the fuel
element into the fission gas adsorption system:
"'Xc: 2%
mXe"': 0.3% (compared to these values, the vented
fractions of the other isotopes are negligible).
This means that about 2 to } % of the generated
active fission gases arc carried off into the fission
gas adsorption system.

- Tritium measurements have been carried out to
investigate how much tritium is carried off into
the fission gas adsorption system and the main
coolant as well as the form it takes (hydrogen or
tritiated water). For I[2 levels of about 50 vpm and
II2O levels below 1 vpm, the largest part (about
two thirds) of tritium produced enters the main
coolant in the form of H2; the remaining part is
released into the fission gas adsorption system also
in the form of II2.

- The fuel pin venting system showed good behav-
iour: in the main coolant only a small amount of
'"Xe was detected. The percentage of n3Xe gener-
ated by fission and released into the main coolant
amounts to about 3X 103 %.
Further work for the GSB programme includes

irradiation campaigns with
- Helm 2 up to the end of January 1978;
- I l ehn 3 (UO2-P11O2 fuel' bundle) up to 60,000

MWd.f' oxide which should be reached by mid-
1979.

2.2. Helium loop He 1
(A.Falla, J.P. Tollenboom)

The helium test facility He 1 is designed for out-
of-pilc creep, heat and mass transfer tests on materials
and components as part of the R & D programmes for
helium cooled reactors (HTR and GBR) and the
utilization of hot helium coolant as a heat source for
industrial processes.

The present capability of the test circuit is:
- helium flow rate: 2 g.s'1;

- pressure: adjustable between 15 and 68 bar.
During 1977, emphasis has been put on the con-

struction and the operation of an automatic impurity
control device to maintain O2, II2O and Hj concentra-
tion values in the test circuit. Hydrogen is added from
prepared gas mixtures helium/hydrogen (0.1 to 10%
H2). Injections of gas mixture take place every time
the output of the 112 analyser (a moisture analyser
connected to the test circuit through a 250°C CuO
bed) becomes smaller than a prc-set value. The same
Il2/IIe gas mixture is used for moisture addition,
but the gas is passed through a 100 cm3 CuO bed to
oxidize II2 to II2O. The major difficulties in the
automatic control came from the influence of the
dead volumes (gas lines, CuO bed) and surface
adsorption which delayed the effect of an injection
and the icsponse of the analyser. Some adaptations
were necessary before the system could satisfactorily
control H2/II2O ratios (generally in the range of
5 to 100) with low moisture concentrations (less
than I vpm).

The preliminary design of the high temperature
test oven was continued in 1977 and finally resulted
in the decision to divide the construction work be-
tween several specialized external manufacturers. The
work will be co-ordinated by SCK/CEN.

Detailed thermal and mechanical calculations were
carried out by SCK/CEN including complete temper-
ature distribution charts for thermal stresses and seal
cooling evaluation.

The main design features of the test oven are as
follows:
- temperature in the useful cavity: 1100°C
- pressure : 68 bar
- useful diameter of the cavity : 200 mm
- heated length : 2000 mm

The components of the test oven are:
- external ptcssure vessel;

material: austcnitic stainless steel AISI316;
design temperature: 200°C;
design pressure: 70 bar;
maximum internal diameter: 407 mm;
the pressure vessel is provided with an external
watci cooling jacket.

- internal insulation: most internal insulation is made
of high temperature resistant alumina fibre material;
the other insulating layers are made of alumino-
silicate fibre material and the whole insulation is
supported by a molybdenum tube.

- heaters:
power: 6 x l 0 k \ V ;
voltage: 30 V d.c;
materials: molybdenum wire supported by a molyb-
denum structure.
By the end of 1977, orders for the major com-

ponents, apart from the pressure vessel had been
placed and the final assembly of the test oven is
planned to start mid-1978.
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In 1978, the programme will continue with the (fretting friction and seize) of the GBR fuel assembly
design of a first test section to study the surface in a controlled helium environment of 65 bar and
behaviour of structural materials and components 700 to 800°C.
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Chapter 3

LIGHT WATER REACTORS

3.1. THE BR3 REACTOR
(F. Motte)

Operation of the BR3 plant is supervised by F. MOTTE, A. BASTOGNE, P. BOONEN, P. GUBEL,
M. BANQUET, L. TEUNCKENS, A. BARRO, E. BOSSCHAERT, M. DONEUX, W. ENGELEN, L. HUS,
R. KETELERS, G. LEGRAIN, Y. MICHAUX, J. PETRE, V. RAVOET, J. REMACLE, A. SENCIE,
L.TOMS IN, R. VAN LANGENDONCK; it forms part of the SCK/CEN Reactor and Energy Production
Division which is under the direction of G. STIENNON.

The plant was in operation whole of J977, the
availability factor reaching 95.11%. 75,000 kWh were
fed into the grid. As described in the 1976 annual
leport, the reactor has been operated with Core 4A
since 15'" July 1976.

It is envisaged that this operation campaign will
last until March/April 1978 and will consequently
be of exceptionally long duration, i.e. about 500 EFPD
(Equivalent Full Power Days) or 12,000 h. This per-
formance is due to the fact that the core 4A reactivity
investment was large, an appreciable part of it being
controlled by a burnable poison, gadolinium oxide,
mixed with uranium oxide in several fuel pins.
Analysis of the time evolution of the core reactivity
has permitted important progress in the technique of
calculating burnable poisons.

In spite of the high burn-up rate reached at the end
of the year by the fuel reshuffled from preceding
cores, the low activity level of the primary water
leads to the conclusion that the cladding of the pins
of the whole core load has maintained its mechanical
integrity. The number of defects in the plant necessi-
tating stopages for repairs has remained limited, as
can be concluded from the high availability factor.

Only minor faults (very limited leaks of water or
steam, electrical faults) occurred and they never af-
fected the safety of either the installation or its per-
sonnel.

The load diagram for 1977 is shown in Fig. 3.I.;
the particular events concerning the operation of the
plant are numbered sequentially and explained in
Table 3.1. The values for various typical parameters
of the plant are given in Table 3.2.

Parallel to the operation of the plant, some effort
was devoted to design studies or fabrication of com-
plementary equipment, including an installation for
dismantling and re-assembling under water, in the
storage well, of the fuel dismountable assemblies of
the BR3/Core 4. From the next dcfuelling onwards,
it will, in principle, be possible to proceed in the
plant with the inspection of fuel assemblies between
two successive irradiation campaigns, as well as re-
moving and replacing fuel pins. This new equipment
fits into line with the main objective for operating the
BR3 Power Station, i.e. the testing under irradiation
of advanced types of fuel elements for PWR nuclear
power stations.
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TABLE 3.1.
Main events in plant operation with core ÜKljAA ilurinn I'J77

I

2

3

4

5

6

7

8

9

10

11

12

13
14

15

16

02.03

20.03 -» 25.03

20.04

01.05 -» 04.05

06.05

13.05

25.05

27.05

15.06

29.06

01.07

20.07

01.08
13.09

30.09
09.11

Note: Hot shut-dowr

Reactor .scram due to a spurious primary low pressure signal inadvertently caused during
maintenance works on the reactor instrumentation.
'^-coupling to the grid after 35 min.
Hot shut-down for the third physics test campaign Parallel to this, maintenance works were
carried out.
Power increased from 8096 to 85% Pn.
(Pn, nominal thermal power: 40.9 MW)

Cold shut-down for repair in the plant container of an isolation valve in the primary loop
pressure reducing station.
Parallel to this, intervention in the primary liquid effluents collecting system and temporary
repair of leaks in the tube bundle of secondary re-heater K2.
Keactd" scram due to a spurious primary low pressure signal inadvertently caused during
niainti nance works on the reactor instrumentation.
Re-coupling to the grid after two hours
Power reduced to zero and the plant uncoupled from the grid to allow the secondary rc-hcater
R2 to be isolated for its repair.
Duration of the operation: 1.5 h.
Power increased from 8596 to 9096 Pn.

Power reduced to 6596 for 30 min for tests on the ejectors
Power reduced to zero and the plant uncoupled fiom the grid so that re-henter R2 could be
put back into service after its repair.
Duration of the operation: 1 h.
Reactor scram due to a spurious signal "main coolant low flow" emitted by a primary flow
channel: cause not determined.
Re-coupling to the grid after 2.5 h.
The leactor scr.immed due to spurious signals emitted by the same channel as on 29.06 one more.
After the second scram the plant was maintained in hot shut-down conditions so that the
fault could be found and eliminated.
The plant was re-started on 04.07.
Reactor scram due to the failure of one of the primaly pumps caused by a defective electrical
connection in the pump's junction bow
Re-coupling to the grid on 21.07 after a stop of 36 h.
Power increased from 9096 to 9595 Pn.

Cold shut-down for repair in the plant container of a leak on the feedwater line to the steam
generator.
Power increased from 9596 to 10096 P„.

Hot shut-down for the repair of a leak in a flange in the turbine by-pass steam line.

: nominal pressure and temperature maintained in the primary loop.
Cold shut-down: primary loop deprcssurized, and primary water temperature maintained just under

100°C.

TABLE 3.2.
BR3/core4A • Operation results

Total gross generation (MWh)
Net plant output (MWh)
Time connected to the grid (h)
Number of times uncoupled from and re-coupled to the grid
Equivalent Full Power Days [Full power: 40.9M\V(th)]

number of hours on the grid
Availability ( ) 96

total number of hours in the period

Year 1977

83,334
74,578

8,390
12

313

95.77

First coupling
(15.07.76)
to 31.12.77

108,607
96,259
11,979

15
411

96.95
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3.2. R & D WORK ON LIGHT WATER REACTOR FUELS
(H.Bahiot*, J.Debruc)

The: R & D programme being carried out jointly by BELGONUCLEAIRE and SCK/CEN, is devoted to
the improvement of the LWR fuel cycle fiom the point of view of economy, reliability and safety.

It supports the development of improved nuclear fuel design including the use of Zircaloy clad and spacer
grids, plutonium recycling and the use of gadolinium poisoned fuel.

ISELGONUCLEAIKE
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For this programme use is made of the SCK/CEN installations, namely:

- the VENUS critical facility for design code calibration;
- the I3R2 reactor for irradiation tests under special conditions;
- the BR2 neutron radiography installation and the ATMA hot cells for non-destructive fuel examination;
- the LMA and radiochemistry laboratories for the destructive examinations,

In addition to the measurements carried out as part of the LWR programme, services were rendered to
other programmes and organisations.

3.2.1. VENUS critical experiments
(L. Lccnclers)

The preparation of future critical experiments with
Zircaloy clad fuel rods started by establishing the
specifications for the fuel rods required. This pre-
paration was based on criticality calculations as well
as on requirements for compatibility with the existing
rods.

3.2.2. Gamma spectrometry development
(J.-L. Genicot, L. Lecnders, V. Willekens)

Improvement of non-destructive examination by
gamma spectrometry was rarried out in several ways.

For the BR2 hot cells, puns of the new y-scanning
installation weie ordered, they will improve the ex-
perimental precision and reduce the interference be-
tween the y-scanning device and the loading tools of
the hot cells.

For underwater measurements, the design and con-
struction of the BATHYSCAN device have been con-
tinued. For this mobile installation, a second mobile
rack containing the y-spectrometry chain and the
analysis system (SPECTROMOBILEII) has been
made operational. The essential parts of the BATHY-
SCAN were checked in actual working conditions at
the same time as the non-destructive examination of
the MOL7C/1 loop. This was the first time this
equipment has been used in the BR2 channel and

results of measurements carried out under 7 m of
water weie found to be quite satisfactory.

Collecting of burn-up fuel samples for the "BUR-
NOTI1EQUE" has been continued and a storage riß
prepatcd for their use in the BR2 hot cells.

Some progress was also made in data handling. Two
codes were developed:
- HISTO, enabling handling of the results given by

the HISTOMAT system and normalization, collec-
tion and editing of the results wi'h respect to the
purpose of the examination;

- RODSIIIELD, enabling calculation of shielding cor-
rections with lespect to y-spectrometry analysis of
fuel rods. This is extendable to any kind of y-sourcc
geometry.

3.2.3. Gamma spectrometry services
(J.-L. Genicot, L. Lcenders, V. Willckens)

The y-scanning devices developed as part of the
LWR programme were used for several measurement
campaigns as services rendered to other programmes
or organizations; they aie summarized in Table 3.3.

3.2.4. Fuel densification
(M. Gaube"", J.-L. Genicot, J. Hermans, L.
Lcenders, M. Van den Berg"*, V. Willekcns)

Fuel densification frequently occurs at the start of

TABLE 3.3
Gamma speclromctry services

Material

Uranium carbide fuel

Uranium o\ide fuel

iMi.xed oxide fuel

Stainless steel structure plate

Experiment

CIRCE6D

PWC-RO2&RO3

M0L7C/1

DFR-455

Purpose

Fuel-cladding compatibility

Fabrication evaluation

Local coolant blockage

Fast flux distribution

Measurement period j

January 77

Miuch 77

October 77

December 77

• BELGONUCLEAIRE
*-< EURATOM
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it radiation: it increases the fuel clad gap and may
cieale axial gaps between the pellets inducing ex-
cessive fuel tcmperamies.

Two irradiation ptogrammes arc being carried out
in BR2 to investigate fuel densification in mixed
oxide fuels; a third one is scheduled:
- the PI7 experiment concerns BWR plutonium fuel;
- the P20 experiment concerns PWR plutonium fuel;
- the P18 programme is being prepared as part of a

collaboration with EPRI.
The PI8 programme, envisaged as a cross-check

between the data obtained in Belgium and those
obtained in the USA, has been postponed until after
completion of the P17 and P20 experiments.

By the end of 1977, the irradiation of 13 rods
was completed and the irradiation of 7 rods has been
continued. The results obtained so far arc as follows:
- for BWR fuel (P17), maximum densification occurs

after a burn-up of 5000 MWd.t'1; however, it is
suspected that temperature effects increase the den-
sification rate;

- for the PWR fuel (P20), a very weak densification
has been noticed because of the low power rates
obtained, but small increases in power (temper-
ature) may induce an acceleration of the densifica-
tion.
In general, fuel modelling should take into account

combined burn-up and temperature in order to define
adequate densification effects. Therefore, the neutron-
radiography analysis should be complemented by
porosity analysis (Quantimet analysis required) and
maximum advantage should be taken of the flux
monitoring and the BR2 irradiation data.

3.2.5. Burnable poisons
(P. Dirven, M. Gaube*, J. Hermans, L. Leen-
dcrs, M. Van den Berg' )

3.2.5.1. Thermal behaviour of gadolinium fuel

IIR30 and HR31, both containing 2 capsules, were
irradiated for a short period and at a high linear
power rate in 1974 and 1975 respectively. The non-
destructive and destructive analyses of the rods, filled
with UO: pellets and UGvGdiOi pellets alternately,
were completed in 1976 and 1977.

Ceramographic examinations of the UO2 pellets
showed important damage near a UGvGdiOi pellet.
Generally, a central hole was formed, a fuel re-
structuration was observed and, in some cases, the
molten fuel filled up the disk of the adjacent UO2-
Gd ;O3 pellet.

The observations made are in agieement with the
calculation, which indicate a high axial power gradient

at the interface between the two kinds of pellets.
However, it should be noticed that the UGvGdiO.*

pellets remained nearly intact.

3.2.5.2. Physical behaviour of gadolinium fuel

Preparation of a gadolinium fuel irradiation pio-
grammc has been continued: it concerns the follow-up
of the gadolinium burn-up.

From earlier work, new neutron radiography equip-
ment was designed lor BR2. The detailed drawings
were completed and orders placed. This new equip-
ment will be available in 1978.

In the meantime, further developments and checks
with regard to the non-destructive analysis of ga-
dolinium bearing rods have been started.

A mock-up of the future BR2 neutron radiography
installation was assembled in order to optimize the
irradiation conditions. Many irradiations were carried
out with standard samples and using different thick-
nesses for the Gd filters and different converters
(Dy and Lu).

The following results were obtained with regard to
precision:
- the light transmission of the photoplatcs can be

me.1sx.1red with an accuracy better than \%;
• in spite of this accutacy, the precision on the

neutron transmission and on the gadolinium con-
tent is much lower.
According to present estimations, the new equip-

ment will be operational by the end of 1978. In
starting the irradiation programme, the change of the
beryllium matrix of BR2, planned for 1979, has to
be taken into account. The incident neutron spectrum
has a great influence on the gadolinium behaviour,
during irradiation, as well as on the calibration of the
quantitative neutron radiography analysis.

3.2.6. Irradiation tests in BR2
(R. Boden, A. Dcmildt, P. De Regge, M. Gau-
be , A.Geoffroy, W. Hebel'% J.Hermans, D.
Huys, J. Ketels, L. Lcenders, J. Van de Velde,
M. Van den Berg ", C. Van Loon, B. van Ou-
tryve d'Ydewallc', V. Willekens)

Irradiation tests on LWR fuel have been continued
in BR2 in order to check its performances under
extreme irradiation conditions and/or to check several
parameters. P, CEB and PWC rigs are generally used
for this purpose. The status of these experiments by
the end 1977 is summarized in Table 3.4.

During 1977, non-destructive examinations were
carried out on the P2, P4, P5, P17 and P20 ex-
periments.

BELGONUCLEA1RE
EURATOM

BELGONUCLEAIRE
EURATOM
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TABLE 3.4.
Irradiation oj LWR flieh in BR2 •

Reference

I5K3/IT

BK3/Z0

BK3/G
Doel 1,2
Tihange 1

SENA

Dodewaard

Garigliano

I'WR 15X15

BR3/4 g

Fuel
type

Pu

Pu

I'u

I'»

U4-U-Gc!

U-Gd

I'u

Pu

Pu

Pu

U

Cladding

stainless steel

Zircaloy 4

Zircaloy 4

stainless steel

Zircaloy 2

Zircaloy 2

Zircaloy 4

Zircaloy 4

Irradiation
riß

P7

PS

P3
CEB 9

P5

CEB 12

P2

CEB 7

UK 30
IIIOI

P6.P10..P16

P9

CEB 13

P4

CEB 10
P17

P20

PWC/I

Num-
ber of
roils

1

1

2
2

2

2

2

3

2
2
4

3

1

3

3
16

20

1

Purpose

power cycling of fuel
irradiated up to
20,000 MWd.fl

j confirmation experiments

' effects of luimiditv content
(at 600 W.cnr1

co.ifiimation experiments

thermal interaction between
U and U-Gd pellets
Gil burn-up

power cycling;

power cycling

effect of pellet surface defects

dcnsification

densilication

power cycling

Status by the end of 1977

non-destructive intermediate
examination in progress
non-destiuctive intermediate
examination in progress

post-irradiation examination completed
non-destructive post-irradiation
examination in progress

non-destructive intermediate examina-
tion completed and further
irradiation in progress
irradiation carried out without failure

destructive post-irradiation
examination in progress
post-irradiation examination completed

post-irradiation examination completed
post-irradiation examination completed
irradiation postponed, neutron
radiography calibration in progress
non-destructive inteimediate
examination in progiess
irradiation with power cycling
in progress

non-destructive intermediate
examination completed
irradiation carried out
irradiation and examination carried out

irradiation and examination carried out

pre-irradiation tests in progress

3.3. DEMONSTRATION PROGRAMME
ON LIGHT WATER REACTOR FUELS

(H. Bairiot'', P. Dcramaix', L. Lecnders)

The overall objective of the LWR demonstration programme is to demonstrate the performances of

advanced fuel assemblies in conditions representative of present or future large power plants. This programme,

set up by BELGONUCLEAIRE and supported by SCK/CEN, includes irradiations in BR3, SENA and

DODEWAARD. The in-pile performances of the fuel have been evaluated experimentally and compared with

follow-up calculations.

3.3.1. BR3
(R. Boden, P. De Regge, M. Gaube', A. Geof-
froy, L. Leenders, E. Pelckmans*, E. Trau-
waert'', C. Vandenberg*, J. Van de Velde, C.
Van Loon, B. van Outryve d'Ydewalle, V. Wil-
lekens)

BELGONUCLEAIRE

Core 4A

Operation of BR3 with its core 4A, described in
the 1976 annual report, started in July 1976 in spite
of the disconnection of one control rod. Later, a
second control rod was inserted in the core in order
to improve the symmetry of the flux distribution.
After removal of both control rods inserted, the
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power progressively reached its nominal level.
By the end of 1977, the core 4A reached nn

average burn-up of 19,000 MWd.t"1 in satisfactory
working conditions, which confirmed the design pre-
dictions for this core with a high number of rods
containing plutonium (32%) and gadolinium (596).

Assembly ZO9/ZO100

The ZO9 plutonium assembly was first irradiated
in the core BR3/2bis up to an average burn-up of
12,000 MWd.t1 (peak = 22,000 MWd.r1). After
intermediate examination, the results of which were
reported in the 1973 and 1974 annual reports, the
decision was taken to continue its irradiation (with
a ZOlOO code) in core 3A after replacement of the
6 corner uranium rods and one plutonium rod.

The 29 re-irradiated rods reached an average burn-
up of 31,800 MWd.r1 (peak burn-up of 43,000
MWd.t1) , while the 7 new rods attained an average
bum-up of 22,500 MWd.t1.

Part of the post-irradiation examination has to be
carried out in the framework of a contract between
EURATOM, BELGONUCLEAIRE and SCK/CEN,
as support to the evaluation of Zircaloy ciad fuel for
modern PWR's.

The non-destructive examinations started in Janua-
ry 1977. They included dry-sipping, visual examina-
tion, dimensional mcasuicmcnts, neutron radiography
and gamma spectrometry of the rods. The dry-sipping
tests indicated onlv one failure.

The dimensional measurements revealed a different
behaviour for the UOi and the UO2-P11O: rods, pro-
bably due to more plasticity of the mixed oxide fuel.
The gamma spectrometry showed caesium migration
especially in one plutonium rod; it may be the lcsull
of the high temperature reached at the beginning of
core 3A.

Twelve fuel rods were chosen for destructive
examinations, the results obtained so far confirm the
caesium migration. The clad integrity, however, re-
mains unaltered.

Assembly G54

The G54 fuel assembly contains Zircaloy 4 as
structural material for fuel cladding and spacer grids.

It was irradiated successfully in the BR3/3A and
313 cores and has been reloaded in core BR3/4A after
intermediate examinations reported earlier. Three rods
were replaced by fresh ones and submitted to detailed
destiuctive analysis, which was being carried out by
the end of 1977.

Theoretical burn-up evaluations were confirmed to
within 10% accuracy by the experimental values,
based on the ncodymium method.

After unloading of the G54 assembly from the
13R3/corc 4A, extensive examinations on the struc-
tural parts and on the fuel rods arc envisaged. It is
proposed that this post-irradiation programme be
carried out in the framewoik of a contract with
EURATOM, namely as support to the evaluation of
Zircaloy spacer grids used in modern PWR's.

3.3.2. SENA
(J. Bassclicr', L. Lccnclcrs)

As ahcady teported, 4 demonstration plutonium
assemblies have been irradiated successfully in the
SENA reactor since 18"' December 1974 during cycles
5, 6 and 7. By the end of irradiation, early in 1978,
the average butn-up of these assemblies will be about
27,000 MWd.t1. They are being closely followed by
calculations, performed by BELGONUCLEAIRE and
by intermediate on-site examinations, carried out by a
French CEA team. SCK/CEN is associated with these
follow-up activities with a view to the post-irradiation
analysis of one of the four assemblies.

3.3.3. DODEWAARD
(P . Dcrainsiix", M. Gaube% A. Geoffroy, L.
Lccndcrs, M. Van den Berg1"', V. Willekens)

Seven assemblies have been or are being irradiated
in the DODEWAARD power plant as part of
BELGONUCLEAIRE's demonstration programme for
BWR's. Their characteristics and situation by the end
of 1977 are given in Table 3.5.

Among these assemblies, B201 has to be analysed
as part of a contract between EURATOM, GKN and
BELGONUCLEAIRE. SCK/CEN will carry out the
rod examinations.

36 rods (4 from 13200 and 32 from B201) were
transported to SCK/CEN together with 3 rods from
13301.

The non-destructive examinations started in April
1977. They include visual inspection, cruel analysis,
lod and fuel length measurements, profilometry,
gamma-spectrometry, neutron radiography and leak
tests. The inteipretation of the results is underway.

13ELGONUCLEA1RE
EURATOM
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TABLE 3.5.
liWR juvl demonstration programme in DODEWAARD

Assembly

B200

B20I

15301

B302

15303

15304

C658

Fuel

U and Pu

U and Pu

U and Pu

U and Pu

U.PuandGd

U.PuandGd

U, Pu and Gd

Structure

Spacer grids

stainless steel

stainless steel

Zircaloy

Zircaloy

Zircaloy

Zircaloy

Zircaloy

Spacer
capturing rod

U

U

11,0 filled

U/Pu

l i p filled

U/Pu

11,0 filled

Irradiation

April 71 to April 7-1

April 71 to April 74

May 73 to April 74

September 75 to...

iM.iy 73 to April 74
September 75 to ...

May 73 to...

May 73 to ...

August 74 to...

Average
burn-up
end 1977

(MWd.f')

20,500

20,500

~ 19,000

-20,000

~26,r ,0

-28,000

-22,000

Post-irradiation examination
situation at tbe end of 1977

on-site examination completed
non-destructive examination of
rods completed

on site examination completed
non-destructive examination of
rods completed

intermediate on-site examina-
tion completed
non-destructive examination of
3 rods completed

—

no intermediate on-site
examination possible

envisaged for post-irradiation
examination

—

3.4. HIGH PRESSURE WATER LOOP «ETL» FOR TESTING
OF PWR AND BWR FUEL ASSEMBLIES

The "Environmental Test Loop" (ETL) is designed
for out-of-pilc hydraulic and thermal tests on dummy
fuel assemblies for Pressurized and Boiling Water
Reactors in actual water environment (temperature,
pressure and water chemistry).

The main characteristics of the high pressure de-
mineralized water testing circuits arc as follows:
- pressure : design 172 bat-

operation max. 162 bar
- temperature: design 343°C

operation max. 330°C
- primary flow through the test section at 310°C:

at a pressure head of 2 bar: max. 750 m3.h"';
at maximum pressure head (6 bar): 100 m3.h"'.

A general view of the test facility is shown in
Fig. 3.2.

In 1977, the loop was operated for 1900 h, mainly
at 310°C to test the components.

A major problem occurred after the first 600 h of
operation (in March 1977) with the main circulating
pump: an anti-rotating pin came out of its housing

and caused severe damage to the controlled leakage
seals.

The constructor of the pump decided that some
modifications of the seals were necessary to avoid
such an occurrence in the future and after complete
disassembly, adjustment of the damaged items and
reassembly of the main circulating pump, the loop
was tc-started in July 1977.

Moreover, it was decided to install a monitoring
system to permanently check the vibration charac-
teristics, pump body and seals. This equipment will
be delivered early in 1978.

The square housing for the first 14 X 14-rod dummy
fuel assembly, type Doel I, has been designed in detail
and fabricated with the required high standard of
accuracy by an external Belgian firm. This equipment
was delivered in December 1977. Other equipment
and tools for handling of the fuel assemblies and the
square housing have been fabricated and were de-
livered by the end of 1977.

Loop operation was stopped mid December 1977
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to load the squaic housing in the test section. Mean- will be carried out between 100°C and 300°C.
while, the carbon rotating faces of the oil thi list The design and the construction of the all Zircaloy
bearing of the main circulating pump were dismantled RCC 14X14 (Rod Cluster Control) fuel assembly
and polished by the constructor of the pump in order have been continued by Belgonuclcaire and delivery
to reduce oil leakage. of the first dummy assembly is scheduled for February

The loop will be restarted early in 1978 to test 1978. The test programme will include the following
the behaviour (vibration and dimension steadiness) items:
of the square housing at nominal temperature - piessure drop measurements under various flow and
(300°C), pressure (155 bar) and flow (290 mMv1) temperature conditions;
conditions. Temperature cyclings at a rate of 25cC.h' - a test of 2000 h duration at nominal temperature,
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pressure and flow conditions, with adequate water
chemistry (Oj, pH and boron acid concentration).
This campaign will be interrupted four times for
visual inspection of the assembly;

- the test campaign will be completed by 5 temper-
ature cyclings between 100 and 300°C to simulate
the start-up and shut-down conditions in the reactor.

3.5. VIBRATION OF PWR REACTOR INTERNALS
(A. Jaumotte*', J. Plnnquart, F. Matliieu1)

The reduced scale model of a PWR reactor vessel
has been equipped with complementary instrumenta-
tion, in order to speed up the measurements of re-
.sonancc frequencies of the tubular shell when the two
annular spaces are filled with water. The thicknesses
of the water annuli arc the variable parameters.
Expei imentation confirms that the resonance frequen-
cy is a function of the relative movement of the
neighbouring boundaries.

In the test arrangement, the relative movement of
the boundaries is a result of the excitation forces
acting on the tubular shell. In the real situation, this
relative movement results from the global vibration
of the hydraulic circuitry. The experimental pro-
gramme will be extended in order to cover this
situation as well. The simulation is carried out by
randomly exciting the outer sleeve or the central
plug. Preparative work has been started.

3.6. PRESSURE VESSEL STUDIES

3.6.1. Research and development dosimetry /
metallurgy programme
(J.Dcbrue, G. De Lecuw-Gicrts, S. DcLeeuw,
A. Fabry, P. Gubcl, G. Minsart, H. Tourwc,
Ph. Van Asbrocck)

Growing interest in a pressure vessel steel cm-
brittlcmcnt R & D programme in Belgium is a result
of the comparatively rapid growth of nuclear elec-
tricity production and the existence of a national
capability to design, manufacture and commission ad-
vanced LWR pressure vessels.

The Belgian safety regulations, in particular those
applicable to LWR pressure vessel surveillance, arc
largely based on the U.S. Code of Federal Regulations
(10 CFR 50). Recognizing that improved dosimctry
and damage analysis methods are needed to periodic-
ally evaluate the metallurgical condition of the LWR
vessels, the U.S. Nuclenr Regulatory Commission
(NRC) and the Electric Power Research Institute
(EPRI, representing the utilities) have recently
launched new R & D programmes in this field and
active co-operation links have been established at the
technical level with the SCfC/CEN related activities
{275,276}.

The mandatory joint objective is to develop statc-

- EURATOM
*' U.L.Brusellcs

of-thc-art LWR pressure vessel surveillance regulatory
guide lines .md ASTM recommended standards, prac-
tices and ptoccdurcs to supplement or update the ones
at present referred to by the Code. A specific SCK/
CEN by-product is the application of these guide lines
to Belgian power reactors.

The main tasks of the SCK/CEN participation
have been identified and extensively investigated.

Task L focusscs on the validation of neutron trans-
port theory methods needed to characterize neutron
spectra and flucnecs in LWR pressure vessels in
relation to the integrated reactor core power and to
the response of surveillance dosimeters; such extra-
polation currently entails uncertainties in the range
200-500%. The validation approach involves meas-
urements in benchmark neutron fields of increasing
complexity:
- iron shells {310}, a SCK/CEN one-dimensional sys-

tem located in BR1 for assessment of neutron pe-
netiation sensitivity to iion nuclear cross-sections;
proton recoil and 6Li(n,a) spectrum measurements
arc in progress for two configurations relevant to
the LWR problem;

- PCA (Pool Critical Assembly), a low flux LWR
pressuie vessel mock-up at Oak Ridge National
Laboratory; 6Li(n,a) spectrometry, fission chamber
and activation reaction rate measurements arc in
preparation;

- test regions in actual power plants, inside and out-
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side the pressure vessel: the SCK/CEN work en-
compasses experiments in BR3 and analysis of 13R3
and McGUIRE 1 measurements in the U.S.
Interlaboratory comparisons of independent sensor

sets in LWR test regions and calibrations in standard
neutron fields such as the NBS and SCK/CEN M5U
cavity thermal fission neutron spectra form the
experimental basis of task 2. The data evaluation
is aimed at defining recommended sensor selection,
mounting, measurement calibration and interpretation
procedures. Along these lines, the preparation of an
extensive dosimctry campaign in four locations of the
I3R3/4B core has been finalized in co-operation with
the Hanford Engineering Development Laboratory,
the Atomics International and the General Electric
Vallccitos laboratories.

Task 3 calls on expertise in the fields of dosimetry,
metallurgy and damage analysis, and is aimed at im-
proving the correlation of steel fracture data generated
in research and surveillance programmes for applica-
tion to in-vessel conditions. An LWR pressure vessel
mock-up at the Oak Ridge Research reactor Pool Side
Facility (ORR-PSF), the high flux version of PCA,
has been designed for the exposure of relevant steel
.specimens at 550°F in simulated suiveillance and
in-vesscl positions. For steel irradiations to be per-
formed in BR3 (Table 3.6.): the capsules have been
studied and manufactured. The steel for the Belgian
participation in the progtammc was selected in agree-
ment with COCKERILL. Reference specimens from
the HSST (Heavy Section Steel Technology) pro-
gramme (plate 02 or 03) are available to be exposed
simultaneously or in parallel for further link with
the U.S. programme.

3.6.2. Pressure vessel surveillance for Belgian
power plants
(A. Fabry, P. Gubel, H. Tourwe, Ph. Van As-
brocck, J. Van de Velde)

Doell

The first capsule was unloaded in February 1977.
This capsule contains notch impact and tensile spe-
cimens of the same material as the Doel I pressure
vessel (Soudetcnax) and of a reference material
(A533gB) , together with different dosimeter sets.
The mechanical tests and the dosimetry measurements
have been performed by SCK/CEN. The dosimeter
set consists of Ni, Cu, Co, Co under Cd, a7Np and
a3U under Cd. Neutron flux measurements were also
performed on remnants of the broken Charpy speci-
mens on the basis of the ^Fe(n,p):)4Mn reaction.
The intcrpictation of the measurements was carried
out using a calculated neutron spectrum with the
ENDF/B IV cioss-scction file. The neutron fluence
( E > 1 MeV) was determined with an accuracy better
than 10%.

BR3

Neutron flux measurements were performed on
metallurgical specimens, that weie present in different
BR3 surveillance capsules, unloaded at the end of
the core 3B irradiation period. From these results
one can deduce that in the centre of the so-called
low flux capsules, the fast neutron flux ( E > 1 MeV)
varies between 7X lO^n.s-'.cnT2 and 8 X 1010n.s-'.cnV2

depending on the position of the capsule above the
core. For the high flux capsule 2, a neutron flux
( E > 1 MeV) of 7.7X 10'2n.s-'.cm"2 was measured. On
the basis of these data and of the calculated and
measuted data for the previous cores, it was possible
to revise:
- the fast neutron fluencc in the different BR3 sur-

veillance capsules;
- the fluence ( E > 1 MeV) in the BR3 vessel at 1/4

wall thickness by the end of core period -4A. This
resulted in a nominal value of 1,7X 10'n.cnV2.

TABLE 3.6.
BR3 mtcrlaboialory dustmetry and metallurgy comparison

Channel

IIF4

LF29, LF63
LF8, LF84

1 (120°)

Channel type

First radi.il
reflector row

A.\inl reflector
above moderator

tubes'

Outside reactor
vessel

Mean distance to
reactor midplane

(mm)

+ 470
—470

+ 695

—150

Target flucncc
(n.cnv2, E > I MeV)

7X10"
7X101''
2X10"

4X10»

Tempcratuie
CO

300

275

< 100

Number of Ch.irpy specimens

IISST 02

(A 533 Bel. I)

4
6

6x4
=24

SA 508 cl. 3

8
8

12x4
= 4S

* Water channels through core.
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Chapter 4

REPROCESSING, WASTE TREATMENT AND FUSION

4.1. Reprocessing
(L.H. Bactsle)

Research and development in the field of leprocessing was concentrated, as in picvious years, on head-end
operations and gas purification.

In collaboration with Bclgonucleaire and ENI, a pilot size hot facility, HERMES (Head-End facility for
Repiocessing studies on Mock-up Engineering Scale), was designed for dissolving batches of up to 10kg of
highly-irradiated fast reactor fuel pins.

Solubility studies were carried out on irradiated und r.on-irradiated UOJ-PUOJ fuel samples in order to
determine the correlation between the solubility data as a function of fuel fabrication parameters, plutonium
content and irradiation history.

Technological research in the field of fission gas trapping and gaseous effluent control was continued.
Particular attention was devoted to iodine trapping in dissolver off gas streams using I3II as radioactive

tracer at the 100 mCi level.

Much effort was devoted to the design and construction of the preconditioning operations for krypton
removal by cryogenic distillation. Extensive additional equipment was added to the cryogenic distillation facility
for automatic and continuous operation.

A pilot size facility for oxidation-adsorption of tritium gas was built and commissioned for work with
highly active tritium streams.

4.1.1. Head-end studies

4.1.1.1. Solubility of fresh UO>-PuO2 fuel in nitric
acid
(L. Vnndevelde)

A preliminary literature survey was made on the
dependence of UOJ-PUOJ solubility on fabrication
parameters e.g. Pu content, mechanical mixing or
coprecipitation, sintering conditions, etc.

The chemical conditions in which fuel could be
dissolved were examined. As well as 8 M HNOj which
is a standard reagent, other solutions were considered

such as HNO3-HF, HI , Ce lv, and electrochemical
oxidation.

It seemed that Ce'v and HI were less suited because
of practical limitations in reprocessing conditions.

An experimental programme on the dissolution of
UO2-P11O2 fuel in HNOjHF and under electrochemical
oxidation conditions has been started.

4.1.1.2. Solubility of irradiated UO-PuO> LWR
fuel
(D. Huys, P. DeRegge)

Three samples with varying initial Pu content
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were subjected to a series of dissolution tests to
investigate the behaviour of Pu bearing fuel under
reprocessing conditions. First the sample was heated
at 95°C in S N UNO.* for 4 h and the solution filtered
through a G 4 filter. The residue was kept for 6 h
in boiling 8 N UNO? and the resulting solution filter-
ed again. The residue was treated with 8 N HNOj +
0.05 N l IF during 4 h at 95°C and finally with
10 N HNO, + 0.1 N IIF for 8 h. The residue amount-
ed to less than 0.05% of the initial fuel and consisted
mainly of noble metal fission products. The hull was
etched for 8 h with 10 N UNO, + 0.1 N IIF dis-
solving about 109o of its weight. Uranium, plutonium,
transplutoniurn elements and selected fission products
were determined in the five fractions obtained and
the results arc summarized in Table 4.1.

4.1.1.3. Design of a Head-End facility for Repro-
cessing studies on Mock-up Engineering
Scale (HERMES)
(L.I I. Baetsle, J. Brootiiaerts, W.R.A. Goos-
sens, G. Collarcl, F. Gorle, R. De Beukelaer",
R. Gilbert', R, De Coninck', M.Poskin',
J.P. Bombaux", R. Biltiau"*)

A pilot scale hot laboratory facility with a capacity
for treating fuel batches of up to 10 kg highly irra-
diated UO2-P11O2 fast reactor fuel was conceived and
designed.

The purpose of the new facility is to provide a
possibility for testing all new technological equipment

which will have to be installed in future reprocessing
plants. The next five year (1978-82) only includes
head-end operations.

The fuel assemblies will be transported from the
reactor sites to a dismantling cell (BR3 or ATIIA)
to remove the fuel pins from the assembly and the
bundle structure and to package them into a cask
for transport to LMA. A maximum heat output of
200 W per package will be taken as reference.

The HERMES facility will consist of 4 hot caves
shielded with 1 111 heavy concrete and equipped with
4 manipulation posts each having two master slaves.

Technological equipment will be installed in a-tight
boxes placed inside the shielding. Each of the two
large a-boxes has an internal volume of 30 to 40 in3.
The atmosphere in the a-box will be flushed by a
closed ciicuit ventilation system with a capacity of
800 to lOOOm'.lv1.

A bleed of 30 m'.h"' released ftom these primary
streams will be submitted to gas purification pro-
cesses. Iodine will be removed by the Mercurex
process followed by a silver impregnated absorbent.
The nitric acid and nitric oxide vapours will be
removed by catalytic reduction with ammonia, and
the oxygen content will be reduced to very low levels.
Moisture will be removed by molecular sieves and
a pure nitrogen stream only contamined with krypton
and other noble guses will be submitted to cryogenic
distillation.

Inside the first a-box (Ci), a chopper will be
installed the detailed construction drawings of which

TABLE -1.1.
Solubility test on h radiated LWR fuel

Injlticncc oj initial plulomuni concentration on Ike solubility
(All v.ilues arc given as percentage of total quantity)

Type of fuel
Burn-up (Pim.i)

Type of treatment

4 hin
8MIINO3 .n95°C

6 h in
boiling 8 M HNO3

- ih inSMHNOj
+ O.05MIIFat95°C

8 h in boiling
IO1MIINO3 + O.IMHF

Cladding etched in
boilinj. IOMIINO3 +
0.1 M IIF for 8 h

UO,
2.99"

Pu

99.8

0.07

0.04

0.03

0.03

U

99.8

0.03

0.13

0.03

0.05

'•"Ce

99.9

<0.01

<0.01

<0.0t

0.08

IO6RU

60

17

1

2

20

(0.96 U, 0.04 Pu)O
3.17

Pu

90.9

2.5

1.6

5.0

0.01

U

92.8

2.9

0.2

4.0

0.05

"•»Ce

98.4

0.91

0.6

<0.01

0.05

2

IO6RU

52

28

2.5

14

3.5

(0.92 U, 0.08 Pu)O
1.97

Pu

60.4

9.5

18.2

11.9

0.02

U

96.3

2.0

0.6

1.1

0.02

'•»Ce

83.5

4.1

7.2

5.0

0.1

2

"K-RU

23

37.6

2.9

33.6

2.9

* BELGONUCLEAIRE
- ' ENI
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have already been finished. The prototype chopper
will allow loadings of a bundle of 30 fuel pins and
single pin shearing into 20 to 25 mm chops, resulting
in u batch of 10 kg UO2-P11O2 fuel.

Additional equipment for oxidation of residual
.sodium and possibly for pulverization of chops will
be installed in Ci.

The fuel batches will be transferred from Ci to
the neighbouring cell C2 within a closed box with
a consumable lining.

The main equipment of Q> is a tubular, critically
safe dissolver of about 50 I equipped with an in-
soluble residue flushing system.

The periphery of the dissolvcr includes a hull
monitoring device, a reagent feed section and hold-up
tanks for dissolved fissile materials.

Additionnally, an insoluble residue treatment sec-
tion on a laboratory scale will be installed.

Construction and equipment of the installation is
scheduled for the period 197S to 1980. Active tuns
are planned to statt in 1981.

4.1.1.4. Heat dissipation of fast fuel
(M. Put, P.N. Henrion, W. Claes)

A literature survey carried out to evaluate tempcr-
atuie levels and the heat dissipation in packed beds
of chopped irradiated fuel pins was supplemented by
direct thermal conductivity measurements. Bits 10-12
mm in length were cut from stainless steel pins of
representative quality. In the low temperature range
(~50°C) , identical results arc obtained whether the
bed is made of empty cylinders or with chops toughly
filled with cement. Experimental results have shown
th.it the calculation can be used with confidence.

4.1.2. Purification of reprocessing off-gases
(W.R.A. Goossens, A. Bruggeman, G. Collard,
M. Put, L. Meynendonckx, J. Vacsen, F. Ven,
R. Glibert", G.Pauluis-, A. Zahlen')

A nucleat gas treatment facility, called GAS-TON,
with a nominal throughput of 25 mMv1 has already
been constructed. Its main aim is the experimental
determination of the performance of intetconnected
gas treatment units in order to design the purification
system for gaseous effluents from a reprocessing plant,
in particular from the dissolver.

Previous investigations were concentrated on the
peiformancc of separate units. This year, the working
conditions of partially integrated sections were spe-
cially investigated. Therefore, these sections had first
to be adapted to the results obtained earlier in the
separate units. These adaptations involved a consider-
able effort of mechanical mounting and the addition

J BELGONUCLEA1RE

of suitable process control equipment. In support,
a few laboratory experiments were performed to allow
proper design of additional gas treatment steps.

4.1.2.1. Laboratory studies on gas purification
steps

The nitiogen oxides generated during the dissolu-
tion of the fuel have to be removed clown to the
ppm level before the cryogenic retention of noble
gases is carried out. In this context, the selective
reduction of NO (and NO>) to nitrogen and water
by catalytic reaction with ammonia was investigated
in the test loop built earlier. Since excess ammonia
has to be destroyed, not only the catalytic reduction
of NO by ammonia in air was studied, but also the
catalytic destruction of ammonia by the oxygen present
in the air.

The experimental data indicated that the ammonia
oxidation in air occuis at a slower rate than the NO
reduction by ammonia. Hence, the design of the
catalytic reactor has to be based on the ammonia
oxidation rate. Within the temperature range of 350
to 500°C, the oxidation of ammonia using hydrogen
mordenite as a catalyst was shown to be of the pseudo
first order. To decrease the NO inlet concentration
of about 5000 ppm to less than I ppm at the reactor
outlet, a residence time as low as 0.2 s is sufficient
if the ammonia inlet concentration is kept at 1.4 times
the NO influent concentration. Traces of iodine ap-
parently did not cause ageing effects on the activity
of the catalyst. The reduction rate of NO dropped
sharply however in the absence of oxygen.

The trapping of iodine compounds on solid sorbents
was further studied in the 1 m3.h"' loop built for this
purpose. It was mainly the deterioration of the sorbent
capacity by moisture which was investigated.

Practical experience showed the necessity for a
test bank in which hygrometric cells can be regularly
calibrated. This test bank is under construction to
allow a monthly check-up of all hygrometric cells.

4.1.2.2. Extension of the existing GAS-TON loop
The wet section of the demonstration loop was

extended with Sorption columns to eliminate the last
iodine traces after the scrubbing towers. The sorption
columns have been filled with various commercial
silver impregnated sorbents. A heat recovery system
combined with a superheater was added so that the
sorption could be operated at 200°C.

Further, the dissolver was made operational for
the dissolution of non-irradiated UO: while iodine
compounds wete artificially introduced. An alternative
demisting device of Belgian origin was installed and
tested. The radioactive tracer sources of iodine and
methyliodide were put in a separate box to increase
safety. At the same time, control of these sources
was improved.
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In the conditioning section, effort was concentrated
on the adaptation of all the equipment to the higher
working pressure needed. Indeed, this section was
designed for a pressure of only 200 kPa ( = 2 bar).
As reported below (§4.1.2.3.), the results obtained
in the cryogenic section showed that it was necessary
to increase the pressure to about 1 MPa ( = 10 bar).
Therefore many mechanical modifications were made
on the drier. The dcoxo unit, which gave full satis-
faction, has been disassembled and some parts of it
were used to assemble a denitro unit able to work
at 1 MPa. This denitro unit was designed according
to the experimental data obtained in the laboratory
test rig. All necessary parts and corresponding in-
strumentation were ordered and their assembly has
been started.

The cryogenic section was adapted to the higher
pressure of 8 bar. Additional instrumentation for
better control of the operating conditions has been
installed making use of the practical experience gained
during a run of long duration. The corresponding
automatic control devices have been ordered and
installed. Furthermore, the connection of the various
control devices to a data logger has been started.
The data logging will be performed by the PDP 11/03
microcomputer. There arc 5X 16 input channels avail-
able and each of them can have a current, voltage
or resistance input. For the print-out and conversation
with the logger, a teleprinter is used. Action has been
taken for an extension of the digital system to include
a steering device to be used for a few of the critical
parameters of the cryogenic section.

4.1.2.3. Experimental results obtained in the
GAS-TON loop

In the wet section of the demonstration loop, the
final iodine capture by silver zeolite and silver nitrate
impregnated sorbents was studied. Both sorbents were
found to be very sensitive to the relative humidity of
the gases, even at temperatures near 200°C. With the
Mercurex scrubber and the silver impregnated sor-
bents in series, decontamination factors of more than
103 were obtained. Since this result is due to the
higher humidity of the gases emerging from the
scrubber, an intermediate condensor has been designed
and ordered.

After various modifications of the dissolver in the
wet section, the dynamical behaviour of iodine was
investigated during the dissolution of about 4 kg of
non-irradiated UO2 in 8 N HNOj. Therefore, the 3.5 g
Nal added to the nitric acid were traced with 100 mCi
I3 'I. The evolution of the tracer inside the solution
of the dissolvcr and in the gaseous effluents were
monitored. The iodine release rate during dissolution
was shown to be constant with fixed operating con-
ditions of the dissolver. The iodine release dropped
once the dissolution of UO2 was finished and depend-

ed from that moment on the oxygen sparging rate.
The iodine which escaped from the dissolver was first
trapped in a packed column washed with water. This
water scrubber was shown to serve as an iodine buffer
tank since the wash water saturated quickly and
released the iodine afterwards. In a second packed
column washed with a Mcrcurcx solution, this iodine
was removed and the final iodine traces were retained
on a silver zeolite bed. The over-all decontamination
factor of the system was about 10' for the first hour
of operation and decreased to an average of 130 for
the 30 h of operation. This evolution confirmed that
a coolcr-condcnsor to piotect the silver zeolites was
necessary.

An alternative demister of Belgian origin was tested
separately. This demister showed a mist trapping
efficiency of 99.99% at a pressure drop which was
only one tenth of the value obtained with the Brink
demister.

In the conditioning section, the cycle time and
operating conditions of the driver were optimized.
After its adaptation to a pressure of 1 MPa ( ~ 10
bar), many difficulties were encountered in obtaining
sufficient leak tightness. The controlling devices added
for operation at cyclic temperature and pressure modes
were tested. Vaiious parts of the denitro unit of this
section were commissioned.

The cryogenic section was operated for 4 weeks,
day and night. Various equilibrium conditions could
be reached for both culumns of this section, working
with nitrogen-krypton-xenon mixtures. The main oper-
ation difficulties were found to be due to the very
high sensitivity of the first column to minor flow rate
changes, liquid nitrogen feed fluctuations and small
variations in the electrical tension. Furthermore, be-
cause of the potential formation of xenon crystals on
the column packing, increased working pressure was
required. This experimental information was com-
bined with a few literature data to estimate how
necessary it would be, in the future, to work at a
pressure of at least 700 kPa (7 bar). The experimental
data were also used to determine the critical points
of the installation in order to define the characteristics
of the controlling devices needed. Reception tests of
the cryogenic installation adapted to a working pres-
sure of 800 kPa (8 bar) and extended with most of
the new controlling devices were started.

4.1.3. The separation of tritium
(A. Bruggeman, L. Mcynendonckx)

On the basis of earlier laboratory experiments, a
pilot unit for the trapping of tritium from gaseous
effluents under excess oxygen conditions has been
designed and constructed. The facility was designed
for decontaminating a 15 m3.h"' flow of process ef-
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fluents. It consists of an electric prchcatcr, a catalytic
oxidation reactor, a recuperative heat exchanger, a
coolcr-condcnsor and a two-stage adsorption drier. The
diying unit is to be operated with a closed regenera-
tion system. The actual leak rate of the total in-
stallation is about 10"2Pa.m3.s'' at a A p of 10'Pa.
Target outlet concentrations are 0.5 ppm Hj (IIT)
and 0.5 ppm II2O (HTO) .

In 1978, experimental work will be started on the
development of a technique for an economic enrich-

ment and separation of the tritium in the aqueous
effluents from reprocessing plants. The aim is to
concentrate 90% or more of the original tritium in
196 or less of the original volume. A technical-
economical evaluation revealed that the proposed
technique, based on a combination of water electro-
lysis and water-hydrogen isotope exchange, was 4
times cheaper than the known water distillation pro-
cedure. A 1.4 kW water clectrolyser and a regulated
cl.c. power supply have been ordered.

4.2. WASTE CONDITIONING AND DISPOSAL

4.2.1. R & D programme concerning the location
of a site for the burial of radioactive waste
(R. Heremans)

CEC contracts 013-76-1 WASB and 014-75-7 WASB

4.2.1.1. Catalogue of potential sites for radio-
active waste disposal in Belgium
(P. Manfroy, A. Bonne, R. Hercmans)

The objective of the study was to make an in-
ventory of potential geological formations for solidif-
ied radioactive waste burial. Selection was based on a
series of geological, hydrogeological and lithological
criteria. This work was carried out in collaboration
with the Geological Service of Belgium for the general
geological aspects of the problem, and with the "In-
stitut National des Industries Extractives" (INIEX)
as far as information on existing mines and quarries
was concerned. The catalogue will be published next
year.

