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Chapter 1

SODIUM COOLED FAST REACTORS

INTRODUCTION

The basic incentive for developing fast breeder reactors is related to the fuel cycle: the possibility to
fuel the reactor with plutonium and to convert fertile uranium into fissile plutonium. After some 20 years
of R & D, carried out in many countries (USA, USSR, France, United Kingdom, Debenelux, Italy, Japan,
India, etc.), substantial progress has been made. After demonstration of the physical feasibility, a number of
small experimental plants such as DFR [15MW(e)] , EBR II [62.5 MW(th)], Rapsodie [40MW(th)] and
BOR 60 [60 MW(th)] va r̂e constructed, as well as a large variety of other facilities for investigating particular
features such as neutronics, sodium coolant technology, safety aspects, etc. At present, most efforts are devoted
to the demonstration of the technological feasibility, and, for that purpose, prototype plants of the 200-500
MW(e) class are being built: Phenix, PFR, BN 350, SNR 300, MONJO, BN 600, FFTF, CRBR. Design
studies have been started for larger [>1000MW(e)] plants such as Superphenix, SNR 2, CFR, etc.; their
role is to demonstrate the commercial feasibility around 1985.

For the Debenelux project, construction of the 300MW(e) prototype reactor at Kalkar progressed during
1975, but further delays and cost escalation occurred, mainly due to additional work on safety and licensing
aspects, which, unlike other projects, are tackled on the same basis and according to similar procedures as
commercial reactor types. Loading of fuel elements is now planned for February 1980, and transfer of the
power station to the utility SBK (in which besides the German RWE, the Dutch SEP and the Belgian Synatom,
the English CEBG also has a share) is foreseen for February 1981.

Studies on SNR 2 were also pursued on behalf of ESK, but final decisions have been postponed at
least until current negotiations between Germany and France on industrial collaboration in the field of advanced
reactor development have reached a conclusive stage.

The SCK/CEN contribution to the Debenelux project, carried out in close co-operation with its partners
(mainly BELGONUCLEAIRE and GfK), includes the following programmes.

1. Development of fabrication techniques and participation in joint irradiation experiments on mixed oxide fuel,
planned for the first cores of SNR 300 and SNR 2.

2. R & D on carbides for the second generation of fast breeders with improved breeding characteristics.

3. Support to industry for testing prototype fuel assemblies and associated thermohydraulic investigations.

4. Sodium corrosion studies on SNR structural materials and development of dispersion-strengthened ferritic
steels as advanced cladding and wrapper tube material.

5. Investigations on head-end and gas purification techniques for reprocessing fast reactor fuel.
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6. Particular fast reactor physics studies on nuclear data validation, fast neuiron dosimetry and updating of
cross-section libraries and reactor codes.

7. Safety and instrumentation development work, focussed on theoretical studies for evaluating fast reactor
safety and on the MOL 7C in-pile coolant blockage experiment in BR2.

8. Operation of the out-of-pile sodium loops Na3 and Na2; general research on mass transfer phenomena
in the ASL-1 loop.

1.1. MIXED OXIDE FUEL

(U,Pu) mixed oxide fuel is used or planned for the present prototype fast reactors. In the Debenelux
SNR project, the Mk I fuel concept was designed for the first core of SNR 300. This concept is based on a
fuel pin diameter of 6 mm; dished pellets with 86.5% TD bulk density and 80% TD smeared density, a
nominal linear power rating of about 350 W.cm"1, a maximum clad temperature of 620°C and a mean nominal
bum-up at discharge of 57,000 MWd.t"1. Detailed specifications for this concept have been elaborated by
INTERATOM and BELGONUCLEA1RE. According to the present planning, manufacturing of the fuel for
the SNR 300 Mk 1 core (about 200 assemblies of 169 pins per assembly, representing more than 6 tons of
UO-PuO:) will start in 1977 by Alkem (Hanau) and BELGONUCLEAIRE (Dessel).

For the second SNR 300 core, the Mk II fuel concept is being worked out to test fuel pins of larger
diameter (7.6mm) at about 450 W.cm"1 as envisaged for demonstration reactors such as SNR 2.

The SCK/CEN support to BELGONUCLEAIRE for the design and manufacturing of fast reactor fuel,
consists mainly of development work on fuel fabrication, irradiations in BR2, post-irradiation services and the
study of particular phenomena such as fuel-clad interaction.

In 1975, fuel fabrication studies were mainly devoted to the fuel preparation for the KNK 11 and
Rapsodiell experiments. The KNK II experiment comprises an assembly of 211 pins of Mk I type fuel. By
the end of 1975, most of the fuel pellets had been manufactured and about 1-40 pins were assembled, welded,
controlled and accepted by inspectors from T.Ü.V. and the designers.

The irradiation in Rapsodie of Mk II fuel (7.6 mm pins with helicoidal wires as spacers) comprises 19 pins
in a standard assembly and 3 pins in a monitor subassembly. 36 pins of UOj-30 wt.% PuOj have been
manufactured and transported to Cadarache or made available as spare pins or for destructive analyses.

During these campaigns, very interesting results and experience were obtained on qualification procedures,
on the influence of hardness and microstructure of the die on the characteristics of pellets, on the effects of water
vapour during sintering and storage on the fuel stoichiometry (O/M ratio) and on spot-welding of spacer wires.

More general studies were devoted to powder characterization by gas pt •meametry, mercury porosimetry,
specific surface area determination, etc. and to scrap recovery by milling.

Additional results have been obtained by post-irradiation analyses, carried out at LMA on samples from
the Rapsodie I experiment of Mk 1 fuel (more than 80,000 MWd.t1); the results have been transmitted to
BELGONUCLEAIRE for calibrating fuel modelling codes.

Destructive and non-destructive examinations were carried out at Dounreay on the DFR 455 pins,
irradiated up to about 50,000 MWd.f' and at BR2 and GfK on the MOL 7B bundle, irradiated in a sodium
loop, at extreme cladding temperatures, up to 80,000 MWd.t"1. For both experiments, further post-irradiation
work will be done in 1976 to investigate the phenomena which led to premature failure of several fuel pins.

A second 500 kW in-pile sodium loop has been built for the MOL 7D experiment in collaboration with
GfK. This irradiation of a bundle with 19 UOa-PuOa pins, spaced by integral fins, started in June 1975 and
reached about 30,000 MWd.t"1 without any particular problems.

Burn-up and microprobe analyses were carried out on MFBS 6 samples to investigate not only the earlier
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differences in fission gas release between the central and peripherical pins in the 7 pin bundle, but also the
fuel-c!a<I interactions. These were av_o studied by parametric experiments of the clad-fuel compatibility
programme (CFC). Additional microprobe results were obtained from the CFC01 experiment and two
additional irradiations (CFC 02 and 03) were carrieJ out in BR2, which will be examined in 1976.

1-1.1. Mixed oxide fuel preparation
(A.J.FIipot)

1.1.1.1. Powder characterization
(P. Henrion)

The possibilities of determining porosity, granulo-
metry and specific area of UO: powders have been
improved.

An extensive theoretical and experimental study has
demonstrated the limited interest of gas permeametry,
which depends on other material characteristics and
is advantageously replaced by mercury porosimetry
measurements. The possibilities of this latter method
have been extended by the incorporation of a device
to examine the porosity of powder beds. The metric
can therefore give information on porosity of powders
(between 100 A and 15 u.m) and on the state of
agglomeration of powders, external surface area and
average size of agglomerates. The method is routinely
used for UO2 and non active materials.

Mercury porosimetry for Pu containing materials
involves a safety problem, due to the 200 ml of
alcohol used. The glove-box will therefore be in-
corporated in a line of interconnected boxes under
flowing nitrogen, so that the alcohol released during
the operations will he readily diluted and removed.
As mercury cannot be accepted in Pu waste process-
ing, an additional glove box had to be ordered for
mercury recovery; this has been thoroughly investi-
gated and is now applied with satisfactory results.

Powder compaction at very low pressures also per-
mits sonic assessment of the mechanical strength of
the powders and enables changes in the compaction
mechanism to be detected.

Very fine powder porosities (<250A) can be
determined with the help of the surface area analyser
"Ivlicromeritics 2100 D", normally used for BET sur-
face area determinations. An extremely attractive
feature of this accurate and versatile apparatus is its
capability to measure surface areas down to 0.1 nr.g"1.
Unfortunately it is very difficult to adapt the "Micro-
meritics'' for glove-box work.

A simplified apparatus for surface area determina-
tions (bused on the ideas of D. Dollimore) has
therefore been constructed, and has proved to be
fully satisfactory. Adaptation of the equipment to
glove-box conditions is relatively easy and is being
carried out. It allows the determination of the specific
area of powders down to a few m2.g' and even to
about 1 nv.g"1 if large enough samples can be used.

As a result of a particle size study on the milling
of UO2 scrap, it was found that the sedimentation
balance gives good results and that the MSA technique
could still be substantially improved. The improved
MSA equipment is available and already installed in
a non-contaminated glove-box, both methods are con-
venient for determining different but rather narrow
particle size spectra (e.g. from 0.1 to 15 Urn), but,
unfortunately, many materials show in practice a
broader granulometric spectrum.

An initial size fractioning has therefore to be per-
formed; to this end, a wet micro-sieve is planned.

Another piece of equipment - the disc centrifuge
size analyser - is under construction. This system is
exclusively for very fine particle analysis and should
only he applied to the analysis of the sub-micron
carbide powders.

1.1.1.2. Fuel fabrication studies
(A.J.FIipot, R. Lemaire*, A. Smolders, R.
Gilissen, P. Diels, P.DeBoeck, M. Van de
Cruys*)

Most of the activities have been devoted to the
fuel preparation for irradiation experiments in the
KNK II and Rapsodic reactors.

1.1.1.2.1. KNK II experiment

The KNK 11 experiment represents irradiation of a
complete fuel assembly containing 211 UC>2-30wt.%
PuO; fuel pins with low density pellets and clad
with 6 mm diameter WN 1.497Ö and WN 1.4981
stainless steel tubes.

After being officially qualified by T.Ü.V. and
Interatom, the fuel manufacturing was started early
in 1975.

Welding

Special precautions were taken to avoid any copper
contamination of the welds and the usual copper
clamps were replaced either by hard nickel-plated or
pure nickel clamps. Both solutions are efficient and
the welding technique gives good results.

Pelletizing
As mentioned in the previous annual report [140],

* BELGONUCLEAIRE
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it was the first time that a simplified fabrication
method had been applied to manufacture a large
quantity of UOj-PuO: pellets. The method, based on
pelletizing of semi free-flowing products on a rotary
press using direct lubrication of the dies, has proved
to be satisfactory. Nevertheless, the direct lubrication
technique needs further technological improvements
in order to reduce powder recycling and irradiation
exposure.

It must be emphasized that the quality of the
pelletizing tools is very important because this affects
the shape and the visual aspect of the sintered pellets.
It has been found that the hardness and micro-
structure of the die material influences the friction
between UO2 powder compacts and the die wall
(Fig. 1.1.1.).
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The choice of a die quality usually involves a
compromise between wear resistance and friction be-
haviour. For a small fabrication programme with a
powder which is not very abrasive, a steel die is the
most suitable material, as it always gives the smaiLst
pellet deformation. For larger production runs, steel
dies are less convenient because of their low wear
resistance and carbide dies are recommended. Their
composition and structure are dictated by the powder
quality. If the sintering behaviour of the powder is
such that no pellet deformation is expected, a very
hard and wear resistant die is indicated.

When compacting normal powders, a carbide die
with a high cobalt content must be chosen if the
regularity of the sintered pellets is the essential crite-
rion. In fact, this material almost reaches the perform-
ance of a steel die as far as friction behaviour is
concerned.

When a very abrasive powder has to be compacted,
or when it is not essential to keep the pellet deforma-

tion as low as possible, a very hard material should
be used. To avoid a high friction coefficient, the a l
phase microstructure is to be preferred to the usual
(x2 phase.

Sintering

The pellets have been sintered to a O/M ratio of
1.96. This was achieved by controlling closely the
water vapour concentration in the sintering atmos-
phere, which can be affected by:
- the water vapour content of the sweeping gas, which

can be kept very low and constant;
- back diffusion of water vapour originating from the

UO:)V reduction in the low temperature zone of
the furnace and resulting quickly in an equilibrium
concentration gradient over the sintering zone;

- a slow increase of the water vapour background
bv the progressive humidification of the colder parts
or the furnace.
The O/M ratio in the sintered pellets can be

controlled by choosing the sweeping gas flow rate
as a function of the number and distribution of the
UO'-PuOi pellets loaded in the furnace. Nevertheless,
ii has been observed that the water vapour in the
furnace tends to increase as a function of time. This
increase, caused by a slow change in the water vapour
background, can be explained by a gas short circuit
through the furnace insulation. As the sintering pro-
ceeds, the colder parts progressively absorb water
from the humid exhaust gases and release it in the
dry gas at the inlet. Although this increase is less
pronounced than back diffusion, it is much more
difficult to control. With the present sintering con-
ditions, the increase is too small to influence stoichio-
metry, but it might become a limiting factor when
treating large charges.

Storage and filling

It is well-known that the O/M ratio might change
during storage; this must be taken into account when
industrial fabrications are involved.

The pellets have been dried under vacuum in order
to meet the specifications for water and residual gas
content. Some dummy UO: pins have been punctured
in order to analyse the composition of the filling gas.
More than 97% helium was found. Similar results can
be obtained on (U,Pu)O2-v fuel pins immediately
after fabrication, but helium becomes rapidly con-
taminated with hydrogen, resulting from slow oxida-
tion of the substoichiometric (U,Pu)O.>.x pellets by
water vapour even when present in very small ( < 10
ppm) concentrations. As much as 8 vol.9b hydrogen
was found in KNK II fuel pins after some months
storage. As this unavoidable phenomenon is not
thought to be deleterious for the irradiation beha-
viour, the specification has now been amended to:
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Ar+He + H: > 9=5% and is fully met.
The fabrication of the WN 1.4981 pins will be

finished early in 1976, and most of them have been
inspected and accepted (about 140 pins).

1.1.1.2.2. Rapsoaie II experiment

The Rapsndie II experiment is designed to test the
fuel for the second core of the SNR J00 reactor:
- the fuel pellets have a diameter of 6.41 mm (com-

pared with 5.09 mm for the first core of SNR 300)
and a linear density of 3.009 g.cm"1; the bulk density
has not been modified (86.59o TD);

- the cladding material is stainless steel WN 1.4970.
For this experiment, the spacer grids have been

replaced by a coiled wire, welded on both end plugs
of each fuel pin.

36 pins containing UO:-31 wt.% PuCh have been
manufactured. Three will be irradiated in a "monitor"
sub-assembly and 19 pins will be irradiated in a
"standard" assembly. The other pins are either spare
pins or pins for destructive analyses. In addition, a
series of pellets have been mounted in small capsules
for special analyses.

The pellets were fabricated according to the classic-
al dry route using zinc stearate as a lubricant. No
special problems arose and all the pellets meet the
linear density and dimensional specifications. Never-
theless, it should be noted that these severe diameter
tolerances (±50|Jim i.e. 0.78% of the diameter)
cannot be met for a larger production without grind-
ing the pellets.

Two new welding problems have been solved,
namely the welding of end caps onto tubes without
any appreciable overthickness of the weld and the
wrapping and welding of WN 1.4970 stainless steel
wires.

The shaped end caps have been welded by the
helium T.I.G. method and the wires by spot resistan-
ce welding. It appears very difficult to weld a wire
onto WN 1.4970 end caps properly. Diffusion welds
are preferred to fused welds because they are soun-
der. Fused welds always show cracks and pores, the
dimensions of which increase with the wire diameter
and the depth of the fused zone.

The monitor pins were sent to Cadarache late in
1975, whereas the standard pins will be sent early
in 1976.

1.1.1.2.3. Scrap recovery

The problem of UO2 scrap recovery by milling has
also been investigated.

The experiments have shown that a planetary ball
mill could be used for the comminu';on of fuel scrap
and the working parameters have been evaluated.
The reproducibility of the milling process is accep-
table. The surface quality of pellets, containing milled
scraps, can be improved by using fine scrap powders.

1.1.2. Mixed oxide fuel irradiation programme

1.1.2.1. Irradiation experiments in Rapsodie and
DFR
(D. de Heering*, R. Lefevre*)

Rapsodie II experiment
The Rapsodie II experiment consists of the irradia-

tion in the Rapsodie reactor of one subassembly con-
taining 19 mixed oxide fuel pins equipped with spiral
wires for spacing.

The main objective of this experiment is the testing
of the manufacturing route and of the in-pile behav-
iour of fuel pins desired according to the concept
for the SNR Mkl l fuel elements. !

The spiral wire and the cladding material is
WN 1.4970.

The diameter of the pins is 7.6 mm and the lattice
pitch is 8.79 mm (P/D=1.16).

Target burn-up is 9.2 at.?o.
A monitor assembly containing 3 similar fuel pins

was loaded in the Rapsodie reactor one cycle before
the test assembly.

Results of post-irradiation work on the Rapso-
die I fuel pins
(D.Haas*, J. Van de Velde, C. Van Loon, J. Ketels,
J. Vandersteene, A.C. Dcmildt)

a) Preparatory work
Sixteen fuel pins out of a set of 34 have been

selected for destructive post-irradiation examination.
Ftom the punctures, fission gas collections and

analyses, it was observed that for some fuel rods,
especially those of sub-assembly 102, the fission gas
release was larger than the computed values, indicat-
ing a lower residual fission gas fraction than expected
on the basis of past experience [about 0.077 cm3

(Kr+Xe) per gram fuel].
Since the experimental values are within normal

limits of accuracy, some parameters used in the fission
gas calculation are thus of doubtful accuracy. This is
particularly true for the calculated burn-up values and
the related fission yields. As to the burn-up values,
one must take into account the difference between
the two sub-assemblies during irradiation which has
been clearly put into evidence by chemical bum-up
analysis already available and by fast neutron fluence
measurements. This would mean a decrease of fission
gas release of 2 % for subassembly 103 and an in-
crease of 4.3% for subassembly 102. As to fission
gas yields, a value of 0.29 atom (Kr + Xe) gas/fission
results in a better gas balance. The results obtained
at LMA and GfK correspond quite well, while the
results of TUI are larger by about 13 to 22%.

* BELGONUCLEA1RE
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Fin. 1.1.2. — Cross-sect ion oj t h e W l O p i n oj t h e Rapstidie I e x p e r i m e n t ( X 5 ) .
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Further preparatory work consisted of tracing axial
reference lines on the cladding to detect possible
neutron flux and temperature gradient effects, e.g. on
migration, diffusion in the fuel and swelling of the
cladding.

The following samples have been prepared for
destructive examinations: 25 transversal and 8 longi-
tudinal metallographic samples, 13 samples for micro-
probe analysis, 11 samples for chemical burn-up ana-
lyses, 9 samples for residual fission gas analyses.
A great number of samples has also been cut for
cladding investigations: 17 samples for biaxial creep
and tensile tests, 19 samples for residual stress analysis
and some samples for helium analysis. Analysis of free
tritium in fuel pins irradiated to more than 80,000
MWd.t'1 and cooled for more than 1 year, only
revealed very small amounts up to about 200 nCi.

b) Metallography

From metallographic and ceramographic examina-
tions on 11 pins, the following preliminary conclusions
can be drawn.
- The structure of the fuel has been seriously disturb-

ed, showed a very irregular profile with large gas
blisters in the central zone of the fuel (Fig. 1.1.2.).
At the periphery, large quantities of fission products
(Mo, Cs) have been detected by microprobe. A
typical longitudinal section at the lower end of the
fuel column is shown in Fig. 1.1.3.

- The fuel pins containing oxide fuel of low oxygen
content (O /M= 1.965) showed little cladding cor-
rosion (maximum 30 \xm of intercrystalline corro-
sion).
The fuel pins containing oxide fuel of slightly higher
oxygen content ( O / M = 1.974), for midwall clad-
ding temperature exceeding 510°C, showed larger
local intercrystalline (86|xm) as well as transcrys-
talline corrosion; stress corrosion has not been
observed.

c) Microprobe analyses

During 1975, 8 of the 12 samples were examined
for studies of the following features.
- Radial Pu/U + Pu distribution.

As observed by metallography, radial U/Pu distri-
bution was largely influenced by the initial O/M
ratio of the fuel. The fuel with O / M > 1.97 exhibits
a plutonium enrichment around the central canal,
whereas the fuel with O/M < 1.97 displayed a
minimum plutonium concentration at the beginning
of the columnar grain zone.

- Radial concentration gradients of the fission pro-
ducts Mo, Te, Ru, Rh and Pd in metallic inclusions:
in general, an increasing concentration of Ru and
a descending concentration of Mo has been observ-
ed towards the cladding wall

- Qualitative and quantitative analyses of metallic
inclusions in the central canal and in radial cracks
of the fuel.
Different elements of the stainless steel clad could
be identified.

- Cladding corrosion by the fuel and the lission
products. Some clad samples with high midwall
cladding temperatures exceeding 600°C exhibited an
intergranular corrosion.
Molybdenum and cesium have been found at the
grain boundaries. At lower cladding temperatures,
a metallic phase (Fe-Ni-Pd) and an oxide layer
(Cs->CrO.4) both containing Mn,Te have been form-
ed.

d) Mechanical tests

A first campaign of biaxial creep tests of irradiated
WN 1.4970 cladding samples has been performed.
The results ( AL/L ranging from 3.6X10"1 to
9.9X.W*%.Wl at a stress of 180kg.cm :) are in
accordance with those obtained by other laboratories.

DFR 455 experiment
(D. Haas", D. De Heering*)

At the end of 1974, the 60 pin bundle irradiated
to about 50,000 MWd.t"1 was dismantled and it was
found that four pins presented cracks. During further
handling, three other pins were broken by transversal
brittle fracture at the blanket-core interface.

It was therefore decided to perform, at Dounreay,
destructive and non-destructive examinations on the
following pins:
8 A 13 a pin with brittle fracture;
1 A 59 non-failed pin of the same fabrication as the

three pins which failed in-pile;

I pins with the same cladding as the failed

1B32) A p i n s '
Gamma-scannings showed a rather flat distribution

of fission products, especially for B pins, and some
irregularities at the lower (hot) end of A pins.

Metallographic inspection revealed a good behav-
iour of the B fuel, with low intergranular corrosion,
a small band of corrosion products between fuel and
cladding and a central hole of about 1.4 to 1.5 mm.

There was some interaction between fuel and the
first blanket pellet.

A pins showed a very large central hole up to
5 mm, a large columnar grain zone, with a peculiar
structure of densified fuel at the periphery. These
features indicate that high temperatures could have
been reached. Intergranular attack of the cladding
goes up to 100 |xm; WN 1.4988 cladding showed

BELGONUCLEAIRE
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~ X 10) d (~ x 100)
1-1.3. — Longitudinal cut at the lower end of the lh\\i pm oj the Rapsodie I experiment:

a. general picture c. ^-y-autorailiograph
b. a-autoracliograph J. detailed picture oj inner fuel region.
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local attack reaching 240 urn which could explain
the brittle fracture observed.

Non-irradiated A and B spare pins will be examined
in 1976 by SCK/CEN and GfK.

Additional post-irradiation work at LMA on irra-
diated fuel pins and spacer grids is planned for 1976.

1.1.2.2. Mixed oxide fuel irradiations in BR2

MOL 7B experiment
(G. Vanmassenhove, A. Verwimp, J. Van de Velde,
A.C. Demildt, M. Gaube*, D. Haas*)

The MOL 7B experiment, carried out in co-opera-
tion with GfK and SCK/CEN-BELGONUCLEAIRE,
consists of irradiating in the IPSL-500 kW loop, a fuel
bundle with 18 mixed oxide fuel pins under extreme
conditions of cladding temperature (697CC nominal
midwall temperature), stress, creep and burn-up. The
irradiation campaign started in 1972. Despite failure
of at least one pin at a maximum burn-up of 38,000
MWd.f1, irradiation was continued till February
1974, up to a maximum burn-up of 81,000 MWd.r1

in the corner pins and of 64,500 MWd.t"1 in the
inner pins.

In 1975, post-irradiation examination was started.
Neutron radiography of the bundle revealed a failure
at the level of the grid G3, in the middle of the fuel
stack in the corner pin AM11 and extensive fuel
debris between the pins on the grids and in the loop.

As it became clear that extensive damage in the
bundle could have occurred, which could not be seen
by the neutron radiography, the fuel bundle was
radiographed again, after transport to the GfK hot-
cells, with a Betatron (18MeV). After various trials
to find the correct orientation, good pictures were
obtained, which even showed the fuel structure with
the central hole and pellet cracks.

The Betatron examination indicated that, apart
from the failure observed by neutron radiography,
almost all pins were damaged at the hot end of the
fuel region and that, despite significant swelling of
the fuel pins, the bundle structure had behaved
relatively well.

The dismantling at GfK was done in the following
way:
- cutting off the lower part of the sodium tube;
- draining of the sodium;
- extraction of bundle;
- recovery of the flux monitor capillary tube;
- longitudinal cutting of the hexagonal bundle tube;
- visual inspection and photography of the liberated

fuel bundle;
- extraction of individual fuel pins from the bundle.

Due to severe swelling and open cracks, as well as
sodium sticking on the surfaces of the spacers, ex-
traction of the pins required cutting of each individual
cell of all grids.

Visual examination confirmed that most pins had
failed. The severely damaged pins are the BVU2 and
BVU3 vibrocompacted pins and the AMI3, GM2,
AM16, BPM7, BPU4 pelletized pins of the outer
row. The AM11 pin has a failure at the end and in
the middle of the fissile region. Only pin AUO7 is
possibly undamaged.

The eight Belgian pins are now being further
examined at TUI. By the end of 1975, the following
examinations had been finished: visual examination,
individual radiography, gamma scanning and metro-
logy. Some preliminary results are:
- all pins are damaged, even the AU07 pin; the

cracks in the cladding range from 37 mm to about
100 mm (BVU2) but do not present a clearly
preferential orientation;

- the metrology indicates small diameter changes in
the unfailed regions;

- measurements in the cracked regions indicate swell-
ing due to the chemical reactions between sodium,
fuel and air or humidity during dismantling;

- X-ray radiography reveals a clear central hole, which
is quite large in the hot region of the fuel stack.
After the analysis of results from non-destructive

tests, a further post-irradiation programme will be
defined.

MOL 7D project
(A. Verwimp, G. Vanmassenhove, R. Oris, G. Ge-
boers)

A second in-pile sodium loop of the type IPSL
has been under irradiation since June 1975. This
project, "MOL 7D", is carried out in collaboration
with GfK. The loop contains a fuel bundle of 19
mixed oxide fuel pins spaced by integral fins.

During the irradiation in the period between June
1975 and December 1975, operating conditions were
as follows:
- total loop power
- maximum linear power
- sodium temperature:

bundle inlet
bundle outlet

375 kW
-J70W.cm-'

335°C
500°C

* BELGONUCLEAIRE

- sodium flow rate 1.6 kg.s1

By the end of the year, the total irradiation time
was 121 d resulting in a maximum burn-up of 28,300
MWd.t"1 for the corner pins.