4.2.1.1. Experimental programme for the Mol site
(R. Heremans, P. Manfroy, A. Bonne, M.
Buyens)

Laboratory activities were concentrated on the 4
following topics:
- continuation of the ion exchange capacity meas-

urement on different clay types including determina-
tion of diffusion coefficients;

- start-up of a series of corrosion experiments;
- determination of geomechanical properties of un-

disturbed clay samples;
- study of the influence of Y-irradiation and temper-

ature on the general behaviour of clay.
The hydrogeological survey programme was con-

tinued. Pumping experiments were performed in the
embanked aquifers and general characteristics such
as permeability, transmissibility and storage coefficient
have been determined. At the same time, water

samples weic taken from the various aquifers between
0 and -600 m and these samples were submitted to
chemical, physico-chemical and radiochemical analyses.

The geological integrity of the clay formation in
an area of about 25 km2 was investigated by review-
ing existing geological data and completed by an
inquiry into possible subsurface geophysical tech-
niques for fault detection. This file, supplemented by
detailed analysis of satellite photographs will enable
us to decide on future field studies.

The geomechanical test results obtained on un-
disturbed clay samples were used in a first theoretical
evaluation of engineering problems related to tunnel
digging and casing design at a depth of 200 m below
ground surface in a clay formation. A feasibility study,
the HADES project (High Activity Disposal Ex-
perimental Site), was started in collaboration with
a private engineering company. Tridimensional ma-
thematical models, both for radionuclide migration
and temperature transfer in clay, are being developed.

Evaluation of the long-term hazard of final storage
of radioactive waste in the Boom clay formation is
being carried out in collaboration with J.R.C. Ispra.
The aim is to develop and apply special methodologies
such as the "Fault Tree Analysis" on the assessment
of the geological integrity of a burial site. The assess-
ment of the probability of primary events is now
being carried out on the basis of available geological
information.

4.2.1.3. Radiochemical studies
(D. Huys, P. DeRcgge)

The ion exchange characteristics of clay extracted
at a depth of 200 m have been investigated as a
function of pH, irradiation dose and thermal pre-
conditioning. Acid compounds present in the fresh
clay seem to be destroyed by irradiation doses above
3 X 10'' rad or by drying the clay at 210°C. As a result
the clay tends to exchange H+ ions with Na+ and
Ca++ ions and neutralizes acid ( p H 3 ) Cs+ or Sr++
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Solutions up to pH 7 at equilibrium. The effect of
gamma-radiation on the ion exchange properties is
moderate to negligible on dried clay samples. How-
ever, radiolysis products formed during irradiation of
fresh clay samples adversely affect the ion exchange
capacity.

The results obtained in batch equilibration ex-
periments have been verified by dynamic experiments
using clay-loaded columns. The concentration of a
particular isotope in the cluatc exceeds 0.0296 of the
input concentration when about 75% of the theoretic-
al exchange capacity of the clay has been reached.
This result is independent from the initial concentra-
tion of the ion adsorbed in the solution. Elution of
saturated clay with fresh groundwater removes the
adsorbed ions at a decreasing rate until about 75%
of the saturation value is reached.

The solubility of PuO> previously heated at 700°C
has been studied in groundwatcr as a function of time
and pH. After 200 days the Pu concentration reaches
1 tng/1 at pi I = 1, 250 |ig/l at pH = 3 and less
than 25 |J.g/l for pH values between 6 and 9. These
quantities have to be considered as the maximum
source terms of Pu when diffusing from a solid PuO>
slab into the surrounding atmosphere.

4.2.1.4. Theoretical and experimental work on
heat dissipation
(M. Put, M. Buyens, W.R.A. Goossens)

A mathematical model has been developed to deter-
mine temperature piofiles as a function of time after
disposal, age of the radioactive waste and distance
above or below the geological disposal site in the
Boom clay layer. The model is 3-dimcnsional and
takes into account the time dependence of the heat
dissipation of the radioactive waste. The results of
the calculation show that the most determining para-
meter is the heat load (in kW/ha) . This number is
influenced by the age of the waste and the disposal
configuration. An acceptable value was shown to be
15 kW/ha if the temperature at the interface between
the clay layer and the adjacent upper aquifer is not
allowed to rise more than 3 to 5°C.

Experimental work has been carried out on 10 cm
0 carrots taken from the Boom clay layer. The
temperature profiles observed during axial heating
revealed the real value of the thermal conductivity
of the Boom clay.

4.2.1.5. Selection of canister material
(F.Casteels, H.Tas)

Screening tests are being carried out in order to
select the alloys which are most corrosion resistant
and which can be used as cladding material for canis-
teis to be stored in a geological clay formation. The
tests are performed in a wet atmosphere simulating

pyrolysis of clay at 573 K, The corrosion tests are
carried out at 322 K in a corrosion chamber designed
for accelerated atmospheric corrosion tests.

Weight changes in a number of candidate canister
materials (A1SI 304, A1S13O4L, A1S1316, AISI
316L, AISI 430, Inconcl 600, Incoloy 800, Al, Ti,
carbon steel, chromized steel and two fcrritic steels
with a low interstitial content [1803 T and 1803
MoT]) tested for 4 months at 322 K, did not show
large difference in conosion rate for most of the
materials. Carbon steel and aluminium revealed the
largest corrosion rates: 20 mg.cm'2 for carbon steel
and 0.25 mg.cm'2 for titanium.

Similar screening tests are in progress at 423 K
in an air flow loaded with water with a composition
obtained from the pyrolysis of clay at 573 K.

4.2.2. High temperature incineration
(N. Van de Voorde', J.Vangccl, A.Tflcymans*)

FLK 60 operation

For the incineration tests, the following composition
was selected to simulate teal waste mixtures ( w t . % ) :
- combustible waste : - paper 22

- ion exchanger 2
- plastics 30

- miscellaneous waste: - glass 6
- sludge 10.4
- sand 6.2
- metals 2
- NiijCOs 1
- moisture 19.4

Examination of the melting cone revealed that the
flow angle of the mixture was too small for the
geometry of the oven.

The addition of 8% metal chips to the above
mixture improved the quality of the resulting granule.

As to the radioactive incineration tests, the same
waste mixture has been used but only the burnable
part was radioactive.

The granules obtained were of good quality.
Tests showed that without a panel-bed filter, the

efficiency of the scrubber rose ftoin a few percent
to 55-60% and the pte-filters had to be changed
every 13-15 working hours. The amount of fly ash
ranged from 200 to 250 mg.Nm'3.

Granule densification

Mixtures of granules and 0.5% unburnt paper were
compacted at 800°C and 946 MPa. The unburnt ma-
terial gave rise to a decrease in density from 98.8%
to 90%.

BELGONUCLI-AIRE
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Leach tests

SiOj rich granules (6596) have been irradiated in
the BR2 reactor and after cooling leach tests were
started,

Leach rates for 5lCr and 5''Fc as low as 10" g.cm 2.&'
have been obtained.

Incineration of waste with high Pu concentra-
tion

The conceptual design of the Pu-10 incinerator
( IOkg/h) is being studied. In preparation for Pu
recovery tests on PuOj ash mixtures, feasibility tests
with CeO: ash mixtures with Na2COi, MuSO-i, NaCI
melts have been carried out. The solidus and liquidus
points of the basic Pu-rich waste ashes mixed with
different additives are being studied.

Panel bed and liquid scrubber systems for
incinerator gas purification
(M. Klein, A. Frnncesconi, R. Harnic, W.R.A. Goos-
sens)

During the construction of the purification unit,
leception tests were performed on the panel bed and
on the scrubber. The optimum working conditions
for the scrubber have been determined; the efficiency
measuied with IICI injection reached 9096 for an
inlet concentration range of 3,000 to 5,000 vpm.

A sampling system for the simultaneous mcasuic-
nient of dust concentrations and water content up-
stream and downstream the panel bed and after the
scrubber has been installed.

The mass flow (g.Iv1) and the dust concentrations
(g.Nnr'wet) at the incinerator outlet are given in
Table 4.2.

The humidity varied between 15% and 2096 up-
stieam and between 3 to 596 downstream of the
scrubber.

Many difficulties weic encountered in the operation
of the sandbed filter (sand leaks). Moreover, efficien-
cy was never high due to the very fine dust emitted
by the incinerator ( < 1 |j.m).

A different sand granulometry (3-5 mm instead of
1-2) gave similar results.

The performance of the scrubber, which was not
designed for particulc trapping, was also very low.
Therefore, a trapping device specifically for the sub-
micron particules is being studied.

Chemical pollutant monitoring
(H. Peperstrae(e)

Effluents from the FLK 60 were analysed for SO2,
SOt, NOj and I ICI using standard methods. Dust col-
lected was examined for volatile material and metallic
elements.

4.2.3. Conditioning of cladding waste
(J. Broothaerls, L. De Wilde, F. Casteels)

Reference data concerning the cladding waste arising
from a 10GW(e) nuclear programme, its composi-
tion and radioactive characteristics, have been com-
piled.

From an extensive bibliographic study on the cor-
rosion behaviour of lead and its alloys, five alloys
were selected for experimental corrosion and com-
patibility studies. The latter refer to the investigation
of potential interactions between the embedding alloys
and the components of the waste or canister material.
The first results from corrosion tests in ground water,
dcmineralizcd water and humid atmospheres, simulat-
ing underground storage conditions, have been ob-
tained after contact times of up to 3 months.

In tests using non-active cladding materials, appro-
priate operating conditions for compaction and em-
bedment have been determined. A fivefold volume
reduction is obtained at a compaction pressure of
150MP.1. Embedment in Pb-1.5Sb alloy at 723 K
under atmospheric pressure results in residual por-
osities of 15 to LS96. In general, residual porosities
represent only 3.596 of the matrix volume when the
alloy is poured onto the compacted briquette under
vacuum.

A conceptual design of a waste canister, accommo-
dating the compacted cladding from 2.5 tons of fuel
and which can be used as a mould for the embedment
operation, has been made.

TABLE -1.2.

Dust outlet concentration
(g/Nm3 wet)

incinerator

p.mel bed

scrubber

Mass flow (p/h)

September

0.089

0.032

0.038

90

October

0.113

0.030

0.017

226

November

0.107

0.062

0.056

250

December

0.101

0.OS4

0.058

174
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4.2.4. Conditioning of krypton for storage
(P.N. Hcnrion, W. Claes, A. Lcurs)

The krypton pressure in a charcoal-filled storage
container ultimately depends on the temperature,
which itself is a function of the granulate bed. Pre-
liminary work showed that, provided sufficient ther-
mal conductivity could he achieved in the bed, very
safe conditions of storage could be obtained with
reasonably high concentrations of active krypton.

Improvements in bed conductivity were observed
when aluminium and various graphite powders were
vibrated in the bed interstices. Attempts were also
made to constitute a continuous (and porous) me-
tallic matrix around the activated charcoal granules

by hydrogen reduction of interstitial CuO powders
or direct sintering of metallic Cu or Zn powders in
a reducing atmosphere. Satisfactory results were ob-
tained with a particular combination of charcoal and
graphite types making it unnecessary to continue with
the more costly metallurgical developments. Calcula-
tions have shown that concentrations in 8lKr as high
as 3500 Ci.l1 could be kept in cylinders (50 mm
O.D.) at pressures not exceeding 3 kg.cnr2 when the
wall temperature is kept at 25CC.

The project to experimentally test the validity of
the above computation in a single 1 litre cylinder
containing 4000 Ci 8iKr had to be abandoned because
this quantity of krypton is not available on the market.

4.3. GAS CLEANING TECHNOLOGY
(W.R.A. Goosscns, G. Collard, R. Gubel, M. Put, L. iMeynendonckx, F. Ven)

The reliability of the xenon delay bed installed in
the off-gas citcuit of BR3 was investigated. The many
start-up difficulties encountered are related to the
industrial operating conditions of the BR3 power
stations. Once these were mastered, long duration
tests were performed with the delay bed continually

connected to the off-gas circuit. The determination of
the performance of the delay bed is based on the
measurement of y-spectra in the gas stream upstream
and downstream of the delay bed. More data are
needed for a reliable interpretation.

4.4. FUSION RESEARCH AND LITHIUM TECHNOLOGY

4.4.1. Lithium technology
(M. Socnen, J. Dckeyser, G. Gcboers)

The conditions for operation of the Li 1 loop in
1977 wcte as follows.
Main citcuit
- maximum temperature
- minimum temperature
- flow
Test sections
- temperatuie hot sideloop

hot section
cold section

- flow
Purification ciicuit
- temperature (cold trap)
- flow
Plugging circuit
- flow

400°C
355°C
0.3 Is"1

600°C
: 400°C

360°C
0.15 l.s-1

190°C
0.1 to 0.03 l.s'

: 0.05 to 0.01 l.s-1

The hot sideloop temperature has been gradually
increased to 600°C and has been maintained at 600°C
for the last quarter of 1977.

Most of the experience gained up to now is in the
field of sampling, chemical analysis, corrosion of
stainless steel tabs and nitrogen gettering.

Li sampling

The same sampler is used as for sodium. As cruci-
bles, however, only stainless steel and to some extent
tantalum have been used successfully; Ni dissolved
completely, Z1O2 crumbled into pieces ranging from
2-3 mm to dust, while AliOj had only limited resistan-
ce. Because lithium sticks more firmly to the walls
than sodium, the outside diameter of the sampler tube
has been increased. In addition, it is envisaged chan-
ging the inner cage holder for easier dismantling of
the crucibles and special attention is required to
prevent air contamination of parts of the loop during
mounting and dismounting of the sampler.
Li chemical analysis

The following impurities expressed in ppm have
been analysed:
- non-metallic: N2 ±1000; carbide ±100 ; carbonyl
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± 1 0 ; carbonate ± 1 . 5 ;
- metallic : AI: > 4 7 ; Cr: 31; Pc: 25; Ni: 20;

Mn: 5; Ca: 4; Mo: 2; Pb: 2; Ag,
Mg, Sn and Si: < 1 .

Corrosion of stainless steel tabs

The maximum corrosion rate observed was 20 X 106

m.ycar1 for an AIST 316 stainless steel tab with no
thermal heat treatment and exposed to a lithium flow
of 0.27 m.s"1 at 400°C.

To study the dependence of the corrosion rate on
the lithium velocity, future runs will have tabs ex-
posed to a velocity which is 10 times higher.

Nitrogen gcttcring

Because of the high solubility of nitrogen in lithium,
nitrogen purification with a cold trap is ineffective.
Therefore, chemical gettering of nitrogen has been
tried.

After a first campaign at 400°C for 2160 h, the
nitrogen content of the Ti sponge was increased from
30 ppm blank value to 300 ppm inside and 620 ppm
at the surface. With this low absorption rate for
nitiogcn, kilogram quantities of Ti sponge should be
needed to remove quantities of up to 12 gram of
nitrogen present in the lithium content of the loop.

A second campaign for 1209 h at 575°C resulted
in an average concentration of 55,000 ppm N: at the
suiface and 38,000 ppm inside the Ti sponge. The
gcttcring capacity at this temperatuic has been much

enhanced, reducing the nitrogen content of the loop
by a factor of 2. The gcttcring with Ti sponge is
clearly hampered by a surface layer formation. To
eliminate such layer formation, an Fe-Ti alloy instead
of Ti sponge will be tried as a getter at 575°C in the
next run. Statistics for the operation of the Li 1 loop
during 1977 are given in Table 4.3.

4.4.2. Lithium chemistry
(F. Licvcns, C. Purmcnticr)

Samples collected from the Li 1 loop were analysed
for nitride and caibide using conventional methods
of analysis developed previously. Vacuum distillation
was successfully carried out in a stainless steel ap-
paratus, but could not be used for oxide determina-
tion, for which no alternative method has been found
up to now. Distillation may be used as a preconccn-
tration step for the emission spectiogiaphie analysis
of metallic impurities.

4.4.3. Thermal shock measurements on candidate
first wall materials
(R. DeConinck)

In view of plasma-wall interactions, the limiter and
the first wall materials for fusion reactors should be
chosen from the low-Z refractories with a high melting
point and a low evaporation rate. Above all, good
icsistance to thermal shock is of primary importance.

TABLE 4.3.
Operation of I be Li loop

Month

January

February

M.uch

Apiil

May

June

July
August

September

October

November

Dec-ember

Working hours at temperatures (CC)

0-399

2

4

—

—

2

—

3

—

—

—

—

—

400-499

515

311

744

720

719

720

741

230

438

—

—

—

500-599

—

—

—

—

—

—

—

—

617

178

—

600-699

—

—

—

—

—

—

—

—

127

542

539

Total working hours 1977:

Total working hours at the end of 1977:

Total per
month (h)

517

315

744
720

721

720

744

230

438

744

720

539

7,152

8,309
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Simulation tests on this plasma-wall interaction, to
test thermal shock resistance, have been carried out
on a number of candidate first wall materials.

Tests have essentially been performed with the help
of an electron gun (5.5 kV, max. 0.5 A, min beam
0 on target 14 mm2) on specimens with dimensions
of approximately 2.5X2.5X0.5 cm. The intensity of
the beam can be varied with the aid of a pulse
generator, and by applying a negative voltage to the
Wehnclt cylinder and simultaneous defocusing. Pulse
durations arc chosen on the basis of the dumping
time. They can easily be tuned-in to values as small
as 0.02 s and to rest times, between pulses, of 0.5 s
or much higher.

The resistance to thermal shock is measured as a
function of setics of impulses of heat loads with

increasing intensity whereby the number of impulses
and their duration can be varied. The resulting
damage, e.g. deformation, melting, cracking, spalling,
breaking, etc., is cither directly observed through the
windows of the gun assembly, or with the aid
of optical microscopy, scanning electron microscopy,
X-ray analysis or Auger spectroscopy.

The results obtained for the various types of
mau.rials show an increase in the resistance against
thermal shock e.g. the load (in MW.m'2) at which
damage occurs, for a pulse duration of 0.7 s and a
rest time between impulses of 5 min, given between
brackets, increases as follows: Al:Ot (7 ) , S'uNj (20) ,
B4C (20.5), viticous carbon (28), SiC (36), very
fine-grain graphite (49) and Mo (49 to 50).

4.5. SAFEGUARDS PROJECT
(C. Beets, P. Bemelmans, J. Clialle, F. Franssen)

4.5.1. Safeguards regulations and procedures

At a governmental level, SCK/CEN has been in-
volved in the technical aspects of the following:
- the problems of implementation of IAEA-EUR-

ATOM Safcguaids in nuclear facilities;
- the Working Group of the London Nuclear Suppliers

Group on Physical Protection;
- the drafting of an International Convention on the

Physical Protection of Nuclear Materials.

4.5.2. Research and development

Threat characterization and conceptual design,
development and analysis

The first application of the theory of games of
strategy and related modelling techniques concerned
the BR2 icactor with its specific transportation net-
work for fissile elements; this work is in progress.

Technology, equipment, and modular systems
development, testing and evaluation

In the evaluation of recommended methods for U
enrichment of UO2 powders and pellets, an inter-
national control method based on high resolution
gamma spectrometty and using additional isotopic
sources has been tested satisfactorily.

The performance of the CRT-Intercontrolc fuel rod
scanner (Cf source) to be installed at FBFC has been
verified.

Testing and verification of equipment in an
operating environment

Euratom and IAEA aie mainly interested in testing
and evaluating non-destructive assay techniques in
real operating conditions of UO> and UO2-P11O1
fabricating plants.

The following subjects have been discussed by an
Advisory Group:
- procurement and certification of physical standards;
- utilization of physical standards;
- calibration and evaluation of non-destructive mcas-

111 einen ts;
- identification of physical standards needed by IAEA.

They have been applied in two representative cases:
- procurement of UO> reference materials (ESARDA

working group on Non-Destructive Assay);
- procurement and verification of reference LWR rods.

In the fabrication of LWR fuel assemblies, the UOj
pellet homogeneity is currently being tested using a
rod scanner device. This device is basically designed
to detect, in a very short time (about 1 min), pellets
with an enrichment deviating 10 to 159o from the
nominal enrichment.

Furthermore, with this device it is possible to
verify the ^ U content and the weight of the individual
rods, and it could therefore be used in nuclear material
accountancy.

To test the rod scanner device, the operator pro-
duced a set of 13 reference rods.

It is evident that highly confident data for these
reference rods are required, and that this is best
achieved by collaboration between the operator and
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the safeguarding authorities. Such collaboration was
established between the operator, the safeguarding
authorities (Euratom and IAEA) and nuclear centres
(CCR Euratom, Lspra and SCK/CEN), to agree on
the way in which characterization should be per-
formed in order to be adequate for both management
and verification purposes.

Procedures followed by the operator and the safe-
guarding authorities have been defined. These pro-
cedures include:
- chemical analysis;
- mass spectromctric measurements performed by

three laboratories;
- non-desttuctive measurements of enrichment using

Nal and Ge detectors;
- surveillance and containment measures.

Non-destructive analysis of irradiated fuel

A Technical Advisory Group meeting on the non-
destructive analysis of irradiated fuel, chaired by
SCK/CEN, was convened to inform the IAEA of
the current status of non-destructive assay applied to
inadiated fuel measurements.

4.5.3. Radiochemical analysis support
(R. Boden, D. Huys, P. De Reggc)

Safeguards Analytical Laboratory Evaluation
(SALE)

Participation in the SALE programme was con-

tinued in order to assess the current analytical ca-
pabilities of the radiochemical service. Accuracy and
precision of the different methods in use remained
essentially between 0.2 and 0 .1% for elemental ana-
lysis of U and Pu in solutions and less than 0.1 %
for isotopic content ^ U and a 'Pu. The systematic
error on 24lPu is believed to be due to the uncertainty
of its half-life.

Entcrlaboratory comparisons

An intcrcomparison of the isotopic composition of
UOj samples was conducted at an enrichment plant
measuring UF6, by CBNM and by SCK/CEN. Both
of the latter used thermal ionization spectrometers.
Out of 13 samples, agreement between SCK/CEN
and the enrichment plant was within 0 .1% for 6
samples, between 0 .1% and 0.2% for 6 samples and
between 0.2% and 0.3% for one sample.

No data from CBNM have been obtained at present.
SCK/CEN is also participating in the intcrlaboratory
comparison of the analysis of irradiated PuCK in-
cluding burn-up determination, organized by the Com-
mission of the Eutopcan Communities, and to an
intcrcomparison of the measurement of a sPu by
a-spectromctry organized by GfK in collaboration
with CBNM. The evaluation of these intercomparisons
is still in progress.
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Chapter 5

BASIC AND EXPLORATORY RESEARCH

5.1. MATERIALS SCIENCE

The research programmes in the field of materials science have to a large extent been focused on basic
materials problems related to the generation of both nuclear and non-nuclear energy. Problems concerning the
former are radiation damage in metals, alloys, polymers and ceramics as it arises under fission and fusion
reactor conditions, in particle accelerators, in radioactive waste disposal, etc. Problems related to the latter
concern solar energy (amorphous semiconductors as candidate materials for photovoltaic conversion cells) or the
application of materials science in electricity transport or in high magnetic fields (superconductors).

As in the past, a considerable effort has been made to gain more insight into the relation between the
basic structure of solid materials (studied by elastic and inelastic neutron scattering, electron microscopy, powder
characterization, etc.) and their physical behaviour (electrical, magnetic, mechanical, optical and thermal
properties). Specific materials that have been investigated in the course of 1977 involve metals and alloys
(Mo, W, V, Re, Cu, ferritic alloys), semiconductors (various amorphous chalcogenidc glasses), polymers
(polyvinylidenc fluoride and highly conjugated organic systems) and ceramhs (UO2, UC, silicate glasses).

These experimental investigations have been supplemented with theoretical studies in the field of diffraction
physics, quantum theory and the electronic structure of solids.

A major part of this research has been carried out in close collaboration with several Belgian and foreign
laboratories. Part of it was supported by IIKW/IISN.

The basic materials science programmes were supervised by J. Nihoul, J. Cornells, R. De Batist,
P. Delavigncttc, D. De Vooght, E. Legrand, P. Nagels, M. Snykers, A. Van den Bosch, F. Biermans, M. Denaycr,
L. Eerscls and W. Timmermans, professional staff members of the Materials Science Department, S. Mauteclcr,
M. Neve de Mevergnies and W. Wegener, professional staff members of the Neutron Physics Department.
Scientific support was given by S. Amelinckx, Director General, and by R. Gevers (RUCA), J. Devreese
(RUCA-UIA), L. Stals (LUC) and J. Van Landuyt (RUCA-UIA), consultants.

Most programmes were carried out in close collaboration with research workers from one or more Belgian
laboratories belonging to R.U.C. Antwerpen (A. Callens, R. Colson, M.David, R. De Ridder, J. De Sitter,
W. Herremans, P. Van Camp, V. VanDoren, D. Van Dyck, L. Van Goethem, J. Van Royen, M. Van Sande,
G. Van Tendcloo, R. Wolf); K.U. Leuven (L. Delaey, W. Grevendonk, J. Roggen, J. Vanderhaeghen, J. Van
Humbeeck, L. Van Gerven); U.L. Bruxelles (A.Art, T. Beatse, R. Deltour, J.D. D'Hayere, M. Hou); U.I.
Antwerpen (F. Brosens, L. Lemmens); R.U. Gent (D. Scheerlinck); H.O.R.T.O.K. Mol (J. Van Guysse).
Common projects were also elaborated with scientists from abroad, namely from France (B. Dorner, P.F. Gobin,
G. Guenin, J.C. Mutin, G. Nouet, R. Pynn, R. Scherm, W.D. Teuchert, J. Vicens); Germany (P. Vorderwisch);
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Greece (T. Karakostas); Spain (C. Conclc, J.E. GarciaRuiz); Argentine (G. Mahr von Stazsewski); Japan
(P. Watari): and Muncarv (A. Csordas).

5.1.1. Radiation damage

5.1.1.1. Metals and alloys

A study of the radiation damage caused by implan-
tation has been undertaken. Transmission electron
microscopy in conjunction with elemental X-ray emis-
sion analysis were used in order to directly follow the
presence of implanted atoms. For the detection of
the presence in the matrix of small quantities of
implanted atoms, it is necessary to have a good know-
ledge of all the mechanisms that can influence an
X-ray spectrum. Programmes have therefore been pre-
pared for the calculation of a spectrum taking into
account the general shape of the background and other
phenomena such as absorption edges and escape peaks
for the case of thin foil specimens.

In view of the simulation of neutron irradiation
in studying swelling characteristics of materials, the
working conditions of the high voltage electron micro-
scope at RUCA have been established. This microscope
was also used to investigate the behaviour under
1 MeV electron irradiaton of the long period ordered
AiijZn alloy. Damage was only visible in the one-
dimensional long periodic antiphase boundary domains
[220] {50}. A typical micrograph is shown in Fig. 5.1.
The disordering effect of high energy electron irradia-
tion was also investigated in some transition metal
dichalcogenides.

For the study of the influence of inert gases on
the behaviour of point defects, a series of low close
( ~ 2 0 p p m ) high-energy helium implantations in
molybdenum and tungsten have been performed, fol-
lowed by rcsistometric recovery experiments. No clear
evidence for tne trapping of point defects by migrating
helium atoms could be observed. Implantation ex-
periments up to higher doses will be necessary in
order to study the trapping mechanism. A new series
of experiments on the recovery of electron-irradiated
tungsten and cold-worked iron has been started.

The surface blistering of rhenium following 21 kcV
Hc+-ion irradiation at temperatures between 300 K
and 1200 K has been investigated. Blistering starts
at 300 K at a dose of 3X 10" ions/enr. The blister
diameter varies with temperature from 4400 A at
300 K to 10100 A at 1200 K. From the observations,
the following relationship could be derived between
the blister diameter 0bi, the blister depth XM and the
blister height hbi:

hbi = 0.35 0i,i , Tbi = 3.43 0 2 / \ i
The erosion yield E> due to blistering is a function
of dose: Ev = 0.51 atom/ion at 3 X 1017 ions/cm2;
Ej = 0.56 atoms/ion at 6 X 10" ions/cm2 and E> =
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Vig. 5./. — Selective radiation phenomenon in An Jin alloy.
In this chess board arrangement oj alternating 2
dimensenional and I dimensional long periodic
antiphase boundary domains, visible damage is
only present m the 1 dimensional domains. (Spe-
cimen it radiated in high voltage electron micro-
scope with WOO kV electrons at a current density
of 14 A/cm2 for 1 min Domain size: 0 5 \wi.)

0.14 atoms/ion at 3X 10ls atoms/cm2. The sputtering
yield is estimated to be 0.1 atom/ion. A detailed study
of the models for blister formation has shown that
the inter-bubble fracture mechanism is only partly
acceptable. At the critical close for blister formation,
blisters are initiated by inter-bubble fracture in one
layer, but their final form is mainly determined by
stress release in the bulging blister cap.

5.1.1.2. Radiation damage in polymers

The analysis of the TSD spectrum observed in
gamma-irradiated (up to 1 Grad) polyvinylidene fluor-
ide (PVDF) has been extended to the dynamic me-
chanical relaxation experiments in the low frequency
(torsion pendulum) and medium frequency (flexural
resonance) ranges. Both the amorphous visco-elastic



region (occurring below room temperature) and the
crystalline visco-elastic region (above room temper-
ature) have been investigated in some detail.

The spectral decomposition and dose dependence
of the various components has led to the following
observations.
- In the amorphous visco-clastic region, five com-

ponents are observed, confirming the TSD analysis.
Two of these appear to be radiation-induced, again
confirming the TSD findings, and can be related to
the increasing amount of unsaturation in irradiated
material. Two peaks (ß and ßu) are related to the
glass transition in PVDF; an analysis of the dose
dependence of their relaxation strengths yields in-
formation on the molecular chain length distribution
parameters.

- In the crystalline visco-elastic region, two main
components (ai and a.2) can be distinguished. The
relaxation strength of the ai peak increases with
dose and is interpreted in terms of a crystallite
boundary relaxation process. The 0C2 peak on the
other hand is thought to correspond to incoherent
lattice vibration effects occurring within the crys-
tallites; its relaxation strength decreases with in-
creasing gamma dose.

5.1.2. Semiconductors

5.1.2.1. Electronic transport in amorphous semi-
conductors

Measurements of d.c. conductivity, thermopower
and Hall coefficient obtained on glasses in the Tl-As-
Te-Se system have been analysed using Mott's model
of the band structure for amorphous semiconductors.
Between 100 K and 300 K the slope of all plots of
log c against 1/T shows a continuous decrease with
decreasing temperature. The thermopower curves gra-
dually level out with decreasing temperatures and they
even pass through a maximum for some compositions.
It is supposed that the decrease in the thermopower
at lower temperatures arises from a negative contribu-
tion which is due to hopping of electrons in the tail
of the conduction band. In this case the Fermi level
lies nearly in the middle of the mobility gap. The
width of the tail of the valence band is of the order
of 0.1 eV. Differences in behaviour of the conductivity
and thermopower of samples of same chemical com-
position but originating from different preparations
show that the conditions during glass formation, in
particular the quenching rate, play an important role.
This may indeed lead to a different degree of disorder
of the "amorphous" material.

5.1.2.2. Electrical properties of polymers

Measurements of d.c. electrical conductivitv and

thermopower as a function of temperature have been
performed on several polyaccnc quinone radical poly-
mers prepared by condensation of pyrcne with acidic
compounds. These polymers show fairly high conduc-
tivity. The thermopower is positive and increases very
slightly with increasing temperature. The conductivity
data can best be fitted by plotting log <7 versus 1/T"",
with n between 2 and 3. Such a temperature depen-
dence is characteristic for variable range hopping in a
two-dimensional system. Although the current noise
in the sample was extremely low, no Mall effect could
be detected. In order to interpret the data the follow-
ing model for the PAQR system is proposed: each
chain consists of a number of large areas in which
the charge carriers are dclocalizcd; their wave func-
tion extends over this area and decays exponentially
at the edges. Charge carriers move from one delocaliza-
tion region to another by phonon assisted tunneling.
Using Mott's theory for variable range hopping, the
density of states, the number of charge carriers and
the conductivity mobility have been evaluated for the
diffeient polymeric systems.

5.1.3. Ceramics

5.1.3.1. Waste confinement in glass

A research programme has been started to study
the iclcvant physicochcmical properties of glasses and
the influence of irradiation on their structural stability.
A number of reference compositions, representative of
the slags produced in the FLK furnace (Waste De-
partment), have been defined and will be prepared
for further characterization and experimentation.

5.1.3.2. Fabrication of uranium carbides

A comparative investigation of the influence of a
number of production parameters (reaction temper-
ature, milling time, sintering temperature) on the
sintering behaviour of UC,^, U(CO) and U(CON)
has been carried out. The materials have been charac-
terized by chemical analysis, grain size distribution
and specific surface area of the powders, green density,
sinter density, pore size and open pore volume, grain
size, geometry.

Some of the more relevant conclusions of this work
can be formulated as follows:
- with respect to their influence on sinter density,

the effects of O and N are cumulative (at least
within the range investigated; i.e. up to 8000 ppm);

- in UCt+, a one-to-one correlation between powder
fineness, grain size and densi'.y is observed; the
correlation breaks down in U(CO) and U(CON)
for (O + N) concentrations above about 3000 ppm.
This behaviour can be related to the formation and
(partial) evacuation of CO during the initial stages
of sintering;
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- for the three material variants, a one-to-one corres-
pondence is found between sinter density and the
specific surface area (determined by mercury posi-
metry) of the green pellets,

5.1.4. Superconductivity

A set-up for the resistometric determination of
critical currents in superconductors of technological
interest is under construction. Meanwhile the current
behaviour has been studied by magnetization meas-
urements using the Faraday method. Typical data,
obtained on a small disc of pure lead, arc given in
Tig. 5.2. The force F is proportional to the magnetic
moment of the sample multiplied by the gradient of
the magnetic field. The inhomogencous field is pio-
duced by an ironless coil. The coil-current is chopped
to increase the force detection sensitivity. The current
direction is reversed after every measurement. During

Pb
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Fig 5.2. — The force, F, exerted by an inhomogeneous field
on it superconducting lead <//rc, which is healed
tip slowly, is plotted versus temperature. The joice
difference, for two different field directions, is
alt abated to the presence of persistent currents,
the maximum intensity of which decreases with
increasing temperature.

the "on" period, the current is kept constant so that
the force in this case is proportional to the mag-
netization. The data are analysed assuming that the
moments consist of two parts: a permanent and an
induced one. The permanent part was pinned in
the sample at the beginning of the experiment by
cooling the sample in a magnetic field. The induced
part is generated each time the coil is energized.
By heating the sample up slowly, the permanent
moment decreases from 100 to <}% in the temper-
ature region between 3.2 and 6.8 K, while the induced
moment remains constant to within 3%. The mag-
netization is attributed to persistent currents. The lack
of knowledge of the spatial distribution of the currents
in the sample makes it difficult to relate quantita-
tively the decrease of the magnetic moment to the
critical current density of lead at the different temper-
atures.

5.1.5. Structure investigations

5.1.5.1. Neutron diffraction

Since the resolution of the powder diffractometcr
had been improved, neutron diffraction measurements
of the intermetallic compound FejP, which was stu-
died a few years ago, have been lesumcd. The mag-
nitude of the magnetic moments on both iron sites,
which was the principal unknown of the magnetic
structure, could be determined.

The temperature dependence of the Debye-Waller
factors of the atoms in BaTiOj has been measured in
Grenoble by Ilcwat and Schollmayer. We tried to
extend these measurements to higher temperatures.
In order to decrease the theimal diffuse scattering
contributions to the measured intensities, the first
measurements were performed on the triple axis
spectrometer. However, the counting statistics on
this spectrometer appeared to be too low to permit
an accurate determination of the small intensities,
which is indispensable for obtaining reliable results.
The measurements were therefore continued on the
powder specttometcr and good results have already
been obtained at 560°C and 690°C.

5.1.5.2 Neutron inelastic scattering by conden-
sated matter

Cerium hydrides

The phonon dispersion curves of CeD> 12 obtained
previously have been analysed. A sixth-neighbour
Born-von Karman tensor force model (21 parameters)
satisfactorily describes the experimental characteristic
features. We have also extended a phenomenological
model, developed for mono-atomic metals, for the
more complex case of CeD2 which has metallic proper-
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tics. Preliminary calculations show that the resulting
12-pnnimetcr model also gives a satisfactory descrip-
tion of the experimental data.

The CcDi 12 single crystal used in the previous ex-
periment has been loaded up with deuterium so as
to reach the composition CeDj72. I'honon dispersion
curves have been obtained at room temperature by
means of the triple-axis spectrometers IN3 and INI
at the I.L.L. (Grenoble).

Cu-Zn-Al alloys

A lattice dynamical study of the pre-martensitic
state in Cu-Zn-Al alloys has been started. Some pho-
non branches have been measured on the IN3 triple-
axis spectrometer of the I.L.L. A small anomaly has
been found at q = 2 /3 (110) in the TA2 ( ^ O )
branch. Since this anomaly shows no critical behav-
iour as the martensitic transformation is approached,
it may be assumed that it docs not play an important
role in this transformation. New clastic reflexions have
also been found, the origin of which is not yet clear.

MnSO4

Experiments have been performed on MnSCX
(TN = 11.5 K) at room temperature. A first relation
between exchange parameters results from the second
moment <h2oj2> of the energy distributions of the
scattered neutrons. A second relation has been ob-
tained from a computation of TN in the Green's
function approximation. By restricting the interactions
to first and second nearest-neighbours (an assump-
tion valid for NiSG\i), it was not possible to fit
< f r w 2 > , TN, 0 and X ( T N ) simultaneously.

Molecular rotations studied by neutron inelastic
scattering

The analysis of quasi-elastic neutron scattering spec-
tra measured on polycrystalline cthylenc oxide clath-
rate samples has been completed. To investigate the
possibility of a single crystal study, the corresponding
scattering function has been calculated, involving
several types of guest molecule rcorientatons. A de-
tailed study of the intensity of the Lorentzian com-
ponents in different directions showed that in a single
crystal neutron scattering experiment it is possible to
separate the different types of molecular motions.

5.1.5.3. Electron microscopy

Imperfections in coincidence grain boundaries have
been studied in the b.c.c. metals. Special attention has
been paid to the study of twin boundaries in vana-
dium. The observation of ct-type fringe systems in
the {112} twins for common reflections indicate the
presence of a translation fault (Fig. 5.3.). It has been

shown that the contrast is in good agreement with a
translation based on a rigid body rearrangement model
giving rise to a dense stacking of both twin elements
in the twin plane. For the translation vector, which
can be decomposed into a component in the twin
plane and another one perpendicular to it, calculations
give the following result:

- [ T T 3 ] = - [ T T l ] + - [ 1 1 2 ]
37 22 53

It has been shown that coincidence lattices in hexa-
gonal close-packed structures can be one, two or
three-dimensional. A systematic study of coincidence
boundaries in the hexagonal Zr and Cd has shown
that the majority of the cases observed can be descri-
bed by 180° rotation operations, as is also the case
for all the coincidence lattices observed in the cubic
crystals. On-line computer calculations have been
developed for the rapid determination of the sym-
metry operation describing the relation between both
elements of a bicrystal.

/•*/{! 5.3. — Twin boundary in the b c.c. vanadium, situated
in the (211) plane The I ringe system revejled in
a common (112) reflection indicate the presence
of a translation jault situated m the boundary
plane
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Detailed microscopy .studies have been performed
on tlie analysis of the micro.stmeture of several gold
alloys i.e. AusMnj, AunMiii anil AiuZn. In addition
to the characterization of the lattice defects and their
role in the ordering processes, high resolution electron
microscopy was used to study the defect configurations
on a nearly atomic smale {51,47}.

The ordering process of the ternary alloy QiiAuPd
was studied using the same techniques. Ambiguities
in the literature could be clarified and attributed to
thin foil effects.

Further diffraction and electron microscopy research
was performed on the two-dimensional charge density
wave systems in transition metal dichalcogenides {45}.
A new type of supeistructure a \^7 was found in VSc2.
A complex diffraction pattern resulting from the pie-
sence of this phase is illustrated in Fig. 5.4.

fig 5*/ — Complex ill ffraction pal ten: in VSe2 due to several
uipeistructures. Dining the exposnic, scvaal tran-
sitions related to chaige density waves occur

A Peicrls' distortion in the one-dimensional system
TaS* could be studied by electron diffraction {49}.

Order-disorder transitions were analysed in transi-
tion metal dichalcogcnides in which metal ions were
intercalated in the Van der Waals gap. Various super-
structures are formed depending on the type of site
(tetrahedral or octahedral), occupied by the inter-
calate {28,48}.

Superstructures have also been studied in the
Ni3t\Tcj system and a detailed analysis of their for-
mation has been given. Incommensurate superstruc-
tures are observed and interpreted as being due to
partial ordering of Ni atoms in planes at continuously
varying mean distances. A study of similar phenomena
has also been undertaken in the C113TC2 system.

A high tesolution study of the dehydration of
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gciethite into hematite has shown that it is a coherent
process conserving the oxygen lattice, The transforma-
tion pioceeds along cracks and develops into regions
of only 2 nm depth (Fig. 5.5.). The association of
such aieas gives rise to what has earlier been inter-
pieted as superstructures whose pciiod is a function
of the depth of the transformed crystal. A similar
transformation has also been studied in diaspore.

Finally the a—>|i phase transition in amethyst quartz
was studii.il using election microscopy and diffraction.
Particular attention was paid to the interaction be-
tween the dauphine and bra/ilian twin boundaries
{43}.

fig. .5.5. — Thin goelhile single tiyslal partially transformed
into hematite as icretiled by lattice imaging. The
transformation proceeded along a crack and pe-
net 1 tiled only 2 mm into the goethitc ci ystal.

5.1.5.4. Internal friction in highly damping Cu-
Zn-AI alloys

The thermo-elastic martensitic transformation oc-
curring in Cu-Zn-Al alloys gives rise to internal fric-
tion effects which are strongly dependent on ampli-
tude. Using an inverted torsion pendulum, a number of



quasi-isothermal damping vs. strain amplitude curves
have been measured in the vicinity of the martcnsitic
transformation temperature of a Cu-Zn-AI specimen
(Ms=oO°C). Depending on the difference between
measuring temperature and Ms, different amplitude
dependencies of the internal friction are observed.
These results can be used to generate damping vs.
temperature curves for constant strain amplitudes.
In this way it has been possible to show thai the
variation in the damping results as a function of
temperature, which is frequently observed in diffeient
specimens or even in different runs on the same
specimen, can be related to changes in the strain
amplitude or to changes in the microstructure, result-
ing in changes in the critical strain amplitudes which
cot respond to the onset of mobility of the various
boundaries occurring in these materials.

5.1.5.5. Characterization of solid materials

Tor various research programmes at SCK/CEN,
powder chaiactcrization experiments have been carried
out for determining grain size distribution, specific
surface area, porosity, density and the flow piopcrties
of granular material. The instrumentation for meas-
uring the mechanical behaviour of powders has been
further developed to reduce the amount of material
and the time required for a measurement and to allow
measuring of the cohesive and tensile strength of a
powder. Special attention has been paid to the numer-
ical reduction of the data in tcims of an analytical
expression for the yield locus.

5.1.6. Theoretical studies

5.1.6.1. Diffraction physics

The linear critical voltage effect studies have been
extended to include the influence of absorption {22}
and of non-systematic reflections {20,21}. The duality
between orientation and voltage was clearly illustrated
by the use of a convergent beam technique at the
high voltage microscope {23}.

The "cluster model" whereby particular geometric
configurations of atoms (clusters) are used to describe
the transition state of ordering systems has been
further elaborated and applied to various systems. The
relationship between this model and the short range
order parameters has been established {27,29,42}.

The diffraction contrast at inversion boundaries and
between inversion domains has been calculated and
compared with observations {41 }.

5.1.6.2. Quantum theory and electronic structure
of solids

A sum rule leading to a relationship between the
effective mass and the optical absorption of free

polarons has been derived {31}. The frequency de-
pendent conductivity tensor for polarons in a magnetic
field has been calculated {46}. The temperature de-
pendence of this tensor has been investigated and the
relationship between this tensor and the resistivity
and magneto-resistance is being studied. The ground-
state energy of a gas of interacting polarons has been
calculated variationally {34}. The density dependence
of the groundstate energy per particle is shown in
Fig. 5.6. The influence of non-parabolicity and im-
purities on the magneto-optical resonances in the two-
phonon region was investigated for inSb. The energy
spectrum and oscillator strength of the resonant states
i.s shown in Fig. 5.7.

Using the dynamical exchange decoupling for the
dielectric function of the electric gas {12}, the static

Density dependence of the grounds Idle energy of
ZnS. The dashed line is the kinetic and exchange
energy The dotted line is the polaron contribution
to the groundstate energy and the tinbiokcn line
is the total energy per particle. The energy E is
expressed in units /;u)0 (= 43 64 mcV for ZnS.
The conveision of rp to a density is given by

4.32
n =

. 3
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it) The energy spectrum in the two phonon region of lnSn
is shown its a function of the applied magnetic field. The
open circles indicate the experimental points. The diffcicnt
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Fig 5.7.

dielectric function of this model has been calculated.
It was shown that the dielectric ftinction arising from
the dynamical exchange decoupling only satisfied these
consistency requirements {13,14},

Interatomic potentials in nictals have been derived
from experimental phonon spectra {11}. In Fig. 5.8.
the calculated phonon spectrum and the derived inter-
atomic potential arc shown for potassium. Using a
bonding-antibonding Ilamiltoniiin, the static dielectric
macroscopic function and the optical f:jquency of
diamond has been calculated. The static dielectric
function shows anisotropy.
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a) the intoatomic potential for K, with 5 neighbour inter-
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b) The unbroken line gives the calculated phonon spectrum
for K. The dots indicate the experimental phonon frequen-
cies.

Fig.ßS.
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5.1.7. Instrumentation

Neutron diffraction

The powder spectrometer has been connected to the
PDP8 computer, resulting in increased versatility of
the spectrometer. Since the PDP8 computer has al-
ready been used to control a triple axis spectrometer

and a four-ciiclc diffractomctcr, the programmes had
to be adapted to this extension. Although the com-
puter is only equipped with a 16 K hardware memory
and has no mass storage memory, the flexibility of the
measuring routines is very high and the interference
time for the three instruments remains negligibly
small.

5.2. NUCLEAR PHYSICS

In the field of nuclear physics, the main lines of research, the amount of effon and the close association with
a number of Belgian universities, international institutes such as CI3NM (JRC Euratom, Geel) and foreign
scientists were maintained.

The neutron cross-section programme was mainly concerned with a study of iron, which is obviously an
important structural material for reactors. The aim of the study is to improve the overall accuracy of the neutron
resonance parameters of this element. A study of 108Pd, a stable fission product, was also started. Finally, a
precise measurement of the capture width of the 6.7 eV resonance of ^ U was carried out; the accuracy of this
data is of great value, for thermal as well as for fast reactor physics.

The fission programme was mainly devoted to various aspects of the fission fragments: primary isomeric
yields of Sc isotopes, back-scattering of fission fragments by various metallic foils, kinetic energy and mass
distribution of fission fragments from "'Pu in the neutron resonance region (up to 100 cV), and fission fragment
energy correlations for the thermal fission of a7Np and ^'U.

The nuclear spectroscopy programme included, among other topics, neutron capture gamma spectrometry
studies, and a measurement of the short lived 73Ge'"(48s) using the BR1 fast pneumatic "rabbit". On the
theoretical side, interesting results were obtained for the form factor of some light nuclei (10B, "B, 6Li), using
improved wave functions or introducing correlations. Efforts devoted to the understanding of the concept of
"rotation" of deformed nuclei were also successful.

As for the laser isotope programme, the study of nitromethane CHiNOi was completed; interesting
photochemical information was obtained, but no isotopic selectivity could be detected. A study of freon CP2CI2
was also performed and yielded positive results with regard to selectivity of the carbon (I2C, "C) and chlorine
(35C1, 37C1) isotopes.

5.2.1. Experimental nuclear physics

5.2.1.1. Neutron spectrometry
(Joint SCK/CEN-CBNM-RUCA-VUB neutron cross-
section programme)

Resonance parameters of 238U
(E.Cornelis''*, L.Mewissen, F. Poortmans, G.Rolir*,
R. Shelley*, T.van der Veen"', G. Vanpraef', H.Weig-
mann*)

(Contract SCK/CEN-IAEA No. 1636/RB)

The analysis of all transmission, scattering, capture

- CBNM, Geel
" *• R.U.C.Antwerpcn

and self-indication experiments on ^ U performed in
1975 was completed.

Precise measurement of the capture width of
the 6.67 eV resonance of 238U
(E.Cornelis', L.Mewissen, F. Poortinans, P. Stave-
loz - )

(Contract SCK/CEN-IAEA No. 1636/RB)

There are still important discrepancies between
thermal reactor benchmark calculations, using differ-
ential neutron data, and integral experiments. In low
^ U enriched uranium lattices, the ratio of epithermal-

R.U.C.Antwerpcn
V.U.Brussel
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to-thermal ^ U capture is overestimated by approxi-
mately 10% if one takes the -"'U resonance para-
meters from ENDF/B-1V. The calculation of cpi-
thermal capture in ""U is largely dependent on the
resonance parameters of the 6.67 eV resonance. The
neutron width for fhis resonance is very well known
(\"s = 1.50±0.01 mcV) but this is not the case for
the capture width.

We have deduced the capture width for this re-
sonance from an area analysis of a scattering ctoss-
scction measurement. Our result is: Pv = 24.2 ±0 .8
meV.

Scattering and transmission experiments on Fe
(E. Cornells", L. Mewissen, F. Poortmnns, H. Weig-
mann"")

Scattering measurements have been performed on
a thin natural Fe sample (n = 4.342 10"3at/b). Ex-
periments were performed at a 30 m flight path
station using 'Me gaseous scintillators as neutron
detectors. The detectors were mounted at an angle
of 135° iclativc to the neutron beam axis. It has been
possible to assign l-values for a limited number of
neutron resonances from these data. The experiments
will be repeated at a 60 m flight path station and
at various angles.

Precise transmission measuiements were carried out
for the 1.15 keV resonance of 56Fe. Resonance para-
meters for this resonance have been requested for
Dopplcr coefficient calculations in fast reactors.

The experiments were pel formed at a 60 m flight
path station. The sample (n = 7.60 10'1 at/b) was
cooled at liquid nitrogen temperature in order to
reduce the effect of Doppler broadening. A shape
analysis of the data yielded the following results for
the icsonancc parameters: PN = 51±1.6meV, PT =
785±100mcV.

We have used the gas-model approximation for the
calculation of the Doppler width. Taking a Debye
temperature of 467 K, the effective teniperatuic in
this gas model is 181 K. The value for the capture
width FT depends strongly on the knowledge of the
Doppler width. An analysis of the data with various
values for the effective temperature has shown that
a 10% change in the effective temperature yields a
PT value change of 12% and a neutron width T\
value change of \%.

Transmission measurements on IO8Pd
(E. Cornelis"', L. Mewissen, F. Poortmans, P. Stave-
loz --")

High resolution transmission experiments on an

sample have been performed in the
energy range between 20 eV and 20 kcV. Four 3Hc
gaseous scintillators were used as a transmission de-
tector on a 60 in flight path length. The sample was
cooled at liquid nitrogen temperature. The neutron
burst width was 4.2 nsec and timing channel width
10 nsec. Analysis of the data is in progress.

Data acquisition programmes for scattering,
transmission and capture experiments
(L. Mewissen)

A 10 ns Laben timeroder has been modified (up
to 16 output bits) and interfaced with the IIP 2112 A
processor with 56 K memory. An analysis programme
has been implemented to build the frequency distri-
bution up to 49152 time-of-flight channels. Read out
of the data is on magnetic tape. The system has been
used for scattering experiments on natural Fe at a
30 m flight path station.