Up to now, the loop has been operated without
particular problems and the analysis of the sodium
cover gas gave no indication of a pin failure.
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Post-irradiation analyses on MFBS 6
(D. Haas*, R. Boden, P. De Regge)

The post-irradiation examinations on the MFBS 6
pins have been completed by burn-up determinations
on two fuel samples of the central E pin and by
electron probe analyses.

The result of the burn-up determinations yielded
83,100 and 85.700 MWd.t1,,,, which is 10?b" lower
than predicted and about 20^0 lower than the burn-
up of the peripheral pins.

This high flux depression in the bundle explains
the high differences (40?6 ) in the gas release between
the central and the peripheral pins.

From the Nd isotopic patterns, the burn-up con-
tribution from fast neutron fissions was estimated to
be about 5%.

The results of the electron microprobe analyses
indicated that two types of fuel cladding interaction
occurred. The specimens with the highest midwall
clad temperature (650°C) show severe intergranular
corrosion: the grain boundaries in the affected zone
are depleted in Cr which is replaced by Pd. The
specimens with lower temperature (620°C) show
surface ablation with Fe and Ni migrating into the
fuel, with limited Cr and Mn diffusion; at the inner
clad surface, a layer of Mo and Pd is found whereas
in the gap between fuel and clad, an oxide phase
consisting of Cs:CrO4, BaMoOj and Cs2Te is iden-
tified.

Both stabilized and cold worked nustcnitic steels
(WN 1.4970 and WN 1.4981 CW) displayed a sim-
ilar corrosion behaviour, which is predominantly in-
fluenced by the inner clad temperature.

1.1.3. Fuel-clad compatibility (CFC experiments)
(A. Delbrassine, A.J.Flipot)

Mixed oxide fuels irradiated under fast reactor
conditions have shown that clad-fuel-fission products
interaction occurs. Results from irradiation experi-
ments indicated that these reactions strongly depend
on the inner clad temperature and that tellurium and
cesium are always present in the reaction zone and
at the grain boundaries in the cladding.

The aim of the CFC experiments is to elucidate the
röle played by fission products such as cesium and
tellurium, under various irradiation conditions. In
these short-term experiments, the fission products
arc added during the fabrication of the fuel pins, in
order to simulate representative burn-up.

1.1.3.1. CFC 01 experiment
(A. Delbrassine, J. Ketels)

The aim of this first experiment, carried out in
1973, was to test the validity of the simulation.

* BELGONUCLEA1RE

The metallographic examination has been com-
pleted by a microprobe analysis performed in LMA
on radial metallographic sections of 3 irradiated pins.

Reference pin 2 (without Cs or Te doping)

- The X-ray pictures of the inner thin layer observed
on the clad material (WN 1.4981) do not reveal
any fission product. Only clad components are
observed, along with some very small uranium and
plutonium inclusions.
It was impossible to show the presence of oxygen.

- Interpretation of the Pu distribution in the fuel
pellet is under way.

Pin 3 doped with tellurium

As shown on Fig. 1.1.4., small intergranular corro-
sion Ny tellurium has been detected in the clad, as
well -iis i.u inner thin layer of clad material depleted
in Cr and Ni.

Fig. 1.1.4. — Interactions between cladding and UOyPuO,
fuel in pin 3 (doped with tellurium) of the
CFC 01 experiment (X>00).
a. non-metallic layer containing Te, Ni <md Fe;
b. non-metallic layer containing Te and Cr;
c. small inlergranular corrosion by tellurium;

thin layer oj cUd material depleted in Cr and
Ni;

d. WN 1.4981 cladding.
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A first non-metallic layer near the clad contains Te
(71.2 at. 9b) and Cr (24 at. %) as main components.
It might be composed of CrTe: and free tellurium
with Fe and Ni in solution.

The second non-metallic layer near the fuel is
built up by Te (51at.°o), Ni (25at.%) and Fe
(24 at.9b), with some traces of uranium; no pluto-
nium has been found. This layer might be constituted
by (Fe.Ni)i-xTe, isomorph with (Fe,Ni)i,S.

The radial Pu distribution for pins 3 and 2 does
not show significant differences.

Pin 4 (doped with cesium and tellurium)

The microprobe examination is finished but the
results have not yet been interpreted.

1.1.3.2. CFC02 and CFC 03 experiments
(P. Dirven, W. Hebel*, G. Verstappen, L.
Leenders, V. Willekens)

These two rigs have been irradiated in the BR2
reactor. Post-irradiation examination is under wav.

Gamma spectrometry analysis was carried out to
find the exact location of the doping simulated fission
products (Cs and Te), more particularly to verify
that these behave like a fission product.

The results indicate no difference between migra-
tion of Cs and Te additives and of real fission
products in CFC experiments.

1.1.3.3. CFC 05
(R. Lemaire**, P.DeBoeck, P. Diels)

Three pins have been manufactured according to the
characteristics given in Table 1.1.1. The objective of
this experiment is to investigate the influence of the
O/M ratio on the inner clad corrosion of WN 1.4970
(for previous CFC experiments, WN 1.4981 was
used). The two other pins have been supplied by
GfK and contain an oxygen getter. All the pins have
been welded in vertical position to avoid any con-
tamination of the weld by cesium.

The rig will be irradiated in 1976.

TABLE 1.1.1.
Mai« characteristics oj the Belgian pins for the CFC 05 experiment

Pin number

Cl
C2
Cl l

Clad parameters

Material

WN 1.4970
WN 1.4970
WN 1.4970

Inner/outer
diameter (mm)

Fuel parameters

a 5 U ( w t . % )

5.24/6.00 - 9.090
5.24/6.00 , 0.223
5.24/6.00 ! 9.090

O
"M"

2.01O
1.985
1.965

Fission
products

Cs+Te
Cs + Te
Cs + Te

Pu
U + Pu

29.92
29.65
29.92

* EURATOM
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1.2. CARBIDE FUEL
(J. Proost)

During 1975, SCK/CEN continued its studies of carbide fuel preparation techniques and preparatory
actions were taken in order to increase the capacity of the (U,Pu)C fuel fabrication line to about 10 long
fuel pins per year. UC fuel preparation work was concentrated on a basic investigation of sintering influencing
parameters and preparation of a variety of samples for physical measurements.

With regard to irradiation experiments, post-irradiation work on various UC fuels (including cellular and
dispersoid cellular UC-VC-V:C and carbonitrides), irradiated up to more than 100,000 MWd.r1 in the POM-
STUC 3 experiment will soon start at TUI. Capsules with similar fuel types have been irradiated in CIRCE 4,
which was successfully completed and unloaded at an estimated maximum burn-up of 110,000 MWd.t"1.

(U,Pu) mixed carbide, including VC-stabilized (U,Pu)C, is being irradiated in the CIRCE 3, MFBS 7 and
DFR 527 experiments, which will also allow the evaluation of the validity of fast reactor fuel irradiation
experiments in thermal and epithermal neutron fluxes. Post-irradiation work on CIRCE 3, unloaded in 1974
after the failure of the (U,Pu)C-(U,Pu):C;i capsule, was pursued at EIR. The integrated loop experiment
MFBS 7 was unloaded after pin failure indications at about 50,000 MWd.t"1; analyses of the tag gases released
indicated that the failure is most probably in the VC containing fuel pin. After the first irradiation cycle,
DFR 527 reached a burn-up of about 15,000 MWd.t"1 and a second run has started.

Future development of carbide fuel for fast breeder reactors within the framework of the joint programme
with GfK, RCN, TUI and EIR, will be focussed on a reference carbide concept. This is related to helium
bonded pins of 8 mm O.D. with (U,Pu)C pellets of 759b TD smear density, designed for moderate irradiation
conditions: 800 W.cm'1 linear power, 620°C maximum nominal clad temperature and a maximum nominal
burn-up of 70,000 MWd.t"1. Sodium bonding, vibrocompacted fuels, carbonitrides and stabilized fuels will be
considered as back-up solutions.

1.2.1. Studies on uranium carbides

1.2.1.1. Uranium carbide fuel preparation
(R. De Batist, D. De Vooght, F. Gorle)

For the POM-STUC4 irradiation experiment, aim-
ing at the study of the correlation between micro-
scopic swelling behaviour and mechanical properties,
12 fuel types have been selected on the basis of blank
tests carried out during 1974. After determination of
the 235U enrichment levels, the actual preparation
of enriched pellets has started. By the end of 1975,
the UCN, UC-VC, UC-ZrC-VC and UCN-ZrC samples
with 37% a5U had been prepared. For the other fuel
types, requiring higher B:>U contents, blank tests were
started for converting to UjOs, fully enriched UC-
pellets from BR02 tests for the MFBS 7 experiment.

For basic studies at K.U.L. on mechanical behav-
iour, UC samples with VC-VjC dispersions have been
prepared and machined. The vanadium content ranged
from 0 to 0.7 at.%; thermal treatments included solid
solutioning at 2000° and VC-V:C precipitation at
1400 and 1600°C.

A study of several sintering influencing parameters
(SIP) was started. Several batches of UCi + x, UCO

(300Oppm O) and UCN (5000ppm N) samples
with comparable equivalent carbon content (4.8 wt.
%) have been prepared by carbothermic reduction,
ball milling for 2, 4, 8 and 16 h, pressing at about
400MN.m":! and sintering at 1500, 1650 and 1800°C.
Up to now, most attention has been paid to the
comparison of UCi+x and UCO based on density
characteristics as a function of green pellet dimen-
sions, milling times and resulting particle size distribu-
tion.

The results indicate that:
- after the same milling time (t„>), the average par-

ticle size is smaller for UCO than for UCi,,;
- the green density of UCi+x is not affected by the

milling time, whereas for UCO it increases with
increasing tm;

- UCO offers a better sinterability than UCi+,; this
difference is most pronounced for short milling
times but the influence of the oxygen content and
particle size tends to decrease beyond 3,000 ppm;

- the grain size of sintered U C M , increases steadily
with sintered density; UCO displays lower grain
sizes, with a maximum at a sintered density of
about 949b TD.
Further investigations and sample characterization
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are planned by BET specific surface, sedimentation,
porosimetric analyses, ceramography and quantitative
image analysis, mechanical tests, etc.

1.2.1.2. Irradiation experiments with uranium car-
bides
(A. Delbrassine, G. Verstappen, J.-J. Huet,
"W. Hebel*, P. Dirven, J. Dekeyser)

POM-STUC 3

After dismantling in the BR2 hot cells, the POM-
STUC 3 fuel (which includes UC, UC-U2G, UCN
and UC-VC-V2C cellular and dispersoid cellular car-
bides, irradiated up to about 100,000 MWd.t"') has
been transported to TUI for detailed post-irradiation
examinations.

POM-STUC 4

Rig parts for this experiment on the relation of
mechanical properties and irradiation behaviour of
various UC fuel types have been made available.
Assembly will start when all fuel samples are ready;
start of the irradiation is scheduled for May 1976.

CIRCE 4

This experiment, containing capsules with cellular
and dispersoid UC-VC-V2C fuel and UCN, was started
in November 1973. During 1975, the irradiation pro-
ceeded without difficulties up to an estimated burn-up
of 110,000MWd.r\ reached after cycle 7B/75 (Oc-
tober 1975). Analyses of dimensional measurements
on the neutron radiographs yielded the fuel volumetric
swelling results given in Table 1.2.1. From these
results, it can be concluded that the gap was almost
closed at about 30,000 MWd.t'1 (fuel volumetric
swelling of about 12%) and that the three fuel types
investigated show a similar mean swelling rate of
about 1.6 to 1.896 per 10,000 MWd.f1 after 110.000
MWd.t1. However, these results have to be confirm-
ed by non-destructive and destructive post-irradiation
examinations, planned to be done in 1976 in the
BR2 hot cells and at EIR-Wiirenlingen.

CIRCE 6D

This irradiation experiment comprises 4 DTO2
capsules with the following UC fuel types: UC;
U:C3-UC (85% U2CO, UCO (4,000 ppm'O), UCV
(I at.96 V).

Irradiation started in May 1975 and was periodic-
ally interrupted for neutron radiography. By the end
of 1975, an estimated burn-up of about 22,000
MWd.f' was reached.

1.2.1.3. Physical properties of uranium carbides

Thermal properties
(R. DeConinck)

Experimental techniques for investigating high tem-
perature properties by modulated beam thermal dif-
fusivity measurements were further improved with
respect to the electronic control of the beam charac-
teristics, to corrections for temperature measurements
with a two-colour pyrometer and to the computer
analysis of data. Analysis of the results from a series
of measurements on UC2 has started and has yielded
a thermal conductivity which increases from 650°C
to 1700°C, following'the equation k = 0.11 + 3.8
X 10"5t (\V.cnr'.°C'). However, for samples with a
low C-content, this equation was not obeyed between
1150°C and 1500cC, the thermal conductivity reach-
ing a maximum at about 1350°C. This behaviour is
presumably due to partial transformation into U2C3.
At temperatures above 1700°C, a fairly sharp decrease
in thermal conductivity, followed by an equivalent
increase, was observed, which might be explained by
phase transformation into UC-fUC:.

Between 1100 and 2200°C, an almost constant
spectral emissivity of about 0.5 was found.

Mechanical properties
(R. De Batist, D.DeVooght, P. De Meester*, W.Lau-
waer, R. Aerts*)

Compressive flow stress measurements carried out
at K.U.L. at 1250, 1400 and 1600°C showed that

TABLE 1.2.1.
Swelling of CIRCE 4 fuels, based on neutron radiographs

Burn-up

27,000
54,000
72,000

100,000

UCN

i
1

1

AV/V(9ö)
11.2
14.6
15.0
16.2

Cellular UC-VC-V,C

Burn-up

30,000
60,000
80,000

110,000

AV/V(9b)

11.8
14.7
15.6
19.5

Dispcrsoid cellular UC-VC-V,C

Burn-up

56,000
75,000

102,000

AV/V (%)

12.4
16.3
16.4

* EURATOM
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VC-VjC addition can increase or decrease the 00.2 of
UC. Rather low values (20-30 MN.m'2) were measur-
ed at 1600°C when the sample contains V2C or UVC:
between the UC grains (cellular structure); on the
contrary, at 1600°C, UC with VC in solid solution
and partly precipitated, displayed CT02 values as high
as about 200 MN.m"2.

On the other hand, a basic study was started on
the relaxation of UC fuel types. Preliminary results
indicated different values for the stress exponent (n)
in the Herring-Nabarro deformation relation E =
Acr"e"AllR1. Values of n range from 2 to 3 for pure
UC (suggesting the deformation to be controlled by
bulk diffusion) and from 4 to 5 for UCO (deforma-
tion controlled by dislocation core diffusion).

As much higher values were found for UC con-
taining VC in solid solution or as precipitates, the
deformation mechanism of this fuel type is basically
different and remains to be further investigated.

Thermodynamics
(F. Casteels)

Results on compatibility experiments and carbon
activity measurements are reported in § 1.4.

1.2.2. (U,Pu) mixed carbides

1.2.2.1. Fuel preparation
(A.J.FIipot, G.Wouters, P.Diels)

Fuel for the CIRCE 2S experiment

The fuel prepared in 1974 for the CIRCE 2S
irradiation experiment was stored under helium, wait-
ing for loading into the partly assembled fuel capsule.
After the storage period, some oxidation marks on
the pellets were observed and some pellets showed
geometrical defects. Chemical analyses indicated that
the mean oxygen content of the pellets had increased
from 2800 to 3900 ppm. As this contamination level
is unacceptable, a second series of (U,Pu)VC fue!
pellets was prepared.

Compared with the first fuel, a lower density and
a similar mean MC grain size, equivalent to the
DFR 527 fuel, was obtained by reducing the milling
time of the carboreacted pellets.

Preparation of oxycarbides
In order to obtain a monophased MCo.yOm oxy-

carbide, pellets made of partly carboreacted powders
(6,000 ppm of oxygen, 4.50 wt.% of carbon) were
sintered under various conditions.

Sintering at partial CO pressures between 25 and
45 Torr resulted in low density pellets (15% TD)
containing MCO, MC: and UO2 phases. Lower CO
pressures of 4 to 8 Torr yielded the desired mono-

phased composition but still rather low densities
(859b TD). A final series of pellets, sintered under
flowing argon at 1600 or 1800°C, showed a mono-
phased oxycarbide structure with an oxygen content
between 4,000 and 8,000 ppm and 80 to 909b TD.
Since irradiation tests with oxycarbides (CIRCE 7)
were abandoned, no further fabrication development
is planned.

Molten vanadium stabilized (U,Pu) carbides

The three samples of (U,Pu)VC carbides, molten
at TUI-Karlsruhe, have been further analysed by
ceramography. All samples had a dendritic structure,
which, during annealing at 1600 and 1800"C, gave
rise to a melting of the metallic phase and consider-
able grain growth of the carbide phase.

Fuel characterization by microhardness meas-
urements

Investigations on the influence of composition and
structure on the microhardness of samples of different
geometrical densities and with various vanadium and
carbon contents, indicated that density variations and
microporosity distribution are important factors to be
considered and that the mean pellet microhardness is
proportional to the pellet density. The influence of
VC dispersion hardening on the microhardness of
(U,Pu)C could not yet be evaluated, due to density
scatter of samples; it seems however to be rather low.

Adaptation of the laboratories for fabrication
of (U,Pu)C fuel pins

In order to increase the capacity to about ten long
fuel pins per year, the carbide fuel laboratories have
to be modified. These works started in September
1975 and are scheduled to be finished by the end
of 1976. In the carbide preparation laboratory, the
new mixing line is almost installed and a new 75 mm
caiboreduction furnace is being mounted in a glove-
box. In the fuel fabrication laboratory the excessive
vibration glove-box has been evacuated and other
equipment is being rearranged. The hydraulic press
has been ordered and the loading and welding in-
stallations for 2.5 m long pins are being designed.

1.2.2.2. (U,Pu) mixed carbide irradiation
programme
(G. Verstappen, A. Delbrassine, J.J. Huet,
M. Soencn, W. Hebel*, G. Blondeel, R. Oris,
G. Geboers)

CIRCE 3

Microhardness measurements have been carried out
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at EIR-Würenlingen on the fuel and cladding of the
MC, MC-VC-V:C and MC + M:Ci capsules irradiated
up to about 50,000 MWd.t1. when failure of the
MC + M1C3 capsule was observed. These measure-
ments revealed lowest values for the MC-VC-V:C
fuel (570 to 720 kg.mm2) and microhardness ranging
from 650 to 870 kg.mm"2 for the MC and MC + M2G
fuels. Microhardness gradients observed in the fuel
and ehe cladding need further interpretation consider-
ing local Pu-conjentrations, possible transfer of car-
bon from the fuel to the cladding and cladding behav-
iour under thermal gradients. Moreover, the results
seem to indicate some softening of the MC + VC fuel,
but this needs further measurements on fresh samples.
Finally, no local hardness increase was observed near
the cracks in the cladding of the MC + M:Ci capsule.

CIRCE 2S

After welding the first end cap fitted with the
pressure transducting bellow system, the assembly
was placed in a special container to prevent Pu con-
tamination during loading of the pellets and welding
of the second plug, which were completed without
difficulties.

Design, construction and assembly of the rig have
continued. Out-of-pile tests indicated that fuel swell-
ing and fission gas pressure can be measured with an
accuracy of 4 to 5% and 109b respectively. The
irradiation is scheduled to start early in 1976.

MFBS 7

This joint SCK/CEN-E1R irradiation of 3 (U,Pu)C
twin fuel pins in an integrated 250 kW Na loop in
the H3 channel of the BR2 reactor was started in
April 1974, and continued normally till mid August
1975.

The neutron radiographs taken at about 30,000
MWd.t'1 indicated a fuel stack length increase of
about 0.5°o for the "spherc-pac" EIR-fuel, 0.89b for
the MCO fuel and 1.39b for the MC + M^C, and
MC + VC fuel.

During cycle 6/75, after 2P7 days of irradiation
and at an estimated maximum burn-up of 50,000
MWd.t1 in the E1R pin, an increase in the He cover
gas activity was observed, indicating pin failure.
A neutron radiograph taken during the second period
of cycle 6/75 revealed no visible defect. Analyses of
the tag gases released (cf. § 1.7.) indicated that the

585°C

52,481 MWd.t1

46,708 MWd.t1

failure occurred most probably in the S5 half pin
containing (U,Pu)VC fuel. The measurements during
cycle 7/75 confirmed this probability, but yielded
much lower cover gas activities than during cycle
6/75 (lOOcps compared to 2,300 cps); delayed neu-
tron detectors did not give any particular indication.
After cycle 7/75, the loop was definitively unloaded
from BR2.

At the end of the irradiation campaign, the follow-
ing average values had been achieved:
- total irradiation time 300 d
- total loop power 120 kW
- maximum linear power 1000 ± 15 W.cm"1

- maximum sodium temperature 540cC
- maximum outside cladding

temperature
- maximum burn-up

EIR fuel pin
SCK/CEN fuel pins
The loop is stored for cooling in the reactor pool

waiting for hot cell dismantling and post-irradiation
examination. The dismantling of the loop with re-
covery of the fuel pins will be carried out during
April' 1976.

DFR 527

This irradiation, comprising a duplex rig with two
SCK/CEN pins with MC-VC fuel pellets ('MVC solid
solution with VC precipitates) and a sigle pin rig
with EIR "sphere-pac" fuel, started in April 1975.
The first of the planned 4 irradiation cycles was
completed without difficulties in June 1975 (Table
1.2.2.). The second irradiation cycle started in De-
cember 1975.

TABLE 1.2.2.
Irradiation conditions for the first cycle

of the DFR 527 experiment

Reactor start
Reactor stop
Equivalent full power clays
Mean reactor power
Mean linear power
Maximum linear power
Clad surface temperature
Mean burn-up
Maximum burn-up
Total neutron dose

6.4.1975
25.6.1975
66.2
59.7 M\V
638 W.cm1

728 W.cm-'
263-619°C
14,300 MWd.t1

16,380 MWd.t-i
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1.3. FUEL ASSEMBLIES

On behalf of BELGONUCLEAIRE, experiments with prototype assemblies were carried out by SCK/
CEN in the H4 water loop and in the Na3 sodium loop.

Coolant mixing phenomena were studied by a series of tests in H4, with the help of a real time data
acquisition system. These included the influence on temperature distribution of separate and simultaneous
variations of heat input (0 to 35 kW), water flow (1 to 8l .s ' ) and inlet temperature (up to 110°C).

In the Na3 loop, the 3000 h endurance tests on the C4 and B4 core and blanket assemblies of the
SNR 300 Mk I design, which were started in November 1974, were continued. Pressure drop characteristics
for the C4 assembly indicated an increase of about 10% after 3000 h, which remains to be analysed. After
cleaning and inspection, both assemblies have been dismantled for destructive examinations.

1.3.1. Coolant mixing in fuel rod bundles
(R. Meier*, J. Parent, F. Mathieu*, D. De Hee-
ring**, E. Kenes**)

Experimental work in the H4 water loop on the
coolant mixing test section (fuel pins spaced by
helicoidal wires) proceeded in accordance with the
programme initially agreed upon. The test programme
included the following phases.
- Preliminary tests to check the flow stability of the

loop, after being equipped with an additional flow
resistance to obtain a significant decrease of fluc-
tuations.

- During the first campaign, nearly 700 tests were
performed to investigate the temperature variations
in the centre of the bundle with heater power (0 to
35 kW), flow (1 to Sl.s1) and inlet temperatures
(up to 110°C).

- During the second campaign, effort was focussed
on the identification of possible changes of the
mixing coefficients resulting from a different set
of mechanical clearances within the fuel bundle.
The clearances were modified by disassembling
completely the test section and fuel bundle and
reassembling them with each pin in its previous
position.
Data acquisition and reduction was don. auto-

matically with the general purpose computer system.
During the tests, the failed heater pin had to be

replaced.
The results are being analysed and a detailed report

will be published in 1976.

1.3.2. Fuel assembly testing in the Na3 loop
(M. Soenen, D. De Heering**, R. Van Sant-
foort")

The 3,000 h endurance test on the C4 and B4

* EURATOM
** BELGONUCLEAIRE

SNR Mk la reference fuel and blanket subassemblies,
supplied by BELGONUCLEAIRE, started in 1974,
was continued during 1975.

The test, although mainly considered as an en-
durance test under sodium to demonstrate the in-
tegrity of the bundle, has also served to evaluate the
time dependence of the hydraulic characteristics of
the subassemblies and of the foot leakage flow in
high temperature sodium.

The core subassembly C4 has a total of 166 pins
of 6 mm OD and 3 tie rods which bold the grids
of the subassembly. Three kinds of cladding materials
were tested and 18 of the pins were cold pressurized
at 70 kg.cm"2 to study the corrosion behaviour under
stress. The major part of the pins contained UO:
pellets, while the cladding was either new or pre-
viously tested in sodium for about 6,000 h.

The blanket subassembly B4 contains 61 pins of
11.6 mm OD, fitted with helicoidal spacer wires.
The majority of the pins are filled with UO2 pellets;
10 pins are pressurized.

During the endurance test, the nominal working
conditions were:
- for core subassembly C4: 600°C and 17 kg.s'1

sodium flow;
- for blanket subassembly B4: 600°C and 5 kg.s1

sodium flow.
Pressure drop characteristics of both subassemblies

and the foot leakage flow at core subassembly C4
were measured after 0, 1,500 and 3,000 h at 300,
450 and 600°C. Fig. 1.3.1. gives the total pressure
drop after 3,000 h at 450°C and the total calculated
pressure drop at 450'C over the subassemblies C4
and B4.

The hyrJrar.Iic tests indicate an increase of the total
pressure «drop of the core subassembly C4 of about
10% for th; nominal flow (17 kg.s1) between 0 and
3,000 h of lest at 600°C. The increase of the total
pressure loss of blanket subassembly B4 is much
less proneunced. Calculations to check this pressure
drop increase ( Ap—»versus Re number) indicate that
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no firm conclusion can yet be drawn and that
additional examination of this problem is necessary.
The foot leakage flow measurement on the core sub-
assembly C4 indicates an increase with increasing
temperatures and a decrease with time. The leak flow
rate is as high as 1.19b of the subassembly flow.

After unloading (at the end of April 1975) and
cleaning, both assemblies were submitted to visual
and photographic inspection and dimensional measure-

ments. After complete dismantling, various tests and
measurements were carried out on pins, grids and
shroud tubes prior to cutting for metallurgical tests
at the Metallurgy department.

In parallel, 3,000 h tests in argon at 600°C were
performed by BELGONUCLEA1RE at the U.L.B.
Both spacer grid and cladding tubes were tested.
These components will be used as references for
sodium corrosion studies on the C4 and 134 samples.
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/•/£. l.iA. — Calculated and experimental pressure drop characteristics in the C.4 and B4 fuel assemblies after 3,000 h endurance
test in the Na3 loop.

1.4. MATERIALS DEVELOPMENT
(J.-J.Huet)

The materials development programme comprises two main subjects: sodium corrosion of conventional
stainless steels and development ot ferritic steels.

The two dynamic sodium creep units fitted to the Na2 loop are unique in the SNR project. They were
fully utilized to measure the influence of dynamic sodium on the creep properties of WN 1.4988 and WN 1.4970
stabilized steel types, selected as possible canning materials for the SNR 300 fuel elements. On the other hand,
dismantling of the heat exchanger of the Na2 loop gave the opportunity to examine AIS1 316L steel after a very
long exposure to dynamic sodium.

Ferritic steels are now included in various fast reactor projects. Commercial types of these steels can
probably be used as wrapper tubes because the stresses and the temperatures are lower than in the canning,
where a higher mechanical resistance at high temperature is necessary. The alloy originally developed at
SCK/CEN has the requested properties in what was intended to be dispersion-strengthening. It is now thought
that the high-temperature strength is mostly given by the X-phase when the latter has a "bamboo" structure.
The oxide dispersion is also necessary, because it is the only known way to produce the bamboo structure after
cold working.

Fabrication studies were aimed mainly at the reduction in the number of processing steps and at the
elimination of the large oxide stringers which reduce the strength by crack initiation. A continuous effort is
being made to improve the knowledge of the properties of this alloy. A great deal of work was devoted to
the preparation of several irradiation experiments, mainly in Rapsodie.
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1.4.1. Testing of SNR materials

1.4.1.1. Influence of dynamic sodium on the
creep properties of stabilized austenitic
steels
(H. Tas, F. Casteels, M. Schirra")

Uniaxial creep tests on WN 1.4988 and WN 1.4970
tubes have been carried out at 700cC at different
stress levels, both in dynamic sodium and in vacuum,
in order to establish the influence of a well-defined
sodium quality on the secondary creep rate, the onset
of tertiary creep, the time-to-rupture and the fracture
mechanism for these stabilized austenitic steels.

The fracture mode of the two steels was found to
be influenced in different ways by sodium exposure.

In vacuum, WN 1.4970 fractures by a ductile trans-
granular mechanism after strong local necking and
relatively small uniform elongation (Fig. 1.4.1.). In
sodium, cracks nucleate in deformation bands, causing
the growth of many parallel cracks. At the inner side
of the tube, deformation leads to necking and finally
to rupture.

Pig,. 1.4.1. — Fracture mode of WN 1.4970 tubes testet! al
700°C, 220 H.in in1 in sodium (a, ruptured after
137 h) and in vacuum (b, ruptured after Wh).

In vacuum, WN 1.4988 steel fractures by a ductile,
partly intergranular shear type mechanism after a
more pronounced uniform elongation and without
appreciable necking. In the fractured zone, many
intergranular cracks develop. Sodium exposure pro-
motes intergranular cracking, resulting in a smaller
total elongation at fracture.

The following conclusions may be drawn with re-
gard to the influence of sodium exposure on the creep
behaviour:
- no significant change of time-to-rupture was found

for the two steels tested;
- the secondary creep rate is not affected for

WN 1.4988 steel, whereas a slight increase is
noticed for WN 1.4970 steel (Fig. I.4.2.);

- the total elongation at fracture decreases for
WN 1.4988 steel whereas for WN 1.4970 steel,
the elongations varied between 3 and 35?ö, depend-
ing on the extent of the well-developed necking
zone obtained in sodium;

- no influence could be demonstrated on the onset
of tertiary creep and the ternary creep rate.
It can be concluded that the main creep parameters

of WN 1.4970 and WN 1.4988 steels are not signi-
ficantly influenced by a dynamic sodium environment.
Hence', WN 1.4970, as canning material for SNR 300,
can meet the requirements for compatibility with the
coolant under stress.

secondary creep rate (t0C. h I

* GfK, Karlsruhe
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l ig,. I.4.2. — Correlation between stress and secondary creep
rate for SNR materials.

1.4.1.2. Post-corrosion analyses on a sodium-
sodium heat exchange • after 60,000 h
sodium exposure
( H . T a s , F. Casteels, J. Dresse! ; <•, A.Cools ,
L.Knaepen)

Post-corrosion examinations on an out-of-pile so-
dium-sodium heat exchanger of the Na2 loop have
allowed the determination of a number of interesting
features, such as transition temperatures between cor-
rosion and deposition, carburization and decarburiza-
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tion in upstream and downstream positions.
The AISI316L piping of a U-shaped sodium-

sodium heat exchanger has been examined after
60,000 h of operation, mostly between 220°C and
700°C; the sodium velocity was 0.17 m.s"' and the
oxygen content was about lOppm,

Major results of metallographic analyses are sum-
nii?rized in Table 1.4.1.

The surface concentrations of C, N, Cr, Ni, Mn
and Mo have been determined and related to the
phases present in the first subsurface layers at differ-
ent upstream and downstream positions.

At downstream positions, the deposit contains
various phases, the maximum concentrations of which
are situated at the following temperatures: a Cr rich
b.c.c. phase at about 630°C, a Ni rich f.c.c. phase
at 590°C, a phase with a ß-Mn type structure at 575CC
and iVl̂ G at 560°C. At the upstream positions,
austenite is gradually replaced by fcrrite between
580°C and 670°C and a small amount of M^G and
higher carbides was found.

Carbon pick-up in the A1S1316L steel remained
very low at all positions, with a maximum surface
concentration of 1.29b at 540°C upstream and of
more than 3% above 640cC in downstream positions.

A scanning electron microscope, equipped with an
energy dispersive analyser, has been used to examine
the morphology and composition of deposits and
corroded surfaces. At the highest temperatures, in
both upstream and downstream positions, the surface
appearance is typical for general corrosion. In up-
stream positions (Fig. 1.4.3b), a high density of
coral-like corrosion products (Fe7Mot,) is present,
whereas in downstream positions (Fig. 1.4.3c), small
corrosion products of a more crystalline nature appear
at the surface. In both upstream and downstream
positions, strong preferential attack of the grain
boundaries occurs. At the highest temperatures in
upstream position, where a stable fine grained ferrite
layer forms, the grain boundary attack is much less
pronounced. Longitudinal grooves corresponding to

initial manufacturing markings have been accentuated
by corrosion in upstream positions (Fig. 1.4.3b).

As illustrated in Fig. 1.4.3c, 50 |tm large metallic
particles are deposited immediately downstream of
the maximum temperature. At further downstream
positions (Fig. 1.4.3d and e), a closed surface layer

/•/'.!>. 1.4.3. — Surface morphology of A1S1 316L steel of the
sodium-sodium heat exchanger of the Na2 loop
after 60,0001) of operation. Scanning electron
microscope pictures from samples tit various
upstream (n) and downstream positions (d).

TABLE 1.4.1.
Restil's from metallography on Nci2 heat exchanger after 60,000 b sodium ex

Minimum temperatures for formation of
- grain boundary ferrite
- continuous ferrite layer

Increase of intergranular voiding

Grain boundary attack of about 10 |im
at temperatures below

Changes of grain boundaries clue to interaction
between deposit? and substrate

Upstream positions

560°C
620°C

8 to 50 urn at 560cC

550cC

—

Downstream positions

66l)°C

Ü to 10 |J.m above 660cC

500°C

between 565 and 650°C (85 |im )
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of deposits is formed, the size and crystallinity of
which decrease at lower temperatures. Larger deposits
containing Ni, Cr, Fe, Ca, Cl, K, Mn, Zn, Ti, Ta
and Pb have mainly been deposited in the 460°C
to 280°C temperature range, both in upstream and
downstream positions. In this temperature range, no
closed layer of deposits forms and the substrate, with
its pattern of grooves corresponding to the as-received
surface condition, is still visible (Fig. 1.4.3f). The
surface appearance illustrated in Fig. 1.4.3a is typical
for the carbide-rich layers, which form in the 52O°C
upstream region and which locally spall off.

1.4.2. Dispersion-strengthened ferritic steels

1.4.2.1. Fabrication of dispersion-strengthened
ferritic steels

Powder preparation
(L. Coheur)

The introduction of titanium powder into the
powder mixture results in non-metallic inclusions
larger than 10 u,m in the end product. As the oxida-
tion of the mixture occurs mainly during milling
operations, an attempt was made to process only
iron plus oxide powders in the mills; the other com-
ponents (chromium, titanium and molybdenum) were
added afterwards and only blended. The modified
process does not improve the short-time properties
at 700°C and the inclusions are even larger than those
obtained by the original method. Furthermore, the
diffusion of the titanium is slowed down and the
presence of pores in the vicinity ot the inclusions is
probably due to a Kirkendall effect.

If the inert particles are only necessary to obtain
the appropriate oc + x structure, they must not be
subjected to the criteria which are valid for a disper-
sion, added to reinforce the material. It is therefore
possible that the mechanical alloying stage is not
necessary. Some rods have been extruded from pow-
der mixtures which have not been milled in the
cake-pan. Different thermomechanical treatments have
been applied and the metallographic observations
show that the end product contains larger pores and
oxide stringers than the product processed in the
"normal" way. The structure of the x-phase lies
between a dispersion and a bamboo structure.

The results of these tests do not allow the elimina-
tion of the mechanical alloying stage, which is difficult
to scale up.

In order to characterize the degree of mechanical
alloying, tests have been made with carbonyl iron
powder and TiOj or Y2O3 oxide. A good correlation
seems to exist between the microhardness of the
powder and the properties of the end product. This
correlation does not depend on the oxide nature nor

on its particle size. The measurement of the width of
the 12111 iron X-ray diffraction peak also provides
indications for the properties of the end product but
not as good as the microhardness. For both methods,
the spread of the results is large and no relationship
can be found with the processing time in the cake-pan
mill. This can be due to other parameters which are
presently beyond control e.g. the degree of oxidation
and the rotation speed of the cake-pan mill, which
can vary from one experiment to the other because
of an inadequate transmission system.

Tube fabrication
(L. De Wilde)

Ultrasonic tube drawing tests on ferritic steels have
been performed at Metallgesellschaft, Frankfurt. This
method consists of ultrasonic activation of the draw-
ing plug used in conventional fixed plug drawing.
This activation has a beneficial effect on the drawing
characteristics, which has been attributed to two basic
mechanisms: reduction of the friction bet.veen the
drawing plug and the inner surface of the tube, and
a locally increased plasticity of the material. As a
consequence, some frequently encountered difficulties
in standard cold drawing, such as sticking, chatter
and lubricant break-down, are eliminated almost com-
pletely. This results in an increase in the reduction
ratio and/or drawing speed as compared to conven-
tional cold drawing. Up to now, the dispersion-
strengthened ferritic steels are conventionally cold
drawn at a reduction ratio of 5% per pass, resulting
in a drawing scheme of about 43 passes from the
as-extruded billet to the SNR cladding dimensions.

Extrapolation of the first results of the actual
drawing scheme would give a 7596 decrease in the
number of drawing passes. These observations clearly
demonstrate that ultrasonic drawing can have an im-
portant impact on the economy of ferritic steel tube
fabrication.

For the in-pile creep experiment RIPCEXII in
Rapsodie, thin walled tubes have to be prepared
from different ferritic steels, with and without oxide
dispersion. Difficulties have been encountered in
cold drawing the cast and extruded alloys B13
(Fe-13Cr-2.5Ti-2Mo) or B3 (Fe-13Cr-2.5Ti-l.5Mo)
due to excessive grain growth during intermediate
annealing.

The drawbench has been instrumented with strain
gauges in order to measure the total tensile force
during cold drawing of tubes. The first experiments
showed that, for identical drawing schemes, the draw-
ing force is systematically 10 to 15% higher for DY
than for DT alloy tubes.

Non-destructive testing
(R.Deknock)

Tests have been done on several ferritic steel tubes
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after different manufacturing steps. All were carried
out with a Foster Defectomat at a frequency of 10 kc.
A strong dc-field is superimposed on the ac test field
of the coil to magnetically saturate the tube. In this
way, the effective permeability is reduced io that nf
free space and kept constant at this value. Two output
voltages are recorded. The first output voltage re-
presents the power dissipation Rr in the coil and the
tube. The second voltage represents the 1/2 Lr energy
stored in the magnetic field of the coil.

Background is caused by non-geometrical disconti-
nuities in electrical conductivity. This conductivity is
often related to factors such as chemical purity, alloy
composition, hardness, preferred crystal orientation
and the presence of porosities. These latter change
the effective conductivity of the metal by crowding
eddy currents into a relatively smaller volume. Cur-
rents diverted around microscopic voids will raise the
current density in the surrounding metal and thereby
lower the effective conductivity seen by the test coil.
Up to now, no natural defects below 30 u.m could
be identified.

Joining by resistance
(S. de Burbure)

Most of the preliminary design work for a horizon-
tal machine for welding Pu fuel rods in a glove-box
is completed and quotations for a suitable hydraulic
system have been received. With a 75 kVA power
rating, it is expected that tubes up to 15 mm dia-
meter will be welded in the same way as the 6 mm
tubes are welded now.

Capsules for creep or pressure test are now rou-
tinely welded; some of these are internally pressurized
up to 110 bar. The speciallv designed tube-holding
chuck is performing very well.

A new research programme has been started to
obtain good welds with little or no external flash.
Encouraging results have been obtained.

1.4.2.2. Properties of dispersion-strengthened
ferritic steels
(Ph. Van Asbroeck)

Tensile properties
(W. Vandermeulen)

The CTO2 composition (5Ti-2Mo) has good high-
temperature properties but a rather low ductility at
room temperature, which gives difficulties in cold
drawing of thin-walled tubes. On the other hand,
the DTO2 composition (3.5Ti-1.5Mo) can be rather
easily cold drawn, but its high-temperature properties
could perhaps be just a little too weak. This is
the reason why compositions with a slightly higher
amount of free titanium in the matrix have been
studied. This can be obtained by decreasing the

amount of TiO; (which converts into Ti:C>3 during
thermal treatment) or by a slight increase of the
nominal Ti content. As expected, the properties of
an alloy Fe-13Cr-1.7Mo-4Ti-2TiO: were intermediate
between those of CTO2 and DTO2 in the temper-
ature range 20 to 700°C.

Creep properties
(W. Vandermeulen, W.Hendrix, H. Tas, F. Casteels,
M. Soenen)

The addition of only \% TiCK which became
possible by the improvements of the mixing techni-
ques, gives rise to an increase of the amount of
X-phase in the matrix. This is due to the fact that,
during alloy processing, the added TiO: converts into
Ti:Oj by reducing the free titanium in the matrix;
adding a smaller amount of TiO:, a larger part of free
Ti is left for x-phase formation.

Examination of this DTO1 alloy in two different
conditions: hot swaged, followed by 24 h at 800°C,
and cold swaged, followed by 15 min at 1050°C and
24 h at 800°C, indicated that the cold swaged material
gives slightly better properties. In order to study
the influence of x-phase precipitation during creep,
samples of this material were heat treated again to
dissolve the x-phase before creep testing; their time-to-
rupture properties were systematically higher than for
aged specimens, due to a lower secondary creep rate.
The same trend is found when only 0.59& YiOj is
added instead of 196. The 700°C rupture times of
DY01 aged tubes are about a factor 5 longer than
for equivalent DTOl tubes. There is no systematic
difference in secondary creep rates but the total
elongation of DYO1 tubes is a factor 3 lower than
for DTOl. This indicates that the tertiary creep is
very different for these two materials.

Additional uniaxial creep tests carried out in
vacuum and in the Na2 loop did not show any
significant influence of sodium exposure on secondary
creep rate and time-to-rupture of the DTO2 and
DY01 alloys.

Structure of the alloy
(L. De Wilde, W. Vandermeulen)

Studies at C.R.M. on the matrix alloy Fe-13Cr-
1.5Mo-2.5Ti have shown that very good creep
strength can be obtained at 700°C without dispersion
if the alloy is in the hot-worked condition. In the
cold worked condition, the alloy loses most of its
advantageous properties and no thermal treatments
have been found to restore them: solution annealing
must be performed above 1200°C and this un-
avoidably gives rise to a very large grain growth.

The structure of the dispersoid is much finer than
that of the cast and wrought alloys, and the grains
length to cross-section ratio being at least 5; the a-Fe
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«rains are surrounded by a nearly continuous x-phase
network. In that condition, the alloy may be
seen as having a "bamboo" structure (Fig. 1.4.4.).
are very elongated in the longitudinal direction, their
Thermomechanical treatments applied on swaged rods
have shown that the stress-rupture properties are
strongly dependent on the final swaging temperature.
Swaging at 1150°C, followed by ageing at 800°C.
yields the most favourable properties for the alloys;
final swaging at lower temperatures decreases the
rupture life by approximatively a factor 10, which
is also the case for the cast alloys. The secondary
creep rate increases correspondingly by a factor 20.
In the case of the dispersion containing alloy and
contrary to what was found in cast alloys, it is possible
to restore the creep resistance by a thermal treatment;
annealing for l h at 1100°C followed by ageing at
800°C yields about the same stress rupture properties
as the hot worked alloys.

1.4.2.3. Behaviour of ferritic steels
(Ph. VanAsbroeck)

Compatibility of ferritic alloys with oxide fuel
(F. Casteels, P. Hof mann")

Compatibility tests have been carried out at GfK
between ÜTO2, DYOl and Si (Fe-13Cr-1.5Mo-3Ti)

ferritic alloys in aged condition (15 min at 1050cC +
48 h at S00°C) and hypostoichiometric (UOTPUIUIOI «,,
fuel doped with fission products to simulate 20°b
burn-up.

For comparison, two austenitic stainless steels
(AISI316 and WN 1.4988) were submitted to
identical test conditions (550, 650 and 75OCC;
1000 h and 4000 h). Whereas the penetration depths
at 550°C are similar and very small, those at 650°
and 750°C can reach up to about 20 p;m in the ferritic
steels compared with only 5 u,m in the austenitic
steels under the same conditions.

The penetration in ferritic steels is in general limit-
ed to isolated areas which makes an evaluation cf
the reaction kinetics and comparison between the
three ferritic material grades very difficult. The fact
that no systematic difference appears to exist between
1000 and 4000 h exposure on the one hand and
650 and 750°C tests on the other, indicates that no
important increase of penetration depth is to be ex-
pected for longer exposure time. The reaction could
be limited to the availability of one of the simulated
fission products.

The nature of the interaction for dispersion con-
taining alloys (DTO2 and DYOl) is similar to that
of the dispersion-free alloy (Si). Transport of clad-
ding material into the fuel can be observed at 650
and 750°C for all ferritic and austenitic allovs tested.

mmasaam
Fig. 1.4.4. — Scanning electron micrograph oj a jerritic Fe-l3Cr-il'i-1.7Mo-2TiO, alloy ajler

dissolution oj the a-pbase and showing the "bamboo" structure oj the fj-pbüu'.

* GfK, Karlsruhe
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Irradiation of the ferritic steels
(Ph. Van Asbroeck, W. Vandermeulen, G. Verstap-
pcn)

The DISP 04 irradiation proceeds normally. The
temperature of the samples ranges from 250°C to
500"C depending on their position in the rig. The
fluence accumulated up to now is 0.7 10- n.cm'2

( >0.1 MeV) and it is intended to continue the irra-
diation to about 10~n.cm": in the central portion of
the rig. The CFC 4D experiment, loaded into the
reactor in July 1974, is continuing normally. It was
neutron radiographed during the cycle 07/75A at
an estimated burn-up of 73,500 MWd.t"1. No striking
difference from the preceding examination could be
observed. The burn-up at the end of 1975 was
estimated to be about 90,000 MWd.t1. The CIRCE 6Ü
rig was loaded in the reactor for cycle 05/75 in May
1975, and neutron radiographs were taken after each
irradiation cycle in order to follow the swelling of
the carbide fuel during the start-up period from the
very beginning.

The R1PCEX I irradiation proceeds normally, and
the third intermediate examination is under way. The
total accumulated fluence is now 8X 10~ n.cnv2 and
the target fast fluence of lO23 n.cm"2 will be reached
by mid 1976. The samples irradiated in the RAG
PARTY experiment will be sent to Mol in 1976.
The RIPCEX II irradiation is still in discussion with
CEA; the contract is scheduled to be signed in July
1976.

Three ferritic steel filling rods were placed in the
monitor of the RAPSOD1E 2 experiment. These rods
were machined at SCK/CEN to very close tolerances;
one of the rods is made of DT02 alloy (annealed +
aged), another of R8 (EM-12) steel (Fe-9.5Cr-2Mo-
0.5Nb-0.5V-0.1C) (lh/1100°C - air cooled - 2 h/
750"C • air cooled) and the third one of WN 1.4923
(Fe-llCr-0.8Mo-0.2V-0.4Ni-0.2C) (lh/1050°C - oil
quenched - 2 h/65O°C - air cooled). These rods will
be irradiated up to 10an.cnV2 in the temperature
range of 400 to 620°C. The irradiation will start
early in 1976.

Post-irradiation examination
(Ph. Van Asbroeck, W. Vandermeulen, J.VandeVel-
de)

The 700°C tensile tests have been completed on the
DISP 03 samples irradiated up to 1022 n.cm"2 in the
BR2. The 700°C YS and UTS are not severely affect-
ed by this irradiation, but the 700°C tensile elongation
results show embrittlements which depend on the
type of alloy (austenitic or ferritic) and on the
thermomechanical treatn.ent.

Ferritic alloys having 22.6 to 33.896 elongation,
have higher Et after irradiation than austenitic alloys,
which have 1.4 to 12.3% elongation. In the non-

irradiated state, the absence of x-phase before 700°C
heat treatment enhances higher s, value. With respect
to the post-irradiation 700°C total elongation, cold
worked and solution treated material would be the
best choice (YS and UTS being about the same).
For austenitic steels, the 12R72 HV and WN 1.4970
boron-containing steels show the best Et value (12.3
and 10.0% against 1.4 to 3.8% for A1SI 316,
WN 1.4988, WN 1.4981 and 19/9 DL).

Two rods of CTO2 ( 0 4.5 mm, length 80 mm)
have been irradiated in Rapsodie at about 580°C to
a total dose of 5.2 X1022 n.cnV2 (27.2 dpa NRT).
The initial state of the specimens was the hot swaged
condition without further heat treatment. As the irra-
diation temperature was not known in advance, no
parallel heat treatment could be done. Immersion
density measurements made by the CEA at Saclay
showed a density decrease of about 0.2% as com-
pared with the non-irradiated material.

Precipitation (probably /-phase) occurred at oxide
particles during the irradiation. The absence of irra-
diation-induced voids, both in the matrix and in the
precipitates, has to be noted. Only the oxides seem
to contain some voids. The only sign of irradiation
effects in the matrix are small dislocation loops,
especially close to oxides or precipitates. Hence, it
can be concluded that the density decrease found by
immersion density measurement must be attributed
to swelling of the oxides.

Swelling simulation of ferritic steels
(J. Nihoul, J. Cornells, P. Delavignette, C. Janssens*,
L.Stals", J.VanLanduyt***)

Experiments have been performed to investigate
the influence of the presence of gases (He, H) in
metals and alloys on mechanical properties (embrittle-
ment, swelling). Ferritic and austenitic steels, as well
as pure metals such as molybdenum, have been doped
with He by irradiation in the cyclotron at Ottignies.
The samples were examined by electron microscopy
in the as-irradiated state as well as after tensile test.
Further experiments are required to enable useful
interpretations to be made. Preliminary experiments
have been carried out for testing the performance
of the HVEM at RUCA for irradiation simulation
purposes. A1SI 316 specimens have been prepared
and irradiated with 1 MeV electrons at beam current
densities of 15 A.cm"2 at 500°C. Voids with the ex-
pected densities and dimensions were observed after
30 minutes of irradiation.

R.U.C. Antwerpen (1.W.O.N.L./I.R.S.I.A. bursar)
L.U.C.Ilasselt
R.U.C. and U.I.Antwerpen
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1.5. REPROCESSING
(J.Broothaerts, L.H. Baetsle)

Key problems of fast reactor fuel reprocessing covered by SCK/CEN studies include shipment and
conditioning of the fuel assemblies, disaggregation and dissolution of the Pu-rich fuel and fission gas release
control during the head-end operations.

A scheme for molten salt applications, offering potential advantages, has been investigated in association
with BELGONUCLEAIRE and ENI. In particular, the possible use of HTS, a eutectic mixture of nitrates and
nitrites of sodium and potassium, has been evaluated as a heat transfer fluid during shipment and as a
de-activation agent for residual sodium. Experimental and theoretical studies indicated however that unsufficient
heat transfer and radiolytic decomposition present serious drawbacks for these applications.

Disaggregation of Pu-rich oxide fuel in NaNOrNaiO; melts is highly efficient with respect to the solubility
of Pu in the subsequent nitric acid leach. Technological and waste aspects hamper the application of this process
for the full load of fuel. It deserves, nevertheless, further consideration for the additional treatment of
Pu-insolubles.

Continued attention has been given to the solubility of (U.PLOOJ fuels in nitric acid, and the effect of
a preliminary oxidation treatment. The amount of undissolved residue and its composition were determined in
tests with samples from an irradiation experiment in Rapsodie.

Tn the field of fission gas release control, testing and development of appropriate gas cleaning techniques
has been continued. In particular, catalytic oxidation of hydrogen at low concentration (in simulation of tritium
liberated during voloxidation or cladding waste conditioning), iodine and iodomethane scrubbing by Hg(NOj):-
UNOj solutions and trapping on silver zeolites, and elimination of residual NO-traces have been investigated.
Furthermore, a pilot plant for cryogenic collection and separation of noble gases has been constructed.

1.5.1. Use of heat transfer salt (HTS) in the fast
reactor cycle

1.5.1.1. Heat transfer during shipment of spent
fuel to the reprocessing plant
(P.Henrion, W.Claes)

Thermal decomposition and Y radiolysis of
HTS

SCK/CEN contributed to a joint programme with
BELGONUCLEAIRE and ENI by a study of the
thermal decomposition and y radiolysis of HTS. It
became clear that in the high y flux part of a spent
fuel assembly, the radiolytic decomposition of HTS
could be as large as 20 times the thermal decomposi-
tion and hence that one can expect a gas production
(essentially Ni) amounting to 2 ml N.T.P. per g salt
per day.

A partial pressure of oxygen over the melt has
remarkable effects, the decomposition of the salt
being drastically reduced; the interpretation of the
results remains however ambiguous. Indeed, while
thermolysis proceeds in a real time scale, high v
doses could' only be obtained by exposing the salt
to the radiation of a relative weak source over ex-
tended periods.

Extrapolation to SNR 300 fuel shipment conditions
of experimental results of thermal and radiolytic de-
composition, measured in absence of an oxygen cover,
to SNR 300 fuel shipment conditions led to the
following data. Assuming a transport time of 10 days,
the total gas production in a cask containing 6 assem-
blies would amount to about 1300 1 (at 1 atm and
400°C) for a bum-up of 100,000 MWd.f1, 90 days
cooling time, and to about 550 1 (at 1 atm and
400°C) for 50,000 MWd.f1 and 180 d cooling time.

Heat transfer in HTS

Experimental and theoretical studies on heat trans-
fer in HTS have been performed by ENI and BEL-
GONUCLEAIRE. The experimental data obtained
indicate that:
- sufficient heat transfer can only be obtained by an

appropriate copper collar, resulting in large con-
tainer dimensions or limitation of the number of
fuel elements;

- the effective temperature range in which the HTS
can safely be used in fuel shipment applications is
rather small (270 to 490°C);

- radial heat transfer inside a multiple-pin assembly
cannot be evaluated in the small-scale experimental
set-up used, but it is feared that temperature
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differences between the central pin and the shroud
will exceed safe limits.
Inadequate thermal and radiolytic stability, com-

bined with uncertainties of heat transfer performance,
is a serious drawback to the use of HTS as a primary
coolant in shipping casks; these studies have therefore
been abandoned.