Another code has been implemented in an 11.P.
Assembler to carry out transmission measurements
using an automatic sample changer, linked to various
histogram zones for "sample in" and "sample out"
spectra. The time-of-flight spectrum can be subdivided
into a maximum of 6 zones with a variable channel
width multiplication factor. The timing addresses,
each of 16 bits, are compiesscd into 24,576 channels.
For each cycle the stability of the counting apparatus
is checked by the sorting ptogrammc.

The bidimensional code for capture experiments
with ChDft scintillators has been checked with a proto-
type of the DE 7602 2ns-timecoder, equipped with a
double data buffer.

Resonance analysis of neutron scattering data
(E. Cornells', F. Poortmans, H. Depuyclt)

Two computer codes were written for the analysis
of resonant scattering data. The analysis is performed
in two separate steps. In the first programme (called
CORSCA) the experiment is simulated by the Monte
Carlo method using a set of guess-values for the
resonance paiameters. This allows correction of the
normalised experimental data for multiple interactions.
The output of CORSCA provides us with the first
scattering probability spectrum.

By the SCATAR code, the previous result is pro-
cessed using an area analysis based on a single level
Breit Wigner formalism.

The lay-out of the codes is such that intermediate
results ate stored on a disk and a minimum of input
is needed for the SCATAR code.

Up to now the codes have been used for the
analysis of s-wavc resonance data measured using

* R .U.C.Antwerpen
•••• C B N M , Gecl
' • V.U.Brussel R.U.C.Antwerpcn
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several types of samples, including oxide samples
placed between aluminium canning plates.

5.2.1.2. Fission physics and chemistry

Primary isomeric yields in fission
(P. del Miirmol, P. Feltweis)

Data on the direct formation of thermal fission
product isomcrs arc very scarce. By means of the
chemical rabbit at the BR1 reactor, 115U was irradiated
und 70s 1"Se'"(l/2-) and 22.2 min "Se^S»/^1) were
quickly isolated so as to minimize their formation
through the decay of 14 s MAs.

The resulting very low y activities were followed
by means of a Ge(Li) counter. Analysis is in progress.

Joint SCK/CEN-CBNM-R.U.Gent studies on fis-
sion physics and standards
(Contract EUR/C/4l46/67f)

Backscattering of fission fragments
(G. Coddens'", C. Wagcinans'' )

To simulate the backscattering of 2'1>U (iiih.f) frag-
ments on gold, a Monte Carlo programme was written
based on the Lindhard theory on the interaction of
charged panicles with matter. The angular and energy
distribution as well as the relative yield of the back-
scattered fragments calculated in this way are in good
agreement with all available experimental data. The
present calculations also demonstiate the strong geo-
metry dependency of these backscattering measure-
ments: for a zero distance between ZbU target and
scatteier a backscattciing yield of 5.12% is obtained;
for a distance of 0.6 mm this yield is only 3.8%.

Taking this into consideration, an additional effort
was made to improve the rcproducibilitv of the geo-
metry in our experiments. By mounting the BiU target
on a goniometer and by incorporating a distance meas-
uring device in the chamber, the distance between
target and scattcrcr can now be varied to an accuracy
within 0.01 mm. The measurements are being con-
tinued using this improved equipment.

Fission cross-section of 233U
(C. Wagcinans'*)

Although U5U is an extensively studied nucleus, the
accuracy of its neutron induced fission cross-section
remains unsatisfactory. Even between the most recent
measurements, discrepancies up to 10% exist. Such
a situation is surprising, especially in the eV and keV
neutron energy region, since here the fission cross-

section is rather high and also the neutron flux deter-
mination is expected to be straightforward.

However, since c\ measurements lelative to a 6Li
flux monitor tended to result in lower o"i values, we
rcmcasured the ffiU fission cross-section relative to
l0B(n,a) and to 'Li(n,a) independently. Surface bar-
rier detectors and back-to-back foils were used. The
advantage is that fission fragments and neutron flux
aic detected at the same time and from the same
position in the neutron beam. The measurements were
carried out at an 8 m flight path of the CBNM Linac;
neutron energies from 0.015 eV up to a few keV were
covered (useful energy region: 0.015 - 200 cV).

The fission cro:.s-section values obtained from both
measurements were consistent within experimental
accuracy. Also the boion-to-lithium ratio was obtained
during these measurements. It was compatible with a
l /v behaviour for both 'Li(n,a) and l oB(n,ao+ai)
reaction cross-sections, as expected. So the ptcsent
measurements allow us to conclude that for lov
neutron energies, differences of several peicent in o"i
cannot be due to the neutron flux standaid used, if
the thin foil method is applied.

Kinetic energy and mass distributions for
239Pu(n,f) fragments in the resonance region
(C. Wagemans', G. Wcgoner-Pcnning"7", H. Weig-
mann* ' )

Pission fragment kinetic energy and mass distribu-
tions from 2WPu(n,f) reactions were measured at the
CBNM Linac in the neutron energy range from ther-
mal up to about 100 eV. In this energy region, sever-
al well isolated resonances with spin values J = 0
and J = 1 arc available, which allows the mass and
energy distributions as a function of the resonance
spin to be studied.

Fission fragments fiom a thin Pu layer (deposited
on a very thin VYNS support) were detected in two
large surface-batricr detectors. These detectors were
cooled and stabilized at 0°C, which made them in-
sensitive to fluctuations in the room temperature. In
this way a good long-tcnn stability was obtained,
necessary for measurements with a low counting-rate.

Within the present experimental accuracy, no stri-
king differences between energy and mass distribu-
tions for both spin states arc observed. The meas-
urements were temporarily interrupted due to radia-
tion damage in the VYNS backing of the Pu layer.
They will be continued when a new target is received.

IWONL/IRSIA fellow R.U.Gent and SCK/CEN
NFWO/FNRS, R.U.Gent and SCK/CEN

• NFWO/FNRS, R.U.Gent and SCK/CEN
*' SCK/CEN trainee
'- CBNM, Geel
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Fission fragment energy correlation measure-
ments for the thermal fission of 237Np and 233U
(M.Asghar*, P. D'Hondt2*, C. Guct% P. Perrin3*,
C. Wagemans4*)

The results of these measurements were published
(Nuci. Phys. A292, 225-236) with the following ab-
stract:

"Fission fragment mass and kinetic energy distribu-
tions and mass-versus-encrgy correlations have been
measured at the Grenoble high-flux reactor for the
thermal neutron induced sub-barrier fission and above-
the-barrier fission of a7Np and a 'U respectively. Un-
wanted events were eliminated by careful timing. In
the case of a7Np(nih,f), the two odd particles (one
proton and one neutron) are, on average, shared out
equally between the two complementary fragments
leading to < | i n > , being t amu higher than the value
for the neighbouring even-even fissioning nuclei. The
peak mass yield for a7Np is 5.7% compared to 6.5%
for ^'LJ. The peak-valley ratios of mass distributions
are 124 and 544 for a7Np and B5U respectively. The
mass distribution for B7Np is wider than for ^ U and
broadens more towards more asymmetric fission than
towards symmetric fission. The global mass distribu-
tions for a7Np and M5U show fine structures. For
events with high total kinetic energy, the yield of
mass around 136 seems to dominate for a7Np com-
pared to mass 134 for B5U. The periods of fine struc-
tures seem to be =2 .5 amu and 5 amu for •"'Np and
M5U respectively. The < E K > for a7Np is about 4MeV
less than the expected value. It is, respectively, =0 .5
and 1.5MeV less for the mass regions u,n = 119-124,
124-135, and 135 and beyond. It has been shown
that these results are qualitatively consistent with
Nörenberg's model. However, it has been shown that
this model does not explain these results quantita-
tively."

Thermal neutron induced (n,a)-reactions in
heavy nuclei
(C.\Vaj;enians4\ P. D'Hondt2', A. Declercq2*, M. As-
gharv, A. Emsallcm5'1, A. Deruytter2*')

An upper limit of 0.3 u.b was determined for the
reaction-cross-section of ai9Bi(n,a) which is three or-
ders of magnitude lower than quoted in published
data.

For the B:>U(n,a)-reaction cross-section an upper-
limit of 0.66 mb was determined, about ten times
lower than in all published data. At the same time
the energy distribution of the a-particles produced

I L L, Grenoble
R.U.Gent
CEN, Grenoble
NFWO/FNUS, R.U.Gent and SCK/CEN
Univcrsitc de Lvon

by the "L"U(n,f)-reaction was measured. It shows a
clear non-Gaussian behaviour at lower energies.

A final report on both measurements has been
submitted for publication.

5.2.1.3. Nuclear spectroscopy

Formation of "Pd and levels of 97Rh
(N.K. Aras", P. del Mnrmol, P. Fcttwcis, J. Vanhorcn-
bceck")

l7Pd has been obtained by bombarding natural Ru
with 3IIe at the cyclotron at Louvain-la-Neuve. By
means of fast chemical separation, Pd was isolated
from neighbouring elements and its activity followed
with a Gc(Lt) counter. Three y-transitions with half-
lives of about 2.65 min confirmed results of a previous
experiment (Aten and Kaptein). Radiogenic growth
measurements show that more than 90% of the decay
of 97Pd passes through the 31 min 9'eRh isomer
(I = 9 / 2 + K

Enriched %Ru has been ordered in view of repeating
the experiment with less interference from other Pd
isotopes.

Decay of 75Ge"'
(S.Barkan***, P. Fettweis)

The 7 / 2 f (48s ) isomeric level of 75Ge"' formed
by neutron capture "Gc is generally thought to decay
only to the 1/2' (83 m) ground state of 75Ge by
a 139 kcV y-transition. Previous searches for a ß'-
branching from this isomeric level to the levels of
As7' failed to give any evidence of y-transitions in
this nucleus decaying with the same lifetime as the
isomeric transition in Ge75.

However, in a recent study by Bhattacharyya et al.
[Nuovo Cimcnto 31, 519 (1976)] , the authors claim-
ed the existence of a ß' transition to a 400.7 keV
(5/2 + ) level in As75 followed by 96.7, 121.1, 136.0
and 279.5 keV Y-rays (such as in the case of Se75

E.C.decay to that same level).
We investigated this problem by studying the decay

of several Y"ra>'s resulting from the irradiation of
various targets of Ge in the BRl reactor, using the
fast pneumatic conveyor. Ge(Li) and Si(Li) detectors
were used for the high and low energy region of the
Y-spectrum respectively. About I g of metallic Gc (in
the form of powder or lumps) was used for the
100-1000 keV Y"ray energy region and about 10 mg
spectroscopically pure Ge oxide was used for 6-100
keV low Y-cnergies. Samples were irradiated for 20 s
and 50 s respectively.

The overwhelming intensitv of the 139 keV isomer-

* Middle East Technical University, Ankara
' * NFWO/FNRS, U.L.Bruxelles
*•* On leave from the University of Istanbul
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ic transition was reduced with respect to the lines of
interest (279.5, 303.4, 353.8, 504.0 and 972.9 keV)
by introducing 1 mm of lead absorber in front of the
Ge(Li) detector.

A ß" decay to the 303.4 keV (9 /2 + ) level in As"
was inferred from our measurements of a cascade and
a cross-over transition of (24kcV - 279.4 keV) and
303.4 keV respectively, all of which decayed with a
half-life of about 48 s. Other y r a v s which are ob-
served decaying with compatible half-lives arc being
further investigated.

Neutron capture in 48Ti
(S. Barkan*, P. Fettweis, J.C. Deliaes2')

Natural titanium in powder form has been irradiated
at the III beam hole of the BR2 reactor so as to
check the new (n,y) spectrometer by means of the
4sTi(n,y)'"Ti reaction which was studied in 1969.

Single f-ray and y-y coincidence measurements
were carried out using Ge(Li) detectors.

The be.im neutron flux was found to be 6.7 10f

n.cm2 for 100 M\V reactor power.
Spectra were recorded and analysed with the usual

coincidence set-up including an Ortec time analyser
coupled to the ADC via TSCA. Coincidence was
found between the 6762.2 keV and the 1381.5 keV
transitions in 4Ti, and between the 6417.9 keV and
both the 1381.5 and 341.9 keV transitions.

The equipment to carry out angular correla-
tion measurements has been installed. We plan
to investigate the reactions IO4Pd(n,Y)'osPd and
"°Pd(n,Y)'"Pd in collaboration with CBNM, Geel.

Joint K.U.Leuven-SCK/CEN programme
Bent-crystal diffraction spectrometer at BR2
(L. Jacobs31, G. Vandenput4'-, P. Van Assche)

The leflccting power of the diffracting silicon crys-
tals has been checked. The tests indicate almost no
decrease in reflectivity up to gamma-energies of 600
keV. Quartz crystals of the same thickness ( « 2 mm)
show a strong decrease in reflectivity (following an
E'2 dependence) starting at about 300 keV (Fig.5.9.).

Full details on the diffracting quality of these silicon
crystals have been published.

Nuclear s t ructure studies
(J.-M. Vanden Cruyce4'', G. Vandenput*, L.Jacobs3'',
A. Spits5"', L. Dc Corte, P. Van Asschc)

The experimental analysis of the level scheme in
the odd-odd IHTa nucleus has been completed. It

'• On leave from the University of Istanbul
2* U.L.Bruxelles
^ IIKW/IISN, K.U.Leuven
f K.U.Leuycn
3 ' Guest scientist, The Netherlands
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hue indicates the energy dependence oj a com-
parable a. quartz.

results in 14 rotational bands, all built upon well-
identified single-particle states for the odd proton and
neutron. The theoretical study of this nucleus, carried
out in collaboration with P. Prokofjev's group at the
Riga University (USSR) is in progress.

At the High Flux Reactor in Grenoble, some other
nuclei with small nuclear deformation were studied,
namely the odd-odd l54Eu and the odd-mass 155Eu
nuclei.

The energy of the isomeric level in ^U"1 has been
measured by means of the fflU(n,v)aiU reaction. We
obtained an energy of 74.8 ±4 .4 eV.

Together with the information that the maximum
conversion electron energy from the decay to the
ground state of 4 + ionized isomeric B5U is 6 8 ± 2 e V
(M. Neve, Phys. Lett. 32B, 482, 1970), we can de-
duce that the electronic configuration of 4+ ionized
uranium is (5f ) ( 6 p ) 6 ( 6 d ) instead of the other
possible ( 5 f ) 2 ( 6 p ) 6 electronic configuration which
has been deduced from recent neutron diffraction and
X-ray photoemission spectroscopy (XPS) studies (see
G.H. Lander et al., Phys. Rev. B13, 1177, 1976, and
B.W. Veal et al., Proc. 2ml Int. Conf. on the Electronic
Structure of the Actinides, Wroclaw 1976).
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5.2.2. Theoretical nuclear physics

Form factors for electron scattering by 1GB and
"B
(M.-C. Boutcn, M. Boiiten")

The form factors for elastic scattering of electrons
by ln13 and "13 and the inelastic form factor to the
6.02 MeV level in 10B were calculated with inter-
mediate coupling wave functions in a Projected
Hartrcc-Fock basis. It is shown that a good fit to the
form factor is obtained only if both the deformation
and the intermediate coupling arc taken into account.

Exact treatment of Jastrow correlations in the
charge form factor of 6Li
(M. Bouten', M.-C. Boutcn, P. Van Leuven" )

Short range correlations have been used in order
to explain the presence of a diffraction minimum in
the form of some light nuclei. This can be done
conveniently by multiplying the shell-model wave
function by a Jastrow correlation factor of the form

II" { 1 — e x p [ — ( r , , / n ) 2 ] }'«
i < i

It was shown by Ciofi dcgli Atti that a diffraction
dip could be obtained in the form factor of 6Li.
However, he treats the contribution of the correlation
factor in an approximate way by keeping only the
two-body correlation terms. We have therefore carried
out the exact calculation of the charge form factor
of 6Li taking into account all correlated pairs.

A good fit to F(q !) was obtained over the
entire region of measured q values when different
oscillator lengths for s and p particles are used,
namely b> = 1.55 fin, bp = 2.0 fm and a correlation
length \x = 1.05 fm.

We have studied the convergence of our results in
relation to the number of correlated pairs considered.
A good estimate of rms radius, position of diffraction
dip and secondary maximum can be obtained if up
to four correlated pairs are included. At least six
correlated pairs must be considered before the form
factor is on the whole sufficiently stable.

Triaxial shapes in A = 10 nuclei
(M. Boutcn", M.-C. Boutcn, E. Flerackers**)

In the previous annual report, it was shown that
the consideration of triaxial deformation improved
our understanding of the low-energy spectrum in 10Be.
A similar calculation for IOB is more complicated since
the lowest partition implies S = 1, so that non-central

forces play a more important role. Our results arc
as follows:
- triaxial deformation is important in lnB since it

lowers the energy of the low-lying levels by about
1.5 MeV;

- using a spin-orbit strength of 4 MeV, a reasonable
energy spectrum is obtained;

- calculating the B(E2)'s between the low-lying states
indicates large differences as compaicd to the pre-
vious axial calculation; however, the discrepancy
with experiment for the low-lying J = 2 to J = 1
transitions remains equally bad.
One can think of two causes for this deviation

from experiment. The non-central foices have been
approximated in our calculations by a simple 7 7
force. We have first investigated the influence of
using more realistic tensor fotcc matrix elements.
It is found that this yields a correction of the right
sign which is, however, much too small in magnitude.
As a second remedy, we arc at present investigating
the influence of low-lying core-excited states. These
states are known to exist at an excitation energy
of about 7 MeV, and have strongly deformed wave
functions. Even small admixtures of such wave func-
tions in the low-lying states could considerably change
the B(E2)'s.

Nuclear rotation and quantum flow lines
(M. Boutcn, P. Van Lcuven2', M. Rosina" )

The phenomenon of nuclear rotation is still not
well understood. Only global characteristics of the
energy spectrum arc used as evidence for rotational
motion. Jn an attempt to define microscopic criteria,
we have calculated patterns of the quantal probability
current as a function of time. In a preliminary cal-
culation on a 2 dimensional system of 12 or 20
particles it is found that the flow line patterns show
a rotational development in time. For the particular
case of the SU(3)-model, which is well-known in
nuclear physics for its rotational properties, we find
a pattern rotating with an angular velocity which is
nearly constant and with a deformation which slowly
becomes depleted.

Sp(2) model for p-shcll nuclei
(F. Arickx4', M. Boutcn'', P. Van Leuven2")

The Sp(2) model, which turned out to be success-
ful for the description of sBe, has been extended to
calculations in a larger subspacc as it was realised that
part of the spectrum, corresponding to the excitation
of two inctt alpha particles, can be completely des-

•' L.U.C.IIa.sselt and SCK/CEN
'•' R.U.C.Antwerpen and SCK/CEN
'•*• L.U.C.I Illicit

•' L.U.C.Hasselt and SCK/CEN
-•' R.U.C.Antwcrpcn and SCK/CEN
3v Jo/ef Stefan Institut, Ljubljana (Yugoslavia)
4v tt.U.C. Antwerpen
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cribcd by means of the Generator Co-ordinate Method
with the deformed oscillator as an intrinsic state.
Numerical calculations arc in progress.

Genera to r co-ordinates
(L. Liithouwers'*, M. Bouten2>, P. Van Leuven3v)

The idea that the Generator Co-ordinate Method
could play an important role in the description of
non-adiabatic corrections in molecular spectra has
been published as a reaction to the statement in
icccnt literature that the Born-Oppenheimcr approxi-
mation is incompatible with the Quantum Theory.

5.2.3. Laser isotope separation
(P . del Marmol, P. Fettweis, M. Nevc de Me-
vergnies)

Some gaseous compounds absorbing the 10|im
ladiation from our TEA-COj laser were studied, to
check the possibility of separating the isotopes of
some light elements.

CH,NO2

The study of the reaction between nitromethane
and Hi under focused CO2 laser pulses was continued.
Typical pressures were OJTfCHjNOi) and 4OT(H2).
The following reactions take place:
(a) CH,NO2 + H2 -> HCN + 2II2O — 65.4 kcal/mole
(b) CH3NO2 -> CO2+0.5N2 + 1.5H2 — 7 6 kcal/mole
(c) CH2NO2 + 0.75O2 (ads.)->

CO2 + O.5N2+ 1.5H2O — 163 kcal/mole.
Reaction (a) is dominant (90% probab.), the

cumulated probabilities of (b) and (c) amounting
to 10%. On the other hand, when the gas mixture
is heated to 300°C, only reactions (b) and (c) occur.
Thus, reaction (a) is only due to the vibrational ex-
citation of CH1NO2 by the laser radiation.

No isotopic selectivity with respect to (^N^N)
and (1JC,I2C) was found in reaction (a) . This
might be clue to the very strong dynamic Stark
effect induced by the laser field in CI-kNC^, which
has an exceptionally large electric dipole moment
(H = 3.4 Deb.). The Stark broadening might reach
20 to 40 cm'1 at the laser beam focus, thus completely
blurring the 5 cm"1 and 7 cm"' isotopic shifts expected
for the (15N,I4N) and (I3C,I2C) pairs.

CF2C!2

Frcon has two strong 1R absorption bands which
can be excited by a CO2 laser: the vi stretching mode
at 1099 cm"' and the V6 bending mode at 922 cm"1.

When a gaseous mixture of frcon (0.5T) and
oxygen (1.5T) is irradiated by a focused CO2 laser
beam, the following reaction dominates:

CF2C12 + O2 - » COF2+C12 — 37 kcal/mole.
We found that the isotopic selectivity of this

reaction is very high. The main results arc shown
in Fig. 5.10., which gives the carbon and chlorine
enrichment factors ß (i.e. the final 37C1/35C1 or
3W1 7C1 and nC/12C ratios divided by their initial
values) measured in the residual CF2CI2, after 2500
laser pulse» of 1 Joule energy. It is seen that excita-
tion around 930 cm'1 yields an enrichment in 37C1 and
excitation around 1085 cm"1 has the opposite effect,
while "C enrichment is found in both regions.

These results can be qualitatively explained, using
estimated isotopic shifts (no experimental values are
available).

(open points)
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l:ig. 5.10. — Carbon and chlorine enrichment factors ß meas-
ured in the residual CF2Cl2, ajtrr 2500 laser
pain's of 1 Joule energy.

5.2.4. Instrumentation

Electronics and data handling
(P. D'Hooghe, E.Mies)

The dynamic mapping system for the HP2112A-1
computer has been tested and a 32 K memory was
added to this installation.

An 8K ADC Canberra was adapted to a 16 bit
buffer that transmits the data to a HP2114B com-
puter.

The IIP2112A-2 and 2112A-3 computers were
tested using software diagnostics. An Intel reader
and a Teletcc numerical display was linked to the
HP2112A-2 computer.

Various kinds of Camac modules were tested in
order to fit new nuclear spectrometric measurement
requirements.

A study was made for a new timecoder, a routing
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unit and a storage display for the neutron inelastic
scattering programme.

The Camac parts to link the powder crystal spec-
trometer with a PDP 8/E computer were completed.

Electromechanical instrumentation
(L. Vanstcclnndt)

Neu t ron spectromctry

The apparatus for cross-section measurements at
flight path number 16 of the CBNM Linac was further
improved by installing new collimation equipment.
The collimator near the Linac target room, installed
in 1976, has been extended by copper rings located

in the flight path tube and by excellent collimation
equipment in the measuring stations. Up to now, only
the 30 m and 60 m stations have been equipped. The
components for the 100 in station are almost ready.

A plastic scintillator with four photomultipliers for
transmission measurements has also been designed and
built.

Nuclear spectroscopy

The outer collimators, the samplc-holdc and com-
plementary outer shielding for the (n,"/Y)-angular
correlation equipment have been designed and built
The spectrometer itself has been assembled and is
rcadv to be mounted at the Rl beam of BR2.

5.3. RADIOBIOLOGY

The main aims of the research carried out by the Radiobiology Department arc to study and to evaluate
the risks from ionizing radiations. These include improved knowledge of the scientific and technical bases for the
determination of radioptotection standards to ensure effective protection of people working with radioactivity
and of the population as a whole. This will provide a better evaluation of the biological and ecological
consequences of the nuclear industry.

The Department also carries out research into heavy metal toxicity and fundamental biological research
related to the behaviour and expression of deoxyribonucleic acid in living organisms.

The Radiobiology programme is composed of the following major projects:

- somatic effects of ionizing radiation;

- genetic effects of ionizing radiation and chemical mutagens;

- metabolism and biological effects of radionuclides in mammals;

- effects of pollutants on ecosystems and associated toxicologic studies;

- behaviour and expression of exogenous DNA in living organisms.

In order to carry out this programme, the Radiobiology Department receives financial support, mainly from
the Ministry of Education and the Ministry of Economic Affairs. In addition, the Department receives some
financial help from the Ministry of Public Health and from certain national and international organisations such
as ASLK/CGER, the National Foundation for Scientific Medical Research, Euratom, the European Community,
NATO, the Deutsche Schut^kommission of the German Federal Republic, the Foundation of Montignics-le-Tilleul
for the study of ageing. The programme is being carried out in close collaboration with Belgian and foreign
laboratories.

5-16



5.3.1. Acute effects of ionizing radiation

5.3.1.1. Biochemical indicators of radiation dam-
age
(G.B. Gerber", J.Deroo, J.Macs' , R. Tim-
mcrmans)

EURATOM contract No. 232-76-1-B10 B

Following an earlier lead of changes in excretion
of biogenic amines after high doses of radiation, we
studied the influence of such amines on the shock
during the gastro-intcstinal syndrome. Blood flow in
the mesentcric artery and systemic blood pressure
were determined in the anesthetized rat and the res-
ponse to infusion of biogenic amines was evaluated.
The data show that, although the blood circulation
of rats three days after exposure to 2 kR still tcsponds
to such infusions, qualitative and quantitative differ-
ences exist, which suggest a differential effect on
alpha and beta receptors in the irradiated rat.

5.3.1.2. Effects of X-rädiation and hormones on
the nucleocytoplasmic transport of ribo-
somal and messenger RNP's in normal
and neoplastic tissues
(W. Baeyens, V. Vanglicel, R. Gouticr)

1. Nuclei, irradiated in vitro in the absence of homo-
logous cytosol show a 30% increase in nuclcocyto-
plasmic transport of RNP after 50 krad.
If isolated, purified rat liver nuclei are irradiated
in vitro, much higher closes have to be applied to
obtain effects comparable with those obtained earlier
after in vivo irradiation. This observation points to
indirect and possibly hormonal influences. After in
vivo labelling of liver nuclei, the tetraploid variety is
much more labelled than the diploid one. After ana-
lysis on sucrose density gradients, no significant differ-
ence could be demonstrated between irradiated and
control nuclei, separated according to ploidy.
2. Electrophoietic analysis of sera and cytosols from
normal and hepatoma-bcaring rats reveals profound
differences in protein composition of the cytosol com-
position whereas the serum gives the same distribu-
tion pattern. The increased transport stimulating ac-
tivity present in hepntomacytosol disappears after
addition of a small amount of normal liver cytosol.
This observation points to the absence, in hepatoma-
cytosol, of transport-inhibiting factors, as indicated
by electrophoretic analysis.
3. In three separate experiments, increased transport-
stimulating activity was detected in serum from rats
shortly (2-4 weeks) after inoculating with the
RadLV-D virus. The cvtosol fraction from the thymus
of the same animals did not modify the transport in

a hcterologous incubation system. Further experi-
ments, with lymphoid nuclei arc planned.

5.3.1.3. Research on Acetabularia
(S. Bonotto, A. Bossus, M.A. D'Emilio*,
E. Dujardin2'\ B. Fclluga3J1, D. Hoursiangou-
Neubrun'1", R. Kirchmann, A. Mazza3', G.
Nuyts, M. Paqucs2', S. Puiseux-Dao4', C. Si-
ronval2*)

Research has been done mainly on the species
Acetabularia mediterranea, which is cultivated in our
laboratory. Particular attention has been paid to
chloroplast heteiogeneity. The plastidal population of
Acetabularia is heterogenous and distributed in the
vegetative cell (stage 4) according to an apicobasal
morphological and physiological gradient, which is
maintained in spite of the protoplasmic streamings.

We have studied chloroplast heterogeneity by
means of the fluorescence emission technique at the
temperature of liquid nitrogen, by ccntrifugation on
discontinuous sucrose gradient and by labelling ex-
periments, using radioactive amino acids. Protein
synthesis is sensitive to chloramphcnicol and cyclo-
heximide and to a lesser extent to actynomicin and
rifampicin. Chloramphenicol and cycloheximidc give
an additive effect. The combined inhibiting effect of
chloramphenicol and cycloheximidc is more pronoun-
ced in the apical than in the middle or the basal
region of the cell. Under particular experimental con-
ditions, chloroplasts accumulate, forming transverse
bands in the stalk as well as in the sterile whorls.
Chloroplast bands in the stalk were detected by
examining living cells with a micioscope and by
scanning frozen cells at 77 K by a pencil of blue
light (Fig. 5.11.). The effects of gamma radiations
on the reproduction of Acetabularia have been in-
vestigated. Several types of abnormal cysts were found
in the irradiated reproductive caps.

5.3.2. Long-term effects of ionizing radiations

5.3.2.1. Radioleukemia

5.3.2.1.1. Immunoprophylaxis of leukemia
(A. Sassen, F. Vander Plaetse, A. Van Bij-
Ien)

ASLK/CGER contract

The role of the immune system in murinc leukemia
induction remains unclear. We previously demonstrat-

' EURATOM
•'•' U.C.Louvain

• SCK/CEN fellow
2'-' Departement de Botaniquc, Universite de Liege
3v International Institute of Genetics und Biophysics, Naples
4- Lnboratoire de Biologie Cellulairc Vegetale, Univeisite de
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Fig ?.// . — Fluorescence at 77 K of a whole non-banded and
uj a whole banded cell, scanned by a pencil of
blue light (436 mil). The arrows show fluor-
escence peak*, which correspond to the bands

cd that decreased antibody production occured only
at a late stage of the disease in C57BL mice inoculated
with the radiation leukemia virus.

Therefore, it was interesting to determine whether
a leukemia virus was immunogenic and thus able to
induce antibody production. Experiments were per-
formed by injection of various doses of inactivated
virus into mice. Humoral immunity (antibodies against
gp70, the viral envelope constitutive protein), cell
mediated immunity (lymphocyte migration inhibition
in the presence of viral extracts^ and in vivo exposure
to a lethal dose of living vuus were then measured.
The results show that formaldehyde inactivated intact
virus is a good immunogen since a dose of 0.6 mg is
sufficient to give in vivo protection. Decreased anti-
genicity is observed when viral particles are treated
with ultrasounds. If ultrasonicated virus is reaggregat-
cd, its antigenic power is lost. This indicates that the
decrease is not related to physical modifications but
rather to chemical changes. Coupling the virus to a
highly antigenic protein also results in decreased im-
munogenicity. It must be pointed out that the lym-
phocyte migration test becomes positive only after
injection of virus doses 100-200 times higher that
those requited to obtain satisfactory results of in vivo
protection tests.

Moreover, determination of anti gp70 antibodies
using Libelled 123I gp70 depends mainly on the quality
of the glycoprotein which is very sensitive to partial
or even complete denaturation. This alteration cannot

be avoided by direct labelling of intact virus with I25I
in the presence of lactopcroxydasc, since the protein
was not precipitated by mouse hyperimmune serum
but well by rabbit anti.sera. These results suggest that
the most labile antigenic sites are probably the type-
specific ones (those actually responsible for antibody
formation in the mouse) whereas the group and
species specific determinants, giving rise to antibodies
in the rabbit, are relatively more stable. Based on the
in vivo protection tests, it can be concluded that, by
comparison with other antigens, the leukemia viruses
are immunogenic for the mouse.

5.3.2.1.2. Ultrastructural characterization of rat-
grown RadLV-Rs viral complex
(B.P. Eydcn, L. Batignet-Mahieii, J.R. Mai-
sin, M.janowski, U.VanGorp, A.Michaux,
G. Mattelin)

The inoculation of 15 clay old R/A/Cnb rats with
a viral complex (RadLV-Rs), obtained as an accllular
extract from the 1.5 month old, rcticulosarcoma-
positive animals mentioned in the previous section,
is a system currently used to provide a large amount
of virus material for biochemical and ultrastructural
analysis by virtue of the abundant viraemia produced
by these rats.

The rat-giown virus has a diameter of 130-160 nm
after uranyl acetate (UA) negative staining followed
by air-drying; a slightly smaller diameter of 130-140
nm after potassium phosphotungstate (KPT) negative

Fig J 12. — Electroninici ograpb of negatively stained RadLV-
Rs vinous showing smooth-surfaced envelope and
general spherical form ( X 130,000)
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staining performed with frccze-drying; and a signifi-
cantly reduced size ( l l O n m ) in ultra-thin sections
due to shrinkage during dehydration, In thin sections
virions have a conventional trilaminar membrane, and
tHis, except for a few particles, can also be seen to
be a smooth, structureless envelope by UA or KPT
negative staining. The presence of surface lumps in
only a few virions differs somewhat from the ob-
servations already made on other leukemia viruses
which, however, have been derived in vitro. Negative
staining of partially disrupted virions shows the pre-
sence of a fine dense lamina, the "inner coat", lying
just beneath the membrane. Inside this structure,
which is n normal component of leukemia viruses,
is the core, which can be seen in sections or by UA
negative staining of virions partially disrupted by
NP40. The outer part of the core consists of a wall
of regularly arranged subunits and inside the core is
the nucleoid or ribonucleoprotein (RNP). Two mor-
phologically distinct virion forms aie detectable in
serum virus populations. The "mature" or "collapsed"
forms predominate and have, as described above, a
polygonal core shell of regularly disposed subunits.
So-called "immature" or "native" forms arc present
in very small numbers. These have a bipartite core-
shell containing an RNP closely apposed to its inner
surface, an arrangement seen in sections and by
negative staining.

To summarise the results so far, the fine stiuctural
aspect of RadLV-Rs is similar to that of other non-
primate mammalian leukemia viruses, which have been
studied entirely in vitro, with the exception of the
sut face knobs which arc not easily seen in RadLV-Rs.
A 70,000 dalton glycoprotcin seems to be piesent on
these viruses; it is therefore possible that serum pro-
teins mask the gp70, or that the gp70 of RadLV-Rs
has unique molecular properties which make it poorly
demonstiable by conventional negative staining tech-
nique. It is hoped that the application of in vitro
cultivation of the virus may elucidate these problems.

5.3.2.1.3. Chromosome analysis in C57BL leu-
kemic mice using the G-banding tech-
nique
(A. Leonard, G. Decat, J.R. Maisin)

FRSM contract 20,286

G-banded karyotypes have been studied in C57HL
control mice and in animals developing leukemia ai'ci
i.p, injection of »cellular extract of spleen or lymph
nodes fiom isologous animals showing radiation in-
duced leukemia. No visible differences could be de-
tected with respect to the number, size and position
of the G-bands between the two groups of animals.
Fiom the present observations and from previous
work using conventional staining methods, it can be
concluded that the development of such leukemia does
not involve the presence of chromosome abnormalities.

5.3.2.1.4. Virological characterization of a rat-
grown leukemogenic virus of C57BL
mouse origin
(M. Jnnuwski, J.R.Mnisin, G. Nijs, J.M.
Nuytcn, F. Sclicpcns, L. VanCraencmlonck)

ASLK/CGER contract

Inoculation of R strain rats with an originally
radioinduced virus causing lymphorcticulosarcomas in
C57BL mice (UadLV-Rs) resulted in a virus popula-
tion (FH) with an appaicntly dual pathogenic effect
being obtained. At high doses, it induces generalized
lymphosaicomas with a shoit latency period (5-6
weeks) in rats. At lower doses FH elicits thymic
lymphomas with a longer delay period (5-6 months).

The in vitro host range of Fn was determined by
its growth on various indicator cell lines. It yielded
productive infection both on B-type mouse cells
(Fv-lh:> genotype : Balh/3T3) and on tat cells
(NRK, REF). The absence of detectable replication
on N-type mouse cells (Fv-l"" genotype : NI1I/3T3)
and on hetcrologous cells (mink Mv 1 Lu, bat Tb 1
Lu, dog FC f2 Th and rabbit S1RC) allowed us
to conclude that there is an absence of significant
amounts of mouse N-tropic and xenotropic virus.

Preliminary experiments strongly suggested that
the in vivo leplication of FH, as piovcd by the ap-
pearance of imnuinofluorcsccnt foci in fiozcn sections
of lymphoid tissues, primarily occuis in the spleen,
at least when the rats were inoculated with high
doses of virus.

It is inteicsting to note that the virus populations
produced by B-type mouse cells and by rat embryo
fibioblasts (REF) both displayed leukemogcnicity
when inoculated hack into rats, as much as 100 to
150 cell generations after the initiation of in vitro
propagation. Mainly thymic lymphomas were observ-
ed. Whether this phenomenon is due to the physical
separation of a thymotropic from a splcnotropic viial
entity or to the elimination of a non-viral factor
enhancing splcnotropicity is a matter for further
investigation.

5.3.2.1.5. Serological characterization of a rat-
grown leukemogenic virus of C57BL
mouse origin
(M. Janowski, A. Sassen, G. Nijs, J.M.
Nuyten, F.Scliepens, L. Van Craenendonck,
J.N.IIile")

Virions both from Fn-infectcd rat plasma and from
in vitro Fn-infected rat embryo fibroblasts (REF)
were purified. Competition radio-immunoassays led us
to conclude that the nature of Fn-pl2 is xenotropic,
as appears to be the case with RadLV/VL-3 (a thymo-
tropic leukemogenic radiation-induced virus of the

"'' Frederick Cancer Research Center, Maryland, USA
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C57HL mouse, isolated at the Stanford University by
Kaplan's group). However, no competition of F»
could be observed for the envelope gp7L component,
neither of RadLV/VL-3 nor various other mouse
leukemia viruses. Further experiments are required
to type this viral gene product, which might be either
of rat or of mouse origin. The second alternative
would probably imply the existence of a unique gp71
type.

5.3.1.2.6. Further studies on rat lymphosarcoma
induced by the leukemia virus RadLV-
Rs derived from mouse
(L. Baugnct-Maliieu, G. Mattelin, A. Mi-
cliaux, J.R. Mnisin)

FRSM contract 20,286

The lymphosarcoma induced by RadLV/Rs is rou-
tinely transmitted by inoculating 14 day old rats
with an extract of lymphoid tissues (spleen, thymus,
lymphnodes) of rats with a lymphosarcoma at 6
weeks after inoculation. Tn an attempt to influence
die tropism and the selectivity of the viral complex,
two parameters aie being studied: the composition of
the viral extract and the route of inoculation.

By inoculating extracts prepared from thymic lym-
phomas, a high percentage (75%) of thymic lym-
phoma is obtained. Partial purification, by column
chromatography and sucrose density gradient ultra-
centrifugation, of a viral fraction originating from
thymic lymphomas, leads to decieased infectivity,
without improving the specificity of the virus. As in
the case of heparinixed blood plasma, the intrapcri-
toneal injection of crude, fresh scrum pioduccs about
85% of generalized lymphosarcoma, with occasional
involvement of the thymus. Virus purified from sc-
rum or plasma, induces mainly thymic lymphomas,
some associated with a hypertrophy of the spleen and
lymphnodes, some not.

Lymphocytes isolated by centrifugation of fresh
heparinized blood on "lymphoprep" (Ficoll + Ultra-
crafine) show a very high infectivity. with no pre-
ferential tropism, even when injected intrathymically.

We have also tried to improve the selectivity of
the viral complex by injecting fresh serum intra-
thymically. In all cases, spleen and lymphnode lympho-
sarcomas were obtained within 4 to 6 weeks, but in
only a few of them was involvement of the thymus
suspected. The experiments designed to estimate the
infectivity of the viral complex by titration in vivo,
arc in progress.

The inoculation of purified virus, corresponding
to 10'°-1012 viral particles produces > 7 0 % thymic
lvmphoma within 6-8 months. Dilution to less than
109 particles leads to a rapid loss of infectivity.

Since the different steps of purification are able
to at least partially inactivate the virus, crude, fresh

serum has been used to evaluate the infectivity of
the viral complex. Preliminary results confirm the
data obtained with purified virus: the infectivity is
preserved to a dilution of 2-3 logs (10''-10'° particles).
Serial dilutions of crude serum were also inoculated
intrathymically: 4 to 6 weeks after inoculation, spleen
and lytnphnode lymphosarcomas, with occasional in-
volvement of the thymus, were observed in all the
rats receiving 20 |il fresh, undiluted serum (~10 ' "
virus particles).

Three months after inoculation, all the other rats
were still alive. The possibility remains that some of
them will show thymic lymphoma after 6-8 months
latency,

5.3.2.1.7. Control mechanisms of gene expres-
sion in normal and leukemic tissues
(L.Baugnet-Miihicu, A.Micliaux'', J.Gilles)

FRSM contract 20,286

The comparative study of nonhistone chromosomal
proteins (NHP) in the lymphoid tissues of normal
and leukemic mice and rats has been continued.
- The injection of complete Freund Adjuvant (CFA)
stiongly enhances the erythroblastosis induced by the
Rauscher virus. Experiments were carried out to
determine whether this stimulation could be correlat-
ed with a synthesis and turnover of NHP higher than
in Rauscher mice; however, no significant difference
was observed in the distribution, synthesis and turn-
over of NI1P in the Rauschcr-infectcd mice, with or
without treatment by CFA.
- A non-neoplastic development of the spleen can be
obtained in response to a phenylhydrazine (PHZ)-
induced hemolytic anemia. As in the Rauscher-
inducetl leukemia, the increase in spleen weight is
due to a hypertrophy of the red pulp, which consists
of two cell populations, their relative proportions
differing from that observed in the Rauschcr-induced
erythroblastosis. The synthesis, turnover and distribu-
tion of NHP have been studied during the preanemic
phase, and during the early and late crythroid phases.
Alterations in the elcctrophorctic patterns of NHP
have been observed during the preanemic and erv-
throid phases. The highest incorporation of 3H-
trvptophane was obtained on day 5 after PHZ (early
erythroid phase). As observed in the Rauscher
erythroblastic spleen, the distribution of radioactivity
on day 5 revealed an increased synthesis of high
molecular weight NHP polyocptides. During the ter-
minal phase of disease (day 8 ) , normal rate of
synthesis and electrophoretic banding patterns were
recovetcd. A correlation mav exist between the
modifications of NHP and alterations of gene ex-
pression durin« the neoplastic and chemically-induced
erythroid development of the spleen.

University de Liege
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- Further experiments, using different techniques,
bused on the physico-chemical and enzymatic proper-
tics of Nl lP, are being carried out to select, from
this heterogeneous group, those proteins playing a
specific role at the transcriptional level. In a pre-
liminary study of NMP isolated from normal thymus
and thymic lymphomas, we have recently observed
.striking differences in a group of polypcptides of
low molecular weight ( < 39,000 daltons). Some of
them could belong to the High Mobility Group,
involved, according to several authors, in the structure
of the nucleosomcs.

5.3.2.1.8. Expression of A and C type particles
in mouse embryos
(J.R. Maisin, M. Lambiet-Collier, M. Jii-
nowski, B.P. Eydcn, U. Van Gorp, H. Van
Oekelen)

FRSM contract

The Ralb/c and AKR strains of mice differ marked-
ly in the occurrence of cancers and leukemia. To study
a possible relationship between the presence of A and
C particles and the later development of leukemia, we
have compared by electron microscopy, the particle
occurrence in the embryos of both strains and their
localization in the embryonic cells.

electron microscopic examination of embryos of
the Balb/c and AKR strains of mice of the 1-ccll stage
to 14 days of age revealed 2 types of intracisternal
A particles, one type of C particle budding into the
extracellular space and an endoplasmic teticulum-
associated "dense-cored vesicle". The occurrence of
the particles showed a marged dependence on the
developmental stage of the embryo. A small percen-
tage of 1 blastomere embryos in both strains showed
the ptcsence of a small number of A particles. Em-
bryos of 1 to 16 blastomeres of the AKR strain with
A particles were on average more frequent than in
the Balb/c strain. The percentage of 7 and 14 day
embryos with C particles was much greater in AKR
than in Balb/c mice.

5.3.2.2. Late effects in irradiated lung and brain
(G.B. Gerber , J. Deroo, J. Maes'")

EURATOM contract No. 232-76-1-BIO B

a) The purpose of the project on lung effects is to
evaluate the pathways leading to radiation fibrosis of
the lung and to search for a means to prevent this
effect. In the past year, the series dealing with rats
exposed to the right thorax with 1 kR was terminated.
As these results showed that the lower dose which
does not cause gross fibrosis, still causes a slight
increase in collagen, a decrease in phospholipids, a

• EURATOM
"•'' U.C.Louv.iin

decrease in blood flow and a depression in fibrinolytic
activity, we are now studying an intermediate dose
( l . 5 k R ) . The partial data already available confirm
the changes after 1 kR.

In order to investigate possible ways to mitigate
or prevent the development of fibrosis, the influence
of a substance which decreases thrombus deposition
(warfarin) as well as of one which interfuses with
collagen formation (ß amino propionitril) is now
being studied in fibrosis induced by irradiation and/
or by the cytostaticum bleomycine. No beneficial
effect on survival could be detected but it appears
that ß amino propionitril somewhat lcduces accumu-
lation of collagen. In future icscarch, we shall con-
centrate on the mechanisms of collagen synthesis and
on the inhibition of fibrinolysis. We arc thcieforc
developing new methods to isolate and to determine
the different types of collagen in lung and to measure
collagen synthesis in vivo and in vitro.
b) The aim of the project on late effects in the
central nervous system is to obtain information on the
sequence of events leading to late brain damage with
paiticular emphasis on vascular changes. During 1977,
the study of local doses of 3, 4 and 6 krad was con-
tinued and this series will be completed in 1978.
The data confirm among others the intermediary in-
crease in sciotonin and lysosomal enzymes. They also
show that after higher doses dopamin increases and
that, in contrast to the behaviour after 1 kR, uptake
of alpha amino isobutyrate by brain is increased after
4-6 krad. A new method based on autoradiography of
microsphcrcs was used to determine regional blood
flow in brain 1.5-2.5 years after exposure, but has
so far not shown striking changes after irradiation
although certain modifications were found in the re-
gions of the hippocampus and the hypothalamus. It is
intended to combine this technique with in vivo de-
terminations of brain blood flow by means of injected
isotopes and we arc now investigating this technique.

5.3.2.3. Chemical protection and long term effects

5.3.2.3.1. Repair and biochemical protection in
life shortening of mice exposed to frac-
tionated X-irradiation
(J.R. Maisin, G.B. Gerber", M. Lambiet-
Collier, G. Mattclin, C. Vangenechten-
Bicsemans)

EURATOM contract No. 232-76-1-BIO B

Acute radiation damage can be considerably re-
duced (to about 1/3) by a ptevious application of
radioprotectors, but information concerning the action
of radioprotectors on late effects and on life shorten-
ing is contradictoty, and it is uncertain whether the
late damage in the animals protected against the acute

'• EURATOM
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effects is repaired as efficiently as it is in non-
protected animals which received a lower dose cor-
responding to the same survival rate. In order to
obtain more information on these questions - repair
with respect to lute effects and the effects of radio-
protectors on this repair - normal and protected mice
were irradiated at regular intervals until death. The
doses ranged from 300-1500 R and the time inteiv.ils
were from 7 to 60 days.

Male mice of the Balb/c+ strain were exposed to
X-rays at fractionation intervals of 7, 15, 30 and 60
days. One group lcccived a mixture of radioprotcctors,
another AET (only 30 days fractionation), a third
one served as a control. The doses ranged, depending
on the treatment, from 300 R to 1500 R. The control
and A ET treated animals died after an accumulated
dose of about 2000 R whereas those treated with a
mixture of radioprotcctors died after about 4000 R.
Bone manow failure and lung damage is the main
cause of death within the initial 200 days after start
of the exposure. Later, fibrotic changes and in par-
ticular glomcrulosclerosis arc observed.

5.3.2.3.2. Chemical protection against the long
term effects of a single whole-body
exposure of mice to ionizing radiation
Causes of death
(J.R. Maisin, A. Declevc, G.B.Gerber', G.
Mattclin, M. Lambiet-Collicr)

EURATOM contract No. 232-76-1-BIO B

Male Balb/c or C57BL mice were exposed to
different doses of X-rays. Certain groups were pre-
viously given a mixtuic of protectors or AET; others
served as controls. The animals were studied until
spontaneous death and the lethal diseases were clas-
sified as thymic lymphoma, reticulosarcoma, myeloid
leukemia, king carcinoma, liver tumors, sarcoma,
glomcrulosclerosis, non cancerous lung lesions, and
others. The data were evaluated by the method of
competing risks. Death in non irradiated Balb/c mice
is largely caused by tumors, in particular by lung
cancer and non thymic lymphoma, wheteas other
causes predominate in the C57BL strain. Radiation-
induced life-shortening of non protected mice is due
to an increased and advanced incidence of specific
diseases mainly thymic lymphoma in the medium
dose range and glomctulosclerosis in the high one.
Thymic lymphoma in Balb/c mice increases to a
maximum at 650 R and declines with higher doses.
A shorter latency period is found for lung carcinoma
although the absolute incidence decreases clue to the
earlier death of the irradiated mice. After AET treat-
ment the maximum incidence of thymic lymphoma in
Balb/c mice is shifted to 1000 R but its height re-
mains unaltered, whereas treatment with a mixture

not only displaces the maximum to still a higher
dose but also decreases its frequency, Protection in
Balb/c mice although to a smaller extent, is possible
also against mycloid elukemia, saicoma, glomerulo-
sclcrosis and non cancerous lung lesions but it is
protection against the two latter diseases which con-
tributes most to the prolonged survival in the high
dose range. The protection is effective against thymic
lymphoma (possibly also against liver adenomas, all
carcinomas and myeloid leukemia) as well as against
glomerulosclerosis.

5.3.3. Genetic effects of radiation in mammals

5.3.3.1. Studies on the factors influencing the
chromosome aberrations in mammals
(A. Leonard, G.B. Gerber', G. Dccat, E.D.
Leonard)

EURATOM contract No. 095-72-1-BIO B

Diccntrics were induced in human and rabbit lym-
phocytes in vitro by exposure to X-irradiation. The
yields were compared with data reported in the liter-
ature. To elucidate the teasons for the different fin-
dings we have evaluated the parametcis for the
different models by maximum likelihood methods.
From this analysis it can be concluded that the earlier
claims that both species have the same radiosensitivity
must be abandoned and that their similarity was due
to the abnormally low values these investigators ob-
seivcd in inadiated human lymphocytes.

5.3.3.2. Relation between age and prenatal leth-
ality induced by exposure of males to
X-irradiation
(A. Leonard, M. Willocx)

Contiol and X-irradiated male mice from the
Balb/c strain, three and twelve months old, have
been mated with 3 month old virgin females from
the same strain. Dissection of the females on the
seventeenth day after the beginning of the mating
has shown that the pre-implantation is increased
when the males are twelve months old wheteas ex-
posure to ionizing radiations enhances only the post-
implantation loss. It is possible that the increase in
prc-implantation loss results from some changes in
the vitality or fertilizing capacity of the spermatozoa.

5.3.3.3. Influence of blood storage after in vitro
exposure to ionizing radiations on the
yield of chromosome aberrations obser-
ved in human lymphocytes
(M. Vekemans, A. Leonard)

The effects of storage on chromosomal aberrations
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have been studied in human lymphocytes exposed at
loom temperature to 0, 75, 150 and 300 R of X-rays
and stored for 0 or 24 h at 5°C. Two-way analysis of
variance demonstrated that the yields of chromosome
breakage or of the ring + diccntrics is not significant-
ly affected by the duration of storage. Evaluation of
the parameters accoiding to different models gives the
best fit for the quadratic law y = a D + ßD2. For the
fragments the values of the regression parameters a
and ß are 1.35±0.25X 1CV1 and 2.82±0.68X 1 0 \
respectively, and for the rings + fragments l .S6±
O.34XlO3 'and 3.71 ±0.91 X !0 6 .