1.5.1.2. De-activation of residual sodium

For the reaction between sodium and HTS all ob-
servations and results reported in 1974 have been
confirmed, and it has been further shown that the
amount of gas (exclusively N2) released increases
with temperature, although even at 500CC, under the
most extreme conditions, the peak value of 120 ml N2
per gram Na was never exceeded. The reaction is
self-regulating by evaporation of Na and projection
out or the reaction zone.

An experimental study was performed by EN1 to
investigate sodium removal from defective fuel pins
by HTS. Three series of 50 cm long pins completely
filled with sodium and provided with a longitudinal
slit of 20 by 2 mm were immersed in molten HTS
at 200, 300 and 400°C respectively. At regular inter-
vals (up to 8 weeks), pins of each series were
examined on the amount of sodium removed. The
results were not very reproducible but it became
evident that, although HTS gives a deeper penetra-
tion than can be expected for any other de-activation
agent, complete elimination of logged sodium cannot
be guaranteed.

From these studies, it can be concluded that, al-
though HTS offers certain advantages, in particular
the absence of hydrogen production, its characteristics
do not extend sufficiently beyond the performances
offered by more conventional methods of Na removal.
On account of its more onerous technology and of
the waste aspects, the HTS system deserves only
secondary interest unless it is coupled to other appli-
cations of molten salts. Further development of this
technique has therefore been suspended.

1.5.2. Head-end processes

1.5.2.1. Fuel disaggregation by molten salts

Basic investigations
(P.Henrion, W.Claes, T.Chou*)

Oxide fuel disaggregation has been systematically
reinvestigatcd with special attention to the oxide
(peroxide) concentration in the molten nitrate. At an
optimum temperature of 500°C, the dissolved alkali
(3-6 mole %) converts (U,Pu)O: to uranoplutonates

Chung Cheng Institute of Technology, Taiwan

but, as the alkali concentration is increased, the reac-
tion becomes progressively blocked by formation of
a glassy layer around the fuel particles. Therefore,
the most appropriate procedure seems to be a partial
pulverization of the fuel with NaNO* alone, followed
by a conversion of oxides to mixed uranoplutonates
in the alkaline salt bath. Limited moisture content
(NaOH) may be beneficial. Experiments with a
Pu/U + Pu ratio varying from 0.25 to 1 made it clear
that the Pu content is not an important parameter.

Several solid phases formed under varying Na:O:
concentration could be isolated and examined by X-
ray diffraction. Relationships have been found be-
tween lattice parameters and composition. It could
also be firmly established that the solubilities of
uranium and plutonium in the melt increase sharply
with the alkali concentration. Under the operation
conditions of a head end, Pu losses could be mini-
mized by recycling the salt, but even complete neu-
tralization of the alkali by NO does not allow quan-
titative Pu recovery. Also, the investigations showed
that the initial hope for obtaining a substantial de-
contamination for non-volatile fission products was
not fulfilled.

Hot cell experiments
(J. Vandersteene)

Confirmation tests with irradiated Rapsodie fuel
samples (95,000 MWd.f1, 30 \vt.9b Pu) were per-
formed in order to conclude earlier studies, f'.nlten
salt disaggregation tests were done at 500°C, with a
salt mixture consisting of NaNOj - 6 wt.% Na:O: and
using a dry cover gas atmosphere. In order to examine
the nature and composition of the residue after dis-
solution in nitric acid, the disaggregation product was
dissolved in 2N-HNO? at ambient temperature.

The percentages of fuel remaining undissolved in
this acid leach amounted to 10.89b after a molten
salt treatment during 2 h, to 7.19b after 4h and
3.09b after 8 h. Analytical data on the composition
of these residues are not yet available. Tritium was
found to be completely trapped in the salt bath,
which contained 2.78 to 3.32 |xCi 3H per g fuel.

1.5.2.2. Oxidation of (U,Pu)O3 fuel
(J. Vandersteene)

Oxidation of oxide fuels at temperatures of 450°C
to 750°C is intended to promote the liberation of
fission gases in controlled conditions.

The effects of the oxidation temperature on tritium
release and on the solubility during the subsequent
nitric acid leach were investigated with Rapsodie fuel
(95,000 MWd.f1 - 30 wt.9b Pu) samples from two
different pins. The results are summarized in Table
1.5.1. The oxidation step lasted until constant weight
was obtained.
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TABLE 1.5.1.
Ei led of oxidation temperature on tritium release and solubility of (U.Pii)O, fuel

Temperature
of oxidation

"C

Original
fuel

450
500
550
650

Oxygen
pick-up
(wt.°t>)

—

1.5
1.7

1.8

Pin BU 2

Residual
tritium content

ixCi.g-' fuel

5.70

4.74
4.97

O.OS

Solubilitv

dissolved

98.9 i

98.1
97.9 ,

9S.0 '

Oxygen
pick-up
(\vt."ö )

—

1.9

2.0 j
2.0 !

PinBU 15

Residual
tritium content

uCi.g"1 fuel

3.61

3.99

1.68
0.14

1 Solubility
I wl."b
' dissolved

98.0

I 98.3

i S!8.1
! 97.7

The solubility data refer to a standard dissolution
test of 6 h immersion in boiling 10 N UNO?. It should
be mentioned that less than 0.3% of the calculated
amount of tritium produced during irradiation was
present in the original fuel samples.

As can be deduced from the results, these ex-
periments confirmed that oxidation at high tempera-
ture is very efficient with respect to tritium release
from the fuel. More than 95% of the residual tritium
content in the samples was eliminated at 65O°C. At
550°C however about 50% remains with the fuel
and below 500°C the effect is negligible. The negative
effect of voloxidation on the solubility on the other
hand was very small in the experimental conditions
used.

1.5.2.3. Solubility of (U,Pu)O: fuel in nitric acid
(J. Vandersteene)

The dissolution characteristics of Rapsodie fuel
were evaluated in hot cell tests with samples of
0.5 g (pins BU 2 and BU 15) and 5 g (pin BM3/13)
mechanically liberated from the cladding hulls. These
tests refer therefore to pulverized material, the grain
size of which ranged from 0.5 to 1.5 mm in the 0.5 g
tests and from 2 to 3 mm in the 5 g tests. In the
dissolution tests, boiling IONHNO3 was used.

Results are presented in Table 1.5.2. and in Fig.
1.5.1.

From these results, the beneficial effect of pulveri-
zation to a small grain size on the dissolution rate
can be deduced. This treatment has however no effect
on the total solubility.

Undissolved residues from several lests were sub-
jected to Y-spectrometry an<i Pu analyses. It was
found that:
- residues of 0.5-1 wt.% of sample mainly contain

IC6Ru;
- residues exceeding 1% contain 10 to 18wt.% of

Pu and considerable amounts of fission products
such as 106Ru, 144Ce and 137Cs.

TABLE 1.5.2.
Effect of dissolution time on the solubility of pulverized

(0.5-1.3 mm) Rapsodie fuel in boiling 10 N H<\'O3

Pin Dissolution time \vt.°6 of fuel
dissolved

BU2
BU2
BU2
BUI 5
BU2

91.67
96.94
98.90
97.99
97.93

wt.96 of fuel dissolved
)00

!.? K 16

t i m e ( h )

l:ig. l.J. 7. — Dissolution in boiling ION HNOi of pulverized
(2-3 mm) UO,-PuO, fuel irradiated in Rapsodie.
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1.5.3. Purification of reprocessing off-gases
(W.R.A. Goossens, A. Bruggeman, G. Collard,
P. Mcynendonckx, A. Zahlen*, M. Put)

The experimental investigations have been concen-
trated on the various steps of the tentative flow-sheet
for the purification of reprocessing off-gases released
by either LWR or FBR fuel. The incorporation of
these steps into a 25 m\h"' demonstration loop has
also been prepared.

1.5.3.1. Tritium oxidation

The oxidation of hydrogen, as a simulator for
tritium, was investigated in a laboratory test loop of
1 to 3 m\h ' . The catalyst was contained in a 5.5 cm
column at temperatures up to 400°C. The oxidation
was performed under excess oxygen conditions using
compressed air as carrier gas for the hydrogen, the
inlet concentration of which was varied between 60
and 1200 vpm.

In a preliminary test series, copper oxide was used
as a catalytic agent, either pure granular copper oxide
type M or copper oxide fixed onto an inert substrate
type C54-8. Regression analysis of the data obtained
has shown that it is reasonable to accept a first order
reaction. The reaction rate was proved to be propor-
tional to the copper oxide content and to the specific
surface area of the solid material. The over-all ap-
parent activation energy is 5.6X 104J.mole"1 .K"1. Final
design is now possible for these materials.

Subsequently, a palladium catalyst type RO-20 was
applied. Experiments have indicated that this catalyst
has to be activated by thermal pretreatment above
100°C, and revealed fouling tendencies, so that fur-
ther experimentation is needed on this catalyst.

1.5.3.2. Iodine retention on sorbents

The 1 m'.h'1 loop was adapted to study the reten-
tion of iodine compounds on various sorbents in the
presence of air, humidity and nitrous vapours. As part
of an E.E.C. interlaboratory comparison programme,
the sorption of iodomethane in the presence of hu-
midity was performed on activated and impregnated
charcoals. Our data agreed quite well with those from
other laboratories. This programme stressed the im-
portance of a reliable humidification procedure.

As a consequence, reproducibility runs were per-
formed on the characterization and conditioning of
silver zeolites type Ag 13 X packed in a fixed bed.
These runs revealed that real dry silver zeolites can
only be obtained by drying in the loop itself with
dry nitrogen at 200°C. The material as-delivered show-
ed a heterogeneous water content of about 2%. The

* BELGONUCLEA1RE
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average packing density in a 4.4 cm column is equal
to the tap density of 0.86 ± 0.01 gcm'\ The pressure
loss for the gas flow through the zeolites bed cor-
responds to the Ergun equation value.

An exploratory study of iodomethane retention on
silver zeolites type Ag 13 X confirmed the negative
effect of humidity in the carrier gas and of the water
saturation degree of the zeolites. In the absence oi
humidity, the iodomethane carried by dry nitrogen
breaks through very smoothly alter several days of
operation with 4 ing CHsl.m" in a gas stream of
4 m'.h"' passing 50 g zeolites packed in a 30 mm
column. This behaviour complicates any further ex-
perimentation on the basis of break-through curves,
so that, in future, scanning along the column length
will be applied.

A demonstration run with 6 mg l:.m' and 0.5 mg
CHu.m"3 in an air stream ol 2 m'.h"' containing \°b
NO was performed with 57 g A g l 3 X packed in a
4.7 cm column at 200°C. The humidity was 99ao
H.H. at 20°C. The initial over-all iodine outlet con-
centration was about 0.8"P and lasted for 15 h. Later
on, the over-all break-through increased linearly with
time to a value of 27°b after 70 h of operation.

1.5.3.3. Nitrous oxides interaction with solid ma-
terials

The complex NOx behaviour on molecular sieves
observed during previous experiments necessitates the
examination of the complete destruction of NOX
traces, rather than just an absorption process, for
the removal of nitrous vapours prior to the cryogenic
treatment of noble gases. As one possible solution,
the destruction of NO by NH* in the presence of
a mordenite type catalyst will be investigated, and a
1 m'.h1 test facility has been built for this purpose.
Its operation has been delayed by many technical
difficulties encountered with a NOX monitor based on
the chemiluminesccnce principle.

1.5.3.4. Xenon delay on activated carbon

The negative effect of humidity on the B3Xe trap-
ping by activated carbon type RBL-3 has been studied
in the SO cm high delay column with a diameter of
15 cm. Additional experiments were performed in a
200 cm high bed to extend the parametric range for
higher contact times and gas flow rates.

All dynamic data obtained so far can be correlated
with the Van Deetnter model which takes into account
axial diffusion, diffusion in the solid phase and axial
dispersion by the non-uniform velocity profile.

This model is ready for design purposes; it has been
applied to the design of a demonstration unit for
gaseous effluents of the BR3 power plant. This unit
has been constructed and will be put into operation
as soon as the BR3 reactor restarts.
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1.5.3.5. The 25 m\h' demonstration loop
GAS-TON

The demonstration loop for the study ol the puri-
fication of the GAS-eous effluents in conditions re-
presentative for a reprocessing plant of 1 TON .day',
consists of three sections: a wet section to trap all
iodine compounds; a conditioning section to remove
the last impurities such as water vapour and traces
of nitrous vapours; a cryogenic section for the noble
gas trapping.

The existing wet section has been extended with
a second packed tower-bed scrubber of 29 cm dia-
meter filled with 2.5 cm diameter Pall rings to in-
crease the efficiency of iodomethane and NO trapping.
Its appurtenances have also been constructed and
commissioning is in progress. Furthermore, a 15 cm
silver zeolite bed with gas heater and heat recovery
system has been installed. Maintenance was needed
on the 15 cm packed-bed scrubber, which broke under
a too heavy a load of a new packing material.

For the conditioning section, a gas dryer has been
constructed and put into operation (Fig. I.5.2.): it

comprises three molecular sieve beds of 25 cm dia-
meter and 250 cm height. Continuous operation is
guaranteed by swinging the working conditions of
the three beds alternatively. The trapped water is
collected in a freon cooled condensor, linked to the
bed in desorption conditions. The performance has
been checked with gases artificially humidified with
the help of the vcnturi scrubber shown on the left
of the picture. The optimization of the swing opera-
tion is under way for a load of 60 kg molecular sieve
type N 900 Na in each column. This conditioning
section will also contain a catalytic combustion unit
to remove traces of nitrous vapours or oxygen by
combustion with hydrogen. This unit was delivered
at the end of the year.

The construction of the cryogenic section is almost
finished. This section mainly consists of a packed
column in which krypton and xenon are absorbed in
liquid nitrogen. The solution thus formed is rectified
in this column in such a way that a nearly pure liquid
mixture of noble gases is obtained as bottom product.
In a second column, this mixture is fractionated in
krypton and xenon.

Fig.. 1J.2. — View on the g.tis dryer in the GAS-TON demoinlrution loop.
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Finally, in the ventilation circuit of the loop, home-
made safety filters were installed to catch iodomethane
traces released during malfunction.

1.5.3.6. Parametric demonstration experiments

In the conditioning section of the demonstration
loop GAS-TON, the performance of the dryer was
checked and the optimization of the swing operation
is under investigation.

In the wet section, the experimepis have been
concentrated on iodomethane scrubbing by mercuric
solutions. Initially, the venturi scrubber and a home-
made mist scrubber were used, but the gas-liquid
contact time in these devices appeared to be too
short to ensure effective iodomethane trapping. In the
15 cm packed tower-bed scrubber, two dimensions for
the Rashig rings were applied: 7 mm and 16 mm.
The liquid flow rate had an experimental range of
50 to 800 and 800 to 1800 l.h1 respectively for
the smallest and the largest packing size. The gas
flow rate varied between 6 and 24 m'.h*1 while the
scrub solutions had a composition between 0.01 M
Hg(NO.,h-lM HNO, and 0.2 M Hg(N03h-3M
KNOj. In general, it can be concluded that the nitric
acid concentration and the inlet iodomethane con-
centration have no effect on the scrubbing efficiency

and that the reaction of iodomethane is controlled by
diffusion in the liquid phase; diffusion in the gas
phase is the rate controlling step for trapping of
molecular iodine.

In a small integration run, the gas was also loaded
with NO:, which was scrubbed by 10% NaOH in
the venturi scrubber. This pretreatment charged the
carrier gas with NO and mist particles, which did
not seem to affect the performance of the packed-bed
scrubber working with mercuric nitrate.

1.5.3.7. Recycling of reagents

The mercury present in the mercuric nitrate, used
for iodomethane scrubbing, has to be recovered and
recycled to keep operation costs as low as possible
and to avoid waste treatment problems. Moreover,
the iodine trapped must be conditioned into a storable
form.

With this aim, various procedures for iodine sepa-
ration and mercury removal from the mercuric nitrate
scrub solution were investigated on a laboratory scale.
These procedures will be compared later, especially
with regard to selectivity and impact on waste han-
dling. Once the choice is made, technological demon-
stration is planned and for this, design work has
alreadv been started.

1.6. FAST REACTOR PHYSICS
(J.Debrue)

One of the objectives of the fast reactor physics activities is to support the fuels and materials irradiation
programme in BR2 and in prototype fast reactors (Rapsodie, KNKII, PFR, SNR300), more particularly to
determine the irradiation parameters (neutron dose, spectrum characteristics, gamma heating) and to investigate
irradiation effects such as burn-up, helium production and damage. This work provides data for the extrapolation
of observed property changes from test conditions to power reactor conditions. It includes several aspects:
- development of theoretical and experimental techniques for detailed studies of the BR2 irradiation devices,

sodium loops in particular;
- standardization and improvement of the dosimetry techniques;
- study and application of non-destructive physics techniques for irradiated fuels and structural materials.

Since the end of 1975, dosimetry techniques have been developed as part of a co-operation exchange
agreement with llanford Engineering and Development Laboratory (HEDL).

A second objective is linked to the study of SNR cores in the critical facility SNEAK, at Karlsruhe,
and later in ZEBRA, at Winfrith (collaboration GfK-AEEW). Experimental techniques for fission and capture
rate measurements as well as for neutron spectrometry, are being developed and intercompared in standard
neutron fields (MOL-IS at SCK/CEN), in order to identify systematic errors and to improve the accuracy
of the results obtained from the critical experiments. These results are used for checking the validity of the
reactor core calculations.
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An experimental programme is also under way for the neutronic study of fast reactor structural materials;
this provides experimental data for testing group cross-sections and related calculation methods. In addition to
the objective of reducing the uncertainty of reactor characteristics (neutron balance, fuel inventory, breeding),
the experiments allow a study to be made of fast neutron penetration through thick steel structures such as
reactor vessels.

In order to support the experimental activities, cross-section libraries and neutron transport codes are being
developed or updated, in collaboration with GfK, in order to achieve compatibility in exchanging nuclear data
and calculation results.

1.6.1. Nuclear data libraries
(P. Vandeplas)

Theoretical calculations in connection with the fuels
and materials irradiation programme and the ex-
perimental work in low power assemblies require
the availability of nuclear data adapted to the pro-
blems to be treated: cross-section sets have therefor1*
to be prepared according to the selected neutron
energy group structure, including appropriate weight-
ing spectra, self-shielding factors, temperature effects,
and so on. On the other hand, the differential data
files made available by different evaluation centres
are continuously improved on the basis of cross-
section measurements and theoretical studies perform-
ed in many laboratories; it is essential that the cross-
section sets be updated according to these improve-
ments.

Besides the neutron cross-sections needed for reac-
tor calculations, the nuclear data to be considered in
the fast reactor activities comprise cross-sections for
radiation damage, helium production, gamma produc-
tion and other events which determine the in-pile
behaviour and the property changes of materials.
Cross-sections for reactions used in reactor dosimetry
are also of particular interest.

In 1975, the GRUCAL code developed at GfK
for generating macroscopic group cross-section sets
in the SIGMN format was adapted and is now in
current use, together with the 208-group cross-section
set. This set is especially suited for the detailed pre-
diction of high energy spectra, e.g. at the centre of
the MOL-SI facility '(1.6.3.1.) and in BR2 irradia-
tion experiments (1.6.3.2.).

The ENDF/B-1V tapes 406 (ENDF = Evaluated
Nuclear Data File from Brookhaven) (data for iron,
nickel and chromium) and 412 (dosimetry file) have
been obtained from CCDN (Centre AEN de Com-
pilation de Donnees Neutroniques). Using the BRI-
GITTE code, this file has been converted into the
Kedak format used at Karlsruhe. Several modifica-
tions of the BRIGITTE code were necessary, because
of ncculiarities in the ENDF/B files.

Using the converted data, group cross-section sets
and reaction rates have been calculated for various
spectra (MOL-SS, CFRMF, fission spectra) by means

of the MIGROSII code. The results have been
compared with those obtained by using other data
sets, such as DETAN and SAND II, and with ex-
perimental values. [328]

1.6.2. Reactor codes

Most of the computer code development work has
been carried out in support to the SNR programme,
namely the study of fast irradiation devices in BR2
and cross-section validation experiments.

Close co-operation has been maintained with GfK
and BELGONUCLEA1RE, in order to avoid duplica-
tion of work and to ensure a full compatibility of
the programmes and cross-section set organizations;
in particular, the SIGMN format for cross-section
files has been implemented in the programmes used
by SCK/CEN.

1.6.2.1. TRIBU (TRIangular mesh code with
BUrn-up)
(G. Minsart)

The programme TRIBU in two dimensions is being
used for the study of BR2 core configurations with
and without irradiation loops. Further improvements
to the diffusion part are being analysed; they will
reduce the amount of computer time required for
solving large problems.

For the extension of TRIBU to three dimensions,
it was agreed with GfK and BELGONUCLEA1RE
that the fastest way would be to incorporate the
iteration part of TRIBU into the D3D code (X.Y.Z
co-ordinates) already in use at Karlsruhe.

1.6.2.?. MULCOS (MULt'purpose COde System)
(G. Minsart)

The variable size version of MULCOS, compiled
using the optimizing compiler FORTRAN H extend-
ed, is able to handle up to 208-group cross-section
files in SIGMN format. Due to the particular way
in which SIGMN files are produced by the GRUCAL
preprocessing code, input routines used for reading
SIGMN files and for the appropriate selection of
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cross-sections have been adapted. MULCOS is thus
fully compatible with the organization of the cross-
section sets adopted by GfK.

The computation of neutron balance in the DTF-
IV part has been generalized, so that it may be used
as a convergence test for adjoint, fixed source, pro-
blems; such cases have to be computed in order to
prepare the input of the perturbation programme
used for the analysis of cross-section validation ex-
periments (1.6.5.).

The programme for group collapsing of S1GMN
files has been made compatible with both organiza-
tions of the S1GMN files. An enlarged version of this
programme ir. able to handle files where inelastic and
elastic transfer matrices are given separately; this
option is required for the preparation of input data
for the perturbation programme.

An option for storing angular fluxes on disc or
tape file has been added; these angular fluxes are
needed for flux perturbation evaluations.

For testing the new options and programme parts,
the BRl one-meter diameter spherical cavity contain-
ing uranium-iron assemblies (1.6.5.) has been com-
puted using different models: 208-, 64- and 40-group
schemes, reflective and free boundary, mesh size in
the driver region, fission source and thermal neutron
source, etc. As the 208-group set was not designed
for the computation of thermal systems, adjustment
of the thermal cross-sections for uranium in the 208-
group library was required to make the comparison
significant. The final procedure adopted for the 208-
group calculation of such systems consists in deter-
mining the lission source distribution in the natural
uranium driver by means of 40-group calculations;
the 40-group library was indeed prepared for the
calculation of fast-thermal systems. A fixed source
problem with the 208-group structure then allows the
detailed high energy neutron spectrum at the centre
of the assemblies to be obtained.

The one-dimensional burn-up part of MULCOS,
named BURN ID, consists of a modified version of
the DTF-IV subprogramine to which cross-section
handling and depletion routines have been connected.
These routines are very similar to those used in
TRIBU. Additional options have been included in the
programme, such as the computation of compositions
averaged on each zone and on all burnable zones
together, and an automatic procedure for adjusting
the buckling in order to maintain nearly critical situa-
tions after each burn-up step. The BURN ID pro-
gramme is mainly used for the analysis of fast reactor
fuel irradiations in BR2.

1.6.2.3. Perturbation programme
(B. Cirstoiu*, G. Minsart, A. Siebertz)

* On leave from ITN Bucarcst, Roumania

BLG 515/76

A programme based on the generalized perturba-
tion theory has been prepared in order to compute
variations of fluxes at a particular location of a sys-
tem (such as the centre of a spherical cavity in BRl)
as a function of variations of cross-sections of any
type in any zone of the model. Besides geometrical
information and cross-section changes, the programme
requires direct and adjoint scalar and angular flux
maps and, optionally, separated elastic and inelastic
transfer matrices.

This programme has been intensively used for
estimation of sensitivity coefficients, needed for
the analysis of cross-section validation experiments
(1.6.5.).'

1.6.2.4. DIAMANT code
(G. Minsart)

The triangular grid transport code DIAMANT
(DS„ method) has been improved: several routines
have been corrected (neutron balance, buckling term,
anisotropic sources) and the ordering of cross-sections
has been made independent from the input option
(punched cards or STGMN files). The writing of
flux output on tape has been added in order to allow
the users to accumulate more than one flux map
in the same file on tape; the flux guess has been
accommodated accordingly. This programme is used
mainly for detailed studies of irradiation loops in
BR2."

1.6.3. Techniques for the determination of irra-
diation parameters in fuels and materials
test programmes

Fuel pin and cladding material irradiation experi-
ments in BR2, Rapsodie, DFR, PFR, KNK 11 and
SNR 300 raise the problem of the consistency between
test results obtained under different test conditions,
and of their use in future reactor design work. The
standardization and the development of dosimctry
techniques are therefore of increasing importance.
Miniaturized monitors, located in the vicinity of the
samples tested during irradiation, provide additional
informations about the neutron dose and the neutron
spectrum ("fluence spectrum" used in damage analy-
sis ), fission rates and burn-up.

1.6.3.1. Calibration of dosimetry techniques in
reference assemblies
(A.Fabry, G.DeLeeuw-Gierts, S.DeLccuw)

For calibrating dosimetry techniques, several bench-
marks (also called standard neutron fields) are being
used; among these, Big Ten, a critical assembly at
Los Alamos, CFRMF (Coupled Fast Reactivity Meas-
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urement Facility) at Idaho, MOL-SS and the fission
spectra at NBS and SCK/CEN are the most ex-
tensively studied. A review paper, prepared in colla-
boration with HEDL [328] gives the status of the
consistency, obtained at this time in these facilities,
between:

i) reaction rates, the only quantities which can be
measured in high flux irradiation experiments by
means of the miniaturized monitors;

ii) the neutron spectra O(E), well-known in the
dosimetry benchmarks through neutron spectro-
metry and sophisticated calculations;

iii) the monitor cross-section o"(E) which will finally
be adjusted if systematic deviations are observed
between reaction rates measured in different
benchmarks and corresponding calculated values
Jff(E) 4>(E)dE.

Using unadjusted cross-sections from the ENDF/B-
IV file, Table 1.6.1. displays the deviations according
to [328], for a series of neutron induced reactions
in the -'MJ fission spectrum, CFRMF and MOL-IS.
In these evaluations, the MOL-SS spectrum is taken
from reference [135], which fully describes the
facility and its neutronic characteristics.

The "'U fission spectrum data contain numerous
results, including those prepared in collaboration with
NBS [161]. A review on the comparison of integral
and differential data in the fission spectra has also
been published [199].

As can be seen from Table 1.6.1., discrepancies
still exist which justify further refinements in the
determination of neutron spectra and reaction rates
in dosimetry benchmarks.

The comparison and the interpretation has been
continued [327] of the neutron spectrum measure-
ments in Big Ten and in CFRMF by means of the
6Li technique as developed at Mol and as applied in
MOL-SS. When the results of the recently measured
angular triton distributions da/dfl for the 6Li(n,a)t

reaction [OVERLEY l.C. SEALOCK R.M. and
EHLERS D.H. Nuclear Physics A 221 (1974) 573-
592] became available, the Et and E» + E, distribu-
tions, recorded in the three assemblies were reinter-
preted [164].