5.3.3.4. Ageing and radiosensitivity of human
somatic chromosomes
(Gh. Dcknudt, A. Leonard)

Venous blood samples from children (mean age
4-6 months), adults (mean age 30-40 years) and
elderly people (mean age 71 years) were exposed
to 0, 125 or 250 R of X-rays. Comparison of the
control batchs from the different age groups reveals
that the yields of ancuploid cells and of structural
aberrations increases with age. After exposure to
250 R the incidence of severe structural aberrations
was higher in the newly born children and older
people compared to young adults.

5.3.4. Radioactive contamination of the environ-
ment

5.3.4.1. Study of water cycle and tritium in tem-
perate regions
(R. Kirchnmnn, E. Fagniart, G. Koch, P.
Charles, J. Remy)

Contract with the Commission of the European Com-
munities No. 236-77-1-I3I0B

a. Contaminat ion of plants

Field studies wcic carried out on the experimental
farm of SCK/CEN by spraying the following crops:
potatoes, sugarbect, peas and carrots. The results
obtained up to now are the following. 1) The mean
'II concentration measured in the edible organs of
the cultivated crops for a normalized deposition of
1 mCi 3 H / n r was (in pCi 3H per g of fresh matter)
1S1 in sugarbcet root, 179 in carrot root, 312 in
pea grains and 1805 in potato tuber. 2) The final
distribution of 3H activity in tissue-free water tritium
(TFWT) and in organic bound tritium (OBT) was
36% and 64% respectively in pea grains, 78% and
22% in sugarbeet loot, 89.5% and 10.5% in potato
tuber and 93.5% and 6.5% in cartot roots.

b. Contamination of farm animals
A studv was started on the refinement of the tech-

niques of isolation and purification of DNA in differ-
ent organs and tissues of farm animal contaminated
through their food. As DNA preparations considered
as pure always contained traces of RNA and proteins
or amino-acids, two diffctcnt methods of UNA puri-
fication were tested: CsCI preparation and Agarosc
preparation. The results show that the DNA prepared
by using both of these methods could be considered
as relatively pure and clean; it contains very few
proteins and traces of RNA.

5.3.4.2. Radiological survey of the nuclear power
plant siting
(R. Kircliniiinn, G. Cantillon4, E. Bonnijns-
Van Gelder)

Contract with the Ministry of Public Health

In the previous annual report, we pointed out that
the whole-body doses to individuals due to radioactive
effluents from the Chooz plant range from 71 |irem
down to 6 |irem. The former refers to drinking water
and the latter to ingestion of milk from animals which
have drunk from the Mcuse. These values are 5.2 |xrem
and 0.5 i-irem for the radioactive effluents from the
Tihangc [ plant.

5.3.4.3. Study of the radioactive contamination
of aquatic and ripicolous ecosystems in
the river Meuse by the release of
effluents from the SENA nuclear power
station
(R. Kirclimann, J. Lambinon2 , J. Colard, E.
Bonnijns-Van Gelder)

FRFC contract 10242

An extensive sampling survey of animal, aquatic
and ripicolous plants was performed in September
1977 in the upper Mcusc in order to determine the
mean levels of radioactive contamination of the river
ecosystem. In spite of the important modifications
observed in the activity levels and in the isotopic
composition of the effluents released since two similar
surveys performed in September 1971 and 1974, the
conclusions remain valid. In particular, the aquatic
mosses remain the most suitable indicators for loutine
surveillance of the evolution of radioactive contamina-
tion in such ecosystems.

5.3.4.4. Study of impact of liquid discharges from
a nuclear power plant (PWR) on a fresh-
water ecosystem
(J. Lambinon2', J.P. Descy2', A. Empain3"',
R. Kirchmann, E. Bonnijns-Van Gelder)

Contract with the Ministry of Public Health

In addition to radioactive contamination of living

HIE, Briixcllcs,
UniveiMtc de Liege
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organisms, other ecological consequences of liquid
discharges such as thermal pollution were studied.
To this end, in-situ observations on the population
of bcnthic algae and aquatic mosses are carried out.
This survey is connected with experimental studies
on the cooling water of the Tihange power plant.

5.3.4.5. Use of an experimental food chain for
the study of transfer of "'Co
(R. Kirclmiann, S. Bonotto, A. Bossus, G.
Nuyts, R. Decleick*, G. Cantillon2*)

Contract with the Ministry of Public Health

The chain consisted of unicellular algae (Dunaliella
bioculntn or Acetabulnria mediterranen), a filtrating
organism (Mytikis cdulis) and a carnivore (Carcinus
maenns). We have found that N'Co is mostly concen-
trated (at least 100 times) at the level of the primary
producers. Under laboratory conditions, the primary
consumer (Mytilus) concentrates the ""Co about 20
times, when this radionuclidc is bound to Dunaliella
cells or to Acctabularia chloroplasts.
However, 50-70% of the ̂ Co are rapidly (within
48 h) lost when the mussels arc transferred into
normal sea water. After 2 weeks, only 10% of the
initial activity is still present in the mussels. After
a single meal ( 6 h ) , the secondary consumer (Carci-
nus) ingested an important part (about 30%) of the
contaminated food. By transfer into normal sea water,
the radioactivity in the crabs progressively decreases.

5.3.4.6. Detection of biologically available tritium
in radioactive liquid wastes
(R. Kirchmann, C. Phon3', M. Meurice3', E.
Fagniart, C. Sironval3*)

Tritium in liquid effluents may have multiple
origins and may prevail in different physico-chemical
states. Certain organic tritium compounds may con-
stitute a particular risk due to their preferential ab-
sorption by living organisms. Algae (Scenedesmus
obliquus) cultivated in effluents, allow the detection
of such molecules and consequently the evaluation of
the importance of this contaminating fraction. This
test has been applied especially on effluents released
fiom Belgian nuclear power stations.

5.3.4.7. Radioecological study of the Molse Neet
and the Witte Neet rivers
(M. Pirct, R. Kirchmann, M. Hospied)

Several parameters have been measured weekly on
four stations along the two rivers. Fig. 5.13. shows,
for example, the evolution of the observed average
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temperature ( A ) , pH ( D ) , alcaltnity ( O ) and
conductivity ( O ) along the Molsc Neet in May and
August. Fig. 5.14. shows the evolution of the same
parametets during this period in the Witte Ncet.
Up to now, there are only observations of the physico-
chemical situation.

Furthermore, studies on a biological (flora and
fauna) inventory and the level of radiocontamination
of the sediments and the flora are in progress.

5.3.4.8. Contamination of marine organisms by
H mCs and ""Co
(S. Bonotto, A. Bossus, G. Nuyts, R. Kirch-
mann, G. CantiliW, R. Dcclerck*")

Contract with the Ministry of Public Health

Several marine plants (Acctabularia mediterranea,
Dunaliclla bioculata, Porphyra sp., Ulva lactuca) and

HIE, Bruxellcs
Rijksstation voor Zcevisscrij, Oostende

animals (Asteria rubens, Carcinus maenas, Crangon
vulgaris and Mytilus cclulis) have been used to study
the impact of nuclear releases into the marine environ-
ment. We have found that 3H, as tritiatcd water, is
not concentrated by the marine organisms, although
a significant amount of the radionuclide becomes in-
corporated in the total organic matter. The uptake of
l34Cs is rather low, with the exception of the shrimp
(C.F. = 20). On the contrary, all the marine or-
ganisms tested, were able to concentrate wCo, the
highest accumulation having been observed for the
unicellular as well as for the pluricellular marine
algae (C.F. = 200-600).

5.3.4.9. ~"Ra decorporation by Na-alginate treat-
ment
(G.Schoetcrs, S.VanPuymbroeck, L.Tessens,
O.Vanderborght)

EURATOM contract No. 233-77-1-BIO B

Former decotporation studies demonstrated that
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after contamination with heavy alkaline earths as
"'Ra and 85Sr, a diet with Na-alginate increases the
radionuclide concentration in the excretion (up to
2 X ) .

Continued research indicated the efficiency of a
long-term treatment with Na-alginatc after contamina-
tion with ~6Ra that is concentrated in the bone
mineral matrix.

~sRa is used because its effect is considered as a
standard reference for the estimation of the toxicity
of other bone-seeking internal emitters.

We investigated whether the treatment of mice
with Na-alginatc lowers the radiation damage to the
haemopoietic bone-marrow cells and the ostcoblasts.
These cells are very sensitive to the emitted a-rays
because of their high local concentration near the
endosteal surface of the bone and because of their
large proliferation capacity.

The spleen colony technique is used to determine
the damage to the blood-forming cells. Bone-marrow
cells of contaminated mice arc transplanted into sub-
lcthally irradiated host mice. After 8 days of incuba-
tion in the host mice, colonies derived from blood-
forming stem cells - CFU's - appear on their spleens.
The number of colonies is directly proportional to
the number of surviving stem cells of the transplanted
hone-marrow cell population.

TIis number of osteosarcomas that appear after
2MRa contamination gives an indication of the radia-
tion damage to the osteoblasts. Because the injected
"6Ra doses are relatively low, which means that the
osteosarcoma latency period is about as long as the
life-time of the mice, no results are yet available.

Eight weeks after 22"Ra injection, haemopoictic
damage is reduced in Na-alginate treated animals
compared to non-treated mice. The damage reduction
factor is 1.34 (Fig. 5.15.).

This finding supports the suggestion that a fraction
of 226Ra is removed by the action of Na-alginate from
the critical region at the endostcal surface and in a
period that is considered as being critical for osteo-
.sarcoma induction and is thus promising for further
research.

Another aspect of the suitability of a long-term
treatment which has to be examined, is the secondary
effects that may appear. After continuous administra-
tion of Na-alginate over a period of nine months to
non-irradiated mice of two different strains, no inter-
ference with calcium and iron metabolism was noti-
ced, no decrease in body weight was shown and the
number of peripheral white and red blood cells was
slightly lower in Na-alginate treated mice compared
with non-tteated animals.
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5.3.5. Non-radioactive contamination of the en-
vironment

5.3.5.1. Transfer of cadmium in ruminants
(R.Van Bruwaene, R. Kirchmann, J. Colard)

ICWB/CIPS contract

The scope of our study is to evaluate the transfer
of cadmium in animals in the biological cycle of this
metal and the resulting contamination of the human
foodchain. Cadmium was administered in different
ways to 6 lactating cows. Faecal and urinary excretion
and secretion into milk were studied. After an oral
dose, a first component of rapid faecal excretion was
observed; 80% of the administered close was excreted
in faeces over a period of 5 to 10 clays following the
ingestion. A component of low faecal excretion was
observed after the 15lh clay, this component probably
being clue to endogenous secretion.

Urinary excretion and secretion into milk was very
low, endogenous secretion may be the major method
for elimination of metabolised cadmium. The secretion
into milk was relatively constant, irrespective of the
close administered. A homeostatic mechanism probably
regulates the transfer of cadmium into milk. Con-
cerning the distribution of cadmium in different milk
constituants, this metal was particularly associated
with milk proteins (casein and albumin).
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After slaughtering some animals, the absorbed dose
observed in the different body tissues was very small.
We obtained a real absorption of 0.13% of the ad-
ministered dose after a single oral dose and only
0.025% of the administered dose after ingestion of
Zea mays leaves contaminated with ""CdCl: solution.
70 to 7 5 % of the absorbed dose was retained in liver
and kidneys, only 20% was found in the carcass,
which represent 90% of total body weight.

From the point of view of possible contamination
of the human foodchain, we may conclude that the
risks arc of minor impoitancc if kidneys and liver
are excluded from the human diet.

5.3.5.2. Radiotracer studies on Cd uptake by
Zea mays L. from hydroponic solution
(J.C. Dupont, R. Kirchmann, G.Casale)

Radioisotope techniques are being developed and
used for evaluating toxic effects of air pollutants on
plants. Cadmium is recognized to be toxic to plants
at concentrations as low as 1 ppm. Our study deals
with the uptake, distribution and translocation of
""Cd in a hydroponically grown corn (Zca mays L.).
The evolution of cadmium uptake in the different
corn organs as well as the relationship between cad-
mium content of the same organs and their weight
have been evaluated. ""Cd has been found to be
localized in the loots in much higher concentrations
than in the other corn organs.

Transport index of cadmium has been defined and
found to vary with plant growth rate.

Cd appears to be generally 5 to 10 times more
mobile than lead.

5.3.5.3. The effect of pH on the physiology of
freshwater insects
( | . Vangenechten'', S. Van Puymbroeck, O.
Vanderborght)

The oligotrophic mire waters of the "Kempen"
region (North of Belgium) are charaterized by pH
values as low as 3.5. This high acidity of the water
requires special physiological adaptations for the
animals living in it.

A study was made on the sodium ard chloride
regulation in two inhabitants of these acid mite
waters: the watcrbugs Corixa dentipes (Thorns.) and
Corixa punctata (lllig.).

The effect of pH on the sodium and chloride con-
tent of the haemolymph and on sodium and chloride
exchange between the medium and the haemolymph
was investigated. Important differences in exchange
rates according to the external pH have been noticed:
low pH increases chloride exchange whereas sodium
exchange is decreased.

5.3.5.4. Physico-chemistty of acid surface waters
(J. Vangenecliten*, S. Van Puymbroeck, O.
Vanderborglit, F. Bosnians)

The use of fossil fuels in energy production, results
in an increasing acidification of the environment, due
to the emission of sulphur compounds. The biological
consequences of the acidification of the surface waters
could become impoitant in the future.

A physico-chemical survey of surface wateis in the
"Kempen" region, which was started in 1975, has
now been extended to 75 water bodies. This survey
includes surface watcis with pi 1 values ranging from
3.5 to 9.0. The high acidity values have been measured
in oligotrophic mire waters.

These physico-chemical data are stored in a data-
bank in order to make statistical calculations. A num-
ber of interesting facts haw* emerged as a result of
this approach. For instance, a fairly well defined
lelation exists between the acidity and the chemical
composition of the water body, whereas there is
apparently no correlation between pi I and conduc-
tivity.

5.3.5.5. Cytogenetic investigations on mice treat-
ed with lead
(P. Jacquet, A.Leonard, G.B. Gerber''")

Contract with the Commission of the European Com-
munities No. 03S-74-7 Env.B.

Dietary lead at different dose levels was given to
female C57B1 mice for periods of up to 3 months.
No severe chromosome or chromatid aberrations were
observed at any dose level and the frequency of
chromatid gaps increased significantly only at the
highest doses (0.5 and 1% of lead in the diet). The
number of micronuclei in polychromatic erythrocytes
also remained at control levels after lead treatment,
whereas known mutagenic agents such as Myleran and
Mitomycine C raised their incidence markedly. By also
taking into account literature data, it has been con-
cluded that lead per se probably causes no mutagenic
action in mammals.

5.3.5.6. Cytogenetic investigations on leucocytes
of cattle intoxicated with fluoride
(A.Leonard, Gh. Deknudt, G. Decat, E.D.
Leonard)

Cattle which grazed in the vicinity of a plant
manufacturing enamel and which displayed signs of
chronic fluoride poisoning such as osteosclcrosis and
mottled enamel or dental fluorosis were examined for
the presence of structural chromatid and chromosome
aberrations. Venous blood was incubated for 48 h,
and 100 cells were analysed for each animal. No stat-
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istical difference in the incidence of such anomalies
was observed between the controls and the intoxicated
animals.

5.3.5.7. Cytogenetic investigations on lympho-
cytes from workers exposed to vinyl
chloride
(A. Leonard, G. Decat, E.D. Leonard, M.J.
Lefevre, L.J. Decuyper, Cl. Nicaise)

Eleven male workers from the polymerization de-
partment of a vinyl chloride factory, seven people
employed in the laboratory of another vinyl chloride
plant, and ten controls from outside the factory en-
vironment were examined for the presence of chro-
mosome aberrations in blood Iympliocytes. Chromo-
some anomalies such as fragments, rings, trensloca-
tions, and dicentrics were observed in most of the
workers from the polymerization department. How-
ever, the medical history of these workers shows that
they received frequent radiographs of the hands, feet,
vertebral column, and digestive tract. It is therefore
impossible to determine whether these chromosome
anomalies result from vinyl chloride exposure.

5.3.5.8. Plasma hormone levels in normal and
lead-treated pregnant mice
(P . Jacquet, G.B.Gerber", A. Leonard, J.
Maes)

Contract with the Commission of the European Com-
munities No. 038-74-7 Env.B.

Dietary lead (0.59o) was given to mice which,
after mating, gives rise to a vaginal blocking. Estradiol,
progesterone and prostaglandins E and F2a were
determined in the plasma by radioimmuno assay at
different times after the dosage. The increase in
estradiol and decrease in prostaglandins prior to im-
plantation are not greatly altered by lead treatment,
whereas the subsequent increase in progesterone and
later in estradiol disappears. It has been concluded
that the lower number of pregnancies seen in lead-
treated mothers is due to a maternal hormonal im-
balance caused by lead.

5.3.5.9. Early embryonic development in lead-
intoxicated mice
(P . Jncquet)

Contract with the Commission of the European Com-
munities No. 038-78-7 Env.B.

The development of the embryo up to day 7 was
studied in htstologic sections of the uterus, oviduct,
and ovary from normal and lead-treated mice (0.596
of lead in the diet). Such lead treatment causes a
substantial reduction in pregnancies in successfully
mated female mice. After lead treatment, the blas-
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tocyst is formed normally, although it has a slightly
reduced size. Differentiation of giant cells in the
trophoblast and of decidua cells in the uterus is,
however, impaired. Moreover, the corpora lutea are
underdeveloped. Because of earlier normal estradiol
secretion on day 4 and a diminished progestcione
secretion from day 5 onwards, activation of the
embryo and/or development of decidua cells de-
creases due to the absence of this hormone.

5.3.5.10. Chromosomal aberrations in workers
professionally exposed to lead
(Gli. Dckniuh, Y. Manuel, G.B.Gerber )

Contract with the Commission of the European Com-
munities No. 038-74-7 Env.B.

Chromosomes in cultured lymphocytes from the
following groups were analyser): 16 workers fjpsri
a plant in Lyon, France, 7 wo/kcrs from a f.'.c'<>ry
in Nerem, Belgium, and 20 controls. The choice of
the workers was made on the basis of either elevated
blood lead (Lyon) or elevated urinary 8-aminolevul-
inic acid (Ncrem). An incicased number of severe
aberrations (rings and dicentrics) were dctectc-.l l r
the workers from Lyon, whereas no such aherndions
but only an increased number of fragments were seen
in those from Nercm.

5.3.5.11. Chromosomal abnormalities in lympho-
cytes from monkeys poisoned with lead
(Gli. Deknudt, A. Colle, G.B. Gerber)

Contract with the Commission of the European Com-
munities No. 038-74-7 Env.B.

Cynomolgus monkeys (Macaca irus) were given
0. 1.5, 6 or 15 mg of lead acetate 6 days a week for
16 months. Another group, also receiving 6 mg, was
kept on a low-calcium diet. Each experimental group
consisted of 2 monkeys. Chromosome analysis on
cultured lymphocytes was carried out after 3, 10 and
16 months of lead treatment. The frequency of scveie
abnormalities (dicentrics, rings, translocations and ex-
changes) only increased significantly in the group
on a low calcium diet, whereas slight abnormalities
(gaps and fragments) increased with time in all
groups receiving lead irrespective of the diet. The
blood lead data indicate the severity of the lead
poisoning.

5.3.5.12. Effects of lead on new bom organisms
(G.B. Gerber', J. Deroo, J. Macs)

EURATOM contract No. 037-74-7 Env.B.

The experiments dealing with the biochemistry of
the brain in mice and rats after lead-treatment have
now been completed. The results demonstrated among
others that lysosomal enzymes, particularly cathepsin,

-• EURATOM
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increase and that serotonin and noradrcnalin arc en-
hanced whereas dopamin is not modified. Studies on
local blood flow in rat brain injecting radioactive
15iun microspheres followed by autoradiography of
tissue sections indicate that blood flow in the cortex is
normal whereas in deeper structures of the brain and
in cerebellum it diminishes. In the course of these
studies, we observed that such rats treated with lead
fiom birth have a considerably enlarged spleen and
an increased rather than a decreased level of erythro-
cytic delta amino-levulinic acid dehydratase. These
observations suggested that in such animals destruc-
tion of crythrocytcs prevails, thus resulting in erythro-
cytic populations of lower mean age and consequently
o. higher average ALA-D activity. Indeed, studies
with S9Fe and '^Fc labelled erythrocytes revealed a
much shortened survival of red cells in addition to
a lowered formation rate.

5.3.5.13. Effects of lead after implantation
(G.B. Gerber'', P. Jacquct, J.Maes, A.Leo-
nard)

EURATOM contract No. 037-74-7 Env.B.

Earlier we observed delayed growth in embryos
from mothers treated with lead. Biochemical studies
suggested that hem concentration in these feti is
normal, although due to their smaller size they have,
of course, less hem than control embryos of the same
age. On the other hand, porphyrins in the lead-treated
embryos were found to be higher and ALA-dehydra-
tase was somewhat decreased. In order to elucidate
whether the limited fetal growth resulted from dim-
inished synthesis of hem, we have investigated the
incorporation of "Fc and of 14C-glycine in heme and
in proteins. Lead treatment abolishes the increase in
Fe incorporation normally occurring at days 16-18 of
pregnancy but does not effect incorporation of glycine.
Another possibility for the action of lead on the
fetus could be the decreased availability of nutrients.
Indeed, placental blood flow in lead treated mice,
measured by means of radioactive 15 iJ.m microsphercs
is lower not only when related to the larger fcti of the
same age but also compared to control feti of the same
size. On the other hand, uptake of an nnimo acid, a-
amino-isobutyratc acid, increases after lead treatment.

5.3.5.14. An ultrastructural study of the experi-
mental lead encephalopathy in the rat
(E. Gianfelici de Rcyners, H. Reyners, J.
Van der Parren, L. Regniers, J.R. Maisin)

Contract with the Commission of the European Com-
munities No. 140-76-12 Env.B.

In our proceeding studies, an important hyper-
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trophy of the cerebral microvasculature was described
in the lead treated rat. This phenomenon was caused
by a daily ingestion of ± 5 0 0 mg Pb + + /kg body
weight during 3 months (from birth). Such a large
dose has now been reduced by factors of 2 and
10, but capillary activation remains very impressive.
Other more subtile signs of lead cnccphalopathy were
also discovered at the level of the brain parenchyma,
namely:
a) an increase in the macrophagc density and lyso-

somal activity;
b) a disequilibrium in the supporting ccll(glial) sys-

tem of the brain: astrocyte density is increased
but oligodendrocytc development is largely in-
hibited. The latter modifications concern parti-
cularly the young developing rats. In the older
animals, the glial parameters appear to return to
control level, as opposed to the microvasculature
changes which were found to be irreversible.

5.3.5.15. Hydrogen bacteria resistant to heavy
metals
(J. Gerits, M. Mergeay)

Bacteria highly resistant to cadmium, cobalt and
zinc were found to belong to a Pseudomonas group
able to use hydrogen as an energy source. The CH34
bacterium previously described was tentatively clas-
sified as Pseudomonas pallcroni. It grows in a very
poor medium supplied with hydrogen and carbon
dioxide as a carbon source. Curings by temperature
and sodium dodccyl sulphate of the resistances show
a genetic linkage between resistances to cadmium,
cobalt and zinc. The ability of these bacteria, typical
of waters and soils, to grow in a very poor and
selective medium (with Hj and CO:) allows a possible
screening of water samples polluted or not polluted
by heavy metals to be carried out. Such a screening
could indicate the dispersion of plasmids or bacteria
resistances to heavy metals.

5.3.6. Study of integration, replication and bio-
logical expression of foreign DNA ad-
ministered to different organisms

5.3.6.1. Plants

5.3.6.1.1. Does DNA correct Arabidopsis thia-
nine mutants ?
(L. Lcdoux, R. Huart, A. Ryngaert-Adri-
aenssens, R.F. Matagne*, J.P. Schlösser*,
M. Jacobs *)

Up to 1975, 34 corrected plants were obtained by
treating different thiaminc conditional lethal mutants

•v Univcr.sitc de Liege
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of Arabiilopsis tlmlinnn with bacterial DNA's of
different origins.

No corrected plant was obtained in control ex-
periments with saline or with DNAase-trcatcd DNA.

The corrected plants so obtained were subculturcd
for several generations and 14 of them have recently
been studied fiom different viewpoints.

Side markers

All corrected plants obtained with the thi-131 gl1

arc glabrous (gl1)- Those obtained from py 431 gl"*
are all hairy (gV ). Among the tz2gl2 corrected plants
(gl2 = variable but low pilosity) some arc more hairy
than gl! should be.

Only one corrected plant does not show the ex-
pected side markers (erecta and glabrous). Prom the
photographs of the original corrected mutant, it can
be ascertained that a contaminant has appeared in
subcultures.

Reproducibility

Recently, new coirections were obtained from mu-
tants bearing other side markers: a total of 28 growing
plants were obtained from 2,200 treated seeds. This
proportion is similar to the one previously observed.
The genetic analysis of these new corrections will be
reported elsewhere.

Thiaminc deficiency

Among the 14 conected plants treated, 4 are
normally green and insensitive to thiamine treatment
(as the wild variety is). The 10 others respond to
thiaminc by wet or dry weight increase or by in-
creased greening.

Variegation and sensitivity to low temperatures

Variegation is observed at 22°C in 5 corrected
plants and at 16°C in 8 of them. This variegation
disappears at a higher temperature (26°C) or thiamine
treatment.

Allelism tests

Redei et al. recently analysed 4 of our variegated
corrected mutants. They compared them with 2
variegated and cold-sensitive thiamine mutants pre-
viously obtained by Langridge (1018-6) and Redei
(th-2"s). Crossing them with our conectants led to
variegated offspring showing no complementation.
The conclusion was that the corrected plants were
allelic to th-2 and therefore contaminants of th-2
origin. With the th-2 mutants we received ftom Prof.
Redei, we repeated his crosses and also crossed all
variegated correctants together. Our results confirm
those of Redei et al. In all cases, the Fi ptogeny grown

at 16°C under strict axenic growth conditions, showed
variegation. However, control crosses made with lethal
{•/: or py mutants also led to green and variegated
Fi progenies, indicating that the complementation
was not always complete. As tz and py do complement
each other (green progenies), these results suggest
that the th-2 mutants bear a partially dominant mu-
tation, possibly affecting some regulatory functions.

This makes an interpretation of such "allelism
tests" difficult.

Response to metabolites

That regulatory genes might be involved is also
suggested by the finding that at 16°C both th-2
mutants show no response to either pyrimidinc or
thiazolc (10 4M), but respond totally to a mixtuie
of these two precursors as well as to thiamine. On
the other hand, none of the corrected plants tested
under identical conditions show such a positive growth
response. On the contrary, the mixture of metabolites
frequently appears toxic.

On this base, it can be concluded that most of the
corrected plants tested differ from the wild types and
from the th-2 viable mutants and therefore cannot be
considered as mechanical contaminants.

Experiments arc in progress to find out the real
nature of the genetic coirections observed.

5.3.6.1.2. On the DNA-mecliated correction of
Arabidopsis thiamine mutants
Progeny of py, er, gl corrected plants
(M. Maluszynski", J. Maluszynska", L. Le-
doux)

A total of 1340 seeds were treated with I mg/ml
sterile DNA separated and purified from E. coli
( thi+) , at 27°C in light (10,000 lux - 16 h) and dark
( 8 h ) alternately. After 3 days, they were washed in
sterile water and sown in test tubes containing sterile
agar and mineral medium.

Mutants rapidly died as plant grown from 4S00
seeds treated with DNAse-treatcd DNA or 0.0IM
NaCl. 3 DNA-treatcd plants survived and, after 6
weeks, formed a normal rosette of leaves. The plants
were then transferred to 21°C (same photopcriod)
to ensure the production of fertile pods. In these
conditions, DNA-corrected plants produced 200-300
seeds, contrary to those we obtained previously which
were continually in the light at a temperature of 24°C
and which only gave 10-20 seeds per plant.

The corrected plants presented the expected side
markers "erecta" and "glabrous". They showed va-
riegations, alternating white and green segments on
the stem and limited growth ( ± 6 cm), all symptoms
which were later proved to be associated with a

" Silcsi.ui University, Katowice, Poland
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pcisistant partial py deficiency (thiazole was ineffec-
tive in restoring normal growth, contrary to pyri-
inidine or thiamine). The genetic analysis of three
corrected plants (090, 091, 092) has been initiated
by following the germination and growth of nil mem-
bers of their progenies at 21°C in light and claik.
Results obtained by crossing or self-crossing these
plants will be described later. A total of 576 seeds
from 55 pods were obtained from the different stems;
090 (I stem), 091 (3 stems) and 092 (4 stems).

Among the 55 investigated pods, 7 were sterile,
27 gave seeds which either did not germinate or
produced mutant phenotypes, 21 pods produced grow-
ing plants, which were classified into 4 groups,
- Group I: mutant type dying 2-3 weeks later.
- Group II: leaves grow green, then bleach after 4-6

weeks. Some of these plants produce short and
deformed stems with small and sterile pods.

- Group III: leaves grow green, then bleach. New
leaves then appear, green and larger than normal.
They slowly multiply and after 5-7 months green
stems ( ± 1 0 cm) with fertile pods are produced.

- Group IV: leaves appear and remain green. The
size of the rosette rcssemblcs that of the py-
supplementcd mutant. Green stems and fertile pods
are obtained after 3-4 months.
On this basis, it can be concluded that the DNA

ticatment leads to corrected plants with an unusual
structure.

The diversity of phenotype found under present
experimental conditions might reflect a lower strength
of the selective pressure and cortesponds pel haps to
differential expression (and sometimes loss) of the
partial phenotypic correction induced by bacterial
DNA.

No mechanical contamination can be advocated in
these experiments which confirm the possibility of
obtaining DNA-mcdiatcd correction of Arabidopsis
pyrimidine mutants.

5.3.6.1,3. On the fate of exogenously supplied
bacterial DNA in soya bean
(N. Luyindula", P.F. Lurquin, L. Lcdoux)

The fate of exogenously supplied radiolabellcd
DNA from Agrobacterium tumefaciens and Micro-
coccus lysodeikticus was investigated in soya bean
tissues growing under various physiological con-
ditions.
a. Rapid degradation and reutilization of the donor

DNA was observed in callus tissue culture, as well
as in

b. Germinating seeds.
c. Five-day old seedlings were shown to degrade

DNA in the incubation medium and to utilize
these degradation products for their own DNA

synthesis. Reutilization could be almost totally
suppressed by addition of unlahclled thymidine as
a competitor. This allowed the detection of sig-
nificant amounts of residual donor DNA closely
associated with the plant tissues,

d, Soya bean shoots were dipped into a solution
of donor DNA and this was found to first migrate
to the leaves, where mostly endogenous DNA was
later found labelled. Polymerized exogenous DNA
was found in the regenerated roots after 12 days
of culture.

5.3.6.1.4, Thiamine autotrophy in tissue cultures
of Arabidopsis
(P.F. Lurquin, A. Adriaensscns-Ryngaert,
R.I hunt)

Tissue culture of plant cells is receiving consider-
able interest as a tool to study somatic cell genetics,
mutagenesis and other genetic modifications of plant
materials. Our aim is to select Arabidopsis somatic
cells showing thiamine independence fiom a popula-
tion of thiamineless cells. It was found that the
gene coding for the production of thiamine in wild
Arabidopsis cells is repressed or inhibited when the
tissue is grown in a standard culture medium. Thus
the distinction between wild and thiamine deficient
cells is impossible using this medium. We found that
the hoimone 2,4-dichlorophenoxyacetic acid (2,4-D)
used at a standard concentration ( lmg/1) is res-
ponsible for this phenomenon. Lowering the 2,4-D
concentration down to 0.05 mg/l still allows pro-
liferation of largely unorganized gieen tissues from
wild seeds. Thiamine deficiency of the mutant tissues
orginating from thiamine, pyrimidine and thiazole
mutant seeds is then fully expressed. Growth of the
latter can be restored by adding the corresponding
metabolites. Thus these conditions allow selection of
cells possessing thiamine genes functional for mutant
cells. Moreover, the tissues undergo morphogenesis
leading to fertile plants when transferred to a suitable
medium.

This would make the amplification and cloning of
corrected Arabidopsis cells obtained in the laboratory
possible.

5.3.6.1.5. Incorporation of recombinant-DNA plas-
mid vehicles in plant protoplasts
(P.F. Lurquin, C.I. Kado", L. Marton")

Conditions ensuring optimal plasmid uptake and
stability in cowpea and tobacco mesophyll protoplasts
were investigated. Protoplasts (Fig. 5.16.) were in-
cubated at pH 5.6 or pH 10.5 in sucrose or mannitol
medium with plasmids (3II)-pCR 1, (3H)-pBR3l3

ABOS/AGCD fellow
University of California, D.ivis, USA
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MR. 5 Id. — Pintoplnrti from tobacco leiij Mesophyll (X-IOO).

and (MI)-pCK 135 (TI) cither free or complcxcd
with historic HI, poly-L-ornithinc, protaminu sulphate
or tobacco mosaic virus (TMV) capsid protein. Com-
plex formation with these polypepticles was evidenced
by a variety of methods such as suciose gradient
ccntiifugation, ciicular dichioism and electron micto-
scopy. Best results regarding the total amount of
plasmid irreversibly bound to protoplasts as well as
plasmid presetvation were obtained at high pi 1 in
ihe presence of CnM and at pH 5.6 in the presence
of poIy-L-ornithine and Z n * \ In some cists intact
plasmid DNA could be recovered from the treated
cells. However, intnicellular stripping of the TMV-
pCK 135 complex led to the fragmention of this very
large plasmid. Part of the plasmid DNA taken up
could be recovered from the nuclear fraction. Sucrose
gradient centrifugation, CsCl-cthklium bromide equili-
brium density gradient centrifugation of cleared lysates
and DNA network analysis ruled out rcutilization of
plasmid DNA within the incubation periods used.

Cell wall lcgencration and cell division were easily
observed in plasmid treated protoplasts. This will
make it possible to study the long-term fate of plasmid
obtained by techniques such as hybridization with
nick-translated donor DNA or pulse labelled plant
cell RNA.

5.3.6.1.6. Apparent destruction and reutilization
of heterologous DNA applied to seeds
of Lactuca sativa
(O.P.Kamra*, L. Lcdoux, R.Huart)

Dry seeds of Lactuca sativa were treated with
tritium-labelled DNA of Micrococcus lysodcikticus in
a.xenic conditions for 24 h at 22°C. The seeds were
then incubated in unlabellcd M. lysodcikticus (ML)

DNA (2.3 mg/ml) with 10 jxCi of ( n C) thymidine
(48mCi/mmoI) for 48 h at 22°C. Plantlcts were
treated for 15 min with DNase and DNA extracted,
It was fractionated on Scpharosc 4B and the macro-
molecular fractions were analysed by CsCl density-
gnidicnt centrifugation. Untreated controls were la-
belled with I mCi of (MI) thymidine for 24 h. DNA
was extracted and fractionated.

The tritium radioactivity could only be found at
the density of Lacliicn DNA, together with all the
l4C-labelling.

These results suggested that Lactuca seeds rcutilize
the radioactivity in further development and growth.
I Iowever, upon soniciition and CsCl density centrifu-
gation, the 'Il-radioactivity appeared with a wide
distribution extending to values close to ML DNA.
In untreated controls, radioactivity was only distribut-
ed around the density value of Lactuca DNA.

Labelled DNA from Lactuca treated with radio-
active ML DNA was then sonicated and denatured
in the presence of unlabclled ML DNA for 10 min
at 106°C, followed by renaturation at 73°C for 17 h
(Cot > 100 for ML DNA).

Thermodcnaturation was performed on hydroxy-
apaiite and compared with lcsults obtained either
with native ML (Ml) DNA or with ML (Ml) DNA
icnaturated with unlabellcd ML DNA in conditions
described above.

Almost all l4C-radioactivity found in Lactuca DNA
was eluted at 60°C as single-stranded material while
almost all Ml-radioactivity found in the same Lactuca
DNA melted quickly at 81-82°C, about 2°C below the
T,,, of puic ML DNA.

At this point of our research, these results indicate
that pieces of foreign DNA could either be trapped
in the Lactuca DNA band obtained in CsCl gradient
or even bound to it. Finding Ml-labcl only associated
with the recipient DNA of a (Ml) DNA-tieated plant
isolated in CsCl gradient does not necessarily prove
that the foreign material has been completely de-
graded and reused.

5.3.6.1.7. Uptake and retention of heterologous
DNA applied to seeds of Matthiola
incana
(O.P. Kamra"', L. Ledoux, R. Huart)

Hemleben ct al. have previously shown that Mat-
thiola plantlcts could take up isologous DNA made
heavy with BUdR and apparently retain it in associa-
tion with their own DNA. They found that the system
used extensively degtaded and reutilizcd heterologous
DNA.

In our experiments, we used dry Mattliiola seeds,
sterilized with concentrated NaOCl for 10 min. The
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seeds were incubated with (3II) DNA from M. lyso-
deiluicus DNA for 6 h, then with unlabcllcd ML DNA
for 2 to 3 d, followed by a 6 h incubation with (IJC)
thymidinc (S4 mCi/mmol), Some of the treated ma-
terials were then grown for 6 d at 22°C on pcrlitc
soaked with mineral medium, Incubations were car-
ried out axenically and bacterial contamination was
checked on agar plates with complete growth medium,
At the end of the treatment, seedlings were cleaned
with DNAnsc for 15 min at 22°C. DNA was extracted
and analysed in CsCl gradients. Results continually
show that Matthiola can take up and retain some of
the ML (Ml) DNA. The amount of Ml-matcrial found
at the density of ML DNA decreased with time,
accompanied by a labelling of the recipient DNA band.
All 14C was concentrated at this level. Both "foreign"
and "recipient" DNA were then analysed by molecul-
ar hybridization. For this they were sonicated and
denaturatcd {at 106°C for 10 min) in the presence
of unlabclleri ML DNA, then renaturated at 73°C.
Concentrations and times used were such that a Cot
value > 100 was obtained. The renaturated materials
were then melted on hydroxypatite ( I IA). In parallel,
native ML (MI) DNA and ML (MI) DNA, rc-
natured in the same conditions as for Mattliiola were
also melted in hydroxyapatitc.

Preliminary results indicate that "foreign" and
"recipient" (Ml) DNA recovered from Matthiola
behave similarly on HA and differ from the ('4C)
DNA. Most of this (I4C) DNA cluted at 60°C as
single-stranded material whereas only 10% of both
(Ml) DNA cluted at that temperature, the remaining
90% melting sharply at 82-83cC, in both cases.
Parallel assays showed that ML (MI) DNA melted
at 86°C in our experimental conditions. These results
suggest that the 3I I-labcI recovered at the density of
the recipient Mattliiola DNA could correspond to
pieces of foreign DNA specifically retained by the
plant material or bound to it. It should be pointed
out that due to the high specific radioactivity of the
foreign DNA used and the much lower specific
radioactivity (by several orders of magnitude) of
newly synthesized plant DNA, it would not be sur-
prising if the first one could be detected by molecular
hybridization when only present in very small
amounts. More refined techniques would have to be
used. These results as well as those obtained with
Lactuca draw attention to the possibility that small
pieces of foreign DNA can be associated with the
material found in CsCl at the density of plant DNA.

5.3.6.2. Mouse cells

5.3.6.2.1. Uptake of radioactive plasmid DNA by
L929 mouse cells
(P. Charles, J.Rc-my)

Radioactive DNA from RSF 1030 plasmid (5.5X
10"1 daltons carrying an ampicillin resistance gene)
was used on L929 mouse cells. Cells were incubated
for 2 h in phosphate buffer containing plasmid (Ml)
DNA, then washed 3 times with saline (0.14M
NaCI). Total DNA was extracted for analysis by
ultracentrifugation in cesium chloride gradient by
clcctrophoresis on agarose gel, Plasmid structure was
not modified during incubation. The molecular weight
and the density of the radioactive DNA molecules
observed in the cell lysate was not greatly altered
when compared with that provided for the cells.
Elect rophoresis analysis shows that some supercoiled
DNA molecules are present in the cell lysate together
with linear radioactive molecules.

5.3.6.3. Bacteria

5.3.6.3.1. Selection of mutations increasing he-
terospecific recombination in Salmo-
nella typhimurium
(M. Mergeay, J. Gerits, I. Samojlenko*)

Some mutations affecting the DNA metabolism in
bacteria were found to show the phenotype of in-
creased recombination. Therefore, we used hctero-
specific transfer of genes (transduction) between
Escherichia eoli and Salmonella typhimurium to de-
vise a positive selection of mutations affecting the
DNA metabolism. In appropriate transductions, re-
combination was observed only after mutagenesis.
In 120 heterospecific transductants found after the
mutagenic treatment, we looked for phenotypic traits
typical of mutations affecting the DNA metabolism.
At least 20 different phenotypes were recognized in
65 clones. Among interesting mutant classes, we can
quote fifteen clones exhibiting the antimutator phe-
notype, practically unknown up to now in bacteria.
In these mutants, the level of spontaneous muta-
genesis is lower. The evidence for these mutations or
the antimutator phenotype will allow us to study
the relationship between recombination and the con-
trol of spontaneous mutagenesis.

M.F. Gamal.iy.i Institute for Epidemiology and Microbiology
Academy of Medical Sciences, Moscow (USSR)
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5.4. EXPLORATORY RESEARCH

To conclude past development work on fuels for thermoionic convenors, studies were carried out on phase
equilibria in the La-Th-W-O-system.

Further reactor physics efforts were devoted to the improvement of neutron radiography to detect the
presence of Pu-rich particles in UO2-P11O2 fuel pins and of image analysis techniques for quantitative porosity
meastnements.

Exploratory research in technology was mainly related to the behaviour of thermocouples and thermoelectric
neutron dosimetry.

5.4.1. Exploratory research in technology

5.4.1.1. CHF - Critical heat flux in stagnant water
(W. Hebel', M. Decrcton)

The maximum rate of heat flow that can be trans-
ferred from a heated rod through a stagnant boiling
water annulus to an opposite cooling wall was further
investigated. Burn-out experiments are being perform-
ed under different conditions with tegard to rod
power, boiling water pressure and width of the water
S"P-

Previous results have shown already that the heat
transfer mechanism at the cooling wall largely de-
termines the critical heat flux limit.

By more careful analysis and extension of the
research work, the conditions for a different heat
transfer mechanism at the heating wall became
evident.

The experimental programme, covering the range
from atmospheric piessurc to beyond the critical
piessiuc of water will allow the verification of differ-
ing theoretical correlations known by literature about
the heat transfer coefficients or mechanisms for vapour
condensation and for nucleate boiling.

5 4.1.2. DNB - Departure from nucleate boiling
in flowing cooling water
(W.Hcbel'-, W. Detavernier, G.BIondeel)

It is of great importance, when designing heat
transfer equipment, to know about the conditions
and parameters leading to DNB in order to prevent
damage of the material.

Based on the heat transfer mechanisms experienced
in the above mentioned CIIF tests, a physically mean-
ingful correlation was developed for describing the
phenomena leading to departure ftom nucleate boiling
(DNB) at a heater wall in flowing cooling water.
The correlation proposed gives a lower limit for the
critical heat transfer rate; DNB may here be en-

countered in certain cases but becomes more and
more likely above this limit. This correlation was
compared with existing empirical and statistical equa-
tions and was checked against numerous experimental
results reported in the literature. It appeared that
the correlation gave consistently good predictions for
the critical heat transfer rate in all the cases examined.

In order to verify and analyse the new DNB
correlation by out own experiments, a high perform-
ance test loop was designed and construction has
started.

5.4.1.3. INF - Measurement of instantaneous neu-
tron flux by self-powered neutron (SPN)
detectors
(W. Hebe l , J. Dekeyser, P. Dirven, J . Pa-
rent )

The use of SPN detectors in irradiation devices
loaded into the BR2 reactor was continued. Whereas
for certain rigs the correlation between measured
signal and effective neutron flux was satisfactory,
there were other cases observed which apparently
were not in agiecment.

A special testing device ( I N F 3 T ) was therefore
designed to investigate possible parasitic phenomena
pciturbing the SPND output signal. The test rig
contains 12 individual detcctois located in 3 different
typical core material environments, i.e. in aluminium,
in stainless steel and in Zircaloy. Each of the two
different kinds of detectois used, vanadium and cobalt,
is accompanied by a special compensating probe for
distinguishing spurious signals from the effective
SPND output.

A supplier could be found for the special com-
pensating probes and construction of the test rig
was started. Operation is scheduled for early 1978.

The first piototype test rig, INF 1, loaded into
BR2 in May 1975, continued to produce useful and
reliable output signals.

EURATOM EURATOM
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5.4.1.4. NTP - High temperature measurement by 5.4.1.5. Thermocouple behaviour
noise thermometry (F. Matliieu", R. Meier*)
(W. Hebel*, M. Decreton, F. Moons)

,,„ i r . i. . i • Irradiation induced thermocouple drift
I he temperature control or irradiation devices

operating above I000°C suffers from a deviation in A complete recalibration of the three ehromel/
output signal of the high temperature thermocouples. alumel thermocouples and of the platinum-10%
The deviation rate and value depends, in a com- rhodium/platinum thermocouple, which have been
plicated way, upon the neutron fltience and temper- irradiated up to thermal and fast neutron flucnecs
aturc profiles along the thermocouple wires. exceeding 10~nvt, has been carried out. Highly

A different temperature measuring technique, which reliable and complete icsults are now available con-
has been developed during the last few years, uses ccrning not only the permanent and erasable drift
so-called noise thermometer probes which are similar due to neutron irradiation, but also the influence of
to thermocouples but give rise to less neutron induced short-range ordering in chromel/alumcl thermocouples,
drift. They measure the electromotive force pro- Fig. 5.18. illustrates what is under adverse con-
duced in a resistance by the thermal movement of ditions, the permanent emf drift at a hot junction
the molecules. temperature of about 800°C, as a function of the

Study and design of noise thermometer probes neutron fluencc. It appears in particular that chromel/
were initiated. In collaboration with KFA, Jülich, it alumel thermocouples arc indeed subject to permanent
was decided to test these probes in certain BR2 drift whereas in the specialized literature the drift is
irradiation experiments. currently reported to be virtually zero.

thermal fluence'[10 nvtj thermal fluence •[lCTnvtJ

/•'/#. i 17 — Ncution irr.nl Mt ion induced permanent ditft in platinum • 10% rhodium/platinum and chromel I alumel thermocouples

• EURATOM • EURATOM

5-35



Thermoelectric neutron dosimetry

The rcproducibility of the drift in thermocouples
is in fact excellent so that a neutron dosimctry
method can be based on this effect. The practical
feasibility has been demonstrated in a test series.
It turns out that n thermoelectric neutron dose de-
tector such as platinum-rhodium can monitor fluences
exceeding 10~nvt.

Compilation of thermocouple life-times

The file with the failure data of 643 chromcl/
nlumcl thermocouples which have been irradiated in
the BR2 reactor has been processed. The results of
the analysis have been published. The main con-
clusions are that the upper failure rate, which should
only be taken into account for safety reasons, is
about 15% per year of operation and that for the
estimation of a more realistic failute rate, a value of
0.5% failure per thermal cycle could be proposed.

Short-range ordering in the chromel and alumel
alloys

The laboiatory investigation of the short-range
ordering phenomenon in the chromcl and alumcl
alloys has been extended in order to cover the ex-
perimental conditions in the thermocouple inadiation
rig.

It was found that for long periods of exposure
at relatively low tempcratuies (for instance 100
to 200°C), short-range ordering genctates significant
thermocouple drift.

The results available on short-range ordering ex-
plain the apparently abnormal in-pile behaviour of
chiomel/alumel thermocouples.

Thermoelectric emfs induced by mechanical
stress

In order to identify the sources of thermoelectric
hysteresis the test scries concerning the thermoelectric
emfs induced by mechanical stresses in thermocouple
conductors has been completed.

The results have been summarized in a topical
report.

Miscellaneous

Other test scries have been run concerning in-
sulation resistances and leakage currents in chromel/
nlumcl thermocouples, errors resulting from long-term
exposure on sodium loops, errors induced by possible
selective migration of alloy components in steep
temperature gradients, etc.

5.4.1.6. Fuel burn-up calculations ("FHRIGING")
(R. Pennine!«)

The I'llRIGING programme to calculate the burn-
up of a nuclear fuel rod after n series of irradiation
periods has been adapted to the IBM 370.

5.4.1.7. Measurement of the Wigner energy
(R. Pennine!«)

Fifteen samples of graphite from the central zone
of the moderator of the BR1 icactor were measured
in 1977. The maximum stored Wigncr energy found
is 57 cal.g"1.

5.4.2. Exploratory research in Metallurgy

Thcrmodynamic stability and phase equilibria
in the system La-Th-W-0
(F.G.CastecIs, M.J. Brabers', R. De Paus" )

The phase equilibria and thermodynamic stability
of the fuel for a thetmionic direct energy conversion
cell determine its efficiency. Fuel compositions which
during decay lead to the formation of low melting
compounds and products with high vapour pressures
have to be avoided. LaiO.i has been used as a sim-
ulator for AciO). The phase equilibria and the vapour
pressure in desintcgrating fuels with different initial
La2Ot to ThO2 tatios in a W sheathed heat source
have been evaluated after heat treatment and effusion
measurements carried out in W crucibles.

These measurements have been carried out in the
1500°-2400cC temperature lange.

The vapour prcssuic of the pure oxides La^Oj,
ThO: and WOi and ternary and quaternary oxide
compositions representing the most typical phase
equilibria in the LaiGvThGvWO) system have been
measured. X-ray and chemical analyses were carried
out on the lcsidues after the effusion measutcment.

It has been found that the vapour pressure of
LaiCh depends on its contamination by water and
carbon dioxide.

The interaction mechanism between LaaOi and W
is governed by the formation of a stable lanthanum
tungstate (LaioW^Oai) with pyrochlorc structuie. This
reaction takes place at very low oxygen pressures.

ThO2 decreases the chemical activity of LajOv The
decrease in the activity of LaiOj in the La-Th-O sys-
tem increases with decreasing temperature. The de-
crease of LaiO.i activity in the La-Th-0 system in-
creases by alloying with tungsten.

The thermodynamic stability and crystallographic
structuie of the phases present in the composition

K.U.Lcuven
J.R.C.Pcttcn
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triangle LajOi-ThOjOLajOj.WO? have been deter-
mined. The phase rich in thoria has a cubic structure
of the defect fluorite type. The phase rich in LaiOs
has a cubic structure of the pyrochlore type. Above
1840°C which is the transformation temperature of
LauAViO'i all phases in the composition triangle
possess the cubic defect fluorite structure, The thermo-
dynamic stability of the (Th,La,W,O) phase with
defect fluorite structure is much less than that of
the (Ln,Th,W,O) phase with pyrochlorc structure.

5.4.3. Exploratory research in reactor physics

5.4.3.1. Development in neutron radiography
(H. Tour we)

In order to develop the neutron radiography ca-
pabilities at the BR1 reactor for the non-destructive
quality control of highly enriched mixed oxide fuel
pins for fast reactors, especially SNR, Belgonucleaiie
piepared a reference fuel pin, containing pellets of
different enrichments and with Pu grains of diffeient
sizes. It was observed that in the range of 20 to
30 wt.% enrichment (Pu/U + Pu), Pu grains of
200 | im diameter can be detected. For enrichments
between 30 and 35 wt.96, the detection limit is
300 |im. It is planned that about 300 SNR fuel pins
will be controlled using this installation. To position
these fuel pins during exposure, new fuel racks were
designed and constructed. Each rack can contain ten
3 in long fuel pins. Also, the transportation system
was adapted to the new fuel racks.

5.4.3.2. Porosity measurements with the Quanti-
met 720
(H. Tour we)

The Quantimct 720 image analysis system, current-
ly used for reactor physics applications, was used to
measure the average porosity and the porosity size
distribution in KNKII fuel pellets. The porosity
measurements showed a systematic deviation of 20
to 30?o as compared to values obtained by other
techniques. The error due to quantitative image
analysis is less than 10%. The error due to the
polishing procedure is estimated to be 10 to 2096.
Methods have been developed to leduce these errors.
The pore distribution was determined by measuring
the chord size distribution in a plane. For conversion
to the spatial distribution, the steteological methods
developed by BOCKSTIEGEL and SALTYKOV
were applied. Two FORTRAN programmes were
written in older to perform the calculation on the
PDP 11/04 computer of the SCORPIO system. Com-
paring the results of both methods showed the
superiority of the BOCKSTIEGEL method for this
kind of application.

It is also planned to perform porosity measure-
ments on unirradiatcd and irradiated fuel from the
P17 irradiation programme in BR2.

5.4.3.3. Elaboration of a calculation method for
the determination of the gamma heating
in nuclear reactors
(L. Fouarge)

As no computational code of general use for gamma
flux calculation is available at SCK/CEN, an effort
has been started in this field.

In order to take advantage of the experience gained
in neutron transport code utilization, the following
calculation scheme has been adopted:
- ncutronic calculations arc performed as usual and

the neutron flux distributions are stored on mag-
netic tapes together with the atomic concentrations;

- gamma sources and gamma cross-sections are cal-
culated for each mesh point of the reactor with a
new code (GAMPREP); special attention has been
paid to the updating of existing gamma cross-
section libraries for both n-y and y-y;

- the gamma flux distribution is then calculated by
means of the ncution transport code DTFIV;
because of the similarity in the mathematical equa-
tions, it is indeed possible to calculate a gamma
flux map using a neutronic code; care must how-
ever be taken of the stronger anisotropy of the
gamma reemission after Compton effect;

- starting from the gamma flux values, gamma heating
is calculated using the reaction rate calculation
option of the neutron code.
In order to test this method, several reference

cases were examined.
- Calculations for a PWR reactor with pressure vessel

and concrete shielding and for a fast leactor cell
by means of several codes at different laboratories
indicated satisfactory general agreement but some
inconsistencies in the libraries (e.g. gamma produc-
tion per neutron absotption in some energy groups)
were pointed out.

- A shielding calculation using the transport DTF IV
code, allows comparison with the classical shielding
calculation. The calculated gamma closes have the
same order of magnitude, but in the case of the
transport calculation, the build-up factor is stronger.

- Calculation of two irradiation device mock-ups in
BR02 showed that the calculated and measured data
geneially agree but the gamma dose over neutron
flux ratio is slightly underestimated by calculation.

5.4.4. Exploratory research in electrochemistry
(A. Blancliart, M. Leynen, G. Spaepen, G. Van
Bogaert, Chr. Van der Poorten)

In this field of research, the following topics have
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been studied: cordcr which has been replaced;
- Zn-iiir batteries in 3 D-systcms: the results have led - a study of the possibility of storing electric power

to the conclusion of an agreement with the Zn in the form of mcthanol;
manufacturer; - electrochemical corrosion measurement for the fuel-

- many difficulties were encountered in the use of cell programme
the impedance method owing to the transient re-
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Chapter 6

NON-NUCLEAR PROGRAMMES

6.1. AIR POLLUTION MEASUREMENT PROGRAMMES

An intcrdcpartemental and interdisciplinary project group continued its efforts in the field of air pollution
monitoring, air pollution interpretation and mathematical modelling. New techniques were developed and recent
findings applied under laboratory conditions as well as in the field. In addition to this research and development
work, the SCK/CEN group had to deal with a considerable number of questions and practical problems raised
by central, tegional or local authorities as well as by private industry. Different members of the group also
participated as experts in national or international working groups and commissions.

6.1.1. The Belgian network for the determination
of heavy metals
(F. Bosnians, G.DcBacrc, I.Dclcspaul, J.Gce-
rinckx, J.G. Kretzschmar, F. Lievcns, M. Put,
J. Vandcrvce)

The analysis and interpretation of the daily levels
of Pb, Zn, Cd, Ba, V, Ni, Mn, Cu, Cr and Fe in
fifteen monitoring stations during the period May
1975 - April 1976 were summarized in the yearly
report. The data obtained in Mol during the period
1972-1976 were analysed as a function of the local
meteorological situations.

One of the most important results of this study
was to show that it is possible to detect specific
sources in the immediate neighbourhood as well as
at a distance of 100 km, by means of the enrichment
factors of the total suspended paniculate levels. The
Ministry of Public Health decided to continue this
programme for another 3 years.

6.1.2. Automated networks for measuring air
quality in urban or industrial areas
(H. Bultynck, H. Depuydt, J.G. Kretzschmar,
M.Loos, H. Peperstraete, G. Van Roosbroeck)

The Gent regional network became operational in
September 1977. SCK/CEN played an important role
in the logical and functional design of the software

for data acquisition, data validation and data reduction
in the Remote Terminal Units (RTU's), as well as
in the data handling procedures for the Regional Data
Reduction Centre (RDRC) in Gent. The development
of the hardware and software required to link the
meteorological tower of SCK/CEN with the National
Data Processing Centre (NDPC) in Brussels con-
tinued. Primary permeation standards for SO2, total
sulphur and NO, were prepared for the calibration of
the monitors. Co-operation with the Ministry of Public
Health and the Royal Meteorological Institute will
continue in 1978.

6.1.3. Exploratory campaigns for air pollution
measurements in industrial and urban
areas
(G.DeBaere, J.G. Kretzschmar, H. Peperstrae-
te, T. Rymcn)

Under contract with the Staatssccretariaat voor
Vlaamse Streekeconomie, and in close collaboration
with the Ministry of Labour and various local author-
ities and industries, campaigns were carried out in the
following regions.

6.1.3.1. Region of Boom-Willebroek-Rumst

The final results for SO>, NO-NO2 and dustfall in
the area of the triangle Willebroek-Boom-Rumst were
presented.
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High SOj concentrations were detected in Willc-
broek ,is well as along the Rupcl on the axis Boom-
Rumst. Although the average NO-NO: situation in
Willcbrock seems to meet the air quality standards,
it was noted that high peaks occurred during re-
latively short periods.

6.1.3.2. Region of Genk

The determination of hexachlorocyclopcntadienc
required the development of a specific ptocedtire for
sample collection and analysis. Reliability was checked
by analysing samples collected in the immediate neigh-
bourhood of the polluting source.

6.1.3.3. Region of Overpelt

By means of three monitoring stations determining,
during 6 months, the daily levels of Pb, Cu, Zn and
Cd around the local metallurgical plant, it was pos-
sible to determine the actual impact of this important
source. An SO> minimax-campaign over two weeks
led to the conclusion that some serious SO2 problems
could exist in the neighbourhood of the same plant.

6.1.4. The pilot network of SCK/CEN,
(H. Bultynck, H. Dcpuydt, J.G. Kretzschmar,
M. Loos, H. Pcpcrstrnctc, j . Vandervec)

The routine acquisition, validation, leduction and
interpretation of ,hc data from the local meteorologic-
al tower continued. New subroutines were developed
for the IBM 370 and for the HP desk calculator for
the on and off-line use of the measurements.

Air pollution monitors used in other projects were
calibrated regularly by means of the pilot network
configuration.

Primary permeation standards have been made
available for NH3, MVC, HF, H2S, C3H8, Cjllio, etc.

A complete CAMAC system for the on-line meteo-
rological and radiological control of the environment
in the vicinity of the SCK/CEN installations is under
construction. The link with the NDPC of the Belgian
Automatic Monitoring Network (see § 6.1.2.) will be
made using the same system.

6.1.5. Mathematical models
(F. Bosnians, H. Bultynck, S. Cieslik, G. Cose-
mans, G. De Baere, L. De Cortc, J.F. De Grcef,
P. Govaerts, J.G. Kretzschmar, I. Mertcns, G.
Spauwen, J. Vander. t)

As part of the National R & D programme Air
(Ministry of Science Policy), a specific study on three
existing SO2 sources in Antwerpen showed how it
was possible to define and calculate the impact of

existing SO2 sources on ground-level concentrations
and how it was possible to evaluate the consequences
of various actions in time and in space. Fig. 6.1. il-
lustrates this by means of one of the many different
output options of the Immission Frequency Distribu-
tion Model (1FDM).

Within the actual state-of-the-art of the available
input data (emission, immission, meteorology), the
1FDM model is completely validated for Antwerpen
and operational for any practical application. A pro-
gramme on the continuous determination of the mix-
ing height by means of Acdars as well as the dc-

Hap ot Ih« r«?on

Fig. 6.1. — Spul ml pal lern 0/ the seasonal SO-, averages due
lo industrial and domestic SO2 sources obtained
by means 0/ I be IFDM.
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teiminalion of the atmospheric stability from synoptic
or climatological observations was started.

The possible consequences of routine and accidental
releases of radionuclidcs from PWR's arc being stu-
died by means of the same IFDM. The impact study
for Tihange II is an illustration of this.

The final leport on the different possibilities for
the modelling of the long range transport of radio-
active teleases has been submitted to the CEC.

A cooling tower cloud model has been devised
based on Pasquill's dispelsion theory. It calculates
the height of the cloud elevation and accounts for
the effects of fog and precipitation due to condensa-
tion. To solve for the effects of atmospheric diffusion,
a Gaussian cloud model is assumed once the effective
emission height is reached.

A computer programme exists and makes possible
the calculation of the trajectory and concentration
distribution for six categories of atmospheric stability.
The ptogrammc will be further completed by the
calculation of the condensation effects.

6.1.6. Participates
(J.P.Deworm, J.G.Kretzschmar, J.B.Pauwcls)

Gravimetric and ncphclometric determination of the
TSP levels in Mol continued in order to study the
characteristics and correlation of both systems. The
importance of the determination of TSP levels, even
if one is mainly interested in the levels of specific
elements in the suspended dust, has been demonstrated
by a critical study of the value of so-called air pol-
lution roses (§ 6.1.1.).

The relation between TSP levels determined gra-
vimctrically by means of different national and inter-
national sampling configurations is being investigated
in a comparative study at the Mol site.

The size distributions for the different aerosol
generators used for filter testing have been found to
be in agreement with the generally accepted norms.
A cascade impactor for sampling in the hot off-gases
of the FLK-incinerator was studied and constructed.
The measured aerodynamic mass-median diameter of
the aerosol emitted is about 0.5 (xm, and was shown
to be independent of the filter installations.

The calibration and intercomparison of a number
of portable condensation nuclei counters (CNC)
shows a significant difference between the instrument
readings and the reference value. Recalibration of
CMC's was shown to be necessary for all instruments.

Preliminary measurements showed that our method
for measuring asbestos in ambient air can also be
used for the determination of the asbestos content
of human lung tissue.

6.1.7. Air pollution in the region of Tessenderlo
(H. Bultynck, G.Coscmans, J.G. Kretzschmar,
H. Pepcrstraete)

Bused on the results of an extensive exploratory
campaign in Tesscnderlo (under contract with the
Staatssecretariaat voor Vlaamse Strcekeconomic), the
Ministry of Public Health asked SCK/CEN to install
and operate a mini-network of thiec automatic SO:
monitoring stations and one automatic gaschromato-
graph for the continuous determination of MVC,
ethylene and EDC in order to follow the evolution
of the local air pollution situation. Since March 1977,
several SO2 episodes and incidents were recorded and
sources responsible were clearly identified. The aver-
age situation for the hydrocarbons is quite satis-
factory, although some accidental releases caused
problems.

6.2. POLLUTION ABATEMENT AND WASTE HANDLING

6.2.1. The organization of the solid waste han-
dling sector
(V. Cortliouts, F. Decamps, D. De Vooght, A.
Joosten, H. Hoeyberghs)

SCK/CEN has undertaken a study under govern-
ment contract and in collaboration with "GOM-
Vlaams Brabant" on enquiry, sampling, analyses, as
well as on the needs and possibilities of incinerating
difficult industrial wastes in the region of Vlaams
Brabant.

The authorities responsible have not yet decided
on an acceptable site for controlled deposit of un-

combustible industrial wastes in the Piovince of
Antwerp. In the meantime, SCK/CEN has stopped
specific technical work and analysed ten potential
sites and compared them with the reference site
Schelle.

On behalf of the Ministry of Public Health, the
inventory on industrial waste in the Flemish part of
Belgium and in Brussels was finalized by analysing
and evaluating 115 types of residues sampled from
57 plants. The full physicochemical characterization
included some 35 parameters. In the evaluation, em-
phasis was placed on the following questions:
- which conditioning techniques exist already or arc
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to be developed for the treatment of a maximum
volume of industrial waste in ordinary installations
(tipping, incineration, composting, sotting) for
household wastes;
is it feasible to introduce cheaper and alternative
techniques for incineration without ecological
hazards.

a study-syndicate for promoting studies, mainly in the
ecology sector. A first scheme was devised to separate
a combustible fraction with high combustion value
from shredded refuse. This Refuse Derived Fuel
(RDF) has many applications. The next point to he
proved is the reproducibility of such RDF on a suf-
ficient time and volume scale.

6.2.2. Pollution effects of brick kilns in the Boom
area
(W.R.A.Goossens, J.Wiliocx, It. Harnic, H.
Hoeyberghs)

The Ministry of Public Health sponsored an in-
vestigation into the pollution effects of brick kilns
in the Uuom area. SCK/CEN acted as general co-
ordinator of the experimental programme and carried
out measurements of the air flow input in the feed
openings beneath the kiln and of the temperature
evolution at forty points inside the oven. In col-
laboration with N1EB/INIEX, the concentiation of
a few sulphur compounds was also measured. In the
immediate neighbourhood, the immission concentrt-
tions are determined by IHE. The work is be' «
continued.

6.2.3. Anti-pollution consortium ECOVIRON
(F. Decamps, D. De Vooglit, G.Spacpcn)

NIM/SNI, DNB/OPI and SCK/CEN have set up

6.2.4. National R & D programme for energy re-
covery and materials recycling from wastes
(H. Dcpuydt, H. Hoeyberghs, G. Peperstniete)

This programme is sponsored by the Ministry for
Science. Other bodies involved arc OR1 (Office Re-
gional d'lnformation), SDRW (^oriete dc Dcveloppe-
menr Regional Wallonne) and GOM (Gewestelijkc
Ontwikkelingsmaatschappij) of Antwerpen.

The SCK/CEN model, LAMBIX, determining the
optimal number and location of solid waste plants
for one processing activity, was adapted to permit
different transport methods and an upper limit for the
treatment capacity of some plants,.

Another plan location model was elaborated and
tested, using a fixed charge linear programming algo-
rithm. The model selects the optimal subset of all
proposed locations of processing facilities, with differ-
ent processing activities and upper limit treatment
capacities.

Finally a comparative evaluation of several ma-
thematical algorithms was set up, minimizing both
linear and non-linear objective functions.

6.3. WATER TREATMENT
(G. Spaepen)

6.3.1. The desalination of seawater
(G. Van Roosbroeck, H. Hoeyberghs)

Under contract with SVW, SCK/CEN completed
a study on the possibility of using freezing techniques
for water desalination.

The terminal for LNG (liquified natural gas) at
Zecbrugge would be a suitable source of frigories.
Hence, a more detailed concept for this particular
application is now being studied.

6.3.2. The purification of brackish waters
(F. Decamps)

Also under contract with SVW, a case-study is

being undertaken to determine the feasibility of using
the heat output from the incineration of domestic
waste for the production of industrial process water
or drinking water by distillation of brackish water.

6.3.3. The industrial waste water collector
(A. Joosten)

All work on the collector for the Kempen region
remains suspended. Routine analyses on a number of
specific water types were carried out on request.
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6.4. HYDROGEN PROGRAMME
(L ,H, Baetsle, II. Vanclcnborrc)

Studies on tlie thennochemical production of hydrogen have been stopped. The electrolytic production of
hydrogen from water as a means of storing electricity is to be considered as one of the major candidates for
regulating future nuclear power generation. The economic feasibility of producing hydrogen from off-peak nuclear
power depends on the specific energy consumption and on the electrolyser investment costs. Both parameters
have to be optimized in order to lower the overall production cost, The most immediate application of this new
encigy technology is the use of this hydrogen as chemical feedstock for ammonia production. The 060-76 El IB
contract with the European Commission which came to an end on 31S| August 1977 has been extended for a
second period ending June 1979. The purpose of the new contract is to develop and test a laboratory pilot
elcctrolyscr of 1 kW based on the Inorganic Membrane Electrolyte electrolysis technology developed previously.

In order to assess the future hydrogen market in the Belgian energy economy, the decision has been taken
to start a study on the expected evolution of future needs in the chemical, petrochemical, steel and utility
industry, carried out by a group of specialists designated by these industries.

6.4.1. Thermochemical hydrogen production
(M. Klein, W.R.A. Goossens)

An engineering assessment study of the Mark-16
cycle as developed by the JRC (Ispra) has led to
the conclusion that although the theoretical thermal
efficiency amounts to 4 3 % , the practical thermal ef-
ficiency drops to about 3 1 % because of energy losses
in the product purification and recycling operations.

The Mark-16 cycle is considered as one of the most
attractive purely thermochemical cycles ever develop-
ed because of its low specific mass inventory to energy
output. All other reported cycles, 73 in total, have
been rejected for several reasons. Taking into account
this unfavourable result with regard to practical ef-
ficiency, the decision has been taken to abandon
further R & D wotk on thermochemical production
of hydrogen.

6.4.2. Electrolytic hydrogen production
(H. Vandenboire, L.H. Baetsle)

Commercially available electrolysers operate at 60-
80°C, use 25 to 35 wt.96 KOIJ as electrolyte arid have
an electric power input of 5 kWh per Nm3 of hydrogen
at current densities of 2-3 kAm*2. The high electric
power input is needed to overcome resistances as-
sociated with electrode polarizations and ohmic losses
in the cell. As the hydrogen production price is mainly
influenced by investment costs, the low rate of hydro-
gen generation per unit cell area also significantly
affects the cost price of the Nm1 hydrogen delivered.

In order to make clcctrolytically produced hydrogen
competitive with hydrogen produced from fossil fuels,
advanced clectrolyser technologies have to increase

their hydrogen generation late per unit cell area by
a factor of three and decrease electric power input by
20%.

The goal set for the SCK/CEN electrolytic hydio-
gen production programme is to operate the electro-
lysis cells at a current density of 10 kAm'2 (3-4 times
todays working current density) not exceeding a cell
voltage of 1.65 V (corresponding to an electric power
input of 3.5 kWh).

Since the new hydtogen markets will demand high
pressutc hydrogen and since the advantages of pres-
surized electrolysers arc obvious, the R & D pro-
gramme envisages the building of a 1 kW clectrolyscr
operating at 1-2 MPa (10 to 20 bar).

To achieve these targets, parametric studies were
devoted to the hydrogen and oxygen clcctrocatalyst
and to the material, structure and preparation of the
membrane material.

6.4.2.1. The inorganic-membrane-electrolyte
(R. Leyscn, R. Deknock, Ph. Vermeiren, C.
De Brandt)

In present electrolysis technology, the asbestos dia-
phragm (thickness 2-4 mm) introduces ohmic losses
in the cell and limits the working temperature of the
cells above 90°C. The possibility of substituting the
asbestos diaphragm with thin sheets (0.2-0.4 mm)
based on inorganic ion exchangets which are stable
in severe alkaline environments (25-35 wt.% KOH)
up to 150°C has been intensively investigated. Bis-
muthoxide, polyantimonic acid and zirconiumoxide
were studied for their gas separating and ion con-
ducting properties. It turned out that polyantimonic
acid (PAM) showed the most promising perform-
ances.
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At 10 kA.nV2 a voltage drop of 0.7-0.9 V across a
cold rolled PAM membrane (4 cm X 4 cm X 0.03
cm) has been measured at room temperature which
decreases to 0.2-0.4 V at 80°C. No chemical deteriora-
tion or dimensional changes in the PAM membranes
have been observed after short-term tests (200 h) in
hot (105°C) concentrated (30wt .%) KOH. Gas-
tightness under actual working conditions has been
proved. In order to make this type of inorganic mem-
brane a possible candidate for advanced alkaline elec-
trolysis, the manufacturing of relatively large (25X
25 cm) sheets must be developed. Several known
membrane manufacturing techniques arc being in-
vestigated for this purpose.

6.4.2.2. Electrodes for water electrolysis
(H. Vandenborre, R. Leysen, Ph. Vennciren,
G. Spaepcn, A. Blancliart, G. Van Bogaert,
W. Atlrianscn)

Nickel or nickel-plated steel electrodes are widely
used both as cathodes (Hi) and anodes (O2) intro-
ducing, at an apparent current density of 2-5kA.m2,
overvoltages of 0.2-0.3 V at the cathode and 0.4-0.6 V
at the anode. The activity of both electrodes was
increased by deposit of suitable electrocatalysts and
raising of working temperature (up to 120°C). Nickel
screen cathodes covered with about 1 mg.cm'2 of

platinum were tested on a laboratory scale by John-
son-Mattlcy Chemicals and Limburgse Galvano Tech-
nische Bcdrijvcn (LGTB). The LGTB-electrodcs look
the most promising up to now, with about 0.1 V
overvoltage at 100°C and 7.5 kA.m'2. The electrode
potential remains stable for at least 200 h of inter-
mittent operation.

On the anode side, the use of thermally decompo-
sed nickel-cobalt-oxidc deposited on a nickel screen
decreases the activation overvoltagc by 0.1 V com-
pared to Ni-screens at 85CC and 10 kA.nV2. The
reproducibility of manufacturing this spinel type
NiCo2O4 is satisfactory.

Endurance tests of 2000 h arc scheduled for both
electrodes in order to confirm the obtained 200 h
performances.

To perform these long duration tests, test rigs for
half-cell measurements have been completed.

6.4.2.3. Electrolysis unit cell performances
(R. Deknock)

Electrolysis unit cell (EUC) performances were
measured using intensiostatic or potcntiostatic meas-
uring devices, All experiments were carried out at
atmospheric pressure, using 30 wt.% KOH electrolyte
solution. The total thickness of the EUC's varied

1kW HYDROGEN
T I A , ELECTRO- , , . .
T I A 1 LYSIS STACK

WATER FEEDING
PUMP

KOH CIRCUIATMQ PUHP

FIR. 6 2. — Schemalic functional diagram oj the elect) olysis lest loop.

6-6



between 400 and 600 um and the effective working
area amounted to 4 cm2.

At room temperature and atmospheric pressure,
cell voltages of 2.1 V at 10 kA.m'2 were measured and
found to drop at 85°C to a value of about 1.8 V,

Although the IME-EUC concept looks quite pro-
mising, the following parameters have to be up-
graded before technological demonstration modules
can be built:
- temperature : from 85°C to 120°C
- pressure : from 0,1 Ml'a (1 bar)

to 2 MPa (20 bar)
- endurance test : from 200 h to 2000 b
• effective working area: from 4 cm2 to 40 cm2

6.4.2.4. Test-loop and 1 kW experimental multi-
cell
(H.ToIlcnboom, W. Hebel)

The design of an electrolysis test loop was initiated
and almost completed. The main characteristics are:
- electrolytic fluid: KOII (30 wt.%)
• maximum operating temperature: 15O°C

• maximum working pressure: 40 bar
- maximum KOH flow rate: 0,5 m\lv'

During the first stage, the test loop will contain
one clcctrolyser stack with an electric power input of
1 kW.

In later stages, a second 1 k\V elcctrolyser stack
and a 200 W unit cell will be added. The 200 W
modules will be used for heat transfer and fluid
dynamics experiments on large (up to 30cm dia-
meter) electrolytic unit cells, whcieas the 1 k\V multi-
cell stack will be used to demonstrate the Inorganic
Membrane Electrode concept possibilities on an en-
durance test basis.

The first 1 kW test installation has been designed
as a filter press type elcctrolyser which means that
the individual EUC's sire connected in series by so-
called bipolar plates.

As the emphasis of the actual programme lies on
endurance .ind parametric tests of the IME-EUC con-
cept, the 1 k\V stack is not designed as a prototype
of an economically representative clcctrolyser, but
rather as an experimental tool.

I i

6.5. FUEL CELLS
(H. Van den Broeck", A. Blnnchart, G. Van Bogaert, W. Adriansens, C. De Brandt, Chr. Van der Poorten)

As in 1976, the work on fuel cell electrodes has
been cairicd out under contract with ELENCO n.v.,
the company created in |anuaiy 1976 by BEKAERT,
DSM and SCK/CEN for fuel cell evalution, develop-
ment and production.

During 1977, new testing facilities at SCK/CEN
have become fully operational, so that gradually it

has been possible to carry out all types of tests (half-
cells, single-tests, cell-stacks) on a large-scale basis.
Significant progress has been made in the improve-
ment of electrode perfoimances.

The results obtained arc the property of ELENCO
n.v., which should be contacted directly for further
information.

6.6. GENERAL ENERGY STUDIES
(A. Blanchart, H. Beckx, H. Hoeyberghs, E. Neeskens, W. Schietccatte, G. Spaepen, G. Van Bogacrt,

P. Vandeplas, G. Blondeel)

Energy auditing

The data available on the use of energy at SCK/
CEN have been collected together. The evaluation of
these data, the effects of former improvements and
the potential for increased rational use of energy, con-
stitute a realistic case study of energy auditing in a
large firm.

•• ELENCO

Participation in working groups on rational use
of energy

Following the national committee work, an expert
group within the CEC was formed on R.U.E. in
industry. Belgium will be designated as a pilot country
for experimental studies in at least one main in-
dustrial sector.
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Geothertnal energy

The Kempen region possesses a large underground
hot water basin. Several projects arc under considera-
tion for making use of this energy source. SCK/CEN
was asked to provide co-ordination of the study and
advice on materials and techniques in the present pie-
project phase.

Information

Systematic literature search is being carried out on
"Energy saving" and "Energy conservation". The
relevant government services and a few industries arc-
kept regularly informed.

Experimental work on energy saving in electro-
lysis

The ELENCO air electiodc was tested on a small
scale for its potential use in the elcctiolytic production
of Cb. Several modified types were able to provide
continuous operation at 1500 to 2000 A.m"1 with
potentials of 670 to 77OmV better than the I h evolu-
tion electrode used at present. When properly develop-
ed, the use of such cathodes should enable consider-
able energy savings. For upscaling and life testing,
the participation of industry is necessary.

Analysis of soft energy resources in Belgium
(P. Vandcplas, J.-L. Genicot)

This analysis was carried out on behalf of DNB/
OP1.

It envolvcd the study of the possible contribution
of solar, wind and geothermal energy to the Belgian

energy supply, A technical analysis has been carried
out on the thermal and photovoltaic conversion of
solar radiation, and the gcotbcrmal and wind re-
sources, as well as the possible industrial activities
to which these could contribute.

Thermal conversion of solar energy
(P.Vandcpins)

A programme of studies in this field has been
established in 1977. The first aim is the development
of double sided, high efficiency, flat plate solar col-
lectors. These arc well suited for flat roofs. Placed
vertically on a flat, white (or specular reflecting)
roof at a distance equal to 3 times their height, they
have an annual light exposure of 1500 kWh.m : and
an expected heat production of 1100 kWh.m'2. This
is 3 times the pcrfoimancc of ordinary collectors
placed in the normal way.

A 400 111" field of such collectors will be installed
at the sports centre of the European School in Mol
in 1980. The connection to the conventional heating
system as well as the necessary adaptation of the
buildings has been studied.

Small Solar Power System
(G. Blondeel)

At the rjquest of the Ministty of Science, several
missions were carried out for the IEA (International
Eneigy Agency). The purpose of these missions was
to establish the preliminary design of a solar power
plant using liquid sodium as a coolant and to define
the technical specifications for this plant, which will
be built in the South of Spain.
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Chapter 7

THE BR2 MATERIALS TESTING REACTOR
AND ITS ASSOCIATED FACILITIES

INTRODUCTION

During 1977, the BR2 reactor and its associated facilities continued their regular operation.

The reactor was first put into service with an experimental loading in 1963, since when it has contributed
greatly to the development of many large nuclear projects within the European Community; it has also been
used for carrying out irradiations for other countries.

In 1969, an agreement came into force between SCK/CEN and GfK, under which occupation of the
reactor is shared by German research centres (Karlsruhe, Jiilich and others) on the one hand, and by SCK/CEN
and EURATOM on the other. This contract forms part of the collaboration programme on fast reactors between
the Benelux countries and the Federal Republic of Germany. Special arrangements have been made for
experiments which ore not covered by this agreement.

The reactor has been used for development programmes concerning sodium and gas cooled fast reactors,
high temperature gas cooled reactors and light water reactors, as well as for nuclear transmutations, production
of radioisotopes with high specific activity, neutron radiography, pilot scale gamma irradiations and basic research
in nuclear and solid state physics. In 1977, the reactor was primarily used for the sodium cooled fast reactor
and gas cooled reactor development programmes, which accounted for 84% of the total reactor occupation.

The experimental load occupied on average 75 reactor channels (77 in 1976). Some 277 irradiation
devices were loaded, not counting standard isotope production capsules and measuring equipment.

Among the fissile material irradiations carried out in 1977, it should be pointed out that the MOL 7C/1
sodium loop has been loaded for the irradiation, at 380 W.cm"1 under cadmium, of a bundle of 30 UO2 pins with
local blockage of the sodium flow after steady-state irradiation. In fast breeder safety research, this was the first
experiment on an assembly of this size anywhere in the world.

Another large loop has also been loaded, the GSB helium loop (400 kW, helium pressure of 60kg.cm'2),
for the irradiation, under cadmium at 450 W.cm'1, of a bundle of 12 GCFR vented fuel pins. In addition, a
UO.-PuO2 fuel pin reached a burn-up of 105,000 MWd.f1 as part of fuel-cladding compatibility studies, and a
canning material sample was irradiated under stress with continuous in-pile creep measurement up to a fast
Huence ( E > 1 0 0 k e V ) of 1.6X 1022 n.cnV2.

The reactor was in operation for a total of 240 days (235.8 in 1976). The power level varied between
50.7 MW and 100 MW. It should be noted that 100 MW is the highest power ever reached at BR2 and even by
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u research reactor in Europe; this power level was attained during cycle 4/77 in order to meet the irradiation
conditions required for the MOL 7C/I experiment.

Loss of running time caused by operating incidents was higher than in 1976, hut still remained less than
in 1975: 29.4 days compared to 24.9 in 1976 and 31.6 in 1975. Therefore, the operating coefficient attained
(60.3%) was smaller than in 1976 (63.79o). As in the previous year, some routine shut-downs were extended
in order to carry out loading of two new large loops (MOL 7C, GSB), physics measurements at low power (check
of new variants of the reactor core configuration) and non-routine work, such as inspection of the beryllium
matrix, replacement of a rupture disc of the reactor primary circuit and plugging of a defective tube in the north
main heat exchanger.

The continued effort to optimize the fuel loading according to the needs of the experiments has enabled
fuel consumption to be maintained at a remarkably low level. The specific fuel consumption was 6.2 standard
elements per 10'MWd in 1977 compared with 5.1 in 1976, 5.8 in 1975, 8.7 in 1974 and 23 at the beginning
of reactor operation.

Several important tasks were carried out, either to improve the experimental facilities or to increase the
performance, safety and knowledge of operation characteristics of the reactor. As examples we may cite: reactor
safety reassessment, installation of a new core configuration, use of new driver fuel elements enabling the
irradiation of large loops, commissioning of the VNS 1 device (3He screen) for power cycling of fuel pins
irradiated in capsule and loading of a measuring probe prototype for the determination of the power dissipated
in the reactor channels.

The BR2 reactor and its associated facilities are part of the SCK/CEN Reactor Division which is under
the direction of G. Stiennon.

The operating personnel includes both SCK/CEN and EURATOM staff. On 31S| December 1977, it
totalled 252, of whom 95 were involved in the preparation and operation of the it radiation experiments.

Planning and analysis of BR2 and hot cell utilization, safety analysis of experiments, radioisotopc production
supervision and administration were carried out by J.M. Baugnet, J.M. Gandolfo'', W. Boeykens, R. De Bie.

Work performed in the Technology department (development, improvement and operation of irradiation
devices) was supervised by J. Planquart, J. Brenez, \V. Hebel', F. Mathieu*, G. Vanmassenhove, G. Blondeel,
M. Dectcton, J. Dekeyser, P. Dirvcn, A. Falla, F. Moons, J. Parent, R. Penninckx, M. Socnen, J.P. Tollenboom,
P. Vanderstraeten, A. Verwimp, R. Catteeuw, C. De Cloedt, J. De Keyser, W. Detavernier, G. Geboers, J. Her-
mans, J. Leunen, R.Meier*, R. Oris, J. Swinnen, C. Vander Vorst*.

Materials testing and commissioning was carried out by G. Rottenberg, C1.D. Burkholz*, S. Claes, J. De
Clercq.

Work performed in the BR2 department (determination of nuclear characteristics, reactor operation,
dismantling of irradiation devices and post-irradiation work in the high-activity hot cells) was supervised by
F.Leonard, H. Lenders4, H. Nosbusch'', P. Palenberg*, G. Angeletti*, A. Beeckmans de West-Meerbeeck, M. Van
den Berg', J.P.Wannyn, J. Archambeau, N.Ceurvels, J.M.Corbisier, P.Deckx, M.Dehu, A.Geoffroy, E.Grciner,
H. Massage, L. Morlion, M. Noel, J. Schutyser, J. Steylemans, V. Stulens, M. Van Loven.

* EURATOM
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7.1. DEVELOPMENT, CONSTRUCTION AND OPERATION
OF IRRADIATION DEVICES FOR THE BR2 REACTOR

(W. Hebel", G. Blonclecl, J. Dekeyser, P. Dirven, A. Falla, C. Joly, F. Moons, R. Pcnninckx, J.P. Tollcnboom,
W. Detiivernier, J. Hermans, J. Swinnen)

The design, construction and operation of irradia-
tion devices and equipment were undertaken and con-
tinued according to demands by different experimen-
ters interested in the BR2 materials testing reactor,
including, apart from SCK/CEN, third parties such
as GfK, KFA, KWU, INTER ATOM, BELGO-
NUCLEAIRE, INT (Roumania), IRE, Vicillc Mon-
tagne and various universities.

The irradiation experiments cither carried out or
envisaged cover R & D work for the Light Water
Reactor (LWR), the gas cooled High Temperature
Reactor (HTR) and for the Fast Btceder Reactor
both of the sodium cooled type (LMFBR) and the
«as cooled type (GCFR).

In addition woik was carried out on irradiation
devices for neutron activation processes such as radio-
isotope production, activation analysis and neutron
doping.

As already noted, the trend of irradiation testing
is aimed at the investigation of the effect of transient
operating conditions and at finding out the admissible
performance limits of nuclear fuel and of core struc-
tural parts. Related to this was the development and
testing of improved in-core instrumentation.

The way in which the testing possibilities of BR2
fulfilled new experimental demands again gives an
indication of the wide potential of this icactor and
its ability to cope with technological evolution. The
large loop-type experiments such as MOL 7C and
GSB (reported pteviously), that went into operation
in 1977, can be mentioned in this respect as well as
the conceptual design study of the WRS piojcct.

The latter project concerns a pressurized water
loop (155 bar) running through the central irradia-
tion channel of BR2 which contains a typical PWR
fuel element sub-assembly of 45 rods. A scries of
so called LOCA (Loss Of Coolant Accident) tests
on these lod bundles (including pre-irradiated lods)
is envisaged in order to study the rod damage behav-
iour and damage propagation within the rod assembly.
The WRS project is jointly supported by KFA, GfK,
KWU and SCK/CEN. Interest in this testing pro-
gramme was also shown by NCR and EPRI ftom
USA.

Another impottant irradiation project - also related
to power leactor safety research but concerning the
LMFBR's - is the so called off-normal conditions
programme conducted by GfK in collaboration with
Interatom and Belgonucleaire at the HFR (Petten)

•• EURATOM

and BR2. The design of a new, compact and versatile
small sodium loop for BR2, called VIC (Variable
Irradiation Conditions), has been completed. It will
allow one fuel rod or a mini-bundle of 7 rods to be
submitted to transient fisson power and cooling con-
ditions in order to explore the operating range per-
missible for LMFBR fuel rods before damage occurs.
The VIC device can also accept active rods with a
certain burn-up withdrawn from fast reactor power
stations. The construction of a prototype of this new
compact sodium loop is foreseen for 1978.

In the context of research on transient operating
behaviour, one should also mention the 3IIc gas fission
power cycling devices which have been developed for
BR2 and called VNS (Variable Neutron Sreen). The
first rig went into operation in 1977 and showed
satisfactory behaviour and characteristics. A second is
under construction for start-up in 197S. The VNS
devices can be used together with different types of
fuel lod irradiation rigs, such as CEB (Capsule a
Eau Bouillante), PWC (Pressurized Water Capsule)
and VIC (Variable Irradiation Conditions loop).

Additional projects concern testing of electrical con-
nectors, of oxygen and carbon measuring probes for
sodium and of SNR primary shield-concrete samples
under intensive gamma-ray exposure in the BR2 Gam-
ma Irradiation Facility, aswell as the in-pile testing
of thermal insulation materials for the SNR core
vessel and samples of its biological shield at elevated
temperatures. For the GCFR line a preliminary study
was started on irradiation equipment for testing vent-
ed fuel pins under different operating conditions.

Besides the large loop experiments such as
M O L 7 C / 1 , HELM 1 and HELM 2 (GSB), nine
different new irradiation devices were loaded into
BR2 and put into operation in 1977.

Construction of about 20 new experimental rigs
was either started or continued for loading into the
reactor in 1978.

A total of about 20 irradiation experiments were
in operation during each reactor operation cycle.
They concerned complete experimental rigs with in-
strumentation leads in most cases; small capsules,
radioisotope production devices and reactor measuring
probes are not included in this number.

For the experiments running in BR2 during 1977,
support was granted to the different experimenters
to help conduct and evaluate their testing pro-
grammes. Planning meetings were organized regularly
with the German and Belgian experimenters.
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Fig. 7.1. —Schematic liiiiclional diagram oj the VNS irradiation facility for cycling ami ramping the fission power of fuel roils.
The 3Ilc gas pressure contained in a tubular neutron jinx screen can be submitted automatically to programmed
variations.



Fig 7 2 —Schematic jimctioiial diagram of the VIC comp.ict sodium loop jor testing LMFBR fuel wds under off-normal
operating conditions.



7.2. TESTING AND COMMISSIONING GROUP

During 1977, the Testing and Commissioning group continued its activities in the following main fields:

- commissioning of experimental irradiation devices prior to their initial operation;

- technical assistance to experimenters and constructors during the manufacture and installation of irradiation

devices;

- technical assistance to other departments of SCK/CEN in carrying out their own equipment or maintenance

programmes.

In addition, some time had to be devoted to the improvement of working techniques, so as to keep pace
with the general increase of skill in the experimental field.

7.2.1. Commissioning of experimental irradiation
devices

Table 7.1. reviews the main types of new devices
which went thiough testing and commissioning in
1977.

- 2 cadmium screens for ATR type fuel elements;
- 10 reactor channel power measurement rigs based

on the determination of lflN;
- 11 neutron screens for irradiation rigs;
- 32 fuel pins for the MOL 7C/2 experiment;

final commissioning of MOL 7C and GSB loop.

TABLE 7.1.
Mtwi new devices which went though testing

mill commissioning in 1977

Typo of device

In-pile sections for loops

Fuel element tests in loops

Instrumented fissile
material rigs

Nun-instrumented fissile
material rigs or capsules

Instrumented rigs for
rn.ituii.il ii radiations

Cobalt capsules (pellets)

Indium capsules

VJI ions isotope capsules

Fissile material capsules
in hydraulic rabbit

Total

Manufactured by

SCK/CI-N
only

1

—

2

2

—

24

—

—

—

29

Customer
only

—

2

—

1

—

47

326

45

421

Total

1
2

2

2

1

24

47

326

45

450

In addition, other devices were commissioned such

1 in-pilc section acting as variable neutron scteen
(VNS) for power cycling with 3He screen;

1 out-of-pile control system for the VNS rig;
5 standard irradiation baskets for reactor thimble

irradiations;
3 storage thimbles for sodium-in-pile loops;
4 spare measuring sections for reactor calorimetry

rigs;

7.2.2. Technical assistance to experimenters dur-
ing manufacture and installation of irradia-
tion devices

The Testing and Commissioning group made an
important contribution to all irradiation devices man-
ufactuicd by SCK/CEN mainly through inspection
and testing dining manufacture, as well as chemical
cleaning of all components.

Experimenters who brought their own irradiation
devices made wide use of the Testing and Com-
missioning group for supervision of the installation,
for subsequent acceptance tests and for starting
operations.

7.2.3. Technical assistance to other SCK/CEN
departments for further programmes

The Testing and Commissioning group was asked
to give assistance to many other projects being carried
out at SCK/CEN. Besides many minor contributions,
more important problems were solved, such as:
- chemical cleaning of stainless steel tubes;
- photographic laboratory work (reproduction of X

ray and photographic films, paper prints);
- chemical cleaning of 79 storage thimbles for the

replacement of the beryllium matrix of the BR2
reactor;

- tightness test on 3 plate collimators;
- tightness test on 4 cryostats;
- tightness test on 1 shielded container;
- tightness test on 2 irradiation capsules with Pu for

the ZEBRA reactor.
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7.3. OPERATION AND UTILIZATION OF THE REACTOR
(G. Angelctti*, J. Arcliambcau, J.M. Bnugnct, A. Beeckmans dc Wcst-Mccrbccck, W. Bocykcns, N. Ccurvcls,
J.M. Corbisicr, P. Deckx, M. Dclui, J.M. Gandolfov, E. Greiner1, H. Lenders"', F. Leonard, H. Massage,
L. Morlion, M. Noel, H. Nosbusch*, P. Palenberg*, J. Scliutyscr, J. Steylemans, V. Stulcns, M. Van den Berg*,

M. Van Loven, J.P. Wannyn)

7.3.1. Reactor operation

7.3.1.1. Operation characteristics

The icactor was operated using several variants of
the core configurations 8 and 9. As examples, Fig. 7.3.
and 7.4. show respectively the distribution of the fuel
elements and control rods in the beryllium matrix for
the variant 8T used during cycle 4/77 (M0L7C/1
campaign) and the variant 9B used during the list
cycles of the year. Tables 7.2. and 7.3. give a typical
set of nuclear characteristics for the variant 9B. In
the other variants, the irradiation conditions were
almost identical.

As reactor operation consists of a series of cycles,
the operating year does not coincide with the calendar
year, and the operating year 1977 ran from 5"1 Jan-
uaiy 1977 to 6"1 February 1978. The nominal opcrat
ing cycle was of four weeks duration: 7 days shut-
down and 21 clays operation, giving a theoretical
operating coefficient of 7 5 % . The 397.8 days making
up the operating year 1977 would have permitted
14 cycles, but there were, in fact, only 11 as 3 were
cancelled due to extensions of the scheduled shut-
downs and time lost by operating incidents, as ex-
plained in detail in § 7.3.2.

The overall distribution of the reactor states is as
follows:

in operation
scheduled shut-downs
extensions of scheduled
shut-downs
operating incidents
(unscheduled shut-downs)

240.0 days
77.0 days

51.4 days

29.4 days

60.396
19.496

12.996

7.496

397.8 days 10096

Nominal power ranged from 77 MW to 100 MW,
depending on the variant of the core configuration
used, but during each cycle, the power level was
adjusted to give optimum irradiation conditions for
the entire experimental load, while still respecting
various imposed power limits. Thus the actual power
level varied between 50.7 MW and 100 MW. In
addition, at each start-up, the power was increased
in stages, wich halts at least at 196, 4096, 6096 and
S0% of nominal full power. This was done to carry
out various checks, to choose the optimum full power

EURATOM

level, and to find the best distribution of the contiol
rod heights to suit the various experiments.

It should be noted that 100 MW is the highest
power ever reached at BR2 and by a research reactor
in Europe. The corresponding hot spot heat flux was
500W.cm2 . This power level was attained during
cycle 4/77 in order to meet the irradiation conditions
required for the MOL7C/1 experiment. The observa-
tions made during this cycle confirmed the validity
of the procedures used to calculate and to modify the
BR2 reactor loading. Moreover, they allowed better
knowledge of the operating limits of the BR2 in-
stallations to be obtained.

During the year, the total integrated power reached
19,583 MWd'(17,373 in 1976) corresponding to a
consumption of 23.6 kg Z'3U. The total number of
fresh standard fuel elements used was 115 compared
with 80 in 1976. In addition, 2 SXs and 1 SVIs driver
elements were used for the loops (in 1976, 18 Si l l s
and 1 SXIIIs). The average apparent burn-up of the
standard elements put into service was 49.1% com-
pared with 62.296 in 1976, 53.2% in 1975 and
34.996 in 1974. The highest rated element (a stan-
dard cermet type containing 400 g ^U) attained a
mean burn-up value of 59.696, corresponding to 7 3 %
at its hot plane. All the fuel elements loaded were
of cermet type with burnable poisons.

Table 7.4. gives the main operating parameters for
1977.

7.3.1.2. Calculation of the reactor loading

Due to the presence of highly absorbing rigs, the
loading of several sets of experiments demanding
identical conditions, the routine use of elements con-
taining burnable poisons, the use of different ab-
sorbing plugs and the presence of substantial amounts
of 3Mc in the betyllium matrix, the reactor loading
determination has become so complex that a simple
calculation method is no longer feasible.

For the calculation of the load and the main
characteristics of the core channels, the programme
adapted in 1974 to the IBM 370-135 computer and
improved in 1975 was used in 1977.

In order to be able to improve the determination
of irradiation conditions in the leflcctor channels, low
power measurements were carried out in cycles 6/77
and 9/77. Unperturbed thermal neutron flux was
measured in several channels, as well as flux per-
turbation in the vicinity of absorbing experiments.

7-7



Fiji. 7.3. — I1R2 configuration S T.

1

To illustrate the difficulties encountered in reactor the reactor had to be shut down and the loading was
loading calculations, we may cite the following. consequently modified according to the observations
During 1977, there were 22 start-ups, involving the made. In addition, to fulfill the often opposing de-
putting into service of 520 instrumented rigs (274 in mands from the various experimenters, it was usually
the core, 246 in the reflector) of which 12 were necessary to modify the reactor power during the
started up for the first time. Five times, the irradia- cycle, and on some occasions to finish a cycle with
tion conditions did not satisfy certain experiments; one or more control rods partly inserted. During
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F/fr TA — ß/\2 configuration ') B.

several unscheduled shut-downs, advantage was taken in 1963. Tables 7.5. to 7.7. give a general review of
of the opportunity to modify the reactor loading in the evolution of the operating parameters since then,
order to obtain better irradiation conditions for some It should be noted that the continued effort to op-
rigs, timizc the fuel loading according to the needs of the

experiments has enabled fuel consumption to be main-
7.3.1.3. Evolution of reactor operation t a i n c d a t . a »cmarkably low level. The specific fuel

consumption was 6.2 standard elements per lCr Mwd
Regular operation with an experimental load began in 1977 compared with 5.1 in 1976, 5.8 in 1975,
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TABLE 7.2.
Nuclear chiiractciislics of I be BR2 cnnji^unilinn 'Jli

A. Vuel clone in channels

Power = 8-1.5 MVP Conditions at Mart of cycle 9/77

Reactor
channel

A30
A90
A150
A210
A270
A33O

BO
B60
13120
B300

C4I
C79
C139
C161
C199
C221
C259
C281
C341

DO
D60
DI20
D180
D240
D300

E30
E33O
F14
F106
F194
F346

G120
G240
1123
1137
11337
K191

114

Fuel elements

Type

6NG
6NG
6NG
6NG
6NG
6NG

6NG
6NG
6NG
61 G

6NG
6N G
6NG
6NG
6N G
6NG
5NG
6NG
6N G

6NG
6N G
6N G
5NG
6NG
6NG

61 G
6NG
6NG
6NG
6N G
5NG

6N G
6NG
6NG
6NG
6NG
6NG

10S G

Average
burn-up

40
21
24
22
22
27

40
38
29
28

0
0
0
0

13
0

23
0
0

0
0

14
22

6
0

43
45

6
42
14
23

43
10
13
28
11
44

0

Maximum flux (1)
IO'4n.cnr2.s-i

Thermal (2)

3.6
2.9
2.9
3.1
2.9
3.2

3.5
3.3
2.9
3.0

2.1
1.9
1.9
2.0
2.6
2.2
2.5
1.9
2.1

2.0
1.7
1.9
2.4
2.0
1.6

2.4
2.4
1.6
1.9
2.0
2.0

1 6
1.6
1.3
1.6
1.3
1.7

—

Ii > 0.1 McV

6.1
6.2
6.0
6.4
6.3
6.4

6.1
5.7
5.8
6.2

5.9
5.1
5.5
5.2
6.5
6.2
4.8
5.5
6.3

5.6
4.6
4.S
4.6
5.1
4.0

3.9
3.8
4.1
3.1
5.0
3.9

2.7
3.5
32
30
3.0
2.S

—

' f.lHl

'''lliciin.il

1.7
2.1
2.1
2.1
2.2
2.0

1.7
1.7
2.0
2.1

2.8
2.7
2.9
2.6
2.5
2.8
1.9
2.9
3.0

2.8
2.7
2.5
1.9
2.6
2.5

1.6
1.6
2.5
1.6
2.5
2.0

1.7
2.2
2.5
1.9
2.3
1.7

—

Maximum
nuclear (3)

hunting
(W.e-'Al)

12.5
13.1
12.6
13.2
13.0
13.3

13.3
13.1
12.7
13.2

13.6
12.0
12.6
12.3
14.6
14.6
11.3
12.5
14.2

13.2
11.1
10.6
10.9
12.3
10.0

92
8.2
9.9
6.0

11.1
9.5

5.0
8.0
7.1
6 0
6.3
5.1

5.0

G Cermet fuel element 400 g ^U type (60 mg «5U.cm2).
(1) Neutron flux at 50 mm below reactor mid plane.
(2) Unperturbed neutron flux on the centre line of the fuel element (n)o°5Vo at 2200 m.s-'.
(3) Nuclear heating of an aluminium sample placed on fuel element axis at position of maximum flux.

8.7 in 1974 and 23 at the beginning of reactor
operation.