The da/dil data were normalized to the recent
(7(n,a) evaluation of Poenitz [POEN1TZ W.P.,
Z. Physik 26S, 359-364 (1974) and private com-
munication], based on experimental results.

Fig. 1.6.1. compares the evaluated MOL-SX neu-
tron spectrum [135] with the spectrum unfolded
with this new cross-section set from the earlier
measured E. and E,+ E, distributions. It also in-
cludes the experimental Big Ten and CFRMF 6Li
spectra, deduced in the same way. The data for
MOL-XS and Big Ten result from the interpretation
of the spectra recorded in a collimated geometry,
only valid if the neutron flux is nearly isotropic or
assimilable to isotropy.

In CFRMF, no overall agreement was found be-
tween the results recorded in the nearly 4~ and
collimated detection modes, which might indicate
that the neutron flux was too far from isotropic.
As a consequence, only the 4~ detection mode can
give the right spectral shapes, reported here. More
comments, as well as the interpretation of the out-of-
centrc CFRMF measurements and the influence of the
pile-up due to the high y-dose will be published in
a common ANC-SCK/CEN report.

In the present interpretations, the accuracy of the
zero on the neutron energy scale in the E, + Ei and E,
distributions has also been improved by the inter-
comparison of the two-parameter distribution record-
ed in the three neutron fields. The other parameters
subject to inaccuracies, which appear in the inter-
pretation of the TJ results, as well as the systematics
of the "Li method itself, were discussed in a publica-
tion [326].

The international effort aiming at a better know-

TABLE 1.6.1.
Ratio of measured to computed reaction rates in three dosimetry benchmark neutron fields

Reaction

«•HJ(n,f)

M»Pu(n,f)

*'Np(n,f)

"Mn(n,n')"5In">
23|iU(n,f)

5«Ni(n,p)5»Co

«Fe(n,p)MMn
27Al(n,p)27Mg

"AHn.a^Na

B5U fission
spectrum

0.969

1.017

0.994

1.037

1.031

1.068

1.026

0.937

1.017

MOL-SS

0.991

1.017

0.966

1.015

1.044

1.139

—

1.131

1.138

CFRMF

0.979

1.017

1.007

1.074

1.089

1.093

1.061

0.985

0.994
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i—• 2 2 EVALUATE

S' ? M0L-Z3

Comparison of the evaluated AI0L-2E neutron spectrum with the neutron spectra,
Measured by means of the 6L; spectromelry technique in A1OL-SE, Big Ten and
CFRMF.

ledge of the benchmark neutron fields was also pur-
sued by the following actions.
- Activation fission foils have been exposed in MOL-

ES for a 50 h irradiation at a reactor power
of 3.2 MW; the foils were counted by HEDL,
ARHCO, ANL, ANC and SCK/CEN.

- Integral cross-sections for B'U(n,f) and MIPu(n,£)
reactions have been obtained for the first time in
MOL-ZS and the 3 'U fission spectrum.

- A series of measurements was carried out in the
NISUS facility (the UK variant of MOL-SS), to
establish practically the reproducibility of such
standard neutron fields. These measurements, using
NBS-type absolute fission chambers, show that the
spectral shape differences associated with small
design differences between the two systems are
very small and are exactly predicted by transport
theory computations.

- In co-operation with 1TN physicists, fission rate
measurements have been performed in the ITN-SS
facility at Bucarest; the fission rate ratios agree
with the corresponding data obtained in MOL-SS.
In dosimetry applications, the monitor responses

are used to determine the fluence spectrum, the spec-
trum being deduced from the monitor activities by
means of the SAND-II code. An input spectrum
obtained by calculation (and considered as a first
approximation) is adjusted to be consistent with the
monitor activities. The application of this procedure

in high flux irradiation experiments assumes that
such a procedure gives satisfactory results in dosi-
metry benchmarks. Fig. 1.6.2. (upper part) illustrates
the accuracy obtained for MOL-II: the SAND-II
solution is compared with the reference spectrum at
the centre of the facility [328]. Although further
efforts are still required, significant progress has been
made in the last two years. In the lower part of the
figure, the 90% energy response ranges for individual
monitors are shown, as presented in Dosimetry for
Fluence Applications, H. FARRAR (AI), E.P.'LIP-
PINCOTT, W.N. McELROY (HEDL), First ASTM-
EURATOM Symposium on Reactor Dosimetry, Pet-
fen, September 1975.

1.6.3.2. Development of experimental and theo-
retical techniques for the study of fast
reactor fuel irradiations in BR2
(J. Debrue, Ch. De Raedt, N. Maene, R. Me-
nil)

A survey of the experimental fast reactor dosimetry
techniques applied for the MOL 7D experiment is
given in Fig. 1.6.3. Measurements are carried out in
BR02 with a mock-up of the irradiation device to
simulate the irradiation conditions in BR2, with or
without fuel pins. The same mock-up is then loaded
in BR2 for measurements at low power. Scale factors
and extrapolation to the BR2 nominal power level
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FUEL PINS (GAMMA SCANNING)

• P.I N DIODES | Si DAMAGE)
• 6Li NEUTRON SPECTROMETER
• THERMOLUMINESCENT DOSIMETERS

ACTIVATION
FISSION AND NON FISSION FOILS

59Co(n.y)60Co
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RANGE FOR INDIVIDUAL

MONITORS
2'Al(n,p)2?Mg

27AI(n,a)2«Na. | _

is
REACTOR POWER

10°
NEUTRON ENERGY(MeV)

Fig. 1.6.2. Un/oldecl neutron spectrum (S/WD-II solution)
deduced from reaction rate measurements com-
pared with the reference evaluated spectrum for
A1OL-IS (upper part).
Energy response ranges for reactions induced in
different monitors (lower part).

result from activation of copper, cobalt and indium
in both reactors and from measurement of the 16N
activity in the primary BR2 cooling water.

The techniques in use in BR02 are those applicable
in critical facilities and dosimctry benchmarks: double
fission chaiv.bers (developed at NBS), track recorders
for relative fission density measurements radially
across fuel pins, silicium diodes as threshold detectors
for neutron doses above about 200 keV and the eLi
spectrometry technique covering the energy range
from 80 kcV up to 4 MeV.

results obtained from preparatory
for the MOL 7D irradiation have
[325]. With respect to previous

similar studies, improvements have been made in
several respects:
- flux spectral characterization: reaction rates for eight

reactions sensitive to different parts of the neutron

Most of the
dosimetry work
been published

( N ACTIVITY IN PRIMARY WATER)

BR2
N0MIMAL POWER

FLUENCE UP TO 5x 10 2 2 n.cm' 2

ACTIVATION

FISSION AND NON FISSION FOILS

FUEL PINS (GAMMA SCANNING)

GAMMA AND NEUTRON CALORIMETERS

Fig. 1.6.3. — Experimental techniques in use for the neutronk
study of fast reactor fuel irradiations in BR2.

energy spectrum have been measured; together with
the "Li spectrometry results, they allow the testing
of the validity of the theoretical calculations per-
formed by means of the DTF-1V transport code;
investigations of helium production and damage in
cladding tubes rely upon these calculations, which
are at present performed with 40 or 208 energy
groups;

- prediction of the initial fission rating and of the
fine structure of the fission density in the fuel pin
bundle to calculate the linear power in the pins
from thermal balance measurements during irradia-
tion. Table 1.6.2. displays typical experimental re-
sults;

- gamma heating: thermoluminescent detectors were
used to measure energv deposited in steel, at dif-
ferent location in the BR02 loop mock-up, near the
fuel cladding tubes and containment materials.
The MOL 7D loop has been equipped with minia-

turized monitor wires fixed in line on the hexagonal
wrapper tube surrounding the fuel pin bundle. Vana-
dium encapsulated high purity fission monitors alter-
nate with helium accumulation fluence monitors (li-
thium fluoride, boron) and with non-fission materials.
In total, twelve reactions are involved in this moni-
toring. This is an example of dosimetry application
which relies upon calibrations performed in bench-
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TABLE 1.6.2.
Fine structure of the fission density in a nineteen fuel pin bundle

Position in
the bundle

Central pin

Inner pins

Outer side pins

Outer corner pins

Total average

Fission density
from pin to pin

( ± 1 % uncertainty)

0.82 •

0.87

1.04

1.12

1.00
•

Fission density depression
inside trie pins

Pin surface |
Pin average j

1.08±0.01 -

1.11 ±0.01

1.16 + 0.01

Pin average
Pin axis

1.09 ±0.02

1.12 ±0.02

U8±0.01

marks (1.6.3.1.); it is accomplished in collaboration
with Hanford Engineering and Development Labora-
tory, and Atomics International. The fission monitors
have been extensively described [ADAIR, H.L.,
KOBISK, E.H., Nuci' Techn. 25, 2, pp 224-236,
1975] as well as the high-sensitivity helium mass
spectrometry technique [FARRAR H. IV, McEL-
ROY, W.N., L1PP1NCOTT, E.P. Nucl. Techn. 25.
2, pp 305-329, 1975].

The monitors are used first to determine burn-ups
in the irradiated fuel pins, independently of the post-
irradiation analysis of the pins themselves. In such a
device, where fuel cladding failures may occur at
some stage of the irradiation, an independent way of
measuring burn-up without interference with fuel leak
or fission product migration, is of great importance.
Moreover, as the numbers of fissions in B'U and HJPu
are equally important, burn-up values for each of
these isotopes are of great interest. Finally (and this
is an advantage of the combined measurements in
BR02 and in BR2 at low power) calibration factors
for these monitors in the actual neutron spectrum can
be determined, which include the fission product
yield variation with neutron energy.

Helium production in boron-10 is of particular in-
terest, as it constitutes the most important contribu-
tion to the total helium production in pin cladding
rvpes with relatively high boron content such as
WN 1.4970 for MOL 7D. Most of the other reactions
provide fluence data in the high energy range, which
will enable damage in the steel material to be deter-
mined. The 90% energy response ranges of the mon;-
tors are indicated on Fig. I.6.4., in accordance with
the calculated neutron spectrum at the location of
the monitors.

Results of fine structure measurements performed
in BR02 to relate the neutron flux spectra at monitor
positions and in the fuel pins are illustrated by
Fig. 1.6.5. Reactions sensitive to high energy ("'In)
and low energy (B'U and "Mn) neutrons are used
to check the validity of the theory in the determination

of burn-up, helium production and damage in the pins,
on the basis of the measurements with fluence moni-
tors. a'\J fissions in the pins are measured with foils
and represent the values averaged over the cross-
sections of pins; !'Mn and "5ln activations are
measured with wires located on the outer surface
of the pin cladding. Further checks are still necessary
to provide final data and error margins. Calculations
indicate that burn-up in the central pin, after an
exposure of 80,000 MWd.f1, would be 55% lower
than the burn-up measured with fluence monitors,
whereas helium production from 10B(n,a) would be
359b lower and damage 20 % higher.

Experience is being accumulated in the gamma
scanning of irradiated pins. An attempt has been
made to make use of the MMn activity of the cladding
in non-destructive tests for high energy neutron fluen-
ce measurements. Gamma scanning with a Ge-Li de-
tector on single fuel pins, irradiated to a burn-up
level of 72,000 MWd.f1, indicated that 1% accuracy
can be achieved. For the calibration, steel cladding
tube samples of the same batch were separately
irradiated in BR2; the fast neutron dose in the
samples was determined with Fe foils, using the
HFe(n,p)54Mn reaction. Scannings of the fuel pins
and of the cladding tubes are performed successively
in identical geometrical conditions; the cladding tubes
are filled with lead to simulate approximately the
attenuation of the 835 keV gamma's in the oxide fuel.

1.6.4. Intercomparison of experimental techni-
ques used in critical facilities
(G. De Leeuw-Gierts, S. De Leeuw, A. Fabry)

The results of interlaboratory comparisons in MOL-
SS of techniques currently applied for the measure-
ments of fission rates and ^ U capture rates in
SNEAK have been finalized, anc published in colla-
boration with GfK and RCN [162], Discrepancies
up to 5% in ^ U capture measurements, indicating
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Fig. 1.6.1. — Variation of reaction rates sensitive to low
C235^ and xMn) and high (ll57w) energy neu-
trons, from the position allocated for finance
monitors to different positions in the fuel pin
bundle of a 500 kW sodium loop.

systematic errors of this order, have not yet been
remedied at present.

Five absolute GfK fission chambers, containing
fissionable deposits of B5U, :MPu, 24(lPu, 24lPu and
!4lAm have been calibrated in MOL-II and the B5U
fission neutron spectrum.

Standardization in the application of experimental
techniques and the need for consistency with previous
results obtained in Debenelux justify the establish-
ment of links with UK laboratories especially in view
of the "BIZET" programme in ZEBRA on large
SNR cores. An intercomparison has been started of
reaction rate measurements, performed independently
in MOL-SI and in NISUS.

The application of the solid state track recorder
(SSTR) technique for determining fission rates and
(n,a) reaction rates is also a subject of intercompari-
son with U.K. Mica and plastics from the University
of Birmingham were exposed in MOL-ZI in front
of CBNM ^U, USU and M9Pu foils, and of "Li and 1ÜB
deposits. Etching and scanning were carried out at
the University of Birmingham. The aim of the meas-
urements is to compare these results with SCK/CEN
data on fission rates, and with Atomics International
(AI) data on helium production rates.

1.6.5. Fast reactor structural material cross-
section validation by one-material ex-
periments
(G. De Leeuw-Gierts, S. De Leeuw)

In the energy range of interest for fast reactors,
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differential cross-sections for steel are not known with
an accuracy better than ±30°S for capture and
± 15% for inelastic scattering. Analysing numerous
critical experiments has not significantly improved
the situation, because too many parameters can be
adjusted to reduce discrepancies between measured
integral characteristics (critical mass, reaction rates)
and corresponding calculated values. Experiments in-
volving a small number of materials (ideally one)
in simple geometrical arrangements and under well-
controlled environmental conditions are expected to
contribute to the cross-section evaluation work.

One-material experiments are also aimed at the
study of group cross-sections and of neutron transport
calculation methods applicable to penetration of fast
neutrons through thick steel structures such as reactor
vessels. In this case, irradiation test results on steel
vessel specimens have indeed to be extrapolated to
evaluate mechanical property changes in the vessel.

The experiments now under way concern pure iron.
The experimental set-up consists of a fast neutron
driver source, a spherical shell of natural uranium
placed in the centre of the 1 m cavity hollowed in
the vertical thermal column of BR1. The mean energy
of the driver spectrum can be changed by varying the
thickness of the natural uranium shell. The neutron
spectrum in the centre of the shell, as well as
the spectra, modified by the insertion of iron shells
of increasing thicknesses, are measured by means of
differential neutron spectrometers, such as proton
recoil and "Li spectrometers. The comparison of these
experimental results with the spectra computed with
different cross-section libraries, leads to the selection
of the most adequate data or to the improvement of
the group cross-section set; the accuracy of different
approximations in neutron transport calculations is
also evaluated.
Fig. 1.6.6. gives the DTF-IV 208» calculated driver

H 1cmUnat

A 1 cm Un a l+2cm Fe

• 1 cm Un a t + 3 cm Fc

* 1 cm Una,+ 5cm Fe

ENEHCT (KeV)

Fig. 1.6.6. — Computed 208-gronp DTF-IV neutron spectra at the centre of natural uranium-iron
assemblies (.uranium thichness: I cm; iron thicknesses: 2, } , 5 mid 7cm).

I * » • » id"
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spectrum (Kedak library) for the 1 cm U,ut con-
figuration and the spectra calculated for the configura-
tion with the Fe shells of 2, 3, 4, 5 and 7 cm.

In the other configurations studied, natural uranium
driver shells of 3 and 6 cm were used. Typic >1 results
are reported in Fig. I.6.7., where the ratio of the
spectra calculated for the 3 cm Unai shell, with and

without a 5 cm Fe shell, is compared with the cor-
responding experimental ratio, obtained by means of
the proton recoil spectrometers. The proton recoil
measurements being completed, the same configura-
tions will now be measured with the pLi technique
extending the energy region presently covered ( ~ 70
ktV - 1.5 MeV) down to 10 keV and up to ~ 5 MeV.

3cmUna,.! cm Ft J

3cm U„-,
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'• r li I
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1.6.7. — Modification of the central neutron spectrum due to the insertion oj a 5 cm
Fe shell inside a 3 cm Unal driver.

1.7. FAST REACTOR SAFETY AND INSTRUMENTATION
(A. Siebertz, G. Vanmassenhove, F. Matliieu*)

During 1975, the SCK/CEN programme was mainly devoted to theoretical evaluations of fast reactor
safety, to preparatory work for the MOL 7C experiment, to fuel pin failure detection by gas tagging and to
general research on instrumentation.

The long-term goal of safety evaluation work is the quantification of possible damage due to potential
accidental event sequences and of the related probabilities of occurrence. For damage evaluation, SCK/CEN,
as member of the Whole Core Accident Working Group of the European Community and in collaboration with
ULB and IVK, started the development of the multidimensional CASSANDRE code for the predisassembly phase.
This code will be integrated into a European code system and will comprise, in its ultimate version, a 3D
multigroup neutron diffusion kinetics module and a dynamic heat transfer module for an actual fuel bundle
geometry. For quantification of accidental event sequences occurrence probability, techniques for evaluating the
reliability and failure probability of engineered systems will be studied in 1976.

* EURATOM
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The MOL 7C project, carried out jointly with GfK, comprises experiments in a 500 kW in-pile sodium
loop in BR2 to investigate fuel pin behaviour in a bundle with a local flow blockage. For the first test,
scheduled to be carried out by the end of 1976, the detailed design has been finished and construction of
the in-pile section started. This test will include a steady state irradiation of a bundle of 30 UO: pins for several
days, followed by a transient safety test, initiated by interrupting the forced cooling of the local blockage region
and assuming to give rise to local sodium boiling, canning failure, fuel melting and fuel displacement.

R & D on fast reactor instrumentation was oriented towards instrumentation (thermocouples, permanent
magnet and eddy current flow meters, pressure transducers, inductive gas pressure sensors, molten fuel detectors,
delayed neutron monitors, etc.), process control studies for MOL 7C and general research such as in-pile
thermocouple drift measurements, for which an experiment in BR2 with W-Re, Pt-Rh, Cr-Al thermocouples
is being carried out.

1.7.1. Fast reactor safety evaluation
(A. Siebertz)

1.7.1.1. Principles and standards of fast reactor
safety

During 1975, SCK/CEN participated in the activ-
ities of various working groups organized by the
Commission of the European Communities.

The work undertaken by the Safety Working
Group (SWG) of the Co-ordination Committee for
Fast Reactors is particularly valuable: on the basis
of a survey of the safety strategies applied to specific
LMFBR projects in the EEC, SCK/CEN and other
organizations of the member countries have prepared
preliminary proposals of some LMFBR safety prin-
ciples, which will be discussed in the SWG. The
mandate of the SWG stresses the interest of preparing
the harmonization of LMFBR safety principles in the
E.E.C.

1.7.1.2. CASSANDRE, a multidimensional dyna-
mics code for accident analysis in the
predisassembly phase

In collaboration with ULB in the neutronic field
and with support from IVK in the thermohydraulic
field, SCK/CEN is elaborating the predisassembly
phase code "CASSANDRE" which will be integrated
in the common European core accident code system.

The final version of CASSANDRE will comprise
a 3 dimensional multigroup neutron diffusion kinetics
module and a non-stationary heat transfer module in
an actual fuel bundle geometry and with possible
coolant boiling.

The final version of CASSANDRE will strive not
only for an optimized computational efficiency, but
also for the control of the error due to the real time
dependence of the physical parameters during the
selected discretized time-steps. This means that the
final version of CASSANDRE will be not only r.
predisassembly benchmark (3D) code but also a

"routine basis" code which can be systematically used
for taking into account the actual influence of local
reactivity changes (e.g. local sodium boiling), signifi-
cant in 1000 MW(e) size reactors, on the course of
potential accidents. The improved quf.si-static method
has been chosen for spatial neutron kinetics. ULB has
developed a particularly efficient method for the time
integration, which encompasses most known methods
as particular cases and is developing associated ma-
thematical schemes for determining the time steps
as well as a posteriori global error bounds.

The first version of CASSANDRE, vhich is expect-
ed to be operational in 1977, will use a 2D neutron
kinetics module and a rather simple thermohydraulic
module, using the classical single coolant-fuel channel
in RZ geometry without considering sodium boiling.

At present, the ster.dy slate option of the neutron
kinetics module for the computation of the initial
state has been written and fully tested and the un-
stationary heat transfer module is nearly completed.

The multidimensional space energy neutron
kinetics module
(J.Devooght*, E.Mund", I.Saragocsi*, P.Dugr.oil'.e,
A. Siebertz)

Integration of the nuclear reactor kinetics equations
requires the use of algorithms having, preferably, the
property of A-stability, being given the spread of
the eigenvalues. As a quasistatic formalism is used,
any implicit method can only in practice be of the
"one-step" type in order to avoid the problems of
core storage in the computer.

The greatest reduction of computational effort will
be made by lengthening as much as possible the
"macro" time-step related to the flux shape equations
of the quasistatic method. In addition, it is desirable
to be able to "interpolate" the spectrum of the
evolution operator in that sense that the approximate

* U.L.B.
** N.F.W'.O./F.N.R.S.
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solution becomes rigorous if the initial conditions
span the space of the eigenvectors associated with
the "interpolated" eigenvalues.

On the basis of the classical problem of SCHUR-
NEVANL1NNA, it is possible to build a rational
function of A : W(A.h) such that y(h)=W(A,h)
y(o) is the approximate solution of dy/dt = Ay(t) for
t = h. In addition, jW(X.h)l < 1 for Re >. < 0 and
\X'(X,,h) = expU.h) for i=l,2..N where N is the
order of the approximation. If W is a rational function
of first degree, it is possible to interpolate at 3 distinct
or degenerate X, values. Most of the known algorithms
can be reproduced as particular cases.

This method can be applied to the amplitude func-
tion T(t) as well as to the shape function (l;(i\t) °f
the quasistatic method where the unknown flux func-
tion O is factorized according to O( t , t ) eT ( t ) i];(r,t).

In 1975, the work was undertaken in 3 areas: the
iterative solution of the coupled (T,di) system by
the Newton method, the use of extrapolation methods
of the BS [BUL1RSCH-STOER] type and the de-
velopment of an RZ multigroup neutron diffusion
routine for the solution of the shape function equa-
tions.

A detailed study of the resolution of the quasistatic
equations has been carried out. After transformation
of the differential equations into a non-linear integral
equation, the coupled (T,»M system is solved iterativ-
ely by a Newton method. The integration is made
on a microstep grid for T and a macrostep grid for ^i.
The interpolation of T and <\> on the time step grids
is made by a formalism equivalent to the choice, for
W(A,h), of a rational function of first degree which
allows interpolation at 2 eigenvalues.

In the present qnasistatic code, there is iteration
between the T,*\i variables and the thcrmohydraulic
variables (temperature feedback) but, rigorously, the
Newton method introduces additional terms the im-
portance of which can be estimated because the routine
will comprise an option with these corrective terms.

The subsystem corresponding to the quasi-singular
shape equations is an inhomogeneous one and there
is, in principle, an incompatibility between its solution
and the normalization condition <i|/\d;> — 1 of
the quasistatic method. The use of a generalized
Newton method allows the nonvalization conditions
to be fulfilled for each iteration and the convergence
to be checked by a simple criterion.

Practically any efficient extrapolation method com-
bines, via rational or polynomial expressions, the re-
sults corresponding to various time step sequences
h/n, with i = 1,2... in order to get a better accuracy.
The BS algorithm allows an estimation of the error
and therefore the choic of a satisfactory time step.
A routine has been written, tested and applied to
various problems of point neutron kinetics in order
to compare the 3 extrapolation methods which have
been studied. This comparison and the study of the

estimation of the error on vp and on O = T^ are in
progress.

At present, a 2D X/Y or R/Z finite element com-
puter programme solving the steady state multigroup
diffusion equation, has been written and fully tested:
it is an extension of the so-called C1IOLESK routire
(one group finite element diffusion programme de-
veloped at ULB). It uses bilinear, biquadratic or bi-
cubic finite element basis functions built by tensorial
products of Lagrangian polynomials of degree one,
two or three respectively, and a Ritz-Galerkin varia-
tional principle. In this programme, the nuclear data
are assumed to be piecewise constant and the material
interfaces must coincide with the mesh grid lines.
Only one prompt fission spectrum is used and diffu-
sion coefficients can be defined different for each
direction. The eigenvalue problem is solved by a
power iterative method applied to the fission source
(presently without any acceleration scheme). As far
as the source problem is concerned, the rebalancing
factor method proposed by Fowler is used to ac-
celerate the convergence of the outer iterations.

The heat transfer and coola.it dynamics mo-
dule
(M. Goldwasser)

In order to assess the importance of the various
phenomena involved and therefore choose the com-
putational models accordingly, some calculations were
made with two recently implemented static codes:
Velvet II (General Electric, 1969) and Orrible
(O.R.N.L., 1971). Those tests have clearly demon-
strated the presence of strong radial and azimuthal
temperature gradients siiifened during whole core
accidents. Consequently, preference was given to a
complete 3D unsteady description of the thenno-
hydraulics, and this represents the ultimate goal of
this work. As a first step to test different new
numerical techniques, the approach was restricted to
the pre-boiling 2D R/Z aspect of the problem.

The reactor is divided radially into thermally in-
sulated channels, whose study is reduced to that of
a single fuel pin with its associated cladding and
coolant.

At this level, two successive problems have to be
solved. For the computation of the unsteady turbulent
velocity field, the corresponding parabolic equation
is integrated through the standard Cranck-Nicholson
scheme, but with a new efficient iterative technique
to take account of the non-linear turbulent effect.
The next step is the solution of the unsteady coupled
heat convection and conduction equation involving
the fuel, clad and sodium. This double parabolic
equation is first transformed into a single parabolic
equation and the radial dependence then approximated
with a finite element Hermite polynomial interpola-
tion whose unknowns are determined by collocating
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the equation at two points in each radial interval;
finally, it is necessary to solve an initial value system,
whicli is done with GEAR (A.C. Hind-Marsh, 1974),
the most versatile routine available to day. The ad-
vantages of this general procedure are, among others,
the avoidance of empirically adjusted constants and
the consideration of the turbulent heat transfer and
of the temperature dependence of all material char-
acteristics. The writing of the module is nearly com-
pleted and first results are expected early in 1976.

Programmation standards
(G. Van Roosbroeck)

The Whole core Accident Code (W'AC) group of
E.E.C. has initiated the definition of programmation
standards in order to facilitate module interchange-
ability and thus aid the development of a common
European code system for potential accident analysis.
The general purpose is to set up a modular code
scheme using a technique called "File Independent
Calls" for the file mechanism and a technique called
"System Independent Sequencing Calls" for the com-
putation mechanism: the basic ideas originate from
the Reactor Group of the UKAEA Centre at Risley.

SCK/CEN has successfully implemented the "File
Independent Calls", after some minor modifications,
into the ASSEMBLER part of the modules.

1.7.1.3. Quantification of potential accidental
event sequences occurrence probability

The first objective is to form a team for the
evaluation of the reliability and failure probability of
engineered systems. The study of the reliability eva-
luation techniques and of the fault tree analysis
method will start early in 1976. This will be followed
later by the study of the event tree analysis method
for determining the potential accidental event se-
quences.