As for the future, an attempt will be made to
adapt the irradiation capacity and the operating con-
ditions of BR2 according to the planned experimental
loading. The various points now being studied are:
- the possibilities of irradiating, at BR2, fissile or

structural materials intended for reactors of several
types (fission and fusion) in such a way that
irradiation effects would correspond to those ex-
pected in these reactors;

- the irradiation conditions which could be obtained
under cadmium or other screens in the central HI
channel or the outer 200 mm channels, whether the
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TAHLE 7.3.
Nuclear ebdraclerniics nj the I1R2 conjignralhin 'Jli

II Reflector channels

Power = 84.5 MW

Reactor

channel

IM6
I'I66
F314

G60
G300

11323

111-0
111-120
111-240
112-90
112-210
112-330
113-30
113-150
113-270
115-30
115-150
115 270

Kll
K49
KI09
K169
K251
K3II
K349

1.0
L60
LI 20
L180
L240
L300

N30
N33O
PI 9
P41
P101
P161
PI 99
P259
P319
P341

Maximum unperturbed flux
IOl4n,cnv2.s-'

Therm.il

3,9
4,7
3.8

3.2
3 6

2,6

8.0
8,9
8,5
1.6
2.9
3.0
2.7
2.1
4.0
3.4
3.2
1,9

2.4
24
1.5
2.5
2.9
2.2
2.1

;

.9

.6

.4
2.2

8
.8

.5

.3

.4

.2

.2

.6

.5

.3

.5

.2

M > 0.1 MeV

1.8
2.0
1.6

0.8
0.9

1.1

1.4
1.6
1.5
0.2
0.4
0.5
0.5
0,2
0.6
0.5
0.5
0.2

1.0
06
0 6
0.4
0.7
0.3
0.9

0.3
0.2
0.4
0.6
0.5
0.2

0.6
0.3
0.4
0.3
0.2
02
0.4
0.1
0.2
0.3

Maximum nuclear heiiiini;
VJ.fi' AI

5,3
4.2
3.8

28
2,4

2.7

5.1
4.8
4 6
0.6
2.0
1.7
2 0
0.9
2.0
1.7
2.0
0.6

3.1
2.0
1.7
1.4
2.1
1.2
2,9

1.4
0.8
1.1
1.5
2.1
0.6

2.0
1.4
1.6
1.2
0.5
0.4
2.1
0.6
0.6
1.4

rig is surrounded by a driver fuel element or not;
the increase in the maximum hot spot specific power
from the present 470W.cm2 level to 550 or 600
W.cnV2;
the reactor core configuration variants which would
allow the simultaneous irradiation of several large
loops, all requiring high performances;
an improved flow distribution of the reactor primary

circuit water coolant in older to avoid difficulties
when more power has to be dissipated;
measures to enhance the thermal neutron flux in
the beam tubes;
special campaigns of short duration (less than a
normal cycle of 21 days) in order to carry out some
of the safety experiments planned.
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TABLE 7.4.
HR2 • Operating, paratuden l'J77

Reactor opctating characteristics

Power rating, nominal
Total operating time
Average operating time per cycle
Total onurBy dissipated
Average energy dissipated per cycle
Fissile charge at start of cycle (235U)

77 to 100 M\V
240.0 days
21.8 days

19,583 MWd
1,780 MWd

11.4 to 13.7 kg

Cuctiit cliatacteristics

Flow (m'.lr1)
Inlet temperature (CC)
Inlet piessuie (kg.cnr2)
Ap across piessure vessel (kg.cnr2)
pi I
Resistivity (H.cnr1)
Flow in purification line (m'.lr1)
Activity PY (nCi.cnv3)

Primal y

6,700-7,000
40 - 50

12.5
2.8

5.3-7.0
2-6x10*

20 - 30
<10"

Secondary

4,000 - 5,000
20 - 30

—
5.5-6.5

10'
100

< 10"

Pool

400
35-45

—
—

5.5 - 6.5
10*
20

< 1 0 4

Fuel elements

Maximum nominal tcmperatuie at hot spot (°C)
for inlet temperature of 40°C
Heat flux maximum (W.cnr2): nominal

admissible
Water velocity between plates (m.s"1)

152

470
600
9.4

Liquid effluent production

Cold <105nCi.cm-3
Waim 10 5 to 10 2 |lCi cnv3

Hot <102nCicm-3

1,446 m3

10,070 m3

2,400 m3

Gaseous effluents

Ventilation of containment building
Ventilation of machine hall
Radioactivity at chimney

38,000 m3 Iv'
83,000 m3.h-<

5xl0 s | iCi .cnr 3

Consumption

Electricity
Deminerali/<cd water
Uranium-235

19.7X10* kWh
431,265 m3

23.6 kg

7.3.1.4. BR2 safety reassessment

During 1977, a great effort was devoted to the
preparation of a 10 year tevision of BR2 safety evalua-
tion. At the request of the Belgian Safety Authorities,
the CEC has set up a group of international experts
in order to give advice concerning the safety of BR2
on the basis of this reassessment. The recommenda-
tions of this group should be available at the be-
ginning of 1978.

7.3.2. Operating incidents

The diffetence between the theoretical value of the
operating coefficient (75%) .ind the value of 60.39o
reached, was due to the loss of 80.8 days running
time, caused by extensions of routine shut-downs and
by operating incidents leading to unscheduled shut-
downs.

The routine shut-downs were extended by 51.4
days, as follows:
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TAKLE 7.5.
Evohtlian oj the operating parameters tij the BR2 reactor

A. General data since date oj commissioning

Year

1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977

Total

Configuration

5
5

5 ami 6
6
6
6
6
6

6 anil 7
7
7

7 and 8
8
8

8 and 9

Number of days
operated

154.5
226.5
189.8
219.8
174.4
213.9
229.3
218.0
203.9
230.4
248.7
217.3
218.8
235.8
240.0

3,221.1

Nominal power
(M\V)

17-34
34

34-57
57

57 - 63
58.5 - 67
66.5-71
67 • 70

70
70-73.5
70 - 73.5
70-80

74.5 - 80.5
74.5-79.5

77- 100

Energy produced
(MWd)

3,292
7,595
8,599

12,576
10,564
13,168
15,155
15,057
14,478
17,568
20,643
16,320
16,487
17,373
19,583

208,458

TABLE 7.6.
Evolution oj the operating parameters oj the BR2 icactor

B. Operating analysis 1973-1977

Reacloi state

Operational
Routine .shut-downs
Extension of routine shut-downs
Unscheduled shut-downs
Large scale maintenance work

Total

Operating coejjicients

Theoretical
Actual

1973

Days

248.7
77.0
25.0
27.6

378.3

%

65.7
20.4

6.6
7.3

100

75
65.7

1974

Days

217.3
77.0
41.8
15.8

351.9

%

61.8
21.9
11.8
4.5

100

75
61.8

1975

Days

218.8
70.0
44.1
31.6

364.5

%

60.0
19.2
12.1
8.7

100

75
60.0

1976

Days

235.8
77.0
32.5
24.9

370 2

%

63.7
20.8
8.8
6.7

100

75
63.7

1977

Days

240.0
77.0
51.4
29.4

397.8

96

60.3
19.4
12.9
7.4

100

75
60.3

TABLE 7.7.
Evolution oj the operating paiameters oj the BR2 reactor

C. Reactor power ami uranium consumption

Core conjiguratton

Power (1)
- nominal (M\V)
- intest ated (MWd)

Uranium consumption
• mass of i15U (2) g
- number of elements "alloy"

"cermet"

- average apparent burn-up (3) {%)
- specific (3) (eIements/103MWd)

1973

7

70 and 73.5
20,643

24,830
12

118 + 30 Ills

47.6
6.7

1974

7 and 8

70 to 80
16,320

19,630
1

132 + 6 I l l s
+ 2X11IS
34.9
8.7

1975

8

74.5 to 80.5
16,487

19,873

86 + 6I I Is
+2 XII Is

53.2
5.8

1976

8

74.5 to 79.5
17,373

20,896

80+18111s
+ IXIIIs

62.2
5.1

1977

8 and 9

77 to 100
19,583

23,554

+ 1 Vis
115 + 2 Xs

49.1
6.2

(1) Read from 16N measuring chain
(2) Thermal balance
(3) Fresh elements loaded in standard channels
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- loading of two new large loops (GSB
helium loop, MOL 7C sodium loop) and
u special campaign for the MOL7C/1
experiment: 36.4%

- physics measurements at low power: 35.1%
. check of new variants of the core con-

figuration;
. determination of irradiation conditions

for several experiments;
. thermal neutron flux distribution;
. determination of perturbation factor of

absorbers used in the reflector;
. fuel element reactivity measurements;
. determination of reactivity effect of ex-

periments;
. calibration of measuring probes;
. temperature coefficient measurement;
. beryllium matrix 3Hc poisoning meas-

urement;
- inspection of the reactor beryllium matrix: 14.8%
- various operations on: 13.7%

. control rods (translation mechanism re-
pair, cadmium burn-up measurement,
efficiency measurement of the relative
reactivity of regulating rods);

. primary circuit ( RD-4-1313 rupture disc
replacement, regeneration of the ion
exchangers of the purification line);

. main heat exchangers (inspection, plug-
ging of a defective tube).

There were 20 unscheduled shut-downs, which in-
volved a loss of running time of 705.3 hours, i.e.

29.4 days (24.9 in 1976 and 31.6 in 1975). Table
7.8. gives details.

Only one unscheduled shut-down was due to
release of fission products by the I5R2 fuel elements.
The defective elements were old F13FC fuel elements.
No defects were found among the elements supplied
by the new suppliers NUKEM and CERCA,

7.3.3. Reactor equipment

In March 1974, during a scheduled shut-down, the
beryllium matrix was visually examined by means of
a TV-camera; 29 of the 79 matrix channels showed
cracks, which were not observed during the previous
examination in October 1971.

An evaluation was then pcrfoimed, from which it
was concluded that continuation of reactor operation
was possible without undue risk to the health of the
operators and of the public, and that the reactor
programme was not affected by the cracks observed;
this conclusion was held to be valid as long as
no significant modification appeared. It was decided
therefore to continue reactor operation while pro-
ceeding with a surveillance programme and preparing
the replacement of the present BR2 matrix.

Since then, regular examinations have been per-
formed. The ninth one was carried out in March 1977
(shut-down 3/77A) and the tenth in September 1977
(shut-down 9/77) . The obscivations did not indicate
an abnormal evolution; 56 channels were seen to
have cracks.

TABLE 7.8.
Operating incidents (unscheduled shut-downs)

Type of incident

Control lod failures
I leat exchanger leaks
Fission products in
the piimary circuit

Other reactor equip-
ment failures

I luman errors
Experiments
- Initial irradiation

conditions not satis-
factory

- Rig failure

Total

1973

Num-
ber

1

4

4

2

2
3

16

Duration
(h)

0

268.0

214.4

0.3

114.9
63.9

661.5

1974

Num-
ber

1

3

6
2

5
5

22

Duration
(h)

0

0

120.0

0.5

202.4
57.4

380.3

1975

Num-
ber

3

1
2

3
2

11

Duration
(h)

2S1.5

0.3

300.7

105.9
70.2

758.6

1976

Num-
ber

1

1

3
2

5

12

Duiation
(h)

0

136.4

129.8
75.7

255.9

597.8

1977

Num-
ber

4

I

4--

3

5
3

20

Duration
(h)

151.1

215.6

44.0

46.1

201.3
47.2

705.3

Failure of the rate-meter of the RM4-1302 radiation monitor, failure in the electrical circuit of the posit'on indication system of
the ABY4-I302 automatic valve installed on the primary circuit, 10 kV electric power net perturbation, failure in the Ap measuring
system of the reactor primary water.
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The new matrix was delivered in June 1977 and
the replacement is being prepared. It is envisaged
that reactor operation will be continued until 1979
if possible, and then the beryllium matrix will be
replaced.

The main heat exchangers presented no special
operating difficulties from the point of view of the
heat exchange coefficient and the tightness between
primary and secondary sides.

During cycle 4/77 (MOL7C/1 campaign), the
heat exchangers operated at 100 M\V (design power)
with secondary flow and primary-secondary water
temperature difference values significantly lower than
the design values. Therefore, at present, the heat
exchange capacity is still higher than 100 MW,

During the shut-down period of cycle 7/77 (July
1977), the primary to secondary water leak which
appealed during cycle 3/77 was located in the north
heat exchanger and the defective tube was plugged
us usual. This leakage was most probably due to tube
vibrations and not to corrosion.

In order to plug the ruptured tube, the secondary
side of the heat exchanger was opened such that the
tubular plates of the north heat exchanger could be
examined on the secondary side and no further cor-
rosion was obsctved.

No other examination was made on the piimary
or the secondary side of the heat exchangers, mainly
due to the rather high radiation field (300 to 700
mR.h') in the heat exchanger loom. Decontamination
procedure is being studied by the BR3 department,
taking into account experience gained at the time of
BR3 piimary circuit decontamination.

Various works were carried out, cither to facilitate
the use of the reactor installation by the experimenters
or to improve the performance, safety and knowledge
of operation characteristic? of the leactor. The most
important are the following:
- use of new driver fuel elements enabling the ir-

radiation of large loops;
- continuation of the modernization and improvement

of the reactor control instrumentation and health
physics equipment; as an example, new start-up
chambers were installed;

- installation in the reactor containment building, of
supplementary tritium detection equipment;

- loading of a measuring probe prototype for the
determination of the power dissipated in the differ-
ent reactor channels (I6N activity measurement);

- study of a completely new air sucking system for
dust and gas monitoring in the whole BR2 installa-
tions;

- supply of an undcr-water television camera and
videomonitors for reactor beryllium matrix inspec-
tion;

- supply of a television safety system to guard the
BR2 installations;

- lining-up of Diesel emergency electrical power

supply groups by means of a laser-beam;
- general inspection and repair of ventilation ducts,

especially the scrubber duct and hot cell extraction
SV4 duct;

• overall air-flow measurements in BR2 installations
and hot cells;

- study of an active material storage area for the
hot cells,

7.3.4. Reactor utilization

On average, 75 leactor channels were occupied by
experimental equipment, compared with 77 in 1976
(see Fig. 7.5.). The average distribution of use of
the channels is given in Table 7.9.

• A V W G E LUMBER Or PEACIOH CICMIELS OCCUPIED

in) nu ms

Fig 7.) — liR2 - Average number aj wiiclur channels oc-
cupied.

Fig. 7.6. shows the relative importance of the
various types of irradiations which took place in the
core and reflector, excluding the multipurpose de-
vices, measuring probes, beryllium matrix samples,
and the dummy FAFN1R rigs necessary to balance
the reactor loading.

The distribution is based on the fast irradiation
units (U.I.R.) produced; a U.I.R. is defined as the
product of a unit of volume ( l cm 1 ) multiplied by
an integrated dose of fast neutrons ( E > 1 0 0 k e V ) of
1020 n.cm'2. The fast flux is used because utilization
of the reactor is principally directed towards irradia-
tion programmes requiring fast neutron fluxes: in
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TABLE 7.9.
I1R2 - Average distribution oj use of the channels

Purpose

I. In the pressure vessel
Study of radiation effects
• fuel and fuel pins
• structural material
Tr.insiTHit.uion programmes
• production of actinium

and tr.insplutonium elements
• cob.ilt-60
• various r.ulioisotopcs
Multi-purpose equipment
(rabbit, self-service thimble)
Measuring probes ami mock-ups
Beryllium matrix samples

2. Outside the piessnre vessel
Fundamental physics research
Multi-purpose equipment
(pool tubes, neutron-radiography,
gamma irradiation)

Total

Number of channels occupied

1973

23
7

3

12
4
2

10
7

6
2

76

1974

19
5

1

8
2
3

16
6

6
2

68

1975

25
9

3
3
2

15
5

7
2

71

1976

26
8

4
3
2

18
6

7
3

77

1977

23
4

5
4
2

19
8

7
3

75

iSSlLC MATERIALS

STRUCTURAL MATERIALS

RADIOISOTOPES

1977, irradiations for the sodium cooled fast reactor
programme accounted for 3596 of reactor utilization,
and irradiations for the gas cooled fast reactor and
high temperature gas reactor programmes for 499o.

The graphs of Fig. 7.7. represent the evolution of
reactor use from 1963 to January 1978; they show:
- the total number of channels occupied each cycle

in the core, the reflector and the pool;
- the hourly production in the core and in the reflec-

tor (excluding the hydraulic rabbit, the thimbles
DG 36, the measuring probes, the beryllium samples
and the FAFNIR models);

- the annual production in the core and in the reflec-
tor (on the same basis as the hourly production).

[ lern 1 . 10"n c m ' I EMOOk.vi]

1:IR.7.6. — Utilization of the DR2 reactor in 1977.

7.4. HOT LABORATORIES

7.4.1. Very high activity cells (60,000 Ci - 3 MeV)

The utilization factor of the cells was higher than
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in 1976. The evolution of the cell occupation is given
in Table 7.10.

The main work carried out in the dismantling cell



Fig. 7.7. — Evolution oj the occupation oj the DR2 reactor from January }%} to January 1978.

TABLE 7.10.
Occupation of the BR2 hot cells

• Dismantling cell
. occupation (h)
. utilization factor (9o)

- Observation cell
. occupation (h)
. utilization factor (9b)

1973

1500
76

916
46

1974

1223
59

792
38

1975

1044
50

607
29

1976

1172
58

784
39

1977

1282
65

1034
52

consisted of dismantling the sodium or NaK filled
loops (such as the MOL 7C/1 loop) and rigs con-
taining fuel pins or structural material samples, the
swept loops for the irradiation of coated particles
and the irradiated fuel elements from the BR3 reactor.
Other cell woik consisted of manipulating the alumi-
nium capsules containing cobalt grains or discs (ir-
radiated in BR2 control rods or in standard irradiation
rigs), reloading of fuel pins into irradiation rigs and
maintenance (including loading of new '"Co sources)
of gamma cells.

The main work carried out in the observation cell
was related to non-destructive measurements on ir-
radiated fuel pins, structural material and BR2 be-
ryllium samples, e.g. visual inspection with photo-
graphy, dimensional measurements, auto-gammagraphy

and leak test (dry sipping). Most of the auto-gamma-
graphies were performed by means of a Ge-Li detector
and with the help of the Reactor Physics Department.

The extensive non-routine decontamination and
maintenance programme of the cells, started on 8"'
November 1976 and ended on 12"' January 1977.
During the year, the east lead shielded window of
the north wall of the dismantling cell has been
replaced by a new one of the dry type.

7.4.2. Medium activity laboratory

The work performed in the medium activity labo-
ratory (LMA) is described in previous chapters and
in §8.4.
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7.5. REACTOR PHYSICS STUDIES IN SUPPORT OF THE
IRRADIATION PROGRAMME AND OF REACTOR OPERATION
(J. Debrttc, Ch. Dc Ruecit, L. Fouarge, J.L. Genicot, S. Gungor'', N. Mnenc, R. Mcnil, II. Tourwe,

P. Vanmcclielen, J. Vincent)

As in the past, reactor physics studies contributed to the design and irradiation programme of experiments
by predicting the irradiation characteristics, by examining the compatibility of the specifications with the BR2
irradiation field and operation and by correlating dosimctry data obtained during the irradiations and the results
of post-irradiation examinations with reactor operating conditions.

The reactor physics work also contributed to the reactor operation by determining operating and safety
parameters, namely the over-all (macroscopic) flux distributions leading to the determination of the optimum
reactor loading, the microscopic flux distributions including the localization of the hot spots and core parameters
such as the void coefficient.

Activities carried out for this purpose were:

- experiments in BR02, the zero power mock-up of BR2;

- low power flux measurements in BR2;

- measurements of integrated flux in selected channels;

- dosimetry in irradiation devices;

- ncutronic calculations with multigroup neutron transport codes in one or two (X,Y; R,Z; R,0 or triangular

mesh) geometrical dimensions.

Moreover, the elaboration of a complete gamma dose distribution calculation code system for BR2 and
BR02 configurations and iiradiation devices was started as reported in §5.-}.

7.5.1. Irradiation devices

The main experimental devices that required reac-
tor physics work in 1977 arc indicated in Table 7.11.
For the new irradiation devices PCF (Power Cycling
in Fast Flux), VIC (Variable Iiradiation Conditions)
and WRS (Water Reactor Safety), more details are
given below.

To complete the feasibility study of the PCF cap-
sule, started last year by ncutronic calculations, meas-
urements of the fission power density and of the
gamma heating in the fuel pin were performed in
a mock-up of the capsule in BR02. The insertion of
the four small control rods with enriched BjC caused
a decrease in the fission power density by about 3S9o
which is higher than the value calculated (about
269b). The fission power level in the PCF fuel pin
was also compared with the level in a UO: fuel pin
introduced into a mock-up of the FAFNIR capsule.

For the off-normal conditions programme, described
in § 7.1., ncutronic calculations have been performed
in order to investigate the possibilities offered by a

• IAEA fellow from QNRTC, Turkey

VIC loop to cycle the linear power in assemblies
containing 1,7 or 19 fuel pins.

As part of the WRS loop project, described in
§ 7.1., a two-phase irradiation campaign in BR02 was
prepared (to be pet formed in parallel with neutronic
calculations), intended to check the calculations re-
ported in the previous annual report and indicating
that both a flat radial and a flat axial (over a certain
height) distribution of the fission power can be ob-
tained in a 45 fuel rod bundle irradiated in the central
channel III of BR2. In the first phase, the calculations
performed for a 21 fuel rod bundle surrounded by a
driver fuel element with central cadmium screen are
to be checked while in the second phase the 45 fuel
tod bundle will be examined.

With the aid of neutronic calculations, a device
weis sought which would allow stainless steel samples
to be irradiated in BR2 in such a way that a ratio
of displacements per atom over helium pioduction
would be obtained corresponding to the ratio pre-
vailing in fusion reactor first walls, the helium pro-
duction being adapted by an adequate 10B doping of
the samples. By choosing a proper screen, a reasonably
constant helium production rate can be obtained.
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TABLE 7.11.
Survey oj the reactor physics work performed in 1977 for the wain IIR2 irradiation devices

Irradiation device

MOL713 loop in 111

i\ t rUS7 loop in 113

MOL7C loop in III

GSB loop in 114

PCF capsule

VIC loops in 111 or
in standard channels

WRS loop in HI

Type of work

Work in progress

Analysis of post-irradiation results;
comparison with heat balance and
dosimetry results

Neutronic calculations concerning
various safety aspects.
Gamma spectrometry measurements

Measurements in I5RO2 related with the
reactor configuration around the loop

Neutronic calculations;
measurements in 15R02

Neutronic calculations

Neutronic calculations; preparation of
experimental campaign in IiR02

Paragraph of
this annual report

describing the work

§ 1.2.2.2.

§ 1.6 2.

§2.1.2. and §7.5.2.

7.5.2. Reactor operation

- Piior to tlie loading of HELM 1 (with dummy
bundle of steel pins) into the GSB loop in the H4
channel of BR2, a study was made in BR02 to find
the optimal core configuration near the H4 channel.
The location of the control rods had to be modified
and fresh fuel had to be put into certain channels.
Following the irradiation of HELM 1, two low flux
runs were catried out in BR2 before cycle 9/77 to
measure the incident neutron -flux in the empty
GSB loop, surrounded by either a fresh or a burnt
driver fuel element type 210. From these meas-
urements, an estimate of the power density in
HELM 2 (with UO: pins) was derived. The low
flux runs weie also used to update the values of
the thermal ncution flux in the reflector zone, which
cannot be determined by theoretical methods.

- Extension neutron fluence measurements in the BR2
core and reflector were regularly performed during
each leactor cycle, to obtain a precise knowledge of
the irradiation conditions. Including the measure-
ments during low power runs, about 5000 activation
flux detectors were used.

- One-dimensional cell calculations of BR2 fuel ele-
ments with and without bum-up were performed
in fine and coarse geometric structure, using various
axial buckling values and self-shielding factors. The
multiplication factors of compact BR2 configurations
were also determined as a function of the number

and the composition of the fuel elements, in order
to obtain a knowledge of the minimum critical
masses for burnt fuel elements.
To assess the validity of the so called "N,„" un-
perturbed flux maps measured in BR02 and used,
in combination with perturbation factors experi-
mentally determined in BR2 (depending on the
fuel burn-up and the experimental devices loaded),
to obtain the BR2 flux maps, the sensitivity of such
"Ni„" flux maps to the type of fuel was investigated:
several TRIBU (2-dimensional with triangular mesh,
diffusion) calculations were performed for identical
configurations, loaded homogeneously with different
types of fuel. The results indicate that the flux
distributions only differ slightly as long as the
amount of moderator material (chiefly hydrogen)
per fuel clement remains the same.
The usefulness of the TRIBU code for calculating
radial flux charts of BR2 configurations was further
investigated. The validity of this code to calculate
perturbations brought about by introducing various
fuel types in selected channels of a large BR02
configuration was therefore examined. Next, for a
very simple model with cylindrical symmetry (R)
in the horizontal planes, the axial variation of the
burn-up was introduced: the study was performed
with the EXTERMINATOR code in two dimen-
sions (R,Z geometry). This "reference" calculation
was then simulated by one-dimensional R calcula-
tions, in which the Z-variation of the fuel com-
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position was taken into account by applying various
axial distribution averaging procedures. These me-
thods will be applied in the future to the com-
positions of the fuel channels in the TR1BU cal-
culations for BR2.
In connection with I3R2 safety reassessment, various
items were investigated:
. the admissible limits of reactivity additions in

BR2 were determined;
. the reactivity variation due to the loss of beryllium

pieces which could leave the core has been
evaluated;

. the void coefficients of various BR2 and BR02
configurations have been determined;

. the neutron flux dose at the inside of the BR2
aluminium pressure vessel was rc-cstimatcd: maxi-
mum flucnecs would have been reached near the
channel LO and would have attained 2 .9X10"
n.cnv2 (thermal) and 5Xt02 'n.cm"2 (above 100
kcV).

As a contribution to the study of the radiation
damage in the BR2 beryllium matrix, measurements
are being made on beryllium samples. In the ab-
sence of beryllium from the core matrix, a beryllium
plug has been selected for a preliminary study. The

accumulated dose is 259b of the maximum dose in
the core. The helium content is compared with the
values that will be measured in beryllium samples
irradiated with neutron fluence monitors during the
reactor cycle 9/77 for calibration purposes.

- An increase in the available neutron flux at the
target in the tangential horizontal beam tubes would
be a great advantage as it would widen the scope
of experimental possibilities e.g. for basic studies.
One-dimensional and two-dimensional neutron flux
calculations were performed in order to examine the
influence of the replacement of water around these
beam tubes near the BR2 vessel by a less absorbent
moderator such as heavy water or graphite. Meas-
uicmcnts should be carried out in parallel in order
to check the calculation method.

7.5.3. Operation of the BR02 reactor

After rcstait-up of the BR02 reactor, a safety re-
assessment study of the control system was made,
taking into account the measured sensitivity and time
response of the instrumentation channels. This was
included in a synthesis safety report prepared as part
of the ten-year revision of the BR2 safety aspects.
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Chapter 8

SUPPORTING ACTIVITIES AND SERVICES

8.1. REACTOR PHYSICS AND APPLIED MATHEMATICS

8.1.1. The BR1 reactor
(J. Dcbruc, R. Mcnil, J. Van Dijck)

During 1977 the reactor was operated for 1182 h
at power levels ranging from 10 W to 1 MW ac-
cording to the neutron flux level required for the
different irradiations. The teactor was started 407
times and the maximum thermal fluence reached
6.5 X 10" n.cm'2 in the central channel Y5 correspond-
ing to a total energy production of 463 MWh.

The rabbits and sample irradiation channels were
used for neutron activation analysis in support of
many piogrammcs: air pollution, industrial control,
biological studies, calibration of nuclear techniques,...
In total 568 samples were irradiated; more than 809o
of these irradiations were carried out at the request
of Belgian and Dutch industries and Belgian univ-
ersities. For 6 days, a special reactor operating pro-
gramme was carried out to train members of the
BR3 reactor operation team.

95 mixed oxide fuel pins were examined by neutron
radiography using the equipment of the DX 25 neu-
tron beam.

The fast rabbit was used for the study of the decay
scheme of an isomer of 75Ge (half life of 48 s) .

In collaboration with the "Technische Dienst van
de Landmacht (NBC Indenting) - Service Technique
de la Force Tcrrcstre (Etablissement NBC)" the re-
search programme on Studsvik diodes as fast neutron
dosimeters has been completed. With the same in-
stitute, a new research programme was started to
determine the response of radiophotoluminescent glas-
ses (gamma detectors) to thermal neutron fluence.
These glasses will be used in health physics dosimetry
for the same purpose as the diodes.

The neutron spectrometry measurements on iron-
uranium assemblies in the vertical column were con-
tinued as part of the fast reactor physics programme.

As to the maintenance and safety aspects of reactor
operation, the following items can be mentioned:
- the air monitoring system at the inlet of the chimney

has been improved; the air velocity profile in the
chimney has been measured;

- the electronic units of the reactor instrumentation
channels are progressively being replaced by new
ones;

- measurements performed on 25 graphite samples
from the reactor central region show that the ma-
ximum Wigner energy accumulated at present in
the graphite tends to decrease slightly; this energy
amounts to 57 cal/g at present.

8.1.2. Services rendered to third parties in the
field of reactor operation

8.1.2.1. The TRIGA Mark II reactor at CREN-
Kinshasa
(M. Dc Proost, L. Lecnclcrs, S. Vacssen, J.
De Pootcr, J.P. Tollenboom, J. Leimen)

Close collaboration with the Nuclear Research Cen-
tre at Kinshasa was maintained in 1977. During a
technical mission, from June to August, different
work was carried out to improve the installation.
A new primary cooling loop in stainless steel was
assembled on site at the CREN. The nominal cooling
capacity of the new loop was raised to 1 MW. Several
improvements in the primary circuit design and in-
strumentation were made. The commissioning tests
showed that the characteristics of the new cooling
loop arc within the design values

The construction of a new pneumatic rabbit "C2"
was completed and tested thoroughly before shipment
to Zaire, where it was assembled on site.

After the annual fuel inspection, the fuel sup-
porting reactor grids were replaced by new ones,
designed and fabricated at SCK/CEN, in order to
achieve better cooling conditions. The irradiation de-
vice "Lazy Suzan" located in the reflector was un-
loaded and stored under concrete; a new system,
delivered by Gulf General Atomic, was mounted.
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A complete commissioning test of the installation was
then carried out.

The annual routine tests (criticality, power calibra-
tion, pulse mode operation, ...) were followed by a
power run of long duration.

A three year programme lias been elaborated with
the aim of improving the present infrastructure of
CREN-Kinshasa.

The particular aspects of this programme are:
- maintenance of the TRIGA Mk II reactor;
- supply of equipment for several services (technical

and scientific);
- training of staff personnel and of technicians.

According to this general scheme, a proposal for
co-operation has been worked out for 1978.

8.1.2.2. Out-of-pile neutron dosimetry at the
TIHANGEI reactor
(N. Maene, P. Vanmcclielen, J.Lacroix)

Neutron dosimeters (Al/Co 1%, Fe) have been
prepared and installed at T1HANGE I at the request
of WENESE, in order to measure the neutron fluence
on the outer side of the reactor vessel and in the
instrumentation holes. The dosimeters cover the total
length of the vessel, at two different azimuthal posi-
tions.

8.1.2.3. Calibration of instrumentation for the
SNR 300
(R. Menil, J.VanDijck)

Calibration work on instrumentation channels man-
ufactured by ACEC for the SNR 300 plant has been
carried out. These channels will serve for the meas-
urement of fission and activation product concentra-
tions in liquids or gases flowing through pipes. The
isotopes imposed for the calibration of the detectors
(plastic and Nal scintillators, flow counters) were:
"Ar, 133Xe and wMn.

The equipment was located in the BR1 hall; the
circuitry used for circulating the radioactive gases was
connected to the reactor air coolant circuit. 4lAr, a
short-lived isotope, was produced in the reactor im-
mediately before use.

The detailed procedure was approved by TÜV,
icpresentcd during the tests together with ACEC,
BELGONUCLEAIRE and SBK delegates.

8.1.3. Applied mathematics and computers
(J.F.DeGreef)

8.1.3.1. Applied mathematics
(L. De Cortc, G. Spauwen, J.F. De Grcef,
H. Dcpuydt, G. Peperstraete, G. Van Roos-
broeck)

Mathematical support for simulation and analyses
has been supplied for the following subjects:
- thermal pollution;

- PWR power plant simulation;
- waste handling and material recycling;
- seawater desalination by freezing.

Details arc reported in the relevant chapters.

8.1.3.2. Computer services
(J.F.DeGreef, H. Dcpuydt, F.Bosnians,
J. Vandervce, L. Dc Corte, H. Deckers, R.
Schoonlati)

Computer hardware and software were implement-
ed for the following main applications:
- on-line literature searches on external bibliographic

files;
- access, in a network environment, to the large size

computer system IBM 370/168 at the Ministry of
Economic Affairs, to run the larger computer pro-
grammes;

- operation of the SCK/CEN medium size computer
I13M 370/135 for editing files and running the
smaller programmes in a conversational environment
via remote terminals;

- installation and maintenance of real-time mini-
computers on-line with processes and experiments;

- simulation on a hybrid computer system of nuclear
reactor and power plant operation for training
purposes and safety studies.
Maintenance, installation, design and operating ser-

vices were provided for several small size on-line
PDP 8 and PDP 11 process computers, for their
peripheral equipment and for the several data com-
munication lines of the computer network.

Software services, including the maintenance and
design of basic software, were provided for several
projects and tasks. Particular programming support
was supplied for the following topics:
- analysis of gamma spectra;
- mathematical models for air pollution measurements;
- analysis of the structure of nuclei;
- real-time pilot network system for air pollution

measurements;
- Belgian network for the determination of heavy

metals;
- Pu accountancy including criticality;
- SCK/CEN central accountancy of fissile materials.

8.1.3.3. Computing equipment
(H.R. Deckers, J.F.DeGreef, R. Schoonlau)

During the year 1977 a study has been made for
improving the computer network. It was found neces-
sary to reinforce the computing power of the central
processor unit and at the same time to improve the
access and the configuration of terminals. An order
has been proposed for:
- replacing the actual IBM 370/135 with an IBM

370/148;
- removing the IBM S/7 and providing access to the

satellite minicomputers through the IBM 3704 tele-
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processing control unit instead of the S/7;
- replacing the terminals with more sophisticated ones

at lower cost.
As a result the following equipment will be avail-

able next year.
- An IBM 370/148 with IM bytes core memory,

linked to the IBM/168 of CIV/CTI (Ministry of
Economic Affairs) via a 4800 b/s line;

- n disk storage 3340/3344 of 700 M bytes;
- three magnetic tape drives 3410/3411;
• a line printer 3202, 1100l/m;
- n card read punch, 1000 c/M, 300 c/m;
- an RJE terminal MDS 2400 linked to the IBM

370/168 of CIV/CTI via a 4800 b/s line, and also
linked to the IBM 370/148;

- the link via the 3704 controller of two PDP11,
a PDP 8 and a MULTI 20 minicomputers;

- the connexion of 15 display stations, 12 typewriter
stations and a Tektronix graphical display;

- a conversational terminal station with displays and
writers linked via a 2400 b/s line to the IBM
370/168 of CIV/CTI.

8.1.3.4. Utilization of the computers
(J.F. DeGreef)

Table 8.1. shows the utilixation time for the major
groups of tasks.

8.1.3.5. Nuclear power plant simulator
(G.Cocquyt, J.F. DeGrecf)

As mentioned in previous annual reports, a pro-
grammable power plant simulator has been set up
and assembled during recent years. In its present
stage, the simulator is composed of a full hybrid sys-
tcm called the SYSTEM 511 HYBRID with an Ap-
plied Dynamics Five (AD/5) analog-hybrid computer,
a PDP 11/34 digital computer and a provisional sim-
ulator control panel. The whole installation is almost
operational for the simulation of a PWR nuclear

power plant operating at full power and at zero power.
In its final version, the complete equipment will

comprise a more industrial version of the simulator
control panel and will be a BASIC PRINCIPLE
TRAINING SIMULATOR.

Further investigation and development of PWR
plant simulation models has been continued. A model
for the simulation of the turbine and its control sys-
tem, which was not then available, has been set up.
Also, a model for the pressurizcr is under investiga-
tion. The available models arc already programmed
on the simulator for the training of plant personnel.

Systems analysis studies have been undertaken in
order to cope with the following problems:
- mathematical modelling of steamgencrators in nu-

clear power plants;
- analysis of xenon oscillations in nuclear power

plants.
Several system identification methods have been

considered together with methods for the reduction
of linear systems.

Analysis of the xenon-induced oscillations in the
power distribution in a nuclear reactor is underway.
For an easy simulation of this phenomenon, it is
necessary to have all the capabilities of the hybrid
system available which was not the case in 1977.

Fig,. S /. — Nuclear power pUtnl swiiiliilor.

TABLE 8.1.

Support tasks
F.ist reactors
Basic and exploratory research
Non-nuclear piojects
Piotection
Administration
Work for third parties
Miscellaneous

Total

Local computer
IBM 370/135

Hours CPU

323
70

463
130
28

365
661

85

2,125

%

152
3.3

21.8
6.1
1.3

17.2
31.1
4.0

100.0

CIV/CTI computer
IBM 370/168

1 lours CPU

9.4
62.9
86.4

5.3
6.1

170

°b

5.5
37.0
50.8

3.1
3.6

100.0
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8.2. MATERIALS RESEARCH

8.2.1. Metallurgical services
(J. Pelsmnekers)

X-ray analysis
(J. Buttiens, J. Drcssclacrs, J. Pclsmaekers)

Major X-ray analysis contributions were made to
the canning materials programmes and for corrosion
studies.

Specific X-ray crystallography was applied for crys-
tal orientations, phase determinations and lattice para-
meter measurements, at the request of the Materials
research, Chemistry and Waste handling departments
and for several universities (RUCA, KUL, VU13).

Software has been developed for indexing powder
diffraction diagrams for all the crystal systems. Pro-
grammes have been written for treating the output
of the energy dispersive X-ray analyser of the scanning
electron microscope.

A new X-ray diffractomcter (KristalIoflexS05) was
put into use for powder diffraction and high temper-
ature measurements.

Scanning electron microscopy
(L. Knaepcn)

The SEM contributed mainly to the following
studies:
- powder preparation and tube fabrication of ferritic

steels;
- tensile properties of ferritic steels;
- creep properties of steels under dynamic sodium;
- sodium corrosion endurance tests on the C4 sub-

assembly tested in the Na3 loop;
- characterization of UOi powders ano of surfaces of

UO2 pellets;
- tensile properties of uranium carbides;
- development of electrodes for fuel cells;
- measurements of carbon activity in ASL 1 loop and

Li 1 loop by means of equilibration of thin Fe-8Ni,
F-j-12Mn and Fe-18Cr-18Ni foils;

- characterization of granules from the incineration of
simulated waste in the FLK 60 incinerator.

Electron microprobe
(A. Cools)

The electron microprobe investigations contributed
to the following studies:

- corrosion of steels in sodium and lithium;
- influence of light elements on the phase relation-

ships in DTO2 alloys;
- aqueous corrosion of aluminium;
- investigation on the wetting of \V by molten Cu

and Ag in different atmospheres (KUL);
- dct- ••''nation of different elements present on con-

tacts ot relays (ATEA);
- determination of concentrations in different dental

materials (Dental Laboratory Theys - Berchcm);
- quantitative analysis of the different phases in Fc-

Cr-Ti and Fe-Cr-Ti-Mo alloys after treatment at
different temperatures;

- reaction between a ThO; crucible and the melt of
NdjOj-ThOj;

- reaction between refractory material and glass
(Eurochcmic).

Optical microscopy
(A. Dc Brcmackcr, L. Driesen)

The optical microscopy laboratory contributed to
the study of materials development programmes (so-
dium and lithium corrosion of steels, fuel pin welds
and ferritic steels).

Optical microscopy services were rendered to fuel
development programmes (oxide fuel and carbide
fuel), to EUROCHEMIC and for tests on the con-
ditioning of cladding waste.

8.2.2. Services rendered by the SCK/CEN-
BELGONUCLEAIRE fuel group
(A.J. Flipot, P. Diels, J. SIcurs)

Fuel characterization

Some preliminary measurements of average pore
volume and pore size distribution have been carried
out as support to the P17 irradiation programme in
BR2 on fuel densification.

Fuel control

Ceramographic routine checks have been carried out
on fuel pellets from a BELGONUCLEA1RE fabrica-
tion campaign. Some of the chemical and physical fuel
characteristics e.g. F, Cl content, Pu content and Mg
densitv have also been checked.
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8.3. SUPPORTING CHEMISTRY SERVICES
(L.H. Baetslc)

8.3.1. Chemical analyses
(F. Licvcns, H.Pcpcrstrnctc, T. Hymen, L.Van-
dovclclc, J. Reiny-Defraigne, I. Dclcspaul)

The analytical chemistry section has analysed 6,458
samples totaling 37,482 analytical determinations.
These analyses were performed as support to the
following programmes: oxide fuels (458), carbide
fuels (206), fcrritic steels (367), reactor waters and
waste waters (1,400), air pollution by heavy metiils
(27,600), air pollution by organic materials (336),
air pollution by inorganic gases (1,446), geological
waste disposal studies (588), surface water analyses
(1,026) and miscellaneous (3,985). Table 8.2. gives
the distribution of these samples over the analytical
chemistry disciplines.

Analytical control of impurities in UO2-P11O2 fuels
has been carried out using optical emission spectro-
mctric methods. For very low levels of rare earths,
chemical separation by ion exchange was used. The
detection of sub ppm levels is nevertheless hampered
by the nmcricium impurity; thcrcfoie other analytical
techniques will be investigated next year. Solubility
tests on mixed oxide fuel in nitric acid were started,
as support to LMFBR fuel cycle.

Water samples collected in the Mol subsoil at
depths ranging from 10 to 570 m were analysed
for: pi I, dissolved oxygen, Cl", SO4", F", PO4",
S", SOr, NIL;4, Na, K, Mg, Ca, Sr, Zn, Mn, Fe, 13,
Ba and oxido-reduction potential.

The purity of the beryllium matrix for the new

BK2 matrix has been established, The levels to be
detected for each impurity were calculated from the
neutron absorption data. Because of the high toxicity
of beryllium dust, most of the analyses were carried
out in glove-boxes, by non-destructive analyses or by
wet chemical techniques,

A standard procedure, which uses Ne as an internal
standard for the analysis of gas samples via gas mass
spectrometry, was developed. In addition, a computer
programme was written, allowing faster and more
accurate quantitative interpretation of the mass spec-
tra recorded (chemical and isotopic composition).
Accuracy and reproducibility of the overall procedure
were checked by hydrogen determinations in gas
samples extracted from two NI3S standards with the
aid of the apparatus for hydrogen determinations
located in LMA.

Table 8.3. compares our results, obtained at the
9596 confidence level, with the values quoted by
NBS.

In order to allow analysis of radioactive samples
to be carried out, the exhaust line of the MM 12
pumping system was fed into the a-cxtract duct.

The following types of gas analyses were performed
in 1977:
- hydrogen determinations to establish the precision

of the apparatus for hydrogen determination in
LMA;

- identification of gases released from clay samples;
- identification and quantitative determination of gases

generated by y-irradiation of clay samples;

TABLE 8.2.

Emission spectrometry
X-ray fluorescence spectrometry
Physico-chemical methods
Wet chemical methods & A.A.S.
Plutonium laboratory
Pollution by heavy metals

organic material
inorganic (?ases

Gas mass spectrometry

Samples

335
111
528
623
281

2,760
309

1,446
65

Determinations

2,764
396
657

2,723
1,215

27,500
336

1,446
345

TABLE 8.3.

Standard

NBS-353
NBS-352

NBS

98 ppm ± 5
32 ppm ± 2

SCK/CEN

97 ppm ± 2.8 (6 measurements)
32 ppm ± 0.7 (3 measurements)
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- identification of gases released from different kinds
of plastics after Y-irnuliation;

- chemical and isotopic analysis of samples originating
from gas tagging experiments;

- determination of the chemical composition of gases
for the GSB experiment in BR2.

8.3.2. Radiochemical analyses
(P. DeRegge)

8.3.2.1. Radiochemical services
(D. Huys, M. Monsecour, P. Dc Rcggc)

- I'u was determined in more than 150 samples from
various research projects of SCK/CEN and BELGO-
NUCLEAIRE.

- MIAm was determined by high resolution X-ray
spectrometry in 37 samples on behalf of the SCK/
CEN fuel group and BELGONUCLEAIRE.

- Tritium activity and total water content were de-
termined in 10 samples from the GSB irradiation
experiment.

- ''Co was determined in cobalt powder and "6Ra in
eight uranyl nitrate samples on behalf of Metallurgie
Ilobokcn.

- Four samples from the FLK 60 incinerator have
been irradiated and the induced activities determined
as basic information for leaching experiments.

- Six collector holders have been analysed by activa-
tion analysis for the department of Technology and
Energy.

- The determination of uranium in phosphates by
neutron source activation analysis has been evalua-
ted. On-line analysis is possible providing the source
intensity is 109 n.s'1.

8.3.2.2. Mass spectrometry of solid samples
(R. Boden, P. DeRegge)

A procedure was developed for the measurement
of the isotopic composition of Li in the primary
coolant of BR3. The lithium concentration is about
1 ppm in the presence of a 200 to 500 fold excess
of boric acid. Boron is removed from the solution as
B(OCH3h in concentrated HNOj and the Li is loaded
on the mass spectrometer filament as nitrate, meas-
uring LiNC>3f ions. Mass discrimination effects are
of the order of 19b per amu. The 6Li/7Li ratio was
determined in 26 samples.

On behalf of the BELGONUCLEAIRE-SCK/CEN
fuel group, the isotopic composition has been de-
termined in 15 uranium and 47 plutonium samples.
Plutonium has been determined by isotopic dilution
in 8 samples and uranium in two samples.

The uranium content of two phosphate ores was
determined by mass spectrometric isotopic dilution.

The isotopic composition and the concentration of

uranium was determined in a Tli foil on behalf of
CORAPRO.

Well-characterized samples obtained from the SALE
programme were used for the simultaneous meas-
urement of plutonium and uranium in mixed oxide
or nitrate. With a U/Pu ratio of 3 in the sample,
the ratio of the ion beams can be varied from 0.02
up to 0.6 by selecting the filament temperature. The
precision of the determination by isotopic dilution is
similar to the precision obtained after chemical isola-
tion of the two elements and separate measurement.

8.3.2.3. Evaluation of reference materials in the
waste sector

(P. DeRegge)

Contract CBNM/ST/76-19

The needs for actinidc reference materials for the
management of wastes from the nuclear cycle in the
European Community have been evaluated. The study
covers the wastes originating from mining and milling
of uranium ore, the enrichment, the fuel fabrication
and the reprocessing. The refctence materials used
for the operation of the different plants cover most
of the needs, except the characterization of solid
waste by non-destructive measurements. The incen-
tives for accurate measurements on the wastes are the
obtention of a closed material balance with respect
to the monetary and stiategic value of special nuclear
materials and the accurate evaluation of the impact
of the nuclear wastes on the environment with respect
to their toxicity and radiation effects.

8.3.2.4. Post-irradiation services
(R. Boden, D. Huys, P. De Regge)

ZIRLO
Uranium, plutonium and ncodymium isotopic com-

position and concentrations were determined by mass
spectrometric isotopic dilution in two samples from
the ZIRLO campaign on fuel inadiated in BR3 on
behalf of Westinghouse.

Agreement was observed for the fission indicators
'•"Ce, l37Cs and the different Nd isotopes. A duplicate
burn-up analysis performed on request yielded a value
within 0.5% of the data obtained earlier. 30 cladding
samples have been dissolved for the measurement of
the 54Mn content.

CEB7
Uranium, plutonium and selected fission products

were determined in seven samples of the CEB 7
irradiation test. Good agreement was obtained for
the burn-up values calculated by using the different
Nd isotopes. The values range from 53,000 MWd.r1

to 71,800 MWd.f1. The long and complex irradiation
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history and the depletion of the fissionable isotopes
result in considerable uncertainty for the fission rates
calculated from w Ce and n7Cs. Taking into account
the specific power and duration of each irradiation
cycle, a correction factor was calculated for both
isotopes, A systematic difference between M4Cc and
wNd of about 5% still exists while migration of n7Cs
in the vibrocompacted fuel has been evidenced.

P3 experiment

The burn-up was determined in two samples from
the irradiation test P3(363) by measurement of U,
I'u and selected fission products. As data on specific
power and irradiation history was unavailable, only
lwNd could be used as a fission indicator. Burn-up
values have been calculated for extreme irradiation
conditions, both for a constant power output and
for a constant neutron flux.

The long irradiation period resulted in •"''Pu :240Pu :
242Pu ratios of about 1 : 1 : 1 . This plutonium will be
recovered and purified to serve as a working standard

for the determination of mass discrimination effects
in mass spectrometry.

PWC RO experiments

The burn-up values of the two samples from the
irradiation test PWC RO2 have been determined
yielding values of 0.341 and 0.276 at.% FIMA.
Good agreement was found between data obtained
from IJ4Cc, l37Cs and Nd isotopes.

BR3/G54
A burn-up analysis has been carried out on 3

samples from the G54 assembly. The UOj pin
MMN 17 reached a burn-up of 28,900 MWd.f1, the
UCvPuGs pins PF 07 and PF 120 reached 18,900
and 30,700 MWd.f1 respectively.

Extensively solubility tests have been performed on
samples from the same fuel pins and are reported
in section 4.1.1.1.

8.4. MEDIUM ACTIVITY LABORATORIES (LMA)
(A.C. Demildt, J. Van dcVcldc, A. Daniels, A. Gys, A. Hermans, J. Ketels,

F. Lafere, C. Lambict, J. Vandersteene, C. Van Loon)

8.4.1. Post-irradiation examinations

Services have been tendered in the framework of
irradiation expeiiments for the SCK/CEN programmes
on fuel development for sodium cooled fast reactors
and light water reactors and on behalf of third parties.

The main campaigns were the following:
- mechanical tests and swelling measurements on

irradiated cladding samples and metallographic ana-
lyses for the Rapsodic I experiment on UCvPuOa
fuel;

- non-destructive analyses and destructive examina-
tions on the structural elements for the DFR 455
experiment;

- tensile tests on ferritic steel samples irradiated at
a high temperature in the D1SP device and complete
non-destructive and destructive examinations of the
CFC 4D (UO2 fuel clad with ferritic steel) and
CIRCE 6D (UC fuel types in ferritic steel cladding)
capsules;

- metallographic and microprobe analyses for the
CFC 05 experiment on the compatibility between
UOJ-PUOJ fuel and various types of cladding steel;

- microprobe analyses for the carbide experiments
CIRCE 03, CIRCE 04 and MFBS 7;

- complete desttuctive analyses of the PWC RO2 and

PWC RO3 irradiation campaigns on behalf of INT-
Bucharest in the framework of a contract with the
IAEA;

- complete examination of 3 fuel rods from the
BR3/3G-54 fuel assembly including puncture, gas
collection and analyses, eddy current measurement
and ceramographic examinations of 8 cross-sections
and 5 longitudinal sections;

- metallographic investigations on the fuel of the
MR 30 and HR31 short-time irradiations in BR2
and of the CEB 07 experiment in BR2;

- examination of Be samples for the assessment of
the radiation damage of the BR2 matrix;

- flux detection for neutronic studies for various
experiments;

- preparatory work for examination of vessel steel
samples from the Doel and Tihange power plants.

8.4.2. General services and technical support

- Pu recovery tests based on ion-exchange have been
carried out on waste solutions prior to transfer to
Eurochemic as medium level waste. In total, 38 g
of Pu have been recovered but secondary waste
arisings were rather high (12 1/g Pu) .
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New equipment has been installed in hot cells for
the determination of residual fission gas, mercury
density, hydrogen and helium in irradiated cladding
samples, for welding capsules containing irradiated
fuel, for stereo visual inspection and photography.
Equipment was developed for high pressure burst
tests, biaxial creep tests, tensile tests and Charpy
tests.
For the dismantling of actinium installations, the

a-l und a7 boxes have been dismantled and con-
ditioned for disposal; the delay tank and equipment
in the basement have been discarded,

- For the metallurgical cells Ml and M2 in the
extension of the LMA building, equipment is being
studied for non-destructive testing of long fuel pins
by y-scanning, optical inspection and photography,
eddy current, dimensional measurements and X-ray
radiography.

8.5. PROTECTION
(R. Boulengcr", G. Fieuw)

8.5.1. Health physics
(H. Bultynck, J.Colnrd, J.P. Deworm, J. Dul-
cino, L. Glioos", P. Govaerts, G. Koch, J. Mar-
lcin, G. Penelle"', W.Siegers, Tli. Zeevacrt)

8.5.1.1. Monitoring of personnel, installations and
transport

External dosimetry

For routine monitoring of about 1,500 permanent
workers at SCK/CEN 42,000 films had to be ana-
lysed; another 4,200 were put at the disposal of
visitors and occasional workers in controlled areas.

As no incidents nor particular works involving
high exposures were recorded, total doses could be
kept relatively low. Only 511 weekly closes exceeded
lOOmrem; this corresponds to about 50% compared
with previous years. The total dose distribution over
the whole year shows a similar evolution (Table 8.4.).

An increasing number of TL dosimeters have been
used in routine as well as during particular operations.

As a result of the evaluation of an incident at BR2,
a probable over-exposure at the fingertips of 2 workers
has been found.

For 22 workers, irradiation exposures were tem-
porarily icstricted in order to avoid reaching the
maximum permissible dose.