1.7.2. M0L7C project
(G.Vanmassenhove, A.Verwimp, Ch.Deracdt)

In collaboration with GfK, a series of three safety
experiments in an in-pile sodium loop is planned, in
order to investigate fuel pin behaviour in a bundle
under off-normal cooling conditions. The fuel bundle
is equipped with a local blockage consisting of a cage
filled with stainless steel spheres or fuel particles.
Cooling conditions in the bundle are disturbed by
interrupting an additional sodium flow through the
local blockage. Additionally, it is possible to diminish
the total sodium flow rate through the bundle.

Test run N° 1

For the first experiment, it is planned to start the

transient safety test after a steady state irradiation
period of several days. The test sequence will be
initiated by interrupting the forced cooling of the
local blockage region. This action will cause local
sodium boiling within the blockage, canning failure,
fuel melting and local fuel displacement. Although
there might be contact between molten UO: fuel and
sodium, a failure propagation to the adjacent pins is
believed to be very unlikely.

The detail design report for the first test run was
finished in July 1975.

The main data on the fuel pin bundle are sum-
marized below:

Bundle
- Number of fuel pins
- Triangular pitch
- Overall pin length

UO: fuel column
- length
- pellet diameter
- ^U enrichment 6 rods

12 rods
12 rods

- material density

Depleted UO2 blanket
- length
- pellet diameter
- material density

Cladding
- material
- dimensions

30
7.9 mm
800 mm

400 ± 3 mm
5.09 ±0.02 mm
90±l%
S0±l%
65 ± 1 %

T.D.

180 ± 3 mm
5.05 ±0.02 mm
96.5 ± 2% T.Ü.

WN 1.4970
6/5.24 mm

The fuel pins are pressurized with helium at
20 kg.cm'2.

Fuel pin failure is detected by pressure control on
five fuel pins, delayed neutron detection and by
monitoring of the sodium cover gas.

The operating conditions envisaged for the steady
state irradiation are as follows:
- maximum linear pin power 380 W.cm'
- sodium temperature at bundle inlet 380°C
- sodium temperature at bundle outlet ±580°C
- total sodium flow rate 4 kg.s"1

- bundle flow rate 2 kg.s1

The construction of the first in-pile section was
started toward the end of 1975 and by the end of
the year, the sodium pumps, the total flow meter and
the sodium-helium heat exchanger were connected.

Instrumentation

The in-pile sodium loop will be equipped with a
process control and protection system (essentially for
steady state operation) and with instrumentation
for recording fast transient phenomena.
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A total number of 78 sensors are provided. The
temperature at different locations is measured by
means of 55 thermocouples. The total sodium flow
rate is measured with a permanent magnet flow meter,
while the bundle flow rate is measured with 2 eddy
current flow meters. The pressure in the sodium and
in the cover gas volume is measured with 10 pressure
transducers. The gas pressure in 5 fuel pins is con-
trolled by 5 inductive pressure sensors. The presence
of molten fuel is monitored by 3 melt detectors.
The position of the total blocking valve and the local
blocking valve is indicated by 2 separate position
indicators.

In addition, a great number of instrumentation
devices are part of the out-of-pile equipment. This
equipment has already been in service for the MOL 7B
and MOL 7D irradiation campaigns; only slight mo-
difications have been introduced.

As fast phenomena must be recorded, the use -if
specific recording units such as magnetic tape recor-
ders and U.V. recorders is envisaged, along with more
common apparatus.

Development work

The MOL 7C in-pile section is an improved version
of the 1PSL 500 kW in-pile sodium loop. Various
additional devices have been designed and optimized
by out-of-pile tests as follows.
- Tests in a water loop have been accomplished on a

filter with niobium filling having a low pressure
drop, to be installed at the bundle outlet.

- By tests in water, the dimensions have been fixed
for a grid to be provided at the inlet of the bundle.
This grid should create a pressure loss of 1 kg.cm'2

at the nominal sodium flow rate, to simulate the
pressure drop at the bottom of the SNR fuel
elements.

- In view of the high sodium flow rate and the
high sodium temperature 'it the bundle inlet, the
difference between sodium and helium temperature
in the Na/He heat exchanger had to be increased,
and a by-pass system has been designed and optimiz-
ed experimentally.

- A valve for the throttling of the bundle flow has
been built and tested in a water loop.

- The cooling of the local blockage will be stopped
by a valve at the lower end of the central dummy
pin. Tests are planned to prove its reliability.

- Gas injected into the sodium system by defective
fuel pins should be removed. Tests in a water
circuit to optimize a degassing system have been
started.

- The high temperature thermocouples in three fuel
pins have to be connected to compensating cables.
The connection should have a small diameter and
must be reliable at high temperatures. A test pro-
gramme has been set up.

- To separate the different sodium flows (up-flow,
down-flow and by-pass), a system consisting of a
bellows and a piston seal has been designed. Tests
in stagnant sodium are under way.

- Water tests will be performed to verity the op-
timum flow distribution at the inlet of the bundle.

- Because of the large outer diameter of the test
section, the cadmium screen could not be manu-
factured according to techniques applied previously
(co-extrusion) and will be manufactured by use ot
accurately machined components.

- At GfK, different test programmes are also running.
Measurements on the temperature distribution in a
bundle of heated rods will be performed, as well
as water tests on the cooling of the local blockage
and calibration tests under sodium on an eddy
current flow meter.

Neutronic calculations
Further calculations were performed to examine

the influence of the actual local blockage constituents
(stainless steel spheres contained in a cage) on the
radial fission density distribution.

According to calculations, the antireactive effect of
the MOL 7C loop with respect to other 500 kW
sodium loops, in particular MOL 7B surrounded by
six Sills fuel elements, amounts to 3.6 dollars if
MOL 7C is surrounded by the aluminium tube, but
is practically non-existant if the loop is surrounded
by the driver fuel element of type 206, i.e. with 6
concentric fuel tubes.

To obtain the linear power rating of 380 W.cm'1,
specified, the power density in the channels imme-
diately surrounding 111 would have to be increased,
with respect to the power densitv in these channels
during the MOL 7B irradiation, by a factor 1.33 if
MOL 7C is surrounded by the aluminium tube and
by a factor 1.13 if the driver fuel element solution
is adopted.

These increased power densities in the hottest
channels correspond to maximum heat fluxes in the
fuel plates of not more than the 470 W.cnv2 authoriz-
ed when a driver fuel element is used and this
solution will therefore probably be chosen. In the
other case, although a new operating licence must be
requested, the maximum heat flux remains acceptable.

Several safety aspects of the experiment (reactivity
effect due to fuel melt-down, cadmium screen lifetime,
...) were also investigated.

Status and time schedule

In 1975, the detail design of the first experiment
was finished. The steady state operating conditions
were fixed, taking into account the target values of
flow and temperature as well as the characteristics
of the loop (pressure head of the pumps, thermal
characteristics).
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The instrumentation on the loop has been redefined
and elaborated. It was decided to provide pressure
transducers on five rods for the detection of fuel pin
failure and the delayed neutron monitoring was fur-
ther developed. Some safety instrumentation has been
added.

A great number of out-of-pile tests for the optimi-
zation and testing of different loop components has
been completed and other have been started.

The assembly of the in-pile section started by the
end of the year.

According to present schedules, the first safety
test is planned for late 1976, the second for earlv
1977, and the third for late 1977. Experiments 1
and 2 are basically identical, while some modifica-
tions, resulting from the previous experiments, could
be incorporated into the third test.

1.7.3. Fuel pin failure detection by gas tagging
(P.DcRegge, E. Zuzek*, Ch.DeRaedt)

The cover gas of the CIRCE 4 and CFC 4D irradia-
tion rigs has been sampled at the end of each irra-
diation cycle. CIRCE 4 was unloaded without indica-
tion of a failed fuel pin and monitoring of CFC 4D
proceeds normally.

Five of the six fuel pins irradiated under cadmium
screen in the MFBS 7 loop contain xenon gas tags.
At the time of the irradiation, only the relative
amounts of the isotopes l28Xe and IMXe were known
for each pin. The isotopic ratio 128Xe/124Xe increases
strongly with irradiation exposure, 124Xe having a
much larger absorption cross-section (1K.S = 3 600 ±
500 barns) than 128Xe (I,,s = 12 ± 3 barns) and
'•''"'Xe also being formed as a decay product of the
mass-127 fission product chain. For the five fuel pins
containing xenon gas tags, the l28Xe/124Xe curves were
determined by calculation as a function of the
MFBS 7 fuel bum-up in the hot spot plane, assuming
an epithermal mass-127 fission product yield of
0.15% and a gas release from the pellets of 20%.

As mentioned in § 1.3., fission product activity
was detected in the cover gas of the MFBS 7 loop
at about 47,000 MWd.t'1. A gas sample, collected
on a cooled charcoal filter, and then purified and
analysed by mass spectrometry, yielded a l2SXe/124Xe
isotopic ratio of 6.9. The calculated isotopic ratio for
47,000 MWd.t1 amounted to (7.3 + 0.5) ± 0.8 for
the S5 fuel pin with initial isotopic ratio l28Xe/124Xe
= 3.71. The second highest calculated isotopic ratio
12SXe/mXe only reaches (4.9 + 0.3) ± 0.5, for the
pin S6 with initial i2SXe/124Xe isotopic ratio 2.61.

All other isotopic ratios also consistently indicated
failure of fuel pin S5. Additional samples were taken

during the further irradiation of the loop and it was
shown that the lighter xenon isotope fraction con-
stituting the tag gas was gradually decreasing with
respect to fission product xenon. Constant values for
the isotopic ratios were however obtained, which
strongly supports the thesis of one single failure.
From further analysis of the results, the release of
fission gases from the fuel was estimated to be 32%.

An optimal strategy for the gas tagging of up to
18 fuel pins has been designed by locating the gas tag
isotopic ratios on the nodes of a 6X6 matrix, in the
^Kr/'^Kr-'^Xe/'^Xe plane, which is curved upwards
in the third dimension by an appropriate choice of
the ratio s3Kr/il"Kr. In order to evaluate the pro-
bability of identification of multiple failures, the
density of lines connecting two nodes has been cal-
culated. Several distributions were tested by a random
experimental point generator. For the optimal strate-
gy, the experimental point was found to be within
1% of a line connecting two nodes - thus identifying
unequivocally a pair of simultaneous fuel failures -
in about 809b of the cases. In the remaining cases,
a distinction between several pairs of failed pins was
easily obtained by measurements of a fourth isotopic
ratio l2sXe/'2"Xe. The fourth isotopic ratio can be
introduced without additional cost for the tag gas
preparation and the analysis.

An apparatus has been designed and constructed
for the accurate blending of noble gases in order to
prepare a set of tags distributed in an optimal pattern.

1.7.4. Instrumentation

1.7.4.1. Investigation of thermocouple behaviour
See § 5.4.4.4.

1.7.4.2. Specific instrumentation proble.ns
(R.Meier*, F. Mathieu*)

Fuel melting may occur during the coolant flow
blockage tests in the MOL 7C loop; a device has
been developed to detect the presence of molten fuel
in the lower part of the loop and to shut down the
reactor.

1.7.4.3. Early warning of reactor malfunction
(F. Mathieu*, R.Meier*, A. Siebertz)

The main activities in this field were:
- software development and updating of the peri-

pheral equipment of the Fourier analyser: digital
frequency synthesizer, plotter, control of an electric-
al power conditioning unit, programming of a multi-
function process controller;

I AHA trainee * EURATOM
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extensive testing and evaluation of the operational
characteristics of a computer controlled 110 kW
electrical power conditioning unit;
experimental evaluation of the performance of elec-
trical high flux heaters to be used on the H4 water
loop for the generation of thermal perturbations;
conception and elaboration of the drawings of a

boiling detector based on the mechanical resonance
of a hollow cylindrically shaped volume (version for
H 1 water loop);

- conception and elaboration of the drawings of a test
section for the H4 water loop specifically designed
for the investigation of the propagation of thermal
perturbations in loops.

1.8. SODIUM COOLANT STUDIES
(M. Soenen)

Sodium loops Na2 and Na3 have been operated for uniaxial creep tests under dynamic sodium and for
endurance campaigns on prototype core and blanket assemblies.

By the end of 1975, the Na2 and Na3 loops totalled 66,274 and 21,814 h of operation respectively,
mostly at temperatures exceeding 600°C.

In 1975, the Analytical Sodium Loop (ASL 1) was put in operation. During preliminary runs, particular
attention was paid to the evolution of the concentration in sodium of various impurities. By the end of the
year, very low oxygen ( ~ 2 ppm) and carbon (4 ppm) impurity levels were obtained; the operating temperature
was increased from 400°C during the first runs to about 640°C. Preparatory actions were taken to install
various on-line impurity monitors, affecting corrosion and mass-transfer phenomena in sodium.

Carbon activities in the Na2 and Na3 conditions were determined using monitor alloys such as
Fe-12\vt.%Mn and Fe-8\vt.9bNi.

A laboratory is now being equipped for sodium-tritium studies.

1.8.1. Operation of the sodium loops
(M. Soenen, G. Geboers, R. Oris, J. Dekeyssr,
G. Vanmassenhove)

1.8.1.1. The Na2 sodium loop

During 1975, 6 campaigns of uniaxial creep tests
in dynamic sodium (700°C, 4.5 m.s') were perform-
ed in the Na2 loop (see § 1.4.). There were 4 cam-
paigns on ferritic steels and 2 campaigns on austenitic
steel (WN 1.4970).

The following works were performed on the loop:
- renewal of the cold trap after*60,000 h operation;
- replacement of two defective heating rods on the

main heater, operating at 700°C sodium tempera-
ture;

- replacement of the inlet sodium valve on the sodium
sampling system due to a leaking bellows;

- replacement of the plugged dumpline of the carbon
meter;

- renewal of the lip flanges on the creep units for
sample replacement;

- installation of a by-pass between the cold trap and
the main pump inlet to obtain a better degassing
of the system;

- installation of a device to test thermocouple clad-
ding interactions with sodium;

- replacement of defective carbon meter probe.
Certain operating difficulties have been encounter-

ed, such as:
- a minor sodium leak at a mechanical seal for the

sodium sampling;
- a more serious leak on a cracked conical piece in

the piping connecting the expansion tank to the
main circuit;

- variations of the Na level in the creep units during
normal operating conditions; as the by-pass installed
between cold trap and pump inlet did not give
satisfactory results, a more constant sodium level
was obtained by isolating the purification circuit
from the main circuit.
Statistics i elated to the operation of the Na2 loop

during 1975 are shown in Table 1.8.1.

1.8.1.2. The Na3 sodium loop

As mentioned in section 1.3., the Na3 loop was
operated for endurance tests on Mk la core and
blanket reference assemblies for SNR.

The nominal loop conditions were:
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TABLE 1.8.1.

lanuarv
February
March
April
Mav
I une
July
August
September
October
November
December ,

Total working hours
Total working hours

WORKING

Working

0-599

148 :
4

96
180

—
—
137
25

199
143

1975:
at the end of

HOURS LOOP Na2 -

hours at temperatures (c

600-699 i

3
2

31
5
9

—
—
10
1

83
25 ;

1975:

1975

C)

700

502
530
188
278
735
720
744
522
363
470
127
218

Total per
month (h)

653
536
315
463
744
720
744
522
510
496
409
386

6,498
66,274

temperature : 600°C
Na flow: assembly C4: 17 kg.s"'

assembly B4: 5 kg.s1

The test was started on 26.11.74 and lasted for
3000 h ending on 18.04.75.

After inspection and reloading of the blanket as-
sembly B4 on 20.12.74, the test was continued with-
out difficulties. Hydraulic characteristics were simul-
taneously measured for C4 and B4 at sodium tem-
peratures of 300, 450 and 600°C arter 1500 h and
3000 h of operation.

After unloading from the loop, vacuum distilla;:->n
and cleaning with alcohol and water, the assemblies
were transported to BELGONUCLEA1RE for further
examination.

After the C4-B4 endurance test, the test channel
three was adapted to install the test section for the
study ol turbulent heat transfer in sodium in con-
centric tubes (see § 5.4.4.).

A first orientation run with this test section was
started in November 1975. Analysis of the first re-
sults indicated a possible small sodium by-pass flow
between the inner and outer tube of the test section,
which however did not give rise to special difficulties
lor the operation of the test section.

Test runs have been made at different temperatures
and sodium flows in order to collect more informa-
tion about the thermal behaviour of the loop and to
predict better the operating conditions.

Preparations have been made to replace the electric
motors with associated mechanical speed regulators
for the main cooler fans by electric motors with
variable speed.

Table 1.8.2. gives the operation statistics of the
Na3 loop for 1975.

1.8.1.3. The ASL1 loop

An Analytical Sodium Loop (ASL 1 ) has been
designed and installed. It is used lor studies of mass
transfer phenomena in sodium, and for testing and
development of various on-line monitors for impurity
control.

The general description and main characteristics
have been given in the previous annual report [140].

The construction of the ASL 1 loop was finished
in April 1975. During the first five runs (6.5.75-
11.7.75), the sodium was purified by hot dumpin»
and refilling at a filter temperature of about 125°C.
During this period, the loop was operated as close as
possible to the isothermal conditions with a maximum
sodium temperature not exceeding 400°C. No use of
the cold trap was made during the first runs.

Evolution of the sodium purity is followed by the
plugging meter and chemical analysis of many sodium
samples. For the sixth run (14.7.75-15.9.75), the
cold trap temperature was progressively lowered to
120cC; at that temperature, no plugging could be
detected. During the seventh run, which started on
8.10.75, the sodium temperature was increased for
the first time to values higher than 400°C. The
highest temperature reached in this run was 675°C.
After some sodium sample removals with the same
sample taker, dilliculties were encountered with the
helium leaktightness of the mechanical joint on the
sampling system. A new design was therefore made
with thicker flanges.

At present, the on-line monitors with their in-
strumentation circuits are being prepared for installa-
tion of at least one carbon meter in the hot section
of the loop. Afterwards, two other types of on-line
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TABLE 1.8.2.

j

Januar}'
February '
March
April
Mav
lune
July i
August
September ;
Ortober j
November
December

Total working hours
Totiil working hours

0-399

34

161
—
•0

—
—
—

5
19S
—

1975:
at the end

WORKING HOURS

Working hours at

400-499 i

26

137
—

: 4
— i

—

—

• 2
64

1
i

of 1975:

LOOP Na3 - 1975

temperatures (CC)

500-599

13 j
— t

2
—

322
__
—
—.
65

—

600-699

744
599
744
408
—
—
—
.—
—
24

__

—

Total per
month (h 1

744
! 672

744
70S
—
336
—
—
—
96

262

—

3,562
21,814

monitors will be installed in the hot section ot the
loop, as well as a hydrogen and possibly an oxygen
monitor in the cold section.

Statistics for the operation of the ASL 1 loop
during 1975 are shown in Table 1.8.3.

1.8.2. Sodium chemistry and mass transfer stu-
dies

1.8.2.1. Sodium chemistry and analyses
(F. Lievens, C. Parmentier)

Analytical sodium loop

During the start-up period, the many sampling

possibilities of the ASL 1 loop were used to charac-
terize the sodium as completely as possible and to
follow its purity evolution. A stepwise purification
of the loop and its sodium content was obtained by
five test runs at uniform temperature, without the
cold trap in operation and carried out according to
the iollowing procedure:
- the loop is filled with sodium from the dump tank

at 125°C;
- the loop is then run under isothermal conditions at

400°C; samples are taken and the plugging temper-
ature is recorded;

- the sodium af the loop is dumped at 400cC and
allowed to cool in the dump tank.
The informations obtained during these first five

runs arc summarized in Table 1.8.4.

TABLE 1.8.3.

WORKING HOURS

Month

Mav
June
Ji.lv
August
September
October
November
December

Working hours at

0-399

10
7
9
1

—

4
—
—

400-499

400
315
591
743
350
545
658
634

Total working hours 1975:

LOOP ASL 1 - 1975

temperatures (°C)

500-599

—

25
62
31

600-699

—

79

Total per
month (h)

410
322
600
744
350
574
720
744

4,464
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TABLE 1.8.4.
Sodium characterization durum the start-up oj the ASl. 1 loop

Period

Run

Plugging temperature (°C)
Oxygen (ppm)
Total carbon (ppm)
Carbide (ppm)
Carbonate (ppm)

6-7.5.75

1

; 310
1 13.8

15.1
<.5

! <-5

13-29.5.75

2

280
8.6
7.1

<.5
<.5

15-23.6.75

3

190
12.3
5.3

<.5
<.5

! 26.6-4.7.75 j

•» i

: iso i
6.7

! 6.0
1.7

<.5 I

9-10.7.75

5

165
3.S

17.3
<.5
1.6

The plugging temperature during the first and
second runs did not agree with the oxygen concentra-
tion determined chemically. Using the Eichelberger
solubility relation ]og(OPPi„) = 6.239 — 2447/T,
13.8 ppm corresponds to a plugging temperature of
207°C and 8.6 ppm to 188°C. As such disagreement
cannot be attributed to errors in the measurements,
the plug must therefore be related to other impurities.
Hydrogen is likely to be important but was not
measured chemically. For the 3rd, 4th and 5th runs,
satisfactory agreement was found between the plug-
ging temperature and the oxygen content chemically
determined.

During the 6th run, the loop was purified by pro-
gressively lowering the cold trap temperature to
125°C. Below 145°C. it was no longer possible to
detect plugging; the sodium purity obtained was
better, with oxygen concentration values just below
1 ppm, and a total carbon concentration which re-
mained at a mei'n value of 4 ppm.

After this purification step, the operating tempera-
ture of the loop was increased from 400°C to 639CC.
The higher temperatures were maintained over periods
of 24 h, with the cold trap isolated in order to
accumulate the impurities from the loop material.
The information obtained is given in Table 1.8.5.

The carbonate concentration is obviously a con-
tamination. The increase of oxygen concentration ob-
served at 500°C is probably due to a cleaning action
of the sodium on the stainless steel of the loop, and
is therefore a transient phenomenon.

The total crrbon concentration shows a decrease
above 500°C, probably related to carbon pick-up by
the stainless steel of the loop. Additional data are
required to draw conclusions about the origin of
carbon chemical states absent at temperatures below

40CPC, but detected when the sodium is heated above
500°C.

Analytical methods for sodium characteriza-
tion

The analytical methods for the determination of
various chemical states of carbon in sodium have been
improved by including the carbonyl and other carbide
forms. Carbonyl is obtained together with hydro-
carbons after hydrolysis of the sodium sample. After
separation, carbony] is measured manometric.illy with
a detection limit of 1 ppm. The hydrocarbons are
collected and analysed by gaschromatography. All
carbide forms from C: to C„ may be measured, down
to 0.01 ppm.

1.8.2.2. Development of on-line sodium impurity
monitors

1.8.2.2.1. Diffusion type carbon meter
(F. Casteels, G. Gebcers)

The diffusion type carbon activity meter, with a
dry Ar-5%Il2 carrier gas has been operated on the
Na2 loop with a background carbon activity of about
lxio-4.

The amount of methane present in the Ar-59bHi
carrier gas was measured as a function of the tem-
perature of the ARMCO sensor, the flow rate of the
carrier gas and the operation conditions of the loop.

The response of this carbon meter will be correlat-
ed to the carbon activity determined by calibration
of foils (see 1.8.2.3.) and results on the carburization-
decarburization kinetics obtained during creep tests
on dispersion-strengthened fcrritic steels (see§1.4.4.).

TABLE 1.8.5.
Sodium impurities jor the ASL I loop operating at temperatures above 400°C

(All values in ppm)

Temperature (°C)

Oxvgcn
Total carbon
Carbides
Carbonvls
Carbonate
Cyanide

400

1.4
11
3.5
1.2

20
<0.01

486

1.7
5.8
2.7
2.6
0.7

<0.01

535

7.49
3.3
5.0
1.2
5.2

<0.01

576

4.89
4.0
2.3
1.3
2.7
0.05

639

2.1

0.5
0.5
1.8
0.44
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1.8.2.2.2. Hydrogen free carbon activity meter
(F. Casteels, R. Van de Cruys)

The gas analysis circuit of the hydrogen free carbon
activity meter has been calibrated and the background
has been determined.

The FID apparatus has been calibrated using
Ar-5<roH2 and Ar-5?6H:-20.5vpmCH... The back-
ground of the gas analysis circuit is about 0.01 vpm
CH4 and the conversion factor of CO to CRi on the
ruthenium-alumina catalyst (at 320°C) was found to
be more than 99%.

The 0.25 mm thick ARMCO sensor will be installed
on the ASL 1 loop and connected to the calibrated
gas analysis circuit. The sensor will be exposed to
liquid sodium in the temperature range between
550cC and 700°C.

1.8.2.3. Carbon activity measurements in dynam-
ic sodium by equilibration of monitor tabs
(F. Casteels, H. Tas)

Carbon activities in the Na2 and Na3 dynamic,
non-isothermal sodium systems have been determined
using an equilibration method. Thin foils (60 u.m
to 200 urn) of Fe8\vt.9b Ni, Fe 12 wt.% Mn and
Fe 18 \vt.9b Cr 8 wt.% Ni with a low carbon content
are exposed for 206 to 625 h to dynamic liquid
sodium at 560°C to 650°C and a mass flow between
0.15 l.s'1 and 0.31 I.s"1. The carbon content of the
foils was determined after combustion and hot ex-
traction. The corresponding activities were calculated

using the relationship derived by Bodsworth and
Natesan.

After sodium exposure, the foils were cleaned in
methanol. then ethanol and finally rinsed in distilled
water prior to metallographic, microprobe and che-
mical analyses.

The results obtained are presented ;n Table 1.8.6.
The most interesting results were obtained in the
Na2 loop. Very good agreement was found between
the results obtained with the homogeneous Fe-8Ni
and Fe-12Mn tabs, whereas the carbon activity de-
rived from the carbon uptake of the Fe-18Cr-8Ni
foils was somewhat lower. This might be due to
the fact that equilibrium in this two-phase alloy is
reached more slowly. It has been found that Fe-12Mn
lost substantial amounts of Mn and picked up Cr.
The Fe-8Ni monitor alloy displayed a two-phase
structure after sodium corrosion due to thermal de-
composition of the homogeneous y structure in a
two-phase (a + y)' structure.

1.8.2.4. Sodium-tritium studies
(M. Monsecour, P. De Regge)

The former IRE tritium laboratories have been
equipped for the study of tritium-sodium and tritium-
lithium equilibria.

A monitor is under construction for continuous
measurement of tritium in the primary sodium coolant
of fast reactors. Its operating principle is based on
tritium diffusion through a nickel membrane und
isotopic exchange with a hydrogen compound, carrying
tritium to the radiation detector.

Loop

Na2

Na3

Monitor foil
(60 [im)

Fe-12 wt.% Mn
Fe-12 wt.%Mn

Fe-18wt.%Cr-8\vt.%Ni

Fe-12 \vt.%Mn
Fe-3 wt.% Ni

Fe-18 wt.% Cr-8 wt.% Ni

17VBLE l.S.6.

Exposure conditions I

Temperature
(°C)

560
570
560

600
600
600

Duration
(clays) I

13 1
26
13

11
11
11 i

Carbon activity
(10-1)

8.6
5.5

0.63 to 1.11

9.8
9.8
5.15
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Chapter 2

GAS COOLED REACTORS

INTRODUCTION

For the development of high temperature gas cooled reactors (HTR) and gas cooled fast breeder reactors
(GCFR), experience is available from Magnox reactors [more than 8,000 MW(e) installed], AGR plants,
the DRAGON [20MW(th)] and AVR [15MW(e)] test reactors, the THTR prototype [300MW(e)] being
built at Schmehausen and the American HTR stations Peach Bottom [40MW(e)] and Fort-St.-Vrain
[300MW(e)], as well as from conceptual design studies and research programmes by various industries and
research centres in an international framework (Gas Breeder Reactor Association, Nuclear Energy Agency,
DRAGON Project, etc.).

Despite serious difficulties (delays in construction of Fort-St.-Vrain, cancellation of orders for 6 HTR
units which General Atomics had in negotiation, uncertainties about the future funding of the DRAGON Project
and the decision to discontinue the GBRA studies), gas cooled reactors are still considered to be competitive
for electricity generation at high efficiencies and for process heat applications. SCK/CEN is therefore maintaining
a limited programme, concentrated on helium coolant technology and irradiation experiments in BR2, in
collaboration with KFA-Jiilich and within the framework of the DRAGON Project.

2.1. GAS COOLED FAST REACTORS

Apart from minor contributions to conclude GBRA studies and to the NEA-OECD co-ordination efforts,
the SCK/CEN programme was focussed on the GSB experiment in collaboration with KFA-Jülich. This
experiment consists of a bundle of 12 vented UO2-P11O: fuel pins in an in-pile helium loop, to be loaded in
the peripheral H4 channel of the BR2, and aims at investigating the behaviour of the fuel bundle, pins and
components, including the venting system.

In 1975, the main loop was constructed and most of the auxiliary units, including equipment for loading
and unloading of the fuel element, have been completed. Start of the irradiation is scheduled for August-
September 1976.

2.1.1. Participation in the Gas Breeder Reactor tions from eight European countries.
Association (GBRA) SCK/CEN has delegated a staff member to this
(Ph. Van Asbroeck) association on a part-time basis, the area of interest

being fuel and materials problems. During the first
The GBRA comprises industrial firms and organiza- six months of 1975, the GBRA completed different

BLG 515/76 2-1



studies concerning the 1200 MW(e) fuel pin reactor
(GBR 4) design description, safety and capital cost
analyses.

The SCK/CEN contribution to these studies in-
cludes a review of the fuel and materials problems
[24] supported by a series of technical reports [15.
23, 25].

The main conclusions of these studies are as
follows:
- the GBR is a feasible and basically simple concept,

utilfcing existing technologies;
- it could be made safe without sizable economic

penalty;
- in the present stage of design, it looks already

competitive with thermal reactors;
- it seems an attractive concept for reducing uranium

ore consumption, particularly in the long term;
- it requires limited R & D effort;
- owing to the gaseous, inert and non-radioactive

nature of the coolant, it is reasonable to forecast
good accessibility for maintenance and repair, and
therefore good reliability.
There is a considerable body of experience on gas

cooling in Europe. On the other hand, the prospect
of an early uranium shortage is now drawing attention
to the need for commercial breeder reactors to sustain
energy production growth. As the gas cooled breeder
reactor offers a good prospect of achieving the desired
breeding performance, it merits attention on a short
timescale if it is to be an insurance for guaranteeing
breeding as a LMFBR back-up solution.

By June 1975, the first objective of the GBR aims
was fulfilled, this being the study of the different
feasibility questions related to the concept, before
starting the construction of a demonstration plant
and its industrial development programme.

A new phase of GBR activity is now starting, with
personnel reduced to the project leader; the support
of European countries is however being kept. The
appraisal by the European Commission of the situa-
tion of gas cooled reactors in the Community in 1976
is now envisaged, in order to make suitable recom-
mendations for a European GBR Development Pro-
gramme.

2.1.2. The "GSB" experiment
(G. Vanmassenhove, P. Vanderstraeten, R.
Oris, J. Debrue, Ch. Deraedt, L. Fouarge, N.
Maene, R. Menil)

An in-pile helium loop is being constructed for the
irradiation in BR2 of fuel for gas cooled fast breeders.
The purpose is to investigate, in close co-operation
with KFA, the irradiation behaviour of fuel bundles,
pins and components, including the fuel pin venting
system.

The in-pile section will be loaded in peripheral

channel 114 of the reactor. The 98 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 fuel bundle itself has 12 fuel pins of
8 mm OD. with a UGvPuO; fissile length of 600 mm
and a total length of 1218 mm. Irradiation specifica-
tions are: 500 W.cnv1 linear power, 700T. cladding
temperature, 61 atm helium coolant pressure, 60,000
to 100,000 MWd.r1 burn-up.

During 1975, the SCK/CEN contributions were
concentrated on the following areas.
- The main loop was completed. Tine commissioning

tests on the different components will be performed
in April 1976, pressure and leak tests having been
already partially done. The main loop is ready for
the piping insulation works and for the electrical
connection to the main control panel.

- Most of the auxiliary units have been connected to
the loop: the purification unit, the leakoff detection
system, the plate out system, the helium gas supply
compressor, the SPAGS, decay tanks and the water
cooling circuits.

- The equipment (2 units) for fuel element loading
and unloading in the in-pile section, has been finish-
ed. Tests performed to investigate the loading and
unloading of a fuel bundle (by means of a dummy
closure plug), gave satisfactory results. The un-
loading system of the central tube of the "GSB"
loop with the fuel transfer device has to be further
investigated, due to a too high radiation level during
the unloading.

- An extensive reactor physics programme was carried
out in BR02, combined with neutron calculations,
to assess the power density distribution in the fuel
bundle in order to establish a link between the
fission power density in the hottest pin and the
total power of the loop, the contribution of the
gamma heating in the pins and in the structural
materials being taken into account. Moreover, an
estimate had to be made of the axial maximum of
the average power density in the pins versus the
neutron flux and the power density in the adjacent
channels. A mock-up of the loop containing twelve
UO2 pins was used for the measurements.
To determine the fission power distribution en-
riched uranium foils and makrofol solid state track
recorders were irradiated between selected pellets.
The fissile foils were calibrated with an NBS fission
chamber (see §1.6.3.2.). The power distribution
over the pins was obtained by gamma scanning of
the UO2 mock-up pins. Bv combining these results
with the output of DTF-IV calculations, performed
both for UO2 and for UCVPUCN fuel, the power
distribution over the UOj-PuOi pin bundle could
be deduced. The power distributions in the UO2
and in the UOj-PuOi fuel pin bundles are indicated
in Fig. 2.1.
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CENTRE OF REACTOR MATRIX

PuO? PIN (enrichment : 7 5 V . U 2 :

UO?-PuO? PIN ( enrichment: 93V. U
235 pitch: 11.1mm

Pu
Pu*U

= 15V.

Fig. 2.1. —Relative fission power distributions in the UO-, and U0-,-Pi<0-, fuel pin bundles
in the GSB helium loop.

The gamma dose rate in the hottest plane was
measured by inserting thin (0.13 mm) thermo-
luminescent detectors (ISOTOPES/CON-RAD D-
LiF-7.13) sandwiched between steel platelets and
by mounting a dummy casing tube in the mock-up
of the loop.
The study was supplemented by a comparison with
the calibrations of the MFBS 7 and MOL 7D loops
as a function of the incident unperturbed flux.
Moreover, DTF-1V calculations were performed to
determine the relative fission densities in MFBS 7
and in the GSB helium loop. Thus it became pos-
sible to estimate the BR2 power level needed to
obtain the nominal fission density and to prove the
compatibility with other experiments.
Before the start of the irradiation in BR2, a low
flux run with a mock-up of the loop will be per-
formed to check this estimate. The calibration is

based on the countings of activation detectors loca-
ted in the empty mock-up both in BR2 and BR02.
The linear power density was also studied with the
fuel pin bundle in the raised position (800 mm
above midplane). The measurements showed that
the power level in this position remains below the
permitted limit of 10 W.cm"1 at nominal reactor
power, which confirms previous calculations.
According to the present programme, experiments

in BR2 will start in August-September 1976, in fol-
lowing sequence:
- a first irradiation for one BR2 cycle with a dummy

fuel bundle for loop testing;
- a second campaign for two BR2 cycles with a UO:

fuel bundle followed by cooling for one cycle, to
calibrate neutronic features and to test the fission
gas venting system;

- the long-term experiment with a UO2-PuO: bundle.
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2.2. HIGH TEMPERATURE REACTORS

As BELGONUCLEA1RE decided to slow down its programme on HTR fuel, SCK/CEN support was
reduced to limited work on current fuel fabrication campaigns and post-irradiation services.

For out-of-pile helium purification and corrosion tests, especially at high temperatures (exceeding 1000°C)
and pressures (up to 70 kg.mm3), the helium loop "He 1" was put into operation in December 1975.
Preliminary test runs have indicated that it is possible to obtain higher flow rates than expected and that the
moisture and oxygen contents can be lowered to vpm levels.

With regard to irradiations in BR2, various experiments on behalf of the DRAGON Project and KFA
were continued; moreover feasibility and project studies were performed for new irradiation devices of the
MOPS type, for simulating fuel irradiation in a pebble bed reactor and for a 400 to 500 kW in-pile helium
loop to test "block" type fuel elements of representative geometry.

2.2.1. Fuel development for high temperature
reactors

The SCK/CEN programme has been limited to
support and manufacturing campaigns within the
framework of the industrial programme, which com-
prises fabrication campaigns and irradiation experi-
ments carried out in co-operation with various or-
ganizations and oriented towards the elaboration of
reliable fuel specifications.

2.2.1.1. Fuel fabrication
(J.Vangeel, G.Bomberna, L.Aerts*, M.Gau-
be*)

All current fuel fabrication campaigns have been
concluded.

The IS needed pins for the Pu lead experiment
were successfully fabricated and tested, and were sent
to the DRAGON Project (Winfrith) in August 1975.

In view of the end of the HTR fuel fabrication
programme, the laboratories have been put in "stand-
by" condition.

A report describing the laboratories for uranium
and Pu bearing fuel is being prepared.

All technical information concerning the 15 years'
HTR fuel fabrication experience gained at SCK/CEN
has been filed.

2.2.1.2. Irradiation experiments and post-irradia-
tion examination
(M. Gaube*, J.M. Thomson", C. Van Loon,
J. Ketels, D. Huys, R. Boden, P. De Regge,
J.VanDeVelde)

Details of the complete HTR fuel irradiation pro-
gramme are given in the BELGONUCLEA1RE annual
report.

Table 2.1. gives a survey of the present state of

BELGONUCLEAIRE

the irradiation and post-irradiation experiments.
The review given below concerns the irradiation

and post-irradiation examinations carried out at SCK/
CEN, more particularly the BR2/VC experiments
within the framework of the EURATOM sponsored
programme in BR2 and HFR, and the DRAGON/
Met V irradiation.

BR2/VC 3
The purpose of this experiment is the study of the

behaviour of different types of particles irradiated at
U00°C.

The post-irradiation examinations, carried out at
Petten, have been terminated during 1975.

The results may be summarized as follows:
- the 9% enriched particles showed a very satisfactory

survival rate despite the high dose and burn-up
achieved, e.g. 3.55 X 1021 n.cnv2 DNE and 16.8%
F1MA;

- the 3 % enriched fuel irradiated in the low heavy
metal loading compacts, did not show any significant
damage, but those irradiated in the high heavy
metal loading compacts suffered very much from
the large distortions of the macroscopic temperature
distribution: amoeba attack, leading to particle de-
struction, could be observed on many ccramographs;

- the 0.4% enriched particles showed less damage
than the 3 % enriched particles; only a few pyro-
carbon coating ruptures could be noticed.

BR2/VC 4

In order to investigate the mechanical interaction
between fuel compacts and an inner graphite spine
of the tubular interacting fuel element design, three
series of three BELGONUCLEAIRE compacts with
different gaps leading to different degrees of inter-
action have been irradiated up to a dose of 2.54 X 10"'
n.cnv2 DNE and a burn-up of 4.6% FIMA; the irra-
diation temperature was 1100°C.

2-4 BLG 515/76



TABLE 2.1.
Irradiation and post-irradiation experiments lor the HTR fuel programme

Reactor

BR2

HFR

HFR

HFR

DRAGON

Experiment

VC05

E-96-2
(900°C)

E-9S-3

Small
compacts

M.T. LET

DRIVER 11
(U)

INTER 1

INTER 2

M.H.G.B. 1A

M.H.G.B.2A

MET VI

Pu Lead
Experiment

End of
irradiation

End 1976

Post-irradiation examination
(Place and period)

1975 1976 1977

Pet ten

Petten

Petten

End 1976

April 1976

End 1976

June 1977

End 1977

June 1977

DRA

DRAGON

Ispra
GON

Ispra
DRAGON

Petten

DRAGON

1978

DRAGON

DR

DRAGO

AGON

DRAGON

The calculations performed by BELGONUCLEAI-
RE and the post-irradiation examinations carried out
at Petten indicated that:
- the U.T.S. of the compacts is in the range of 50

kg .cm"2;
- generally, the rupture does not lead to particle

breakage;
- no significant variations of temperatures and heat

split between the two coolant surfaces are to be
expected in a Tubular Interacting Fuel Element
after the rupture of the compacts.

BR2/VC 5

This experiment, for the comparison of the behav-
iour of methane and propane coated particles irra-
diated at 1300°C, was unloaded in April 1975 after
having reached a fast neutron dose of 6.36X102'
n.cm"2 DNE and a burn-up of 1396 FIMA (for the
5% enriched particles).

The post-irradiation examinations, carried out at
Petten, confirmed the better behaviour of the propane
coated uranium particles.

The destructive post-irradiation examinations will
be continued during 1976.

The visual examinations of the trays containing
plutonium particles of type D, e.g. PuO:/20C, irra-
diated by mistake at 1300°C, to a neutron dose of
6.36 XlÖ21 n.cm"2 DNE and to a burn-up of about
909b FIMA, revealed that all the partic.'es but two

had exploded under these far too severe irradiation
conditions.

DRAGON/Met V

The Met V experiment is a high temperature conted
particle experiment sponsored by the DRAGON Pro-
ject with the participation of DRAGON, UKAEA,
BELGONUCLEAIRE and CEA.

The post-irradiation examinations on Met V (3),
carried out at LMA and Ispra, have confirmed the
results of Met V (1) and Met V (2):
- the behaviour of the plutonium particles with diluted

kernels or concentrated kernels of low stoichiometry
strongly depends on the irradiation temperature,
1300°C being a limit above which their performance
is not satisfactory;

- the uranium particles irradiated under the same
conditions did not show any damage.
The study by microprobe analysis of the composi-

tion of a kernel of an irradiated plutonium particle
is under way at LMA.

For destructive burn-up determinations of the
DRAGON/Met V fuel, dissolution of the samples
has it-en tried successively in several acid mixtures:
nitric acid 8N dissolves only 309b of the Pu, the
major fraction being dissolved in ION HNO3 - 0.1 N
HF. The remaining residue, still containing 3-109o
Pu, is barely attacked by a 5N HC1 - 5N HBr -
0.1 N HF mixture, but is dissolved in molten KOH-
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KNO<: this is followed by neutralization with H:SOj.
A good correlation has been observed between the
fractional 144Ce activity in the residue and the frac-
tional Pu content, so the Pu content of undissolved
residues can be estimated by gamma-ray spectrometry.

The U, Pu and Nd fractions have been separated
and purified for isotopic analysis and concentration
determination by mass spectrometric isotopic dilution.

2.2.2. Helium loop "He V
corrosion tests
(A.Falla)

for purification and

As described in the previous annual report [140],
the helium loop ] le 1 was designed for out-ol-pile
purification and corrosion tests, and also for special
high temperature studies.

The loop consu uciion was continued during 1975
and the various gas analysers were commissioned.
A gas Chromatograph measurement procedure was
improved to reach a detection threshold of 0.2 vpm
of the major impurities ((X Ni. CO, CO2, CH4 and
Ne).

The four major components of the loop are the gas
circulator and vacuum unit, the purification unit, the
impurity measurement and gas Chromatograph console
with a gas recuperation system and finally the equip-
ment for impurity make-up and level control. They
were completed in December 1975 (see Fig. 2.2.)
and the gas circulator and vacuum unit were put
into operation tor a long duration (3 to 4 months)
reliability test. Meanwhile, operation of the purifica-
tion and the impurity measurement units will be
started to reach impurity concentration levels below
1 vpm.

During the pre-operational tests, it soon appeared
that the performance of both gas circulators was far
better than that predicted by the constructor; a maxi-
mum helium How of 1 g.s"' per circulator instead ol
0.4 g.s1 is now available.

The specifications of a 1100°C, 60 kg.cnv2 test oven
have been established and bids have been invited for
the construction. The test oven includes an experi-
mental cavity, with a useful diameter of 200 mm and
a 2000 mm heated length, lor installation of test rigs
(creep specimens, heat exchanger tubes). The speci-
mens can be submitted either to a hot helium flow

Fin,. 2.2. — General view oj the helium loop "He ]".
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at 60 kg.cm"2 or, by using an internal jacket, to any
industrial process gas such as those intended for the
nuclear process heat applications.

To achieve low moisture and oxygen concentrations,
similar to those achieved in a HTR primary coolant
system, a hot graphite furnace had been designed in
1974 for installation in the purification line.

At the end of 1975, the decision for the construc-
tion of the graphite oven was still pending, as the
necessity of such an oven depends on the required
moisture and oxygen concentrations (HTR primary
coolant or intermediate helium circuit conditions)
which still remain to be defined in the test pro-
gramme.

2.2.3. Development of HTR irradiation devices
(W. Hebel*, F. Moons, J.P. Tollenbooin, L.
Fouarge)

At the request of KFA, development and construc-
tion of irradiation devices for the BR2 reactor was
continued. The main work was directed towards the
study and lay-out of in-pile test sections allowing
the irradiation of larger and representative samples
of HTR fuel elements.

Two fuel element concepts are to be investigated

and compared: the "block" type adopted by GULF-
General Atomics (USA) and the "ball" type develop-
ed in Germany.

For the irradiation of "block" type fuel elements
(see Table 2.2.), a preliminary study was started
for a high temperature, high pressure helium loop to
be loaded in a 200 mm diameter BR2 channel. With
a heat capacity of about 400 to 500 k\V, this experi-
ment should allow the testing of a "block" type fuel
element of representative geometry and with internal
cooling (Fig. 2.3.).

Calculations have demonstrated that BR2, operat-
ing at normal power, could yield the fast flux desired,
viz. 2.5 X 1014 n.cm":.s"' without exceeding the power
limit of 0.2 W per particle imposed by the specifica-
tions. The thermal flux radial gradient in the sample
does not exceed 15°o.

Feasibility and project studies were also performed
for irradiation rigs of 80 mm outside diameter to be
loaded into a standard BR2 core channel. A cross-
section through the in-pile part of the enlarged
rigs "MOPS G" is shown en Fig. 2.4. As for the
smaller devices ("CPR" type) used regularly in the
past, the main objective pursued with the new rigs
lies in the determination of the fission gas release
rate as a function of fuel temperature, fuel burn-up
and fast neutron fluence.

TABLE 2.2.
Characteristics oj BR2 loop and capsule irradiations of HTR fuel samples

compared to those oj a large HTR

Fuel clement or sample dimensions

Maximum initial fuel temperature
(°C)

Power per particle (W)

Maximum fast neutron
fluence (n.v.t. E>0.1 MeV)
irradiation time (d)

Power density in the fuel rods
(W.cm-3) '

Tvpical larac 11TR
' l l60M\\ ' ( th)

359 mm across flats

1260

0.15-0.20

9.6 X1021

420

96 (beginning of
irradiation)

45 (end of
irradiation)

Screened capsule in
Loop in 111 channel ' standard 84.2 mm 0

(Fig. 2.3.) ! channel
(FiS. 2.4.)

156 mm 0 , 62 mm 0

-1250 : ~ 1250
|

0.15 i 0.14

9.6 X1021 9.6 XlO21

440 , 490

95 81

••• EURATOM
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Graphite matrix ing work continued for a new irradiation experiment.
"VC6-150O", which aims at the testing of coated
fuel particles at higher temperatures than adopted up

Cooling channel ($21 mm)
Coated particle compact^

( $ 16 n m )

Fiji 2.3. — Cross-section through the iu-pile part of a HTR
loop in a 200 mm BR2 channel.

Another study concerned a feasibility study of an
irradiation device that is capable of simulating the
irradiation history of a fuel ball when traversing a
pebble bed reactor. Several characteristic operating
parameters of the fuel ball have to be controlled and
changed in function of life-time. A particular problem
related to this project concerns the shift from a low
fuel temperature and high power rating at the begin-
ning of irradiation towards high temperature and low
heat production at the end of the irradiation campaign.

For the DRAGON Project, design and manufactur-

to now.

Q j Reactor channel |Bt)mm

(^) Cooling water

(Z) SS Enveloping lube

(Z) He gap

($) SS Capsule tube

(6) He-Ne gap

(7) Giaphit« mattix

(B) Fuel panicles

(jp Sweeping gas inlet

nQ) Sweeping gas outlet

(lj) HI Thermocouple

(12) Cr At Thermocouple

(13) Neutron activation monitor

© Self powered
neutron detector

( i5 ) Mo radiation shield

Fin. 2.4. — Cross-section of the in-pile pur! of the MOPS C
irradiation device.
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Chapter 3

LIGHT WATER REACTORS

INTRODUCTION

The nuclear contribution to Belgian electricity generation is progressively increasing, about 20,000 GWh
having been generated by the PWR power plants BR3 (11 .5MW), SENA (320 MW), Doel 1 and 2 (both
410 MW) and Tihange 1 (920MW) by the end of 1975. Four additional PWR reactors are planned, including
Doel 3 (897 MW) and Tihange 2 (900 MW) which are now under construction and scheduled to be operational
in 1980; for the other two (of about 1000 MW), the site has not yet been selected.

Beyond short term services rendered to industry, the SCK/CEN programme includes operation of the
BR3 reactor (for fuel testing and training of operation crews for PWR power stations) and support to
BELGONUCLEAIRE's programme on LWR fuels and plutonium recycling in water cooled reactors. This
support includes experiments in VENUS, parametric fuel testing in BR2, post-irradiation services, development
of new irradiation devices and out-of-pile testing of fuel assemblies.

3.1. THE BR3 REACTOR
(F. Motte)

The second irradiation campaign of the third BR3 reactor core commenced on July 2, 1974, and was
terminated on June 27, 1975; this third core was designed and supplied by "1'Association Momentanee pour le
BR3 ACEC-BELGONUCLEA1RE-MMN ". The aim of these irradiation campaigns was to accumulate statistical
information concerning the fuel behaviour under conditions representative of those prevailing in large modern
power stations.

A specific thermal energy of 8,560 MWd.f1,,, was produced during the second irradiation campaign;
at the end of this campaign, the maximum local fuel burn-up reached a value of 60 GWd.f1,,,, whereas the
average fuel burn-up of the most heavily irradiated fuel pin and fuel assembly, was about 50 and 40 GWd.f1,,,
respectively; despite these high burn-up values, the measurement of primary water activity indicated that no fault
of any importance has appeared on any of the fuel pins.

The second half of 1975 was devoted to reactor defuelling operations and inspection and maintenance
works in the plant for preparation of the loading of the fourth core, the supply of which had been entrusted to
BELGONUCLEA1RE. The design and realization of this core are progressing well: the last of the supplies
necessary for the assembling of the core BR3/4A, which will be associated with the first irradiation campaign,
has been announced for the end of March 1976. As for the preceding core, the main objective pursued by
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the operation of the fourth core, is the qualification of fuel pins designed for PWR nuclear power plants.
The exploitation of the fourth core will comprise three successive irradiation campaigns, up to 1980.

The history of the operation of the BR3 plant since its first connection to the grid on 10"' October, 1962
up to the end of the sixth operation campaign (BR.3/3B) is summarized in Table 3.1.1.

The various aspects (ordering and follow-up of the successive reactor cores, plant operation, relations with
the experimenters) of the BR3 plant management has been the responsibility of the SCK/CEN since 01.01.75.
Previously, the plant was operated by the "Industrial Group for BR3 Operation", of which S0°ö were
representatives of the utilities.

Members of these industrial companies, in progressively reduced number, remained on duty at BR3 until
the end of June 1975.

Operation of BR3 is supervised by F. MOTTE, A.BASTOGNE, P.BOONEN, P.GUBEL, M.HANQUET,
L. TEUNCKENS, A. BARRO, E. BOSSCHAERT, M. DONEUX, W. ENGELEN, L. HUS, R.KETELERS,
G. LEGRAIN, Y. M1CHAUX, J. PETRE, V. RAVOET, .l.REMACLE. A. SENC1E L. TOMS1N, R. VAN
LANGENDONCK. It is part of the SCK/CEN Reactor Division which is under the direction of G. ST1ENNON.

3.1.1. BR3/Core3

The second irradiation campaign of the third core
started on 2nd July, 1974 and terminated on 27"' June,
1975; the core BR3/3B associated with this campaign
is described in the previous annual report [140] and
represented in Fig. 3.1.1.

Fig. 3.1.2. is a photograph of the interior of the

reactor vessel taken at the end of core loading through
approximately 8.5 m of water; the horizontal axis of
the photograph corresponds to the direction of cells
86, 73, 56, 46, 36, 19, 6 on Fig. 3.1.1.; the different
types of assemblies are clearly visible and the 18 new
assemblies occupying the third ring round the central
position stand out by the brillance of their structural
components which reflect the light. A nineteenth

TABLE 3.1.1.
History of the operation (if the BR} plant

Denomination of
the successive cures

Main characteristics

Operation period
(from the first gr 3

coupling to the final
shut-down)

Electricity generated
(10*' kWh)

Gross
(pro-

duced )

Net
(fed into
the grid)

EFPD
(1)

Plant
availability

(2)

BR3/1A

BR3/1B

10.10.62 to 21.08.63

02.12.63 to 31.07.64

Core BR3/2

U0 2 core, stainless steel clad, cool-
ed and moderated by light water,
controlled by rods (one Pu fuel 1
assembly in core IB) I

UO2 core, stainless steel clad, cool- j
ed and moderated by a mixture of j
H,O/D,O spectral shift reactor | 29.11.66 to 18.11.68

I (Vulcatn project); one Pu fuel i
! assembly '

UO, core, stainless steel and Zir-
calov clad, cooled and moderated

45.8 40.8

55.5 50.1

167

202

159.9 : 142.9 , 581

Corel5R3/2bis hy ^ ^ j , i g h ( w . u c r . t h r c e p u

fuel assemblies

UO, core, Zircaloy clad, cooled

31.07.69 to 20.12.70 79.2 ' 67.1 ! 306

BR3/3A

BR3/3B

25.09.72 to 11.01.74and moderated by borated light
water; 24 (3A) and 22 (3B) Pu S
fuel assemblies on a total of 73 j 02.07.74 to 27.06.75

78.7 j 33189.4

47.9 ; 40.2 j 184

Total 477.7 • 419.8 ! 1,771

62

90

90

80

76

(1) Equivalent Full Power Days [Full Power = 40.9MW(th)]
(2) The plant availability is obtained by dividing the number of hours coupled to the grid by the total number of hours during the

operation period.
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20 (I] RESHUFFLED

Z (IS) RESHUFFLED

G 1121 NEW

o g ( 6 ) NEW

O (3«> RESHUFFLCD

• CONTAINS U02-PuO2 FUEL PINS

i.l.l — Schematic view oi the RRi/core Hi loading,.

l:ig..i.l.2. — View of the interior of the BR3 reactor vessel at the end of the BR}/core 3/J loading..
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apparently new assembly, in position 55, is assembly
G 3B55 consisting of new structural pieces and con-
taining 17 of the 20 irradiated pins of assembly G 354
irradiated in Core BR3/3A, and 3 new pins; this
assembly was reassembled and closed by welding in
the hot-cell.