Incidents and health physics safety evaluation

Within SCK/CEN, 97 incidents of minor im-
pottancc were registeted; 35 persons were checked
and treated in the decontamination facility.

Transport

1066 applications for transport authorization for
radioactive materials were introduced.

Physical control

During 1977, 70 approvals for new manipulations
and experiments, exploitation of new installations or
extension of existing installations were given after
examination of the safety reports.

From the health physics point of view, particular
attention was paid to the decommissioning of the
Actinum installations and the production of xenon-
molybdenon isotopes.

TABLE 8.4.
Total dose distribution

——____^ Year

Doses in mrcm •

250- 1,250
1,251-2,500
2,501-5,000

> 5,000

Max. total close (in mrem)

1972

216
54
47

1

5,037

1973

175
42
10

1

5,405

1974

279
122
47

4,736

1975

244
77
48

1

9,150

1976

132
94
79

4,878

1977

122
44
31

1

5,043

'' Corapro

8-8



Decommissioning of the Actinium installations

The decommissioning of the facilities for the
Actinium project, started in 1976, was continued in
1977. Appiovnl was given for dismantling of the
other a-boxes (a?, cq and a7,ai.2), the nctinon delay
tank, the liquid waste installation and decontamina-
tion of the inner walls of the lOOOCi-cell.

The total accumulated dose during the dismantling
of the Actinium installation amounts to 130man-rem
for 160 workers, from which 829o has to be attributed
to the dismantling of the eti and a* boxes.

BR2 reactor and associated facilities

The frequency distribution of the maximum I3II
concentrations in the primary coolant of BR2 (Table
8.5.) reveals the periodical recurrence of anormal
fission product leakage of fuel elements. However,
contamination problems are avoided by shutting down
the reactor at a predetermined safe level.

A small leak in a primary heat exchanger slightly
contaminated the secondaty coolant and during 4
months caused an average l3ll release by the cooling
tower plumes, which was estimated at less than 5.I0"1

of the reference level for routine releases.
The interventions at the primary circuit in the

reactor pool (e.g. the replacement of a rupture disc)
and iv the hot cells did not give rise to excessive doses
except one incident which resulted in doses exceeding
the quarterly limit for the hands of two persons.

BR3

The reactor operation was only interrupted by a
few short shut-down periods without complex inter-

ventions, which minimized the dose burden and the
health physics problems.

The contamination of the main coolant increased
slowly during the year. Table 8.6. compares the
average concentration in January and December for
the major fission products.

A similar evolution was also noticed for contamina-
tion of the containment building and on the stack
releases.

However, the average n ' l release by the BR3 stack
remained at 3 .5X10 ' of the reference level for
routine releases.

8.5.1.2. Environmental monitoring

Site survey

- The monitoring programme in the vicinity of SCK/
CEN was continued. Measurements on samples fiom
20 wells and ponds, taken twice a month, revealed
a further decrease in 3\ I-activity at different sampling
points.

- The environmental TLD dosimeters placed on and
around the SCK/CEN site and changed every year,
rcvaled an increase of about 50% in the dose rate
of the surroundings of the Western storage field of
the waste disposal plant. The minimum dose rate
has been detected above the water of the "Miramar"
lake (}} mll.ii-1), the maximum at PCS5 (1548
mll.a1).

- Environmental dosimeters placed around the nuclear
power plant at Tihange revealed dose rates between
53 and 69 mR.a'1 with a mean value of 60mR.a''.

- Ten environmental dosimeters placed around the
nuclear power plant at Docl showed dose rates

TABLE 8.5.
Frequency dislnbiilion of Until 131/ activities detected in the primary coolant during a reactor cycle

'3'I activity
(Ci.nr3)'

< 1 0 J

104- 5.10-»
5.10-1- 10^

>10-3
Masimum observed

1973

2
2
5
2

3.7x10-3

1974

1
3
3
4

5.0X10 3

1975

4
1
1
4

lo-i-

1976

8
2
0
1

1.6x10-3

1977

4
3
1
3

2.4X10 3

* Measurement taken after burn-out of a BR2 fuel clement on June 121'1 1975.

TABLE 8.6.
Concentration oj fission products in the BR3 main coolant (Ci.nr*)

January 1977

December 1977

'311

3.6X1O2

1.0x10-'

ssKr

1.3X102

4.1 X10-2

'«Xe

3.8X102

1.2x10'

i3'Cs

5.5 XlO-4

9.4X104
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between 41 mR.a'1 and 52 mR.a"1 with a mean value
of 47 niR.n'1, as can he seen in Table 8.7.

- Plow rate measurements using the "Hastings Stack
Gas Velocity meter" were carried out in the stacks
of the Chemistry Building, Pu Building, BR1, BR2,
BR3, General waste services, FLK incinerator.
The values measured were generally between 10
and 25% lower than the nominal flow rates ac-
cepted up to now.
The velocity profiles were determined and new
aspiration probes were installed in the stacks.

Ncet river basin

- The total weighted radioactivity of the liquid ef-
fluents released by the waste disposal plant into
the Mol Neet during 1977, as determined by the
formula: 5(total a ) + (total ß) + 30C°Sr) +
3( ' " I ) + 300(~"Ra) + O.OOl(HTO), reached
259b of the maximum permitted value (4500 mCi/
month).

- Analyses performed on the liquid effluents showed
that for 1977 and as far as the most important
ß-emitters are concerned, the ß-Y activity was main-
ly clue to "'Co (699b) and U7Cs ( 1 2 % ) .

- Continuous sampling at 10 stations in the Ncet
river basin was continued to check the contribution
of the liquid effluents from the waste disposal plant
to the total radioactivity of the Neet water. No
abnormal values were registered.

- Samples of the bed sediment of the Neet have been
taken in order to assess the distribution of activity

in the depth and activity concentrations at greater
distances from the release point. For the ß-Y emitters
''"Co and l37Cs, the concentrations are decreasing by
an order of magnitude per 10 cm depth.

- At sampling station 2 (Mol Ncet - Kievermont),
the battery-operated "Manning" sampling system
has been put into service. A comparison will be
made with the samples obtained by the usual system
as far as the radioactive composition and suspended
sediment concentrations are concerned.

8.5.1.3. Emergency plan organization
A few exercises have been organized and most of

the equipment has been tested.
An alarm exercise outside working hours showed

that 6096 of the members of the emergency organiza-
tion can reach the Command Post within 30 minutes.

On 29"' June 1977 a general exercise aimed at
applying the various general and particular instruc-
tions was organized for all personnel.

8.5.1.4. Testing of air filters

In-situ testing of HEPA filters
The efficiency of the HEPA filter banks is tested

in situ once a year and after replacement of the filters.
In total, 238 filter banks were tested in different
SCK/CEN laboratories; 15 of them showed an un-
acceptable penetration ( > 0.19b).

Table 8.9. shows the number of tests and results
for previous years.

TABLE 8.7.
Mean iloK-riites (mRuf]) at Doe!, Tthange and SCK/C11N

1975
1976
1977

Doel

T\
47

Tihnnge

57
54
60

SCK/CEN

41
39
45

TABLE 8.8.
Activity discharged into the Ncct river (weighted activity in mCi)

Year

1975
1976
1977

93
97

154

Total a

1,468
2,168
1,350

9"Sr

5,600
8,942
2,793

1311

3,070
505

1,406

311

523
555
758

Tot.il ß

13,191
10,347
6,817

Total

23,945
22,614
13,278

TABLE 8.9.

Year

1975
1976
1977

Number of filter banks tested
at SCK/CEN

170
204
23S

Unsatisfactoiy filter banks
(penetration >0.19o)

Number

28
20
15

Percentage

16
10
6
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In facilities outside SCK/CEN, 33 HEPA filter
banks were tested; corrective measures had to be
taken at 7 (219b) banks mainly clue to leaks in
by-pass valves.

Testing of charcoal filters

The efficiency of the charcoal filters for I31I was
tested regularly:
- in the Radioiodine laboratories on a bimonthly

basis for an upstream concentration varying from
0.5X10 6 to 1.2XlO4Ci.nr3 I31I;

- in the Xe-Mo cell in LMA on a monthly basis for
an upstream concentration varying from 10A to
1.2XlO-4Ci.m"3 I3II;

- in the gas purification loop and the EBO installation
in the Chemical laboratories;

- in the sampling glove-box in the chemical laboratory
of BR3.

Respirator cartridges

A total of 306 respirator cartridges from different
SCK/CEN laboratories were tested with DOP.

294 cartridges suitable for being used in air-
contaminated areas had efficiencies exceeding 99.959b.

The tests on the 12 remaining cartridges, supplied
for other specific aims, yielded efticiencies smaller
than 99.9596.

8.5.2. Safety development work and supporting
studies

8.5.2.1. Health physics instrumentation
(M. Latnproyc, M. Loos)

- An isolation amplifier type HP 2-lEl for the ac-
quisition of data from a portable SO2 monitor has
been constructed. The amplifier is being tested for
the measurement of floating signals up to 3000 V.

- A xenon gas monitor has been installed at the LMA
stack. Results arc recorded in the radiation control
room as well as at the whole body counter in the
Medical building.
One of the purposes of the monitor is to estimate
the influence of xenon gas releases at the LMA stack
on the "whole body counter" measurements.

- For the renewal of the stations for environmental
control around the SCK/CEN site, programming of
the computer in the RTS 8 operating system is
continuing. The construction of the CAMAC hard-
ware at the electronic department will be continued
in 1978.

- The VDC (Variable Dead Time Counter) for meas-
uring the plutonium content in solid waste was
calibrated, using sources with different quantities
of fissile material and different isotopic composi-

tion. Total counting efficiencies of the order of 9%
were revealed, with slight variations when changing
the position of the sources in the standard waste
drum.

8.5.2.2. Dosimetry

No solution could be found for the discrepancies
obtained in environmental dosimctry by TLD de-
tectors, which indicate too low a dose for doses
below 20 mil.

Thermoluminescent dosimeters were used to de-
termine high doses ( ~ 100,000 rad) at different facil-
ities.

Ultra thin (20|xm) LiF-teflon detectors were used
to assess gamma energy deposits in structural ma-
terials irradiated during mock-up experiments in
BR02. Better results will probably be obtained with
thinner layers of LiF in the absence of teflon.

Fission track dosimeters containing a7Np and M2Th
were used for participating in the intercomparison
programme for personnel neutron dosimetry organized
by the C.E.C. The results arc not yet released.

Calibration measurements for a rem counter and
for the fission track dosimeter system were carried
out during a technical session also organized by the
C.E.C.

8.5.2.3. Internal monitoring
(J.Colard, J.P.Culot")

HUMCO (HUMan COunting)

During 1977 the following examinations were per-
formed:
- 1448 whole body measurements;
- 629 thyroid measurements for I isotopes assess-

ment;
4 wound measurements;

34 lung examinations with the Xii-CH4 pro-
portional counter for Pu burden assessment;

35 lung examinations with the thin Nal detector
(203 mm 0 ) for 241Am;

151 lung examinations with the large Nal crystal
(292 mm 0 X 103 mm) for the detection
of 232+~8Th, -7Ac, 226Ra.

In 224 cases, whole body measurements revealed
contaminations with radionuclidcs such as 5lCr, 54Mn,
5SCo, 59Fe, *°Co, 75Se, 8SSr, "»Mo-Tc, 103Ru, 133Xe, 134Cs,
l37Cs, 192Ir. All cases were below 196 of the maximum
permissible body burden, plus 1 case of 73Se con-
tamination at 596 of the MPBB and 7 cases of ~6Ra
burden between 10 and 11096 MPBB.

In 217 cases, thyroid measurements showed con-
taminations by 13II below 2096, while 14 cases were

* Corapro
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between 20 and 75% of the maximum permissible
burden.

Lung examinations showed no significant con-
tamination, except by a2Th contamination in several
people using this clement for industrial application.

Kcscatcli and development work concerned the
following topics.
- A new thin Nal crystal (203 mm 0 X 2 mm

thickness) with Be window has been mounted (to
replace the older one the characteristics of which
were degraded) and recalibrated for the 24lAm lung
measuiements.

- Programmes have been written for treatment of
the data obtained when measuring radionuclidcs in
lungs such as ffialTh, 24lAm and Pu isotopes for
which the maximum lung burden is only a few nCi.

- Calibrations have been performed for 227Ac assess-
ment.

8.5.2.4. Nuclear spectrometry
(J.Colard, J.P. Ciilot", L. Gcerings)

Computerized SYstem for NUclear Spectro-
metry (COSYNUS)

The following hardware has been added to the
existing system:
- two dot matrix printers;
- a fast paper tape reader;
- a floppy disk unit.

Two MULTI-8 mini-computers have been repaired
and used for small programmes written in BASIC.

A second computerized system has been ordered.
It will be composed of:
- a mini-computer MULTI-20 with 32 K memory;
- an interface to the pulse height analysers;
- a synchronous interface for linking to the IBM 370;
- a dual-drive floppy disk system;
- an 8 input-output asynchronous interface.

Several peripheral units, still in use with the first
system, will be connected to this unit which will
be installed in the medical building.

Some modifications were made to the Ge(Li) and
Nal(Tl) routine programmes in order to take into
account the new hardware added to the system.
Software modifications include a DOS written for
the floppy disk unit.

Utilization of COSYNUS for routine analysis of
Ge(Li) and Nal(Tl) Spectra has shown an increase
of up to 430 analysis/month. Compared with the
monthly rate for 1976, this increase of 50% is
mainly due to the use of the mini-computer for the
analysis of all the Nal(Tl) spectra.

Routine analyses

4931 samples have been analysed by y or a spec-
trometry, including 429 samples for activation analysis
of elements like AI, V, Cl, Br ... in samples coming
mainly from the petroleum industry.

Instrumentation

- Low activity material has been selected for the
fabrication of a new Gc(Li) spectrometer.
Parts for the cryostat and crystal holder have been
fabricated in Mg, the U content of which is about
103 lower than in common Al alloys and 10 to 50
times lower than in specially refined AI.

- Several mathematical expressions for the Ge ef-
ficiency as a function of yenergy have been tested;
an empirical formula has also been determined for
the conection of y-spectromctry results according
to density variations for large samples as used in
routine analyses.

8.5.2.5. Absolute measurement of activity
(C.Ballaux*)

10 different solutions were calibrated and 100 sour-
ces prepared and/or calibrated.

Several improvements in the counters have been
attempted. The anodes of the proportional counter
were replaced by 25 |im 0 nickel wires; the 3 " X 3 "
Nal(Tl) detector was replaced by a 4"X4"' with a
resolution of 8.6% for l17Cs and a peak-to-valley ratio
of 4.6 for "'Co; a current filter was connected to the
electronic circuit and steel gas pipes were used.

Sources of "'Co, 54Mn and l39Ce, calibrated at the
B.I.P.M., were meaurcd and the agreement ranged
between -0.30% and + 0.35%.

At the end of the year, difficulties were encounter-
ed due to imperfect electrical contacts in the gold
plated perspex counter and extension of these wires.
Therefore, a study was made on the proportional
counters used in other calibration services. The model
in use at the B.I.P.M. and P.T.B. was selected.

A 127 m 0 X 127 mm thickness Nal(Tl) from
QUARTZ SILICE with a hole of 70X20 mm has
been installed together with an ORTEC counting
device in order to calibrate isotopes with complex
decay schemes and low energy y ray emitters. The
resolution for137Cs is 8% at the peak-to-valley ratio
3.8 for ""Co. A lead-cadmium-copper perspex shield
was constructed giving a background of 34 cps above
22 keV. The geometry is 98.4% for a sample at the
bottom of the well.

* Cornpro
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8.6. RADIOACTIVE WASTE PROCESSING
(N. Van dc Voorde*, J. Clacs, G. Diimont, K. Pceters", H.Spriet*)

Collection, transport, processing and interim or ultimate storage of radioactive wastes are the major
assignments fulfilled by the Radioactive Waste Disposal department, operated by BELGONUCLEAIRE.

In addition, the department is also entrusted with the decontamination of nuclear equipment, laboratories,
site and work clothing, either as a routine job or following accidental contamination, both inside and outside
SCK/CEN. Besides, the drinking and dcmineralized water production facilities of SCK/CEN arc also operated by
the department.

Global operational statistics can be summarized as follows:

- initial stock of processed or stored waste on 1.1.1977: 1,975 m3;
total volume of waste delivered: 199,752 m3 (196,261 m3 in 1976);
total volume of waste processed: 198,948 m3 (196,052 m3 in 1976);

- final stock of unprocessed or disposable waste on 31s l December 1977: 2,779 m3.

8.6.1. Radioactive liquid waste processing

Operational statistics for 1976 and 1977 are as follows.

Cold suspect liquid waste
• total volume delivered (m1)
- dry sludge production (kg)
- averse radioactivity (|iCi.mW)

a

ß-Y
••»Sr
311

Intermediate level liquid waste
- total volume delivered {m3)
- dry sludge production (kg)
- average radioactivity (ii.Ci.ml"1)

a
ß-Y
»Sr
311
131 [

Average decontamination
(9& initial radioactivity removed)

a

ß-Y
*>Sr

1976

90,000
7,790

9.4X10«
4 .7X10 6

8.8X10 8

lOO.OXlO6

70,000
11,572

2 .9X10 4

1.2X10-3
3.8X10-5

1.13X10-5

4 .3X10 6

98.29
85.26
88.89

1977

95,000
7,683

1289.8 x 108

15.6 X 106

4 .3X10 8

93.5X10*

87,000
34,030

10.3xl0~>
0.5x10-3
0.9x10-5
0.7X10 5
8.3 X l O 6

96.06
87.13
91.91

Warm liquid waste

After sufficient decay and monitoring, a volume
of 14,400 m3 warm liquid waste (12,500 m3 in 1976)

BELGONUCLEAIRE

was released into the intermediate level liquid waste
treatment plant.

Radioactive sludges

Dry concentrates of filtered radioactive sludges
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amounted to 28,242 kg (59,103 kg in 1976) which
were homogeneously dispersed into hot bitumen. The
ultimate volume of 49.9 m3 stabilized sludge/bitumen
mix thus obtained was finally conditioned in 262
steel drums of standard size or in concrete lined
drums whenever the specific activity of the sludges
required supplementary shielding.

Total reduction factor

An average volume of 3,664 m3 cold suspect and
intermediate level liquid waste per m3 resulting mix-
ture has been processed.

River disposal

Tieatcd and duly monitored liquid waste dis-
charged into the Nect river amounted to 238,000 m3

(226,700 m3 in 1976).
The radioactivity disposed of (13,278 mCi) equals

25% of the total weighted activity release permitted
in one year.

8.6.2. Radioactive solid waste processing

Operational statistics for 1976 and 1977 (in m3)
are as follows.

1976 1977
Volume delivered
- combustible waste 646 932
- compressible waste 367 554
- incompressible, incombustible waste 208 557
- high level solid waste 6 9
Total volume delivered 1,226 2,052
Total volume processed 1,380 1,690
Final volume of unprocessed or dis-
posable waste on 3 V December 1977 1,064 2,320

Specific processing results aie summarized as fol-
lows:

- combustible waste: 909 nr low-level combustible
waste were incinerated and
gave rise to a final volume of
16 m3 radioactive ash;

- compressible waste: 536 m3 incombustible and a
contaminated combustible
waste were baled and con-
ditioned in the a treatment

- Incombustible and

plant; reduction factor: 2.0
(2.1 in 1976);

incompressible waste: 245 m3

waste was incorporated into
bitumen or concrete and con-
ditioned in steel drums;

- medium and high level waste storage: the delivery
of 9 m3 medium and high ac-
tive materials or residues pack-
ed in standard tins, plastic
boxes or other containers
brought the total volume
stored on 31.12.1977 up to
134 m3.

The total amount of stored radioactivity was:
- 77,272 Ci a-ß-Y (74,756 Ci in 1976)
- 778.3 g Pu (680.2 gin 1976)
- 18.4 kg natural U (15.2 kg in 1976)

Inter im storage Site I

On 31s1 December 1977, 3,686 steel drums and
concrete containers (1,244 metric tons) of insolubili-
zed solid waste were being stored at the site of the
Waste Disposal Plant with a view to future ultimate

The global stored radioactivity amounted
to 550 Ci a-ß-Y, 2400 Ci tritium, 2482 g plutonium
and 169 kg natural uranium.

8.6.3. Decontamination - Intervention - Laundry

- Intervention and decontamination teams carried out
the routine cleaning of warm and hot laboratories,
reactor facilities and equipment as well as special
dismantling tasks in highly contaminated facilities.
Total: 16,974 h (19,653 h'in 1976).

- Laundiy decontamination teams treated 23,139 kg
(31,701 kg in 1976), monitored 17,425 kg (21,689
kg in 1976) and ironed 12,766 kg (13,189 kg in
1976).

8.6.4. Water production and supply

The water production plant treated and supplied
312,300 m3 drinking water (355,500 m3 in 1976),
and 436,800 m3 dcmineralized water (442,400 m3 in
1976).
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8.7. TECHNICAL DIVISION
(R. Vanliaclcwyn)

8.7.1. Technical services
(E. de Dorlodot, J. Vnn der Auwcra)

8.7.1.1. Mechanical service
(E. Collignon, J. Colsoul,
Mertens, P. Vcrjans)

A. Francart, K.

During 1977, this service treated 2,500 work or-
ders, divided as follows:
- design and drawing office : 68
- manufactuie by outside firms: 96
- main workshop : 989
- assembly and maintenance : 602
- specialized workshops : 745

The main jobs were:
- for the waste treatment plant: the study and

construction of an apparatus for automatic plasma
cutting of stainless steel glove-boxes, a new furnace
for the FLK 60 high-temperature incinerator, the
study and supervision for arrangement of the a hall
for pretreatment of radioactive wastes to be in-
cinerated in the FLK 60 and the control of all the
mechanical parts of the new liquid effluent treatment
plant;

- for BR2: the installation of liquid nitrogen supply
outside the reactor building and the study and
construction of equipment for replacing the lead
windows of the hot cell;

- for I3R3: the fabrication of tubes containing Charpy
samples to be irradiated for the surveillance of
pressure vessels of PWR teactors and the review
of parts for the primary pump of the reactor;

- for the ferritic steel programme: the constiuction
of a horizontal resistance welding installation;

- for the development of UCVPuOj fuel: the study
and construction of a double working hydraulic
press;

- for the Radiobiology: the study and construction of
a system to clean and fill small bottles;

- for Radiation Control: the arrangement of a vehicle
for radiation control measurements;

- for Nuclear Physics studies: the study of a pneu-
matic system for transporting irradiated samples
between the BR1 and the Physics buildings.
Technical support has been given to the following:

- the Military School: the study and fabrication of
components for measurements at the ERASMUS
Tokomak facility;

- for the UCL: the study and fabrication of collima-
tors and parts of an installation for fast neutron
human irradiations.

8.7.1 2. Electrical service
(H.Beckx)

In 1977, the service received 380 work orders
and carried out normal interventions and repairs on
electrical and telephone installations.

The most important jobs were:
- the installation of a new fully electronic telephone

exchange and the adaptation works of the telephone
network in the buildings;

- the study of a progiammable processor for auto-
matization and control of a icsistance welding in-
stallation for ferritic steel tubes;

- the temporary installation of an electric emergency
group for the high temperature incinerator at the
Waste plant.

8.7.1.3. Civil engineering and general maintenan-
ce
(J.Schoofs)

In 1977, the service fulfilled about 827 work orders
and canied out the normal interventions for main-
tenance and small repairs.

The most impottant jobs weie:
- the supervision of the extension of the LMA in-

stallations; the new offices are finished and the
construction of the heavy concrete shieldings for
the metallurgical cells have been started;

- the supervision of the civil works of the new
effluent treatment plant; this work has been started
with the concrete stiuctures for shielding of the
storage vessels;

- Dormitory 3 is being adapted for the installation
of the laboratories of the Radiobiology department.
The following important maintenance works have

been carried out:
- the repair of the woodwork and the painting of

diffeicnt buildings of the residential area;
- the repair of the two Baily bridges;
- the repair of the roof of the Conference hall.

8.7.1.4. Ventilation and central heating services
(E. Nceskens)

In 1977, the service received 93 work orders.

The main jobs were:
- the renewal of the heating system of the Medical

building;
- the repair of the entrance filters of the ventilation

of the Chemistry laboratories;
- the replacement of the fuel heating system in a part
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of the Bill building by the district heating system;
- the renewal of the boilers in Dormitory 4;
- the supervision of mounting of the ventilation LMA

installation;
- lor the Waste treatment plant, the study and in-

stallation of the heating and ventilation systems of
the new effluent treatment plant and the a hall
with the high temperature incinerator.

8.7.1.5. Printing
(H.J. Fredrix)

As well as the normal tasks in 1977, the first
number of CONSENSUS was printed in the work-
shop and a photo-setting installation with magnetic
disc storage was purchased.

8.7.2. Electronics and instrumentation
(L. Binard)

8.7.2.1. Studies
(E. Musyck, J. Lauwers, R. Dc CIcrck, J. Ro-
ge, F. Geyzen)

The preliminary studies on the Rockwell PPS-8
microprocessor system have been finished. A uni-
versal prototyping test jig with several caids and a
Microprocessor Tester type EL.17T3 have been con-
structed. Several studies have been started for ap-
plications using the PPS-8 microprocessor.

Prototypes of the Detector State Indicator type
EL17R8," Audible Alarm Unit type EL17R9 and
Visual Warning Unit type EL17R10 were developed
for the Criticality Survey Installation requested by
Pakistan.

A Boron Concentration Monitor type EL12N1 was
developed to perform the continuous surveillance of
the BR3 primary water.

The study of the modernization of the radioactivity
measuring stations around the SCK/CEN progressed.
As a result of software specifications, a few Camac
modules had to be slightly modified and two new
modules have been constructed: a Dataway Display
EL10C2 and a Bypass/Status Unit EL17C10.

A new model ß-y Hand and Foot Monitor com-
prising the units EL12R2 and EL12R3 was developed.

A new Punch Driver EL17R4 has been constructed.
It provides binary coded papertape output from a
SA40B or Didac multichannel analyser on a Facit
4070 fast punch.

A Power Supply EL1T9.1 was constructed for the
PH Stabilizer type EL19N2 of the Radiobiology de-
partment.

Improvements to upgrade the sniffer system of
BR1 have been studied.

8.7.2.2. Quality control
(S. Vandcvijvcre, Y. Bonds)

Reliability tests were made on 67 instruments or
prototypes built by SCK/CEN; commissioning of 48
pieces of industrial apparatus delivered by external
companies was carried out.

Characteristics of several components were checked
under different temperature and supply conditions.

The cross-assembler for the Rockwell PPS-8 micro-
processor, written last year, proved successful and
was extended with the "data pools". Most multibytc
instructions can now be reduced to one byte which
references common object codes in pools, thus dras-
tically reducing programme length in PROM.

Software support was given through PROM PAC
MM 6301-1. This is a conversational and fully inter-
active programme in HP-Basic which allows pro-
gramming of MM 6301-1 TTL PROMS ( 2 5 6 x 4 bits)
with the HP 9830 calculator coupled to the EL17T2
PROM Programmer.

The electronic components market was closely fol-
lowed and the electronic stores were updated accor-
dingly.

8.7.2.3. Non-nuclear instrumentation
(H. Van Trappen, G. De Wilde)

The most important tasks performed in 1976 were
the following.
- Development of a Precision Temperatute Controller

type EL19B3 for the mixed oxide fast reactor fuel
programme. It maintains the temperature of the
water circulating in a thermobalance at ±0.1°C of
the nominal value.

- Fabrication of Two Valve Timers type EL9B1.1 and
2 for the programming and control of two electro-
valves for the Waste department.

- Development of a Digital Pulse Generator type
EL15M2 to drive the electron beam of an apparatus
in the department for Materials research.

- Construction of an electrical Leak Detector type
EL18M6 with rapid intervention on the power
supply for the Technology department.

- Construction of two new supplementary Ignition
Control units type EL19T2.3 and 4 for welding Pu
bearing fuel cans.

8.7.2.4. Construction
(A. Lambert)

83 pieces of apparatus were constructed for various
departments, industrial companies and public organiza-
tions.

8.7.2.5. Repair works
(J. DePooter)

314 repairs were carried out on pieces of apparatus
of various kinds and origins.
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8.7.2.6. Relations with industry and with public
and private institutes

The construction of a Criticality Survey Installation
type EL20S12 for Pakistan was finished; the ac-
ceptance of the apparatus was carried out by BELGO-
NUCLEAIRE agents delegated by PAEC.

Fur the Ministry of Public Health, a device was
constructed for the measurement of radon in air
samples. It consists of a detector type 7C2A.11 and
a Sealer-Printer type 5T3.

As reported in § 8.1.2.1., services were rendered
to CREN-Kinshasa. The command circuits for the
new C2 conveyer were installed in the TR1GA Mk II
reactor. Routine maintenance of the reactor instrumen-
tation has also taken place and some new devices
were added.

In collaboration with the Reactor Physics depart-
ment, support was also given for the loading of the
reactor of the Tihange power plant.

8.8. TECHNOLOGICAL SUPPORT

8.8.1. High temperature brazing
(J. Parent, R. Meier", F. Mathicu , W. Schu-
bert* )

Lcaktight, corrosion resistant instrumentation cable
penetrations in irradiation rigs and loops are currently
obtained by high-temperature brazing.

Development and assessment work has been carried
out in the following areas.
- As easy threading of the instrumentation cables

through the penetrations requires rather large clear-
ances and as small clearances arc a prerequisite for
high quality brazing, the question has arisen of
what is, in practice, a viable compromise. In order
to accumulate experimental data to make the deci-
sion, test series have been run in which the me-
chanical clearance was the variable parameter.

- Performance tests on brazing sleeves under non-ideal
conditions, i.e. excessive quantities of filler material,
brazing temperatures considerably exceeding the re-
commended value, extended brazing times, etc...
were continued.

- Work for brazing thermocouples, heater cables and
capillaty tubes in grooves over long distances was
started.

8.8.2. Real-time data acquisition system
(R. Meier-, F. M a t l W )

Extensive use was made of the real-time low-level
data acquisition equipment which includes the master
system in the Technology and Energy Department and
a terminal in the BR2 containment building.

Out-of-pile applications currently consist of the sur-
veillance of loops: Na2 - Na3 - ASL - Li L - He 1 -
ETL and 114, pre-irradiation tests ons in-pile hard-
ware, various research programmes and operation of
a pilot installation for digital process control.

ln-pile applications were mainly the operation of

•• EURATOM

the MOL 7C loops and precision measurements in a
number of instrumented rigs.

During the period reported there was no need for
extending the actual system, except that the data
transfer rate between the BR2 and Technology buil-
dings turned out to be much too slow. The coupler
interface circuitry of the BR2 terminal has been
modified to speed up data transmission to 7040 bauds
which is considerably more than the initial specifica-
tions of the manufacturer. This modification con-
tributed to occasional failures of the coupler (4 fai-
lures summing up to a total downtime of about 2
weeks). Downtime of the msr.ter system was limited
to one day.

It is intended to solve the problem of a satisfactory
data transmission rate by completing the BR2 terminal
with a minicomputer.

8.8.3. H4 water loop
(J. Parent, F. Mathieu")

The H4 water loop has been used in support of
several programmes, namely:
- critical heat flux measurements in stagnant water

annuli under various temperature and pressure con-
ditions;

- investigation of the endurance behaviour and per-
formance tests of in-pile equipment;

- thermohydraulic calibrations.
The programme concerning the investigation of the

propagation characteristics of controlled thermal per-
turbations in industrial circuits (see § 1.6.), the final
objective of which is the detection, at an early stage,
of an accidental flow reduction in a fuel subassembly,
was run during the second half of 1977. Small thermal
perturbations were injected by cycling the power of
an auxiliary heater. In the first stage attention was
focused on the overall behaviour of thermal perturba-
tions in the test section.

* EURATOM
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APPLIED RESEARCH

[I] Entnebelung mit Metellfaservliesen und -filzen

J.CLAES, R. DE BRUYNE
Fachberichte Hüttenpraxis Metallweiterverarbeitung, I, 47-52 (1977)

[2] Separation of solids from molten Na nitrate-oxides mixtures and applications
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P. DE REGGE, R. BODEN
J. Radioanal. Chem, 35, 173-184 (1977)

[4] Mechanisms for the collection of particulate matter from a gas stream
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18eme Cycle de Perfectionnement en Genie Chimique, Bruxelles (Belgium), 22-24 2.1977, 287-301 (1977)
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Nucl.Technol., 34, 75-88 (1977)
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Powder Technol., 16, 159-166 (1977)
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P.N HENRION, F.GEENEN, A. LEURS
Powder Technol. 16, 167-177 (1977)

[8] Influence of powder bed structure on mercury penetration response in porosimetry
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[9] Toutes les specifications ont-elles un sens ?
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Revue M, 23, N° 4, 1-4 (1977)
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J. Microsc. Spectrosc. Electron., 2, 345-367 (1977)

[II] A method to derive interatomic potentials in metals from experimental phonon spectra
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Phys. stat. sol. (b), 81, 557-564 (1977)
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Phys. stat. sol. (b), 80, 99-107 (1977)
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Phys. stat. sol (b), 81, 551-556 (1977)

[14] The pair correlation function and the dielectric response in the homogeneous electron gas
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[15] Internal friction of gamma irradiated polyvinylidene fluoride (PVDF)
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Internal friction and ultrasonic attenuation in solids, 295-299 (1977)

[16] Low-temperature TSD measurements on yirradiated polyvinylidene fluoride
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J Mater. Sei., 1361-1375 (1977)

[17] Debye relaxation equations for a standard linear solid with high relaxation strength
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[18] Ordre partiel et structures ä longue periode dans le Systeme Ni3,,Te2. Etude par diffraction electronique
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Journal de Physique, Colloque C7, Suppl. au n° 12, Tome 38, C7-116-C7-122, Dec. 1977

[19] Electronic properties of some amorphous semiconducting organic polymers
R COLSON, P. NAGELS, R. SPEECKAERT
Proceedings of the Seventh International Conference on Amorphous and Liquid Semiconductors, Edinburgh (1977),
edited by W.E. Spear, p. 775

[20] The critical voltage effect in transmission electron microscopy. VIII The qualitative influence of non-systematic reflections
on the critical voltage
M.DAVID, R.GEVERS
Phys. stat sol (b), 80, 477-490 (1977)

[21] The critical voltage effect in transmission electron microscopy. IX. The calculation of critical voltages and experimental
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Phys. stat sol. (b), 84, 133-147 (1977)

[22] The critical voltage effect in transmission electron microscopy. VII. The influence of absorption
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Phys stat. sol. (b), 79, 215-230 (1977)

[23] The observation of the critical voltage effect in the presence of non-systematic reflections
M.DAVID, G.VAN TENDELOO, J.VAN LANDUYT, R.GEVERS
Proc. of the 5"1 International Congress on High Voltage Electron Microscopy, Kyoto, 1977

[24] Temperature- and amplitude-dependence of internal friction in Cu-Zn-AI alloys
W. DEJONGHE, L. DELAEY, R. DE BATIST, J VAN HUMBEECK
Metal Science 523-530 (1977)

[25] Innere Reibung und Dämpfung in martensitischen Kupfer-Zink-Aluminium Legierungen
W. DEJONGHE, L. DELAEY, R DE BATIST, J.VAN HUMBEECK
Deutsche Gesellschaft fur Metallkunde EV, Hauptversammlung, p. 93 (1977)

[26] Internal friction in strongly damping Cu-Zn-AI alloys
W DEJONGHE, L DELAEY, J.VAN HUMBEECK, R.DE BATIST, L. EERSELS
Internal friction and ultrasonic attenuation in solids, pp 787-791 (1977)

[27] A cluster model for the transition state and its study by means of electron diffraction. II. Application to some particular
systems

R.DE RIDDER, D VAN DYCK, G.VAN TENDELOO, S AMELINCKX
Phys. stat. sol. (a), 40, 669-683 (1977)



[28] Microstructural study of copper-intercalated niobium disulphide and tantalum disulphide CuxNbS2 and CuxTaS2.
Ill, Study of the diffuse scattering: the transition state
R. DE RIDDER, D.VAN DYCK, G.VAN TENDELOO, J.VAN LANDUYT, S. AMELINCKX
Phys. stat. sol. (a), 39, 383-399 (1977)
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[30] The transition state as an interpretation of diffuse intensity contours in substitutlonally disordered systems
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Journal de Physique, Colloque C7, Suppl. N° 12, Tome 38, C7-178/C7-186 (1977)

[31 ] Some rule leading to a relation between the effective muss and the optical absorption of free polarons
J.T. DEVREESE, L.F. LEMMENS, J.VAN ROYEN
Phys. Rev. B, 15, nr. 2, 1212-1214 (1977)

[32] The superconducting transition temperature of U6F098 reduced by neutron irradiation
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Phys. stat. sol. (a), 40, 531-550 (1977)

NUCLEAR PHYSICS
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Book of Abstracts

[98] Biological effects of ionizing radiations on C h l a m y d o m o n a s r e i n h a r d i and D u n a l i e l l a b i o c u l a t a

R. KIRCHMANN, S. BONOTTO, G. CANTILLON
XIII1'1 Annual Meeting of the European Society for Radiation Biology, Liege, 17-19.10.1977. Abstracts Book, p. 93

[99] Transfection in S t r e p t o m y c e s v i r g i n i a e
V KONVALINKOVA, P. ROELANTS, M. MERGEAY
Proceedings of the 569"' Meeting of the Biochemical Society, Brighton (UK.), 18-20.4.1977, 941-944 (1977)

[100] La surveillance ecologique des sites d'implantation des centrales nucleaires - Effets des rojets d'effluents sur
I'ecosysteme mosan: acquis et perspectives

J LAMBINON, J.-P. DESCY, A EMPAIN, R KIRCHMANN, E. BONNIJNS-VAN GELDER
Ann. Assoc Beige de Radioprot, 2, nr 3, 201-216 (1977)

[101] Does DNA correct A r a b i d o p s i s thiamine mutants ?

L. LEDOUX, R HUART, A. RYNGAERT-ADRIAENSSENS, R F. MATAGNE, J P. SCHLOSSER, M. JACOBS
Arch Internat Physiol. Biochim , 85, 992 (1977)

[102] Tests for heritable translocations in male mammals

A. LEONARD
In Handbook of Mutagenicity Test Procedures (BJ Kilbey, M. Legator, W. Nuchols, C. Ramel; Ed.). Eisevier - North
Holland 293-299 (1977)

[103] Cytogenetic investigations on lymphocytes from workers exposed to vinyl chloride

A.LEONARD, G. DECAT, E D. LEONARD, M J. LEFEVRE, L.J DECUYPER, Cl. NICAISE
J Toxicol. Environ. Health, 2, 1135-1141 (1977)

[104] The chromosomal radiosensitivity of lymphocytes from the chimpanzee (Pan Troglodytes)

A.LEONARD, G DECAT, E.D LEONARD, J. MORTELMANS
Mutat. Res 45, 69-76 (1977)

[105] Studies on factors influencing the yield of chromosome aberrations induced by ionizing radiations in mammalian cells
A. LEONARD
Abstract, Contact Group Meeting on Genetic Effects, European Communities, Copenhagen, March 28-30, 1977

[106] Cytogenetic investigations on lymphocytes from workers exposed to vinyl chloride
A LEONARD, G. DECAT, E.D.LEONARD
2n d Meeting EMS, Edinburgh, 10-15 July 1977, Abstract

[107] Etude, au moyen de la technique du Giemsa modifie, des caracteristiques chromosomiques des souris C57BI leucemiques
A. LEONARD, G. DECAT, J R. MAISIN
Comptes rendus des seances de la Soc Biologie, 171, nr 3, 682-685 (1977)

[108] Cytogenetic investigations on leucocytes of cattle intoxicated with fluoride
A.LEONARD, Gh. DEKNUDT, G. DECAT, E.D.LEONARD
Toxicol., 7, 239-242 (1977)

[109] Hereditary anophthalmia in the progeny of an X-irradiated female rat
A.LEONARD, Gh. DEKNUDT, M .WIUOCX
Exp.Anim. 26 (3), 255-257 (1977)



[110] Dose effect relationship for chromosome aberrations induced in male mammalian germ cells
A LEONARD, G B. GERBER
First European Symposium on Rad-Equivalence, EUR 5725e, 55-66 (1977)

[111] The radiosensitivity of chromosomes of rabbit lymphocytes
A.LEONARD, G.B.GERBER, G. DECAT, E D. LEONARD
Mutat. Res., 45, 223-231 (1977)

[112] Relation entre l'äge du male et le taux de mortalite prenatale spontanee ou radioinduite observe chez la souris
A.LEONARD, M.WILLOCX
Comptes rendus des seances de la Soc. Biologie, 171, nr 3, 679-681 (1977)

[113] Mutagenicity tests with irradiated food in the mouse
A.LEONARD, M.WILLOCX, W. SCHIETTECATTE
Strahlentherapie, 153, 349-351 (1977)

[114] Regulation of the neutral Phosphatase in C h l a m y d o m o n a s r e i n h a r d i : an immunogenetic study of wild-type
and mutant strain

R. LOPPES, J. BRAIPSON, R MATAGNE, A SASSEN, L. LEDOUX
Bioch. Genet., 15, 1147-1157 (1977)

[115] Integration versus degradation of exogenous DNA in plants: An open question

PF. LURQUIN
Progress in Nucleic Acid Research and Molecular Biology. Ed. W.E. Cohn, Academic Press, New York, 20, 161-207
(1977)

[116] Thiamine requirements of A r a b i d o p s i s t h a l i a n a cells in tissue culture
P.F. LURQUIN, A ADRIAENSSENS-RYNGAERT, R. HUART
Arabidopsis Information Service n° 14, 22-25 (1977)

[117] Generic engineering of plants: Uptake of plasmid and "pseudovirions" by plant protoplasts

P.F. LURQUIN, c i . K A D O
Arch. Int. Physiol. Biochim., 85, S99-1000 (1977)

[118] E s c h c r i c h i a c o l i plasmid pBR313 insertion into plant protoplasts and into ;heir nuclei
PF. LURQUIN, C I .KADO
Molec. gen. Genet, 154, 113-121 (1977)

[119] On the fate of exogenously supplied bacterial DNA in soybean

N. LUYINDULA, L LEDOUX
Arch. Int. Physiol Biochim., 85, 1001-1002 (1977)

[120] Biological and morphological properties of a rat lymphoid leukemia produced by a murine radiation leukemia virus
(Duplan isolate)

JR. MAISIN, J. BONIVER, B P. EYDEN, L. BAUGNET-MAHIEU, M. JANOWSKI
Radiation-induced leukemogenesis and related viruses INSERM Symposium n° 4, 275-296 (1977)

[121] Chemical protection against the long-term effects of a single whole-body exiosure of mice to ionizing radiation. I. Life
shortening

JR. MAISIN, G MATTELIN, M. LAMBIET-COLLIER
Radiat. Res, 71, 119-131 (1977)

[122] Changes in the ultrastructure and the permeability of the capillaries after irradiation

JR. MAISIN, H.REYNERS, E. GIANFELICI de REYNERS
9"1 Europ Conf. Microclrculation, Antwerp, 5-9.7.1976. Bibl Anat, Nc 15, 311-314 (1977)

[123] Intestinal proliferation after multiple fractions of gamma irradiation

J R MAISIN, A WAMBERSIE, M. LAMBIET-COLLIER, J. GUEULETTE
Radiat. Res., 71, 338-354 (1977)

[124] Electron microscopy of A c e t a b u l a r i a m e d i t e r r a n e a chloroplast DNA
A. MAZZA, S. BONOTTO
Protoplasma, 91, 225 (1977)

[125] Ultrastructure of DNA of basal, middle and apical chloroplasts of individual A c e t a b u l a r i a m e d i t e r r a n e a cells
A. MAZZA, S. BONOTTO, B FELLUGA
Progress in Acetabularia Research, C.L.F. Woodcock E d , Academic Press, 123-136 (1977)
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[126] Observations sur les chromosomes de S u n c u s l u z o n i e n s i s Peters

F.I S.MEDINA, A.LEONARD
Acta zoologica et pathologlca Antwerpsiensia, N° 69, 183-188 (1977)

[127] Hotorospecific transduotion as a tool to select DNA processing mutations in S a l m o n e l l a t y p h i m u r i u m
M. MERGEAY, I. GERITS, I SAMOJLENKO
Arch. Int. Physiol. Biochim., 85, 1008-1009 (1977)

[128] RBE values of d(16) + Be and d(50) + Be neutrons for chromosome rearrangements induced in mouse spermatogonia

M.FECROT, A LEONARD, A WAMBERSIE, J P. MEULDERS
Strahlentherapie, 153, 423-425 (1977)

[129] Increased capillary density in lead encephalopathy

H. REYNERS, EG. de REYNERS, J.R. MAISIN
9"1 Europ. Conf. Microcirculation, Antwerp, 5-9.7.1976. Bibl Anat N° 15, 196-198 (1977)

[ 130] Etude morphometrique des citernes submembranaires des neurones et de leurs relations spatiales avec les processus
nstrocytaires dans le cortex cerebral du rat
H. REYNERS, E. GIANFELICI de REYNERS, J.VAN DER PARREN, JR MAISIN
Biol. Cellulaire, 30, 265-278 (1977)

[131] Assay of tetramisole in immune-depressed mice
A SASSEN, F VANDER PLAETSE, M. JANOWSKI
Cancer Immunol Immunother., 3, 125-130 (1977)

[132] Temporary periodic localization of the chloroplasts in the form of transverse bands, in the stalk of A c e t a b u l a r i a
m e d i t e r r a n e a

C. SIRONVAL, S. BONOTTO, M. PAQUES, E. DUJARDIN
Progress in Acetabularia Research, C.L F. Woodcock Ed., Academic Press 207-217 (1977)

[133] Fate of bacterial DNA in melon plants

J THIRY-BRAIPSON, C. D'AGOSTINO, P. VOUILLEMIN, C. DUEZ, D. HURDEBISE, L. LEDOUX
Arch. Internat. Physiol. Biochim., 85, 1020 (1977)

[134] Absorption of different amino acids by an intestinal preparation from normal rats and from rats exposed to supralethal
X-irradiation

R.TIMMERMANS, G B GERBER, J. GITS
Rad. and Environm. Biophys, 14, 53-60 (1977)

[135] The action of sodium alginate in the food on a 8SSr body-burden in mice
A A. VAN BARNEVELD, S.VAN PUYMBROECK, O VANDERBORGHT
Health Phys., 33, 533-537 (1977)

[136] Influence of blood storage after i n v i t r o exposure to ionizing radiations on the yield of chromosome aberrations
observed in human lymphocytes
M.VEKEMANS, A LEONARD
Int J.Radiat. Biol , 31, nr 5, 493-498 (1977)

REACTOR PHYSICS AND OPERATION

[137] Plutonium assemblies in reload 1 of the Dodewaard reactor

H. BAIRIOT, P. DERAMAIX, C. VANDENBERG, L. LEENDERS, P. MOSTERT
Nucl Techn., 33, nr 2, April 1977

[138] Reactor Physics activities in Belgium

J.DEBRUE
A report to the NEACRP, June 1977. NEACRP-L-180

[139] Neutron transport calculations for the intermediate-energy standard neutron field (ISNF) at the National Bureau of
Standards

CM. EISENHAUER, J.A. GRUNDL, A FABRY
International Specialists Symposium on Neutron Standards and Applications, NBS, Gaithersburg, MD. (USA), March
28-31, 1977 NBS Special Publication 493

[140] Standard integral measurement facilities

A. FABRY
International Specialists Symposium on Neutron Standards and Applications, NBS, Gaithersburg, MD. (USA), March
28-31, 1977. NBS Special Publication 493
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(.141 ] An in-pile sodium loop for investigation of local cooling disturbances in LMFBR's
W.KRAMER, K SCHLEISIEK, L.SCHMIDT, G.VANMASSENHOVE, A.VERWIMP
Nucl. Eng. Des. 43, 343-351 (1977)

[142] Neutron radiography
H.TOURWE
Proc of an Information Meeting - Research with BR2 neutron beams, Mol, 24 H.76, BLG 519, 107-114 (1977)

MISCELLANEOUS

[143] The BR2 reactor
J.M. BAUGNET
Proc. of an Information Meeting - "Research with BR2 neutron beams", Mol, 24.11 76, BLG 519, 219-224 (1977)

[144] SCK/CEN Annual Scientific Report 1976
R BILLIAU, F. KIRK, J PROOST, eds.
BLG 520

[145] Contröle in situ de filtres absolus par la methode de test au DOP
G. FIEUW, W. SLEGERS, Th. 2EEVAERT
Proceedings: Seminaire sur la filtration absolue des aerosols dans I'mdustrie nucleaire, Aix-en-Provence (France),
22-25 11.1976, 145-158 (1977)

[146] Evaluatie van de saneringsmaatregelen in Tessenderlo op basis van het IFDM-model van het SCK/CEN
J G. KRETZSCHMAR, G. DE BAERE, J.VANDERVEE
Extern, VI, nr 1, 31-44 (1977)

[147] The Belgian network for the determination of heavy mota's
J.G. KRETZSCHMAR, I. DELESPAUL, Th DE RUCK, G.VERDUYN
Atmos. Environ , 11,263 271 (1977)

[148] Comparison of three instrumental methods to monitor nitrogen dioxide
J. KRETZSCHMAR, M. LOOS, F. BOSMANS
The Science of the Total Environment 7, 181-187 (1977)

[149] Luchlvcrontreiniging in en rond Vilvoorde
J.G. KRETZSCHMAR, H. PEPERSTRAETE, T. RYMEN
Extern, VI, nr 5, 313-349 (1977)

[150] Thermocouple thermometry: contribution to the problem of drift evaluation
F. MATHIEU, R.MEIER, J. PLANQUART, M SOENEN
Journal of Applied Science and Engineering A, 2, 27-36 (1977)

[151] A morphological and chemical study of calcification of the pineal gland
Y. MICHOTTE, A. LOWENTHAL, L KNAEPEN, M. COLLARD, D.L. MASSART
J Neurol. 215 209-219 (1977)

[152] A morphological and chemical study of calcification of the choroid plexus
Y. MICHOTTE, D L. MASSART, A LOWENTHAL, L. KNAEPEN, J PELSMAEKERS, M. COLLArtD
J. Neurol. 216, 127-133 (1977)
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Appendix 2

PAPERS PRESENTED AT COLLOQUIA, SEMINARS AND SYMPOSIA

Contribution to a Workshop, University of WARWICK (U.K.), 5-6.1.1977
[153] Comparative properties of radiation leukemia virus derived viral populations propagated in rats and in an established

mouse cell line
M JANOWSKI, Th ASTIER

Piogram in Genetics, Washington State University, PULLMAN (U.S.A.), 6.1.1977
[154] Plasmids in Rhizobium and prospects for the transfer of nif genes to p int cells

P. LURQUIN

Department of Zoology and Physiology, University of Wyoming, LARAMIE (U.S.A.), 18.1.1977
[155] Genetic engineering of pro- and eukaryotic cells

P LURQUIN

Meeting on Chcmisorption, LIEGE, 28.1.1977
[156] The recovery of structural defects in some bec and hep metals after irradiation and cold work

J.CORNELIS, J ROGGEN, L STALS, J. NIHOUL

Kontaktdag van dc Interuniversitaire kontaktgrocp voor de Vaste-Stof-Fysika, LIEGE, 28.1.1977
[157] Frequency dependent conductivity tensor for polarons in a magnetic field at arbitrary temperature

J. DEVREESE, J. VAN ROYEN, J. DE SITTER, LF. LEMMENS
[158] Theory of plasmon excitations in (SN)X

J DEVREESE, J RUVALDS, F. BROSENS, LF. LEMMENS
[159] Model calculation of the static dielectric functions and the optical frequency of diamond

J DEVREESE, PE.VAN CAMP, VE VAN DOREN

Seininaitc dc Radioecologie - L'impact des installations nucleaires sur l'environncment, CADARACHE (France),
31.1-4.2.1977
[160] Le cheminement du tritium des rejets