During the 3B campaign, a specific energy of
8,560 MWd.t'm was produced; the burn-up levels in
the various types of assemblies constituting the core
are given in Table 3.1.2.; despite these relatively high
values, measurements of the primary cooling water
activity ensured that not a single fuel pin was
significantly leaking: this conclusion is based on the
experience acquired, at the end of preceding cam-
paigns, on the correlation between the activity of the
primary cooling water and the degree of lef'c-tightness
of the assemblies, as evaluated by dry-sipping.

The campaign 3B was disturbed by two incidents
causing power distortion in the core and an inopportu-

ne consumption of invested reactivity. On 31"' Octo-
ber, 1974, control rod D-5 disengaged from its drive
mechanism, and from then on remained at the bottom
end of its travel, in the fully inserted position in the
:ore; on 4"1 June, 1975, a similar incident affected
control rod C-9, causing a premature end to the
operating campaign, the remainder of the invested
reactivity being practically consumed. Research to find
and remedy the cause of these faults has been given
priority among the tasks to be carried out during
plant shut-down.

3.1.2. Plant operation

The operation of core BR3/3B was continued at
the maximum power of 70% P„ [P„ is the nominal
thermal power, 40.9MW(th)] limited by the total
insertion into the core of control rod Ü-5.

MWt
i

12

11

10

9

a
7

6

5

4

3

2

1

0

—
I

—|

®

i

-

-

JAN.75

I

j 1 1
! ; >•

FEB. 75 MAR.75

•

) @ © © ^
T

A PR. 75

i

M4K75

T
j@ ®

T

1

Jt//V£ 75

Fig. 3.1.3. — BR3/3B load diagram 197).

TABLE 3.1.2.
Burn-up levels at the end of BR3/core 3B Operation campaign

Group of assemblies

Reshuffled "ZO" (1)
Reshuffled "Z" (18)
Reshuffled "G" (36)
New"G" (12)
New "g" (6)

Burn-up levels in the group of assemblies considered (MWd.f 'm)

Mean value per assembly

Lowest

40,750
13,750
11,500
10,250
9,500

Highest

40,750
24,750
33,750
12,500
11,750

Highest mean
value per fuel pin

48,500
28,750
35,500
15,000
16,250

Maximum
local value

59,500
36,500
43,000
19,500
21,250
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TABLE 3.1.3.
History of the core BR3/3IS from OJ.01.75 to the em! of core life (77.06.75)

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.
38.

39.

40.

41.
42.
43.
44.
45.
46.

•'12.01.75
07.01.75

to
08.01.75
13.01.75
to

17.01.75
26.01.75

to
28.01.75
28.01.75

to
31.01.75
02.02.75

to
06.02.75
10.02.75
to

14.02.75
17.02.75
to

21.02.75
26.02.75

to
27.02.75
05.03.75

02.04.75
08.04.75
14.04.75
to

26.04.75
29.04.75

to
05.05.75
12.05.75
to

13.05.75
26.05.75
03.06.75
04.06.75
11.06.75
12.06.75
27.06.75

Stop and restart for repair of steam dryer discharge to condenser
Stop and restart for repair of primary water sampling system

Training programme Fessenheim - group 111

Stop for repair of primary pump 1 disconnecting switch

Training programme Fessenheim - group IV

Simt-down for several repairs and maintenance works

Training programme Fessenheim - group V

Training programme SCK/CEN - group VI

Stop for repair of turbine drain on high pressure stage

Power increase to maximum permitted load (70"b Pn)

[P„: nominal thermal power 40.9 MW'(th)]
Power reduction for rep.iir of turbine Hy-pass
Loss of 10 kV line 1
Cold shut-down fur repair of a leak collector tank pump and for physics
tests (campaign 4)

Cold shut-down for repair of a check valve on the safety injection system

Stop for measurements of xenon poisoning

Scram caused by a disturbance in the nuclear instrumentation

Start of the stretch-out period
Defect on drive shaft mechanism of control rod C-9
Restart to 30°ö Pn after re-evaluation of core reactivity balance
Power reduction to 22.5% Pn

End of core BR3/3B operation

The training programme for the operation per-
sonnel of the Fessenheim nuclear power station was
completed, each of the last three operation teams
passing one week at BR3 for practical operation exer-
cices. A fourth week was assigned to the training of
the sixth new operation crew of the BR3 power plant.

During April 1975, the plant had to be cold shut-
down on two occasions. These stops were imposed
by a considerable increase of the activity in the air
of the plant container, indicating a leak of primary
coolant water; it was in fact established that leaks
had occurred in a liquid effluent collector system and
a check-valve in a branch of the safety injection sys-
tem. Advantage was taken of the first cold stop to
determine the end of life nuclear parameters of core
BR3/3B (4th campaign of physics tests).

After exhaustion of the available reactivity at the
maximum permitted power of 70% Pn> reactor power
was gradually reduced from 3"' June, 1975, with the
aim of continuing operation of the core at a power
level of 43% P,,.

On 4"1 June, during a transfer of control rods, a
sudden decrease in reactivity, followed by a rapid
cooling of the primary loop, necessitated an emergen-
cy stop of the turbo-generator. It soon became clear
that this incident was due to the disengagement of
a central control rod (C-9) from its drive mechanism.

After re-evaluation of the remaining reactivity in-
vestment, operation was continued at a power level
of 22.5% P,,, up to 27lh June, 1975, when the BR3/
3B campaign was finally terminated.

The history of the BR3/3B operation during 1975
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is given in Fig. 3.1.3. and Table 3.1.3. The main
operation results are summarized in Table 3.1.4.

On 29"' June, 1975, dismantling operations were
started. Visual inspection of the drive-mechanisms of
control rods D-5 and C-9 in the refuelling canal reveal-
ed the cause of the disengagement between the drive-
shaft and the absorbing part: 6 actuator rods were
broken at their lower fixing point; no other anomaly
or damage was revealed. Whilst awaiting the possi-
bility of dismantling and examining in detail the
defective and all other mechanisms, it was decided to
proceed urgently with the supply of a stock of actuator
rods to enable their replacement on all the drive
mechanisms.

The unloading of the core took place on 5"' to
8"' August, 1975; visual examination of the assem-
blies revealed no anomalies.

After unloading the active parts of the control rods
and the moderator tubes, the internals of the vessel
were reloaded and a temporary reactor head, manu-
factured for the decontamination operations of the
primary loop, was placed in position. In parallel, a
iarge amount of adaptive work on the systems was
performed; this work was necessary because of the
incompatibility of the various materials with the
liquids to be circulated for the decontamination:
these materials required back flushing with water or
other means, to avoid contact with these liquids.

Preliminary tests started on Is' October, and ter-
minated with a blank run. On 2O'h October, actual
decontamination operations were started; an oxidizing
solution and a complexing solution were successively
injected into and circulated in the primary loop, which
was next flushed several times with water; the ef-
fluents were then held in the high level liquid waste
tanks awaiting further treatment.

The radiation levels in the plant were reduced on
average by a factor ranging from 4 to 40, depending
on the locations or apparatus; the effluents contained
an activity of approximately 230 Ci, carried mainly

by activated corrosion products of which 80^0 was
NICo.

In the meantime, the turbine was dismantled and
inspected; the only repair works of any importance
were these on the steam chest; this necessitated the
return of the turbine cover to the factory.

The generators were also completely inspected.
On 4lh November, inspection of the steam genera-

tor tubes started by eddy-current. This was terminat-
ed on 9"' November, after an examination of 97%
of the total length of the tubes; the inspection did
not reveal a single imperfection and an attempt was
then made to reveal leaks by way of the tube plate;
it is interesting to note that the gamma radiation level
in the interior of the channel head did not exceed
50 mR.h"1 whereas it was estimated to be above
10 R.h'1 before decontamination of the primary loop.
On 7'1' December, after having improved the 208
electrical penetrations through the shell of the plant
container, a preliminary leak test was carried out;
the new solutions adopted for the electrical penetra-
tions permit a permanent and separate control of their
leak-tightness.

On 16th December, preparatory work was started
on the inspection of the reactor vessel, which was
limited to an internal visual examination using a
television camera; in parallel with this, a large-scale
inspection programme of piping and apf.-"*tus was
pursued following the recommendations ot the ASME
XI Code.

In parallel with these large works and minor
routine maintenance tasks, other operations were
carried out, such as:
- dismantling, inspection and repair of ihe primary

pumps;
- renewal of the primary instrumentation;
- installation of vibration detectors on the primary

pumps;
- installation of a perturbograph for recording the

TABLE 3.1.4.
BR3/core 3R - Operation results

Total gross generation (MWh)
Net plant output (MW'h)
Time connected to the grid (h)
Number of stops and starts
Equivalent Full Power Days [Pull Power = 40.9 MW'(th)]
Boron concentration at the end of the period considered (ppm)

number of hours on the grid

total number of hours in the period

1974
From 1st coupling

(02.07.74)
to 31.12.74

25,931
22,024

3,273
31
98.62

US

74 79

1975
From 01.01.75
up to end of

core life
(27.06.75)

21,985
18,182
3,313

25
85.83

< 1

Total 315

47,916
40,206

6,586
56

184.45
—

71) 5?
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sequence of events in case of anomalies in func-
tioning;

- extension of the fire protection system;
- construction of a storage room for non-irradiated

fuel assemblies.

3.1.3. BR3/Core4

The fourth BR3 core comprises fuel reshuffled from
the third core and new fuel assemblies supplied by
BELGONUCLEAIRE. It should allow the plant to
operate during three successive operating campaigns,
each having a duration of at least 10 months.

The design of core BR3/4A, associated with the
first of these three campaigns, is almost completed;
the composition of the core is given in Table 3.1.5.
Fig. 3.1.4. illustrates the position of the different
types of assemblies in the core.

One third of the fuel pins contain plutonium and
are distributed over 43 (58.9% ) of the 73 assemblies,
giving the core the general characteristics of a re-
cycled plutonium core.

Of the 73 fuel assemblies, 31 have been reshuffled
after being irradiated in the last (3B) or last two
(3A and 3B) cores; 42 assemblies are new.

Among the reshuffled assemblies, three were sub-
mitted to an intermediate examination in the hot cell.
A few fuel pins were removed for destructive analy-
sis. On this occasion it was possible to verify the
well founded design of the dismountable g type fuel
assembly. The design of the G type assembly was
modified with the same aim i.e. to allow mechanical
dismantling in a hot cell: in the core BR3/4A, there
will be fou" assemblies of this type, designated by
"G mod".

Among the 42 new assemblies, 40 are of the new
"go" type (28 fuel pins with an outer diameter of
9.5 mm, lattice pitch of 13.5mm) designed to be
dismountable, no longer in a hot cell, but in the
plant fuel storage well, to facilitate the intermediate
examination of the fuel during the plant shut-downs;
most of these "go" assemblies are of the plutonium
island type with an enrichment of 99b fissile Pu and
natural uranium for the fuel pins of the plutonium
island. The majority of these assemblies also contain
fuel pins filled with a mixture of UO^-GdaOi. With
few exceptions, two 23*U enrichments have been adopt-
ed: 5.76% for the pins adjacent to the moderator
tubes and 8.26% for the other pins in the interior
of the fuel assemblies and for the pins containing
gadolinium.

Twentv of the 73 assemblies have been delivered

TABLE 3.1.5.
Composition of BR3/core 4/

z
(36 fuel pins)

G
(20 fuel pins

-(-possibly
1 burnable

poison pin)

g
(28 fuel pins)

SO
(28 fuel pins)

Type of fuel assembly

8 "Z" fuel assemblies reshuffled
from core 3A and core 3B

6 "G" fuel assemblies reshuffled
from core 3A and core 3B

9 "G" fuel assemblies reshuffled
from core 3B

2 "G mod" fuel assemblies recon-
stituted from 2 G fuel assemblies
dismantled for examination after
irradiation in core 3B

2 "G mod" fuel assemblies, new

5 "g" fuel assemblies reshuffled
from core 3B

1 "g" fuel assembly reshuffled
from core 313, with intermediate
dismounting for examination

40 "go" fuel assemblies, new

73 fuel assemblies (1963 fuel pins)

Percentage of the total (%)

Number of fuel assemblies

U

—

2

9

2

2

5

1

9

30

41.1

U-Pu

8

4

—

—

—

31

43

58.9

Number of fuel pins

U

80

46

180

40
(11 and 3
fresh fuel

pins)

40

140

28
(6 fresh

fuel pins)

656

1210

61.6

Pu

208

74

—

—

—

—

348

630

32.1

U-Gd

—

—

7(+2Py)

—

—

—

116

123

6.3
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| | Contains U O J - P U O J fuel pins

Fig,. 3.1.4. — Schematic view oj the HRi/con1 4A

by foreign experimenters: 12 by the C.E.A., France,
7 by the Westin»house Electric Corporation and 1 by
the'U.K.A.E.A.

The duration of the operation of core 4A is estimat-
ed at 10,000 h full power which, with an availability

of 80%, leads to a campaign with a duration of
approximately 17 months at full power.

The delivery of supplies necessary for loading the
BR3/4A core is scheduled for the end of March 1976.
The power station should be on power by mid 1976.

3.2. R & D WORK ON LIGHT WATER REACTOR FUELS
(H. Bairiot'% J. Debrue)

The R & D programme, pursued jointly by BELGONUCLEAIRE and SCK/CEN, is devoted to plutonium
recycling, and more generally to improvements in the LWR fuel cycle from the standpoints of economy, reliability
and safety.

This programme takes advantage of the availability of flexible and complementary installations at
SCK/CEN for:
- irradiation tests (the BR2 and BR3 reactors);
- critical mock-ups (the VENUS reactor);
- post-irradiation examinations (neutron radiography and ATHA hot cells at BR2, LMA medium activity

laboratories).
In 1975, special attention was paid to the study of fuel densification and to the evaluation of gadolinium

as a burnable poison. In addition, non-destructive examinations of LWR fuels by gamma spectrometry and
neutron radiography were further developed.

* BELGONUCLEAIRE
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3.2.1. Gamma spectrometry development
(L.Leenders, V. Willekens)

A y-spcctrometry installation, optimized for irra-
diated fuel examination, is now fully operational at
the ATHA hot cells of BR2. Only minor developments
were studied for dimensional fuel stack measurements,
for automation and for the improvement of the ex-
perimental precision.

In view of the »rowing demand for y-spectrometry
of irradiated fuels, a new y-scanning installation was
designed for the BR2 hot cells and the gradual du-
plication of the present Y-spectrometry chain was
started by ordering a second H1ST0MAT multi-
channel analyser.

Each Y-spectrometry chain will be placed in
a movable rack (SPECTROMOB1LE), designed in
collaboration with the Technical Services. Each rack
will include all facilities, to achieve full autonomy
even outside the SCK/CEN and in order to permit
easy exchange of instrumentation in case of break-
down during a measurement campaign.

For the measurements under water, the design and
construction of a movable device has been continued.
This device (BATHYSCAN) will allow Y-spectro-
metry of any type of L\V'H fuel assembly in any chan-
nel 01 storage pool. The immersable detector, lead
protection (with removable collimators) and mani-
pulation tools were designed and ordered as well as
the mechanical part of the lifting system.

In connection with the different fuel examinations
carried out at SCK/CEN and at other laboratories,
well-known burn-up fuel samples are being collected
in order to be able to perform absolute burn-up
measurements by non-destructive examinations. These
burn-up samples also include fast reactor fuel samples.
Welded capsules for precise localization of the sam-
ples on any SCK/CEN Y- s c a n n m8 system have been
prepared with the assistance of L.M.A.

3.2.2. Fuel densification
(M. Gaube', J. Hermans, L. Leenders, N. Mae-
ne, V. Willekens)

The behaviour of UO2-P11O2 fuel pellets during the
first months of irradiation is being studied by the
P17 irradiation series in BR2. These experiments
mainly concern the fuel densification as a function
of the burn-up in the 0-10,000 MWd.f1 range. This
densification gives rise to a decrease of the fuel column
length, which is being measured by neutron radio-
graphy. After non-destructive examination of the rods,
destructive density measurements are planned.

On the basis of DTF-IV computer calculations,
BR02 and BR2 low flux experiments, appropriate

irradiation conditions were defined in order to obtain
a linear power in the range of 250-350 W.cm"1.

Tn 1975, two rigs P17/2 and 3 were irradiated
during respectively two and one cycles and non-
destructively examined; two other experiments, P17/4
and 5, were irradiated for 7 and 10 cycles respectively.

Gamma spectrometry measurements were carried
out on cobalt wire monitors, located on the rigs
and on the fuel rods, to determine the neutron fluence
and the actual linear power and the relative burn-up
levels which are needed as reference data for the
densification studies.

As an example. Fig. 3.2.1. presents some results
obtained on the P17/2 rig, containing one UO:-PuO;
rod located at the maximum flux level. The compari-
son of the cobalt wire scans of the P17/2 rig, with
and without fuel rod, gives the flux perturbation
induced by the fuel during the irradiation. The gross
y-activity scan of the rod itself is also compared with
the "Nb activity as measured by the multichannel
analyser. Due to the short irradiation and cooling
time, the contribution of the "'Zr-^Nb activities in
the gross Y-activity is rather high, so that both curves
are close together.

These results have been further normalized on the
basis of BR02 and BR2 low flux calibrations and of
BR2 high flux calibration, using a rig without fuel
and equipped with cobalt wires and cobalt monitors:
in this wav, the average specific power during the
irradiation has been deduced from the non-destructive
measurements.

3.2.3. Burnable poisons
(A. Charlier*, ]. Hermans, L.Leenders, G. De-
prez**)

3.2.3.1. Critical experiments in VENUS

Gadolinium has been introduced as a burnable
poison in assemblies in the form of UOa-Gd^Os rods
in standard UO: assemblies or in UOyPuO: assemblies
with recycled plutonium for light water reactors.

These two situations have justified a dual basic
experimental programme, concerning respectively:
- the insertion of Gd-rods in a UO2 configuration and
- the insertion of Gd-rods in a UOi-PuO: configura-

tion.
All the experiments on the UOj configuration were

completed in 1974 and were reported in the 1974
annual report [140].

The programme on the UOz-PuOj configuration
started late in 1974 and continued up to April 1975.
As for the UO2 configuration, the experiments were
divided in two parts:

* BELGONUCLEAIRE
* BELGONUCLEAIRE
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- a study of the reciprocal influence of Gd-rods based
on critical mass determination, on power distribu-
tion and on macroscopic flux distribution;

- a detailed study of a Gd-rod itself on the basis of
the disadvantage factor and of the radial flux de-
pression inside the rod.
Fig. 3.2.2. shows the measured power distributions

and the corresponding theoretical predictions. From
the VENUS results, it appears that the power de-
pression in and around the Gd-rod is quite similar
for both UO: and UGvPuGs fuel and that the pre-
sence of a Gd-rod close to another one does not
change the power depression. The Gd-absorption
being very hard for the lowest neutron energies, the
perturbation does not depend on the presence of
plutonium and remains very local.

This observation is confirmed by the flux depres-
sions measured inside a Gd-rod successively inserted
in a UO: and in a UO:-PuO: region. As shown by
Fig. 3.2.3., the flux depression is quite insensitive to
the surrounding fuel region, in spite of the epithermal
response of the Mn/Ni activation foils used for the
flux depression measurements.

3.2.3.2. Gadolinium fuel irradiation programme in
BR2

Scope of the programme

Fuel assembly design calculations have to be check-

ed in start-of-life conditions and during irradiation.
The first check is generally based on critical experi-
ments. The second one, which is especially important
for Gd-fuels, is difficult in power reactor irradiation
conditions, as Gd is completely burnt after one power
reactor operation cycle. This calibration of the design
calculation methods has thus to be based on irradia-
tions in a materials testing reactor, combined with
theoretical calculations with a transport code. The
programme comprises non-destructive and destructive
measurements to be carried out on several rods at
different stages of their irradiation in BR2, in order
to follow the evolution of the Gd in the fuel and of
the fuel itself.

Improvement of the BR2 neutron radiograph)'
installation

Preliminary checks on the quantitative results from
analyses of Gd-rod neutron radiographs revealed dis-
crepancies due to parasitical neutrons, not coming
from the beam.

Two test irradiations with thermal and epithermal
neutrons respectively confirmed that, as for both the
thermal and the epithermal energy range, about 20%
of the neutrons came from directions other than the
neutron beam.

In order to eliminate the influence of these para-
sitical neutrons, the study of a new irradiation device
for the neutron radiography was started late in 1975.

3-10 BLG 515/76
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Analysis of converter sensitivity to Gd absorp-
tion

Quantitative analysis of Gd fuel rods by neutron
radiography requires an activation converter with:
- a sensitivity as low as possible for absorbing ma-

terials other than Gd;
- a sufficient but not too high sensitivity to the

actual Gd concentration.
From calculations, confirmed by experiments, it

appeared that the commonly used converters (Dy and
In) were not adequate and that an optimum sensitivity
could be obtained for neutron energies between
0.025 eV and 1.45 eV. For this reason, lutetium
(with a resonance at 0.14 eV) seemed to be attractive
but, by reason of its rather long half-life (6.7 d) ,
this converter would be very impractical and ex-
pensive (many spares for disactivation). It is now
proposed to place a Gd-filter in the beam whose
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3.2.3. — Flux depression inside a Gd-rod in a UO, and
a UOrPtiO, surrounding fuel region.

thickness is sufficient to shift the mean energy of
the incident thermal neutrons from ~0.04eV to
— 0.14 eV. Transmission calculations led to an op-
timum thickness of 50 [Jim Gd and indicated an
adequate sensitivity for the usual Dy converters.

An experimental check of this mctiiod and eventual
adjustments of the Gd filter will be performed as
soon as an adequate irradiation is available.

3.2.4. Irradiation tests in BR2
(M.Gaube*, W. Hebel**,
d'Ydewalle", J.Hermans)

B. van Outryve

Irradiation tests of LWR fuels arc pursued in BR2
in order to check their performances under extreme
irradiation conditions or to perform several para-
metric studies.

P and CEB rigs are used for that purpose, the
P rigs being open baskets which allow a survey of

* BELGONUCLEAIRE
** EURATOM

BLG 515/76 3-11



the fuel at intermediate intervals, while the CEB
devices are boiling water capsules.

Table 3.2.1. summarizes the status of these irra-
diation tests by the end of 1975.

Partial results from non-destructive and instructive
post-irradiation work, carried out at BR2, LMA or
by the Radiochemistry section, have been reported
to BELGONUCLEAIRE.

TABLE 3.2.1.
Irradiation oj LWR fuels in BR2

Reference

BR3/1F

BR3/ZO

BR3/G
DOL-11,2
Tihanjse 1

SENA

Dodewaard

Garigliano

PWR 15x15

Fuel
type

Pu

Pu

Pu

Pu

U + U-Gd

U + U-Gd

U-Gd

Pu
Pu

Pu

Pu

Cladding

stainless steel

Zircaloy 4

Zircaloy 4

stainless steel

Zircaloy 2

Zircaloy 2

Zircaloy 4

Irradiation
rig

P7
PS

P3

CEB 9

P5

CEB 12

P2

CEB 7

IIR 30
1IR31

P6,P10,..P16

P9
CEB 13

P4
CEB 10

P17

P20

Num-
ber of
rods

1
1

2

2

2

2

2

3

2

2

4

3

3
3

16

20

Purpose

1 power cvcling of fuel irradiated
j up to 20,000 MW'd.fi

i confirmation experiments

1 effect of humiditv content
j at bOO W'.cm'

. confirmation experiments

' thermal interaction between
) U and U-Gd pellets

Gd burn-up

• power cycling

i effect of pellet surface defects

densification

densification

Status by the end of 1975

irradiations pursued

post-irradiation examination
in preparation
irradiation pursued

irradiations pursued

irradiation pursued

post-irradiation examinations pursued

irradiation finished
irradiation finished

calibration of neutron
radiography pursued

irradiation finished
design of irradiation rig

irradiations pursued

irradiations pursued

3.3. DEMONSTRATION PROGRAMME
ON PLUTONIUM RECYCLING IN LWR'S

(H. Bairiot*, P. Deramaix*, L. Leenders)

Irradiations of advanced fuel assemblies in power reactors, mainly in BR3, SENA and DODEWAARD,
were continued with emphasis on plutonium recycling, the use of gadolinium as a burnable poison and RCC
pattern studies for the modern PWR's.

Based on complete follow-up checks of the irradiated assemblies, this programme, which makes large use
of the SCK/CEN capabilities, provides experience on fuel design and fabrication of direct industrial interest.

3.3.1. BR3
(M. Gaube", A.Geoffroy, L. Leenders, C.Van-
denberg*, C. Van Loon, J. Vandevelde, R. Bo-
den, P. De Regge, H. Tourwe, E. Pelckmans*,
E. Trauwaert*, B. van Outryve d'Ydewalle*)

* BELGONUCLEAIRE

3.3.1.1. Core3B

The PWR prototype reactor BR3 remains a power-
ful tool for gathering experience on advanced fuels
for LWR.

As an example of the extensive use of this reactor,
the core 3B comprises the following assemblies, as
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part of BELGONUCLEAlRE's demonstration pro-
gramme:

1 ZO assembly irradiated successively in the BR3/
2bis and BR3/3A cores;

- 18 Z assemblies reshuffled from core 3A, including
9 plutonium bearing assemblies;

- 36 G assemblies reshuffled from core 3A, including
14 plutonium bearing assemblies;

- 12 fresh G assemblies containing burnable poison,
4 with pyrex and 8 with gadolinium;

- 6 new g type assemblies provided with a shroud
and comprising 28 rods with the 17X17 PWR
characteristics.

Operation of BR3 with this core 3B started on
2nd July, 1974, and was pursued till 27lh June, 1975,
when the reactor was shut down for refuelling.

3.3.1.2. Core4A

The BR3/4A core, to be loaded in 1976, consists
oi 31 reshuffled and 42 new assemblies. Forty of the
new assemblies, the so called go type without shroud
and easily demountable; they have Zircaloy grids and

a pitch typical for the 17 X 17 P\X7R lattice. Moreover,
these new assemblies contain plutonium bearing rods
and gadolinium rods.

Because of cumulating design difficulties due to
the presence of UO:, UO2-PuO2 and UO2-Gd;O-, rods
with rather high enrichments, loaded together in
small assemblies and in high spectral gradients due
to the BR3/Vulcain moderator tub:s, mock-up studies
were considered as a useful check.

Part of the BR3/4A core was thus simulated in
VENUS, in the following configuration:
- at the centre, a go assembly containing