R. KIRCHMANN

Technische Ilogcschool Eindhoven, EINDHOVEN (The Netherlands), 16.2.1977
[161] New magneto-optical anomalies of impurity electrons at the two LO-phonon region: Theory and experiment

J DEVREESE

Specialists' meeting on Fuel and Cladding Interaction - IAEA International working group on Fast Reactors,
TOKYO (Japan), 21-25.2.1977
[162] Chemical interaction between (Cs-Te) doped fuels and cladding material under irradiation

A DELBRASSINE, A.J. FLIPOT

XVIII Cycle de perfectionnement de la branchc beige de la Socicte de Chimie Industrielle, BRUXELLES,
22-24.2.1977
[163] Mechanisms for the collection of particulate matter from a gas stream

W. GOOSSENS

Universite de Liege, 24.2.1977
[164] Dielectric response of jellium with exchange

J DEVREESE
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Culloquc International sur les Mesures ä prendre en cas d'accident nucleaire, (IAEA), VIENNA (Austria),
28.2-4.3.1977
[165] Organisation du plan d'urgence en cas d'accident rmjeur au CEN/SCK a Mol

G.FIEUW, H.BULTYNCK

Northwestern University, HI. (U.S.A.), 16.3.1977
[166] Dielectric response of jellium

J. DEVREESE

University of Montreal, MONTREAL PQ (Canada), 17.3.1977
[167] The groundstate energy of an interacting polaron gas

J. DEVREESE

CDC, MINNEAPOLIS, Minnesota (U.S.A.), 18.3.1977
[168] On path integrals in quantum chemistry

J. DEVREESE

March Meeting of the American Physical Soc. (A.P.S.), SAN DIEGO, California (U.S.A.), 20-2-4.3.1977
[169] £(q,u) in the homogeneous electron gas, including full exchange

I. Formal expression
J. DEVREESE, F. BROSENS, L F. LEMMENS

[170] E(q,to) in the homogeneous electron gas, including full exchange
II. Results
J. DEVREESE, F. BROSENS, L F. LEMMENS

[171] A model calculation of phonon frequencies of diamond using a tight binding hamiltonian
J. DEVREESE, P. VAN CAMP, VE.VAN DOREN, D.C. WALLACE

[172] Interatomic potential from experimental phonon spectrum
J. DEVREESE, F. BROSENS, J. CORNELIS, D.C. WALLACE

[173] The ground state energy of an interacting polaron gas
J. DEVREESE, L.F. LEMMENS, F. BROSENS

[174] Frequency dependent conductivity tensor for polarons in a magnetic field at arbitrary temperature
J. DEVREESE, J.VAN ROYEN, J. DE SITTER, L F. LEMMENS

[175] Plasmon excitations in (SN),
J. DEVREESE, J RUVALDS, F. BROSENS, L.F. LEMMENS

[176] On the lowest energy level of bound polarons
J. DEVREESE, R. EVRARD, E. KARTHEUSER

International Conference on "Science of Materials and Energy Problems", BRÜSSEL, 21-23.3.1977
[177] Ceramic materials with low atomic number as first wall materials in large fusion devices

E. ECKHARTT, M.SNYKERS

Vcrbond Vlaamsr Academici, ANTWERPEN, 22.3.1977
[178] De rol van de kernenergie in de energiebevoorrading

S.AMELINCKX

International Symposium on CAMAC, ANTWERPEN, 23.3.1977
[179] Introduction to CAMAC

J. LAUWERS

Meeting of the "Groupe Dcfauts Ponctuels", TOULOUSE (France), 23-25.3.1977
[180] The recovery of structural defects in some bec and hep metals after irradiation and cold-work

J CORNELIS, J. ROGGEN, L. STALS, J. NIHOUL

University of Delaware, DELAWARE, Newark (U.S.A.), 25.3.1977
[181] Response properties of a many polaron system

J DEVREESE

University of Virginia, CHARLOTTESVILLE (U.S.A.), 28.3.1977
[182] Exchange contribution to the dielectric function of jellium

J. DEVREESE

Contact Group Meeting on Genetic Effects, European Communities, COPENHAGEN (Denmark), 2S-30.3.1977
[183] Genetic effect of natural radioactivity-radiosensitivity of the chromosomes for rabbit and chimpanzee

A. LEONARD
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International Specialists Symposium on Neutron Standards and Applications, GA1THERSBURG (Md. U.S.A.),

28-31.3.1977
[184] Neutron transport calculations for the intermediate-energy standard neutron field (ISNF) at the National Bureau of

Standards
CM. EISENHAUER, J A. GRUNDL, A. FABRY

[185] Standard integral measurement facilities
A. FABRY

The State University of New Jersey, NEW BRUNSWICK (U.S.A.), 29.3.1977
[186] Rigorous treatment of the exchange contribution in the dynamic response of the electron gas

J. DEVREESE

University of Pennsylvania, PHILADELPHIA (U.S.A.), 31.3.1977
[187] Plasmon excitations in (SN),

J. DEVREESE

IBM Watson Research Center, NEW YORK (U.S.A.), 1.4.1977
[188] Frequency-dependent exchange correction to the dielectric function of the electron gas

J. DEVREESE

Belgische Vercniging voor Elektronenmikroskopie, Studiedag, GENT, 1.4.1977
[189] The microstructure of the alloy Au5Mn: A domain structure with 84 variants

G VAN TENDELOO, R.WOLF, S.AMELINCKX ;

[190] Studie van de "transitie" toestand met behulp van elektronendiffraktie
R DE RIDDER, G.VAN TENDELOO, D.VAN DYCK

[191] Studie van de interaktie tussen braziliaanse en dauphine tweelingen in amethyst-kwarts met behulp van elektronen-
mikroskopie en -diffraktie
L VAN GOETHEM, J. VAN LANDUYT, S.AMELINCKX

iMicroniiiss 30B users meeting, W1NSFORD (U.K.), 4-5.4.1977
[192] Pd, Ag and Cd measurements with an MM30 mass spectrometer

P DE REGGE, R. BODEN

Joint Meeting of the Biochemical Society, BRIGHTON (U.K.), 18-20.4.1977
[ 1 9 3 ] DNA media ted t rans fec t ion in S t r e p t o m y c e s v i r g i n i a e

V . K O N V A L I N K O V A , P. ROELANTS, M . MERGEAY

4 lh National Soviet Conference on Neutron Physics, KIEV (U.S.S.R.), 18-22.4.1977
[194] Neutron resonance parameters for "'Np

L MEWISSEN, F. POORTMANS and al.
[195] Neutron resonance parameters for ^'U

F. POORTMANS, L. MEWISSEN and al

International Symposium on Selected Fundamental Topics in Statistical Mechanics, DUBNA (USSR), 19-22.4.77
[196] Note on the Boltzmann equation and polaronn at high electric field

J DEVREESE, R EVRARD

Post-graduate School "Fundamental State Physics", MOL, 21-22.4.1977
[197] Imperfections in crystals -1 . General description

II. Methods of observation
III. Production
IV. Migration and recovery

J. NIHOUL

4th International Congress of the International radiation protection association: Radiation protection as an j
example of action against modern hazards, PARIS (France), 24-30.4.1977
[193] Aspects de radioprotection lors de l'exploitation et du demantelement des installations utilisees lorj de la production

d'actinium en provenance de radium irradie
J.P. DEWORM, G. DUMONT, G. FIEUW, J.MARLEIN, H. SPRIET i

[199] Evaluation de la dose ä l'homme resultant de la presence de radionuclides naturels dans les engrais
R. KIRCHMANN
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Conference Internationale sur Penergie d'origine nucleaire et sun cycle du combustible, SALZBOURG (Austr ia) ,
2-13.5,1977 ( I A E A )
[200] La gestlon des dechots rndlonctifs en Bolcjlque

P. DEJONGHE
[201] Evaluation of solidlficition matrices proposed for nuclear power plant radwaste

L. MERGAN, J P. CORDIER, M. VANDORPE

International Institute for Hydraulic and environmental Engineering, DELFT (The Netherlands), 3-5.5.1977
[202] International Course In Environmental Science and Technology

J KRETZSCHMAR

Universitaire Instclling Antwerpen, 9.5.I977
[203] Many body aspects and response properties of polarons

J. DEVREESE

Colloquium Raacl van Europa, Solid State Spectmscopy Group on Recent Developments in polarons and
polaritons, Universitaire Instelling Antwerpen, 9-10,5.1977
[204] Many body aspects and response properties of polarons

J. DEVREESE

First W. European PWR Operating Plant Seminar, BRÜSSEL, 16-17.5.1977
[205] Decontamination of the primary side of the BR3 nuclear power plant

P. GUBEL

4'" International Clean Air Congress, TOKYO (Japan), 16-20,5.1977
[206] Comparaison entre les differentes methodes ^interpretation statistiques de series de donnees sur la pollution

atmospherique
J G KRETZSCHMAR, I G MERTENS, J VANDERVEE

[207] Laboratory tests and field evaluation study on sulphur dioxide and nitrogen dioxide monitors
H. PEPERSTRAETE

G r o u p e de travail "Analyse de r isque p o u r le rejet dc dechcts en format ions geo log iques" , ISPRA ( I t a l y ) ,
25 -27 .5 .1977
[208] Modelisation mathematique de la migration de radionuclides dans une formation argileuse homogene

M PUT, R. HEREMANS

Nationaal Colloquium Stichting Lodcwijk de Raet "De Kerncnergicmaatschappij", DILBEEK, 31.5-1.6.1977
[209] De Kcrnenergiemaatschappij - een oefening in prospektief denken

R DE BATIST

Colloque de la Societe Franchise cle Microscopic Electronique sur "Les Transitions de Phase", NICE (France),
31.5-2.6.1977
[210] Invited Leclure: "Phase transformations and domain structures"

S AMELINCKX

6"' Annual Meeting of the Belgian Section of the American Nuclear Society "National nuclear power piograms,
problems and solutions", MOL, 8.6.1977
[211] Status of the Enrichment Industry

J. GOENS
[212] Status of Radioactive Waste Management in Belgium

P DEJONGHE

Dag van de Belgische Natuurkundigc Vereniging, BRÜSSEL, 9-10.6.1977
[213] Microstructural study of the phase transitions in TaS2

G VAN TENDELOO, J VAN LANDUYT, S. AMELINCKX
[214] Direct imaging of the atomic-scale structure in electron microscopy

D VAN DYCK, J. VAN LANDUYT, S AMELINCKX
[215] Temperature dependence of surface blistering of rhenium

J. VAN GUYSSE, L STALS, A. DERUYTTER
[216] Overzicht van enkele recente studies omtrent de elektronische struktuur van de vaste stof

J DEVREESE
[217] De overganqstemperatuur voor supergeleiding in neulronen-bestraald U6Fe09a

vv GANN.'AI SKVORTSOV, A VAN DEN BOSCH
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[218] Inelastic neutron scattering study of molecular reorlentatlons In plastic SiH4

J.VANDERHAEGHEN, W.WEGENER, S. HAUTECLER

Vergadering aan lict Intcrunivcrsitair Reactor Instituut te Delft, DELFT (The Netherlands), 15.6.1977
[219] He-blaasvormlng op rhenium

J.VAN GUYSSE
[220] Determination by X-ray energy dispersive analysis of implanted argon in metals in the electron microscope

A.ART, P. DELAVIGNETTE, M. HOU
[221] De invloed van He-doperlng op holtezwelling bij bestraling in een hoogspanningselektronenmikroskoop

M.SNYKERS

International Conference on radiation effects in fast reactor materials, SCOTTSDALE (USA), 19-23.6.1977
[222] Radiation effects in ferritic steels

JJ. HUET, A.DELBRASSINE, Ph. VAN ASBROECK, W. VANDERMEULEN

19"' Congress of the I ta l ian Society of Plant Physiology, S A L I C E T E R M E ( I t a l y ) , 2 3 - 2 5 . 6 . 1 9 7 7
[ 2 2 3 ] H e t e r o g e n e i t y of c h l o r o p l a s t s in A c e t a b u l a r i a

M A D'EMILIO, S . B O N O T T O

7"' International Conference on Amoiphous and Liquid Semiconductois, EDINBURGH (Scotland), 27.6-1.7,1977
[224] Electronic properties of some amorphous semiconducting organic polymers

R. COLSON, P. NAGELS, R SPEECKAERT
[225] Transport properties of glasses in the Tl-As-Te and TIAsTe2.xSe, systems

P NAGELS, R COLSON, L. VAN GOOL

Jouriiiie de I'Association Beige dc Radioprotection, TIHANGE, juin 1977
[226] Le tritium des effluents liquides d'installations nucleates

R. KIRCHMANN, C PIRON, M. MEURICE, E. FAGNIART, C SIRONVAL
[227j La surveillance ecologlque des sites d'implantation des centrales nucleaires - Effets des rejets d'effluents sur

I'ocosysteme mosan: Acquis el perspectives
J LAMBINON, J.P. DESCY, A EMPAIN, R. KIRCHMANN, E BONNIJNS-VAN GELDER

Assemblec Annuclle de Flnstitut International dc la soudure, COPENHAGEN (Denmark), 3-9.7.1977
[228] La soudure par resistance de capsules pressurisees

S. DE BURBURE

6"' International Conference on Internal Friction and Ultrasonic Attenuation in Solids, TOKYO ()apan),
4-7.7.1977
[229] Effect of gamma-irradiation on tlie internal friction spectrum of polyvinylidene fluoride

A. CALLENS, L. EERSELS, R DE BATIST
[230] Relaxation effects in nitrogen-doped rhenium

M. CALLENS-RAADSCHELDERS, L EERSELS, R. DE BATIST
[231 ] Internal friction effects in martensitic Cu-Zn-AI alloys

W. DEJONGHE, R DE BATIST, L DELAEY

C.N.R.S. International Symposium, PARIS (France), 4-8.7.1977
[232] The transition state in ordering compounds; its study by means of electron diffraction

Part I: Theoretical considerations
R. DE RIDDER, G VAN TENDELOO, D. VAN DYCK, S AMELINCKX

[233] Part II: Interpretation of diffuse intensity
G VAN TENDELOO, R DE RIDDER, D.VAN DYCK, S. AMELINCKX

[234] Potentialities of electron nvcroscopy for the study of ordering phenomena solids
J VAN LANDUYT

Colloque International "Order and Disorder in solids", PARIS (France), 4-9.7.1977
[235] Long period superstructures in Ni3 f xTe2

D COLAITIS, P. DELAVIGNETTE

Second International Conference on Environmental Mutagens, EDINBURGH (Scotland), 10-15.7.1977
[236] Mutagenicity of heavy metals

Gh. DEKNUDT
[237] Chromosome aberrations in workers from a vinyl chloride plant

A LEONARD
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Conference; on Mutations: their origine, nature and potential relevance to genetic risk in man, FREIBURG
(Switzerland), 17-23.7.1977
[238] Nuclear factors affecting the sensitivity of mammalian chromosomes

A.LEONARD

NATO Advanced Study Institute on Path Integrals and their Applications in Quantum, Statistical and Solid State
Physics, RUCA, ANTWERPEN, 17-30.7.1977
[239] 3 lectures on "Path Integrals and Polarons"

J. DEVREESE

Conference on Election Transport and Molecular Solids, LEEDS (U.K.), 26-29.7.1977
[240] Inelastic neutron scattering study of molecular reorientations in plastic SiH4

J. VANDERHAEGHEN, W. WEGENER, S. HAUTECLER

IX"1 International Seaweed Symposium, SANTA BARBARA, California (USA), 20-27.8.1977
[ 2 4 1 ] A p i c o b a s a l g r a d i e n t o f p r o t e i n s y n t h e s i s i n A c e t a b u l a r i a m e d i t e r r a n e s

M A . D ' E M I L I O , S . B O N O T T O

[ 2 4 2 ] R e c e n t w o r k o n t h e h e t e r o g e n e i t y o f t h e p l a s t i d a l p o p u l a t i o n in A c e t a b u l a r i a m e d i t e r r a n e a
S . B O N O T T O , M A . D ' E M I L I O , E. D U J A R D I N , R. K I R C H M A N N , C . S I R O N V A L

Fifth International Conference on High Voltage Electron Microscopy, KYOTO (Japan), 29.8-1.9.1977
[243] Invited Lecture: The study of intercalation compounds of the transition metal dichalcogenides by means of electron

microscopy and electron diffraction
S.AMELINCKX

[244] A method for the qualitative study of the influence of non-systematic reflections on the critical voltage
M.DAVID, R. GEVERS

[245] The observation of the critical voltage effect in the presence of non-systematic reflections
M.DAVID, G.VAN TENDELOO, J. VAN LANDUYT, R. GEVERS

[246] Selective radiation damage in the ordered Au^Zn alloy
G VAN TENDELOO, J.VAN LANDUYT, S.AMELINCKX

[247] Order-disorder transition and electron radiation damage in some intercalation compounds
G.VAN TENDELOO, L.VAN GOETHEM, R. DE RIDDER, D VAN DYCK, J VAN LANDUYT, S.AMELINCKX

VI I I " ' Annual Meeting "Ionizing radiation in waste treatment" ESNA, UPPSALA (Sweden), 29.8-2.9.1977
[248] Radiotracer studies on Cd uptake by Zea mays L. from hydroponic solution

J.C. DUPONT, R. KIRCHMANN, G CASALE
[249] Absorption du Cd en solution par Zea mays et incorporation

R. KIRCHMANN

1FIP Woiking Conference on Modeling and Simulation of Land, Air and Water Resources Systems, GENT,
30.8-2.9.1977
[250] The immission frequency distribution model of SCK/CEN, Mol, Belgium

J.G. KRETZSCHMAR, G DE BAERE, J.VANDERVEE

Electronic Structure and Properties of Polymers, F.U.N., NAMUR, 31.8-14.9.1977
[251] Polarons in polymers

J DEVREESE

Symposium on environmental systems planning, design and control, KYOTO (Japan), 1-5.9.1977
[252] Air pollution prediction via third order shaping filter modelling

G COCQUYT

4"' International Round Table Meeting on Sintering, HERCEG-NOVI (Yugoslavia), 5-8.9.1977
[253] Study of the influence of some parameters on the sintering behaviour and chemical properties of UC-based fuel

materials
D. DE VOOGHT, W.TIMMERMANS, R DE BATIST

7"' European Microwave Conference, COPENHAGEN (Denmark), 5-8.9.1977
[254] The elliptic microstrip ring resonator

J.G KRETZSCHMAR

Symposium - Storage in excavated rock caverns - ROCKSTORE 77, STOCKHOLM (Sweden), 5-8.9.1977
[255] Preliminary studies of an underground facility for nuclear waste burial in a tertiary clay formation

E. DE BEER, R CARPENTIER, P. MANFROY, R. HEREMANS
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International Conference on Lattice Dynamics, PARIS (Prance), 5-10.9.1977
[256] A model calculation of phonon frequencies of diamond using a tight binding Hamiltonian

J. DEVREESE, PE.VAN CAMP, V.E.VAN DOREN

Itenarcs Hindu University, Department of Metallurgy, 8.9.1977
[257] The use of EM for study of phase transitions

J.VAN LANDUYT

Department of Physics, 10.9.1977
[258] Lattice imaging as used for material characterization

J.VAN LANDUYT

Meeting of the co-ordinating group on radioactive wastes disposal into geological formations, STOCKHOLM
(Sweden), 12-13.9.1978
[259] R & D programme concerning the disposal possibilities of solidified radioactive waste into an underground clay

formation
R HEREMANS, P. MANFROY

Intcrlab Seminar, KARLSRUHE (Germany), 14-16.9.1977
[260] Analysis programme for neutron scattering cross section measurements

E. CORNELIS, F. POORTMANS
[261] Multiparameter data handling system for capture cross section measurements

L. MEWISSEN
[262] Precise measurement of the capture width of the 6.67 eV resonance of ""U

P. STAVELOZ, F. POORTMANS, L. MEWISSEN, E. CORNELIS
[263] Remeasurement of the " 'U low-energy neutron induced fission cross section and related normalization problems

C.WAGEMANS
[264] Kinetic energy and mass-distributions for lwPu neutron induced resonances

C WAGEMANS, H. WEIGMANN, G. WEGENER-PENNING

Workshop on heat transfer problems in geological formations, HARWELL (U.K.), 15-16.9.1977
[265] Experimental programme concerning heat transfer in a tertiary clay formation

W. GOOSSENS, R. HEREMANS

8"' International Technical Meeting on Air Pollution Modeling and its Application, LOUVAIN-la-NEUVE,
20-23.9.1978
[266] Some practical examples of the impact of individual sources upon the cumulative frequency distributions of the daily

SOi-concentrations in an urban and industrial area
J G KRETZSCHMAR, G. COSEMANS, G. DE BAERE, I. MERTENS, J VANDERVEE

Studicdag Vlaamse Vereniging voor Bibliothcek-, Archief- en Documentatiepersoncel "On-line information
retrieval", MOL, 30.9.1977
[267] Praktische demonstratie van de INIS Data Bank

A. BIJNENS, M. DE COSTER
[268] Het gebruik van INIS-magneetbanden in Belgie met behulp van STAIRS

M DE COSTER

7e Colloque International d'Occanographie Mcdicale, NICE (France), 3-7.10.1977
[269] Contamination d'organismes marins par le 3H, le IJ4Cs et le 60Co

S BONOTTO, A. BOSSUS, G NUYTS, R KIRCHMANN, G. CANTILLON, R DECLERCK
[270] Utilisation d'une chaine trophique experimental pour I'etude du transfert du 60Co

R KIRCHMANN, S. BONOTTO, A. BOSSUS, G. NUYTS, R. DECLERCK, G CANTILLON

2lul Symposium on Reactor Dosimetry: Dosimetry methods for fuel cladding & structural materials, PALO ALTO
(California, USA), 3-7.10.1977
[271] The Role of Irradiation Reactor Mock-ups

F CASALI, J M CERLES, J DEBRUE
[272] Neutron spectrometry for reactor dosimetry

G. DE LEEUW-GIERTS, S. DE LEEUW
[273] Status report on dosimetry benchmark neutron field development, characterization and application

A FABRY, J A GRUNDL, W.N McELROY, E P. LIPPINCOTT, H FARRAR
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[274] Thermoelectric neutron dosimetry - A short introduction
F.MATHIEU, R.MEIER, W.SCHUBERT, F.LEONARD, J. DEBRUE

[275] Application of advanced Irradiation analysis methods to light water reactor pressure vessel test and surveillance
programs
R.ODETTE, N. DUDEY, W.N. McELROY, R.WULLAERT, A. FABRY

[276] Trends in light water reactor dosimetry programs
F.J RAHN, C.Z. SERPAN, W.N. McELROY, JA.GRUNDL, A. FABRY, J. DEBRUE

Symposium on "DNA processing in the procaryotic cell", LUNTEREN (The Netherlands), 4-7.10.1977
[ 2 7 7 ] H c t c r o s p c c i f i c t r a n s d u c t i o n a s a t o o l t o s e l e c t D N A p r o c e s s i n g m u t a t i o n s i n S a l m o n e l l a t y p h i m u r i u m

M.MERGEAY

International Conference on Defects in Insulating Crystals, GATL1NBURG, Tennessee (USA), 9-14.10.1977
[278] About radiation damage in a-Quartz

A VAN DEN BOSCH

International Meeting on Advanced LMFI3R fuels, TUCSON, Arizona (USA), 10-13.10.1977
[279] Thermal and epithermal flux irradiation results of pelletized carbide fuel pins

A. DELBRASSINE, J. PETER

Symposium "Sodium coolant technology", DIMITROVGRAD (USSR), 15-22.10.1977
[280] Transport of interstitials in dynamic sodium systems and determination of the carbon activity by equilibration of

monitor foils
F.CASTEELS, H.TAS, F.LIEVENS, M. SOENEN

[281] Off-line analytical chemical control of loop sodium
F.M. LIEVENS, C. PARMENTIER

[282] Liquid metal purification and monitoring methods
M.SOENEN

[283] Corrosion behaviour of ferritic alloys in dynamic sodium
H.TAS, F.CASTEELS

XIIIth Annual Meeting of the European Society for Radiation Biology, LIEGE, 17-20.10.1977
[284] Recent investigation on biological and biochemical effects of gamma radiations on the unicellular giant alga

A c e t a b u l a r i a m e d i t e r r a n e a
S. BONOTTO, A M D'EMILIO, R. KIRCHMANN

[285] Late effect studies on blood flow and biochemical parameters in locally irradiated rat brain
G.B. GERBER, J. DEROO

[286] Biological effects of ionizing radiations on C h l a m y d o m o n a s r e i n h a r d i and D u n a l i e l l a b i o c u l a t a
R. KIRCHMANN, S. BONOTTO, G. CANTILLON

[287] Chemical protection against the long-term effects of a single whole-body exposure
JR. MAISIN, G. MATTELIN, M. LAMBIET-COLLIER

[288] The evolution of grey matter capillary density after X-irradiation to the cerebral cortex of the rat, according to age
and dose: th? ultrastructural point of view
H. REYNERS, E G de REYNERS, J R. MAISIN

International Symposium on Neutron Inelastic Scattering, VIENNA (Austria), 17-21.10.1977
[289] Rotational motions in some molecular solids - Clathrate hydrates, plastic silane

W.WEGENER, J. VANDERHAEGHEN, S. HAUTECLER, E. LEGRAND, L.VAN GERVEN

IAEA Specialists' Meeting on "Mechanical Properties of Primary Circuit Structural Mateiials including
Environmental Effects", BENSBERG (F.R. Germany), 17-21.10.1977
[290] Kriechverhalten von 1.4948 in dynamischem Natrium

H. BORGSTEDT, H. HUTHMANN, H MENKEN, H.TAS

Reunion de la Societe Beige de Biochimie, LOUVAIN, 21.10.1977
[291 ] Uptake and retention of heterologous DNA applied to seeds of matthiola incana

O.P. KAMRA, L. LEDOUX, R. HUART

[292] Apparent destruction and reutilization of heterologous DNA applied to seeds of L a c t u a s a t i v a

O P. KAMRA, L LEDOUX, R. HUART

[293] Genetic engineering of plants: uptake of plasmid and pseudovirions by plant protoplast

P. LURQUIN, C I .KADO

[294] On the fate of exogenously supplied bacterial DNA in soybean
N. LUYINDULA, L LEDOUX
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[ 2 9 5 ] H e t e r o s p e c i f i c t r a n s d u c t i o n o f a p o o l t o s e l e c t D N A p r o c e s s i n g m u t a t i o n i n S a l m o n e l l a t y p h y m u r i u m
M . M E R G E A Y , J . G E R I T S , Y . S A M O Y L E N K O

Tilgung über Aerosole in Naturwissenschaft, Medizin und Technik, KARLSRUHE (F.R. Germany), 26-28.10.77
[296] Size distribution measurement of DOP aerosols with the aid of tritium labelled DOP and an aerosol centrifuge

JB. PAUWELS, W. SLEGERS, J.P. DEWORM, G. DIBBETS, J. VAN DE VATE

Jaarvergadering Gesellschaft für Acrosolforschung, KARLSRUHE (F.R. Germany), 28.10.1977
[297] Sampling of participate matter in ambient air

J.P. DEWORM

Department of Histology and Cell Biology, University of Shcrbrookc (Canada), October 1977
[298] Nuclear factors affecting the sensitivity of mammalian chromosomes

A. LEONARD

Dalhousie University, HALIFAX (Canada), October 1977
[299] Nuclear factors affecting the sensitivity of mammalian chromosomes

A LEONARD

University of Ottawa (Canada), October 1977
[300] Nuclear factors affecting the sensitivity of mammalian chromosomes

A. LEONARD

Centre Hospitalicr Universitairc, University of Shcrbrookc (Canada), October 1977
[301] Les risques genetiques de la pollution chimique

A. LEONARD

Symposium sur Pavenir des reactcurs de recherche, GRENOBLE (France), 16-17.11.1977
[302] Bilan des 15 annees d'utilisation du reacteur BR2 et programme futur

JM.BAUGNET, F.LEONARD, J.-M. GANDOLFO
[303] Irradiation techniques at BR2 reactor

W. HEBEL, J. PLANQUART, G. VANMASSENHOVE

Seminar on radioactive effluents from nuclear fuel reprocessing plants, KARLSRUHE (F.R. Germany),
22-24.11.1977
[304] Reprocessing off-gas treatment research in Belgium

L.H. BAETSLE, J. BROOTHAERTS
[305] Experience with pilot size iodine and krypton capture facilities under simulated conditions

W. GOOSSENS, G. COLLARD, J.VAESEN, G PAULUIS, A. ZAHLEN

International Conference on Metal Sciences: The Emerging Frontiers", VARANASI (India), 23-26.11.1977

[306] Invited Lecture: The study of defects in solids by means of electron microscopy and electron diffraction
S.AMELINCKX

[307] The application of HVEM to materials problems
S AMELINCKX

Postgraduaat in de fysika, K.U.L., LEUVEN

[308] Fysika van amorfe halfgeleiders
- Bereiding en karakterizatie (24.11.1977)
- Struktuur (1.12.1977)
- Elektrische eigenschappen (8.12.1977)
P. NAGELS

Reunion de la Societe Beige dc Biochimic, MONS, 3.12.1977

[309] Study of the uptake and fate of bacterial DNA in some unicellular Algae
P E.CHARLES

Central Bureau for Nuclear Measurements, GEEL, 5-8.12.1977

[310] Semi-integral structural material transmission experiment at the BR1 reactor Specialist Meeting on Neutron Data of
Structural Materials for Fast Reactors
G. and S. DE LEEUW
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Cycle de pcrfcctionnemcnt en medecine du travail, U.C.Louvain, 7.12.1977
[311] Apercu des risques genetiques presentes par les toxiques industriels

A. LEONARD

International workshop on air pollution reference measurement methods and systems, BILTHOVEN
Netherlands), 12-16.12.1977
[312] On the use of portable sampling units for reference measurement methods

J.G. KRETZSCHMAH

(Tli
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Appendix 3

THESES

[313] Een resistometrische Studie over het herstel van struktuurdefekten in zink en cadmium
J. ROGGEN
Doctor in de Wetenschappen - K.U.Leuven
23.9.1977

[314] Mikroskopische Studie van schade in enkele metalen veroorzaakt door bestroling met heliumionen
J. VAN GUYSSE
Doctor in de Wetenschappen - R U.Gent
27.10.1977
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Appendix 4

PATENTS APPLIED FOR AND GRANTED IN BELGIUM
AND IN OTHER COUNTRIES

A. PATENTS APPLIED FOR

- Eenheid voor een elektrochemische cel
G. SPAEPEN, J.VANDENBORRE, A. BLANCHART, L. BAETSLE
Patent applied for by SCK/CEN
Belgium (Applied for on 21.1.1977, n° 2/55602)

- Askoppeling en inrichting uitgerust met een dergelijke askoppeling
J. HERMANS
Patent applied for by SCK/CEN
Belgium (Applied for on 9.5.1977, n° 177.395)

- Perfectionnements a la fabrication de machines ou elements de machines soumises ä vibrations mecaniques
J. HUET, L. COHEUR, V. LEROY, C. GASPARD
Patent applied for by SCK/CEN and CRM
Belgium (Applied for on 15 2.1977, n° 6/45 882)

B. PATENTS GRANTED

- FluTdisatiekolom
F. DECAMPS, G. DUMONT, W. GOOSSENS
Patent applied for by SCK/CEN
Japan (Granted on 22 8 1977, n° 877.463)

- Elektrode voor een brandstofcel
G. SPAEPEN, A. BLANCHART, C. DE BRANDT, C. PARMENTIER
Patent applied for by SCK/CEN
The Netherlands (Granted on 17.9.1977, n° 153 379)

- Werkwijze ter beinvloeding van een aan een elektrode verlopende elektro-katalytische reaktie
G. SPAEPEN, J.VANDENBORRE
Germany (Granted on 27.9.1977, n° 24 26 183)

- Eenheid voor een elektrochemische cel
Patent applied for by SCK/CEN
G. SPAEPEN, J.VANDENBORRE, A. BLANCHART, L. BAETSLE
Belgium (Granted on 15 2.1977, n° 850 594)

- Askoppeling en inrichting uitgerust met een dergelijke askoppeling
J. HERMANS
Patent applied for by SCK/CEN
Belgium (Granted on 1.9.1977, n° 854.410)

- Perfectionnements ä la fabrication d'elements de reacteurs nucleates
L. HABRAKEN, V. LEROY, J. HUET, P. VAN ASBROECK
Patent applied for by SCK/CEN and CRM
France (Granted on 18.4.1977, n° 73 14050)
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Perfectionnements ä la fabrication de machines ou elements de machines soumises a vibrations mecaniques
J. HUET, L. COHEUR, V. LEROY, C. GASPARD
Patent applied for by SCK/CEN and CRM
Belgium (Granted on 16.8.1977, n° 851.449)

Werkwijze en tank voor het opslaan van brandstofelementen
R.VERBEKE, P. HEYLEN
Patent applied for by SCK/CEN and BN
The Netherlands (Granted on 16 9.1977, n° 153.357)

- Perfectionnements aux barreaux combustibles pressurises
J. FLIPOT, P. PAPELEUX, I. LAFONTAINE
Patent applied for by SCK/CEN and BN
Sweden (Granted on 13 1.1977, n° 72.05902)

' Verbeteringen bij het bewerken van brandbare afval
A.TAEYMANS, G. DUMONT, W. BALLEUX
Patent applied for by SCK/CEN and BN
France (Granted on 14 2.1977, n° 73 31 702)
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Appendix 5

SEMINARS HELD AT SCK/CEN

NUCLEAR PHYSICS

By SCK/CEN personnel

- 10.11.1977
Molecular motions in ciathrates studied by neutron scattering
W. WEGENER

By guest speakers

- 11-12.1.1977
Plasma physics and controlled nuclear fusion
P.VANDENPLAS (Koninklijke Militaire School)

- 21.4.1977
Measurements of the mass and kinetic energy distributions for the " 'U (d, pf) reaction
J.LACHKAR (CE.N - Bruyeres-Ie-Chätel)

- 26.5.1977
Perturbation of the decay rate of 90mNb by implantation in metals
A.MEYKENS (K.UL)

- 9.12.1977
Mesure du transfert de moment angulaire dans des reactions tres inelastiques entre ions lourds
M. BERLANGER (I.I.S.N - U L B.)

- 13.12.1977
Nuclear measuring techniques in exploration, mining and processing of marine raw materials
W.MICHAELIS (G.K.S.S. Geesthacht - Inst.f.Physik)

- 15.12.1977
The nucleus as a microlaboratory: search for second-class currents
J. DEUTSCH (U.C L - Louvain-la-Neuve)

MATERIALS RESEARCH

By guest speakers

- 26.7.1977
Dislocation motion in superconductors and normal state metals
J M. GALLIGAN (The University of Connecticut, STORRS, U S.A.)

- 12.10.1977
The calculation of structure images in electron microscopie
Dr. SKARNUUS (University of Oxford - UK)

RADIOBIOLOGY

By SCK/CEN personnel

- 13.1.1977 .
Plasmides et manipulations genetiques
P. CHARLES
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- 27.1.1977
Méthodes d'analyse génétique des plantes
L LEDOUX

- 3.2.1977
Réplicons, cloning molécuidire et construction d'un vecteur pour cellules végétales
P.LURQUIN

- 24.2.1977
La migration leucocytaire comme test d'immunité cellulaire
A.SASSEN

- 10.3.1977
Symbioses Angiospermes - microorganismes et fixation d'azote
N.LUYINDULA

- 24.3.1977
Prise de DNA exogène par des algues pro- ei eu-caryotiques
D. CHARLES

- 21.4.1977
Het effekt van de zuurtegraad op de natrium- en de chlorideregulatie bij zoetwaterinsekten
J. VANGENECHTEN

- 9.6.1977
Vernieuwing en herwaardering van de dierenkweek / Nouvelles classifications écologiques des animaux de laboratoire
R VANBRABANT, M WILLOCX

- 24.6.1977
Synthèse van proteïnen en ribonucleoproteinen in besîraalde organismen
W. BAEYENS

- 30.6.1977
Propriétés biologiques et morphologiques d'une leucémie lymphoïde du rat induite par un virus leucérvque radioinduit
d'origine murine
JR.MAISIN

- 24.11.1977
Distribution et transfert du cadmium dans l'environnement; aspects particuliers: maïs, fourrager et ruminants
R.VAN BRUWAENE, G. CASALE, J С DUPONT

By guest speakers

- 20.1.1977

Röle du Systeme microsomal dans la cancerogenese prr agents chimiques
M. MERCIER (Universite Cathohque de Louvain)

- 25.5.1977
Le cycle cellulaire d'un eucaryote: Schizosaccharomyces Pombe
P. THURIAUX (Universite de Berne)

- 2.6.1977
Recents developpements dans le domaine du genie genetique
D. EHRLICH (Universite de Paris)

- 6.6.1977
Isolation of mutants from cultured plant cells. Isolation and characterization of 5-bromodeoxyuridine-resistant mutants from
tobacco
L. MARTON (Inst. of Plant Physiology, Hungarian Academy of Sciences - Szezed, Hungary)

- 15.12.1977
Illegitimate recombinations induced by bacteriophaes [X
A. TOUSSAINT (Departement de Biologie Moleculaire, U L.B.)
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MISCELLANEOUS

By guest speakers
- 3.5.1977

Generator co-ordinate method
L. LATHOUWERS (R U.C.A.)

- 22.9.1977
Analytical calculations with a computer
H. STRUBBE (CERN/DD)

- 5.10.1977

NBS reference material program
J K.TAYLOR (National Bureau of Standards [USA], Chief Analytical Chemistry Division)

- 7.11.1977

The instrumented impact test - Dynatup impact test systems developed by effects technology inc., Santa Barbara, with the
co-operation of tinius olsen
D R. IRELAND (Manager Dynatum Products - Effects Technology Inc. - Santa Barbara [California, USA])

- 18.11.1977

High resolution seismic survey
J B. FARR (Western Geophysical of America - Manager of special projects)
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Appendix 6

EXTERNAL RELATIONS

Most SCK/CEN programmes are carried out in close
collaboration with industry, and with national, foreign and
international institutes and organizations. These include:

- Belgonucleaire for R & D on fuel development for plutonium
recycling in light water reactors and for sodium cooled
fast breeders;

- the partners (GfK, INTERATOM, RCN, TUI, TNO) of the
Debenelux SNR project;

- London University, the Hanford Engineering and Develop-
ment Laboratory and other American research centres
contributing to the Interlaboratory Reaction Rate Pro-
gramme in the field of fast reactor physics;

- the joint research centres at Karlsruhe and Ispra as well
as other working groups of the European Community for
post-irradiation services, collaboration on reactor safety,
safeguards, R & D on plutonium fuel and actinides, R & D
on fusion, radioactive waste handling and disposal, basic
research on radiobiology, production of hydrogen, etc.;

- most Belgian and several foreign universities, institutes
and science foundations associated with the basic SCK/
CEN research programmes on materials, neutron physics
and radiobiology:

- various ministries and government agencies which call for
participation of SCK/CEN experts in several committees
and working groups and for services in the nuclear field
as well as for air pollution measurement campaigns and
non-nuclear waste handling studies;

- the German research centres GfK, KFA, IRE and other
organizations which make use of the BR2 irradiation facil-
ities for their various programmes;

- ELENCO for the development of fuel cells, as well as
participation in study syndicates such as BelgoWaste for
evaluating future strategies for radioactive waste manage-
ment, SVW for water desalination, etc.;

- a large number of private, national, foreign and internat-
ional organizations which call upon SCK/CEN is assistance
or services.

With regard to international co-operation, SCK/CEN par-
ticipated in working groups organized by the Commission
of the European Communities, the Nuclear Energy Agency
of OECD, the IAEA, the IEA and the EAES.

Several staff members participated as experts in panel
meetings and working groups of the IAEA.

In connection with the implantation of a United Nations
Development Project in Roumania, SCK/CEN has made
available to Roumania the services of five experts. LWR
fuel rods fabricated in INPR are irradiated in BR2 and
post-irradiation experiments will be performed in 1978.

As part of the agreement for technical and scientific
co-operation between the Republic of Zaire and the Belgian
Government in the field of the peaceful utilization of nuclear
energy and the contract between the SCK/CEN and the
CREN-K, the technical co-operation between the two in-
stitutes was continued, in particular in the operation and
maintenance of the TRIGA Mkll reactor. This co-operation
is financed by the ABOS/AGCD.

SCK/CEN also provided a library and documentation
service at the request of various bodies. This service in-
cludes distribution of bi-monthly technical information lists,
literature searches, etc. Moreover, as part of a contract
with the CEC and the Ministry of Economic Affairs, SCK/
CEN also maintained the computerized INIS documentation
system of the IAEA in operation.

In the scope of the agreement between the USSR, the
Netherlands and Belgium, several staff members attended
a symposium on sodium coolant technology in Dimitrovgrad
(USSR), and a Russian delegation visited the SCK/CEN to
discuss plasma physics and lithium technology.

During 1977, 258 students or qualified scientists (of which
43 were foreign, coming from 19 different countries) received
further training at SCK/CEN. About 20 of them are currently
working towards their doctor's degrees in Mol.

On the occasion of the 25th anniversary of the SCK/CEN,
His Majesty King Boudewijn and Her Majesty Queen Fabiola
visited, on 6 October 1977, the research laboratories in Mol.

Finally, in 1977, SCK/CEN received more than 5200 vis-
itors, including 3600 on the "Open Day" organized for the
families of the staff.
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Appendix 7

PERSONNEL OFFICE

PERSONNEL

Table 1 gives a survey of personnel on 311"1 December, 1977.
The figures between brackets represent the changes com-
pared with 31s1 December, 1976.
The average age on 31s' December, 1977, was 41 28 years.

TABLE 1

Class

Professional staff

Technical and administrative staff

SCK/CEN personnel working at other
centres or agendas

TOTAL

SCK/CEN'-

347 ( + 18)

966 ( + 13)

9 (-4)

1,322 (+27)

BR2 reactor and associated facilities

SCK/CEN

48 (+1)

179 ( + 8)

0 (-2)

227 ( + 7)

EURATOM

14

14

28

Total BR2 personnel included

PERSONNEL ADMINISTRATION

86 persons were recruted during the year.
59 persons left SCK/CEN: 4 deaths fro.n natural causes,
30 retirements, 11 resignations and the expiration of 14

temporary contracts

There were 34 internal '-ansfers, of which 21 involved
scientists or technicians and 13 administrative personnel.
In 1976, these figures were 41, 28 and 13 respectively.
659 missions were organized to 24 different countries; tins
shows an increase of 36 compared with 1976.
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Appendix 8

FINANCE

ACCOUNTS ON 31st DECEMBER, 1977
in Belgian Francs (FB)

INCOME

A. ORDINARY INCOME

Grants

1. Financing of the institute

Operating income

2. Radiobiology programme supported by the
Ministry of National Education

3. Contracts

4. Miscellaneous

5 BR2 income

5.1 Foreign customers

5 2 Belgian customers

5 3. Grants for EURATOM personnel

6 BR3 income

6.1. Energy

6 2 Irradiation and training

37,600,000

109,785,283

126,132,478

161,982,434

30,273,196

43,612,118'

33,326,330

1,500,000

1,572,800,000

B. SUPPLEMENTARY GRANTS

7. Subsidy for the BR3 4th reactor core

8 Subsidy for capital expenditure

16,336,509

258,619,586

544,211,839

* Amount reimbursed by the ßelgian State to EURATOM

TOTAL INCOME

274,956,105

2,391,967,944
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EXPENDITURE

A. OPERATING EXPENDITURE

Personnel

1.1. SCK/CEN 1,384,749,399

1 2. EURATOM 43.4S9.985

1.3. Belgonucloaire Waste 66,766,531

1 4. Others 2,659,187

2. Administration

2.1. Computer rent 18,857,075

2 2. External services 12,284,523

2.3. Communications 16,699,621

2 4. Insurance and taxes 13,804,684

2.5. Missions, documentation 11,894,544

2 6. Other administration expenses 7,500,589

3. Materials, energy and services

3.1. Materials and supplies 179,283,343

3.2. Fissile materials and fuel cycle expenditure 55,581,783

3 3. Energy 44,527,014

3 4. Work entrusted to outside firms 94,687,138

1,497,675,102

81,041,036

4. Financial expenses - loans

B. CAPITAL EXPENDITURE

1 Equipment

1.1. Ordinary equipment

1.2. Particular equipment

2. Infrastructure

2.1. Ordinary infrastructure

2.2. Particular infrastructure

2 2.1. Site and buildings

2 2 2. BR3 4th reactor core

TOTAL OPERATING EXPENDITURE

86,947,164

4,862,822

9,008,573

157,801,027

16,336,519

TOTAL CAPITAL EXPENDITURE

TOTAL EXPENDITURE A + B

374,079,278

753,000

1,953,548,416

274,956,105

2,228,504,521
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Appendix 9

LIST OF ABBREVIATIONS

ABOS/AGCD

AEEW
AGCD/ABOS

ANL
ASLK/CGER
BWR
CBNM
CEA
CEC
CFR
CIPS/ICWB

CIV/CTI
CORAPRO
CREN-K
DFR
DNB/OPI
DSM
EBR
ECN
EDF
EIR
ENI
ERA
ESK

EULEP
FFTF
FRSM
GBR
GCFR
GfK
HEDL
HORTOK
HTR
IAEA

ICWB/CIPS

IHE

IIKW/IISN

ILL
INB

Algemeen Bestuur voor Ontwikkelingssamenwerking / Administration Générale de la
Cooperation au Développement (Belgium)
Atomic Energy Establishment Wmfrith (United Kingdom)
Administration Générale de la Coopération au Développement / Algemeen Bestuur voor
Ontwikkelingssamenwerking (Belgium)
Argonne National Laboratory, Argonne, Illinois (USA)
Algemene Spaar- en Lijfrentekas / Caisse Générale d'Epargne et de Retraite (Belgium)
Boiling Water Reactor
Central Bureau for Nuclear Measurements - EURATOM, Geel (Belgium)
Commissariat à l'Energie Atomique (France)
Commiosion of the European Communities
Commercial Fast Reactor (United Kingdom)
Commission Interministérielle pour la Politique Scientifique / Interministenele Commissie
voor Wetenschapsbeleid (Belgium)
Centrum voor Informatieverwerking / Centre de Traitement de l'Information (Belgium)
Contrôle-Radioprotection (Belgium)
Centre Régional d'Etudes Nucléaires de Kinshasa (Republic of Zaire)
Dounreay Fast Reactor (United Kingdom)
Dienst voor Nijverheidsbevordermg / Office de Promotion Industrielle (Belgium)
De Staatsmijnen N V., Heerlen (The Netherlands)
Experimental Breeder Reactor, Idaho (USA)
Energie-Centrum Nederland (The Netherlands)
Electricité de France (France)
Eidgenossisches Institut fur Reaktorforschung, Wurenlingen (Switzerland)
Electro-Navale & Industrielle, Aartselaar (Belgium)
Economische Raad Antwerpen (Belgium)
Europaische Schnellbruter-Kernkraftwerkgesellschaft mbH, Essen (Federal Republic of
Germany)
European Late Effects Project
Fast Flux Test Facility, Hanford (USA)
Fonds de la Recherche Scientifique Médicale (Belgium)
Gas Breeder Reactor
Gas Cooled Fast Reactor
Gesellschaft fur Kernforschung mbH, Karlsruhe (Federal Republic of Germany)
Hanford Engineering and Development Laboratory (USA)
Hoger Rijkstechnisch Onderwijs voor Kernenergie, Mol (Belgium)
High Temperature Reactor
International Atomic Energy Agency, Vienna (Austria)
Intermimsteriele Commissie voor Wetenschapsbeleid / Commission Interministérielle pour
la Politique Scientifique (Belgium)
Instituut voor Hygiene en Epidemiologie / Institut d'Hygiène et d'Epidemioiogie, Brussels
(Belgium)
Interuniversitair Instituut voor Kernwetenschappen / Institut Interuniversitaire des Sciences
Nucléaires, Brussels (Belgium)
Institut Laue-Langevin, Grenoble (France)
Internationale Natnum-Brutreaktor-Bau-Gesellschaft mbH, Bensberg (Federal Republic of
Germany)
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INIEX/NIEB

INT
INTERATOM
IRE

IWONL/IRSIA

JRC
KFA
KNK
K U.Leuven
KWU
LHA
LMA
LMFBR
LUC
LWR
NATO
NEA/OECD
NERSA
NIEB/INIEX

NIM/SNI
NFWO/FNRS

OECD
OPI/DNB
PWR
RAPSODIE
RIT
RUCA
R.U.Gent
RWE
SBK
SENA
SEP
SNI/NIM
SVW
SYFRA
TUI
TUV
UCL
U E Liege
U I Antwerpen
UKAEA
U L Bruxelles
USERDA
VENUS
V.U.Brussel

Institut National des Industries Extractives / Natlonaal Instituut voor de Extractiebedrljven
(Belgium)
Institute for Nuclear Technology, Bucharest (Roumanie)
Internationale Atomreaktorbau GmbH, Bensberg (Federal Republic of Germany)
Institut National des Radioéléments / Nationaal Instituut voor Radlo-elementen, Fleurus
(Belgium)
Instituut tot aanmoediging van het Wetenschappelljk Onderzoek in Nijverheld en Landbouw /
Institut pour l'encouragement de la Recherche Scientifique dans l'Industrie et l'Agriculture
(Belgium)
Joint Research Centre, Ispra (Italy)
Kemforschungsanlage, Jiilich (Federal Republic of Germany)
Kompakte Natnumgekuhlte Kernenergieanlage, Karlsruhe (Federal Republic of Germany)
Katholieke Universitsit Leuven (Belgium)
Kraftwerk Union, Aktlengesellschaft, Erlangen (Federal Republic of Germany)
Laboratory for High Activity (SCK/CEN)
Laboratory for Medium Activity (SCK/CEN)
Liquid Metal Fast Breeder Reactor
Limburgs Universitair Centrum, Diepenbeek (Belgium)
Light Water Reactor
North Atlantic Treaty Organization
Nuclear Energy Agency (OECD), Paris (France)
Société Centrale Nucléaire Européenne à Neutrons Rapides SA (France)
Nntionaal Instituut voor de Extractiebedrijven / Institut National des Industries Extractives
(Belgium)
Nationale Inves'enngsmaatschappij / Société Nationale d'Investissement (Belgium)
Nationaal Fonds voor Wetenschappelljk Onderzoek / Fonds National de la Recherche
Scientifique (Belgium)
Organisation for Economic Co-operation and Development, Paris (France)
Office de Promotion Industrielle / Dienst voor Nijverheidsbevordering (Belgium)
Pressurized Water Reactor
Experimental Fast Reactor, Cadarache (France)
Recherche et Industrie Thérapeutique, Genval (Belgium)
Rijksuniversitair Centrum Antwerpen (Belgium)
Rijksuniversiteit Gent (Belgium)
Rheinisch-Westfahsches Elektrizitatswerk AG, Essen (Federal Republic of Germany)
Schnell-Briiter-Kernkraftwerkgesellschaft mbH, Essen (Federal Republic of Germany)
Société d'Energie Nucléaire Franco-Belge des Ardennes, Chooz (France)
N.V. Samenwerkende Electriciteits-Productiebednjven, Arnhem (The Netherlands)
Société Nationale d'Investissement / Nationale Investenngsmaatschappij (Belgium)
Studiesyndicaat voor Waterontzilting, Brussel (Belgium)
Société de Système Française pour les Réacteurs Avancés (France)
Europaisches Institut fur Transurane, Karlsruhe (Federal Republic of Germany)
Technischer Ueberwachungs-Verem, Baden (Federal Republic of Germany)
Université Catholique de Louvain (Belgium)
Université de l'Etat à Liège (Belgium)
Universitaire Instellingen Antwerpen (Belgium)
United Kingdom Atomic Energy Authority (United Kingdom)
Université Libre de Bruxelles (Belgium)
United States Energy Research and Development Administration (USA)
Vulcam Experimental Nuclear System (SCK/CEN)
Vnje Universiteit Brussel (Belgium)
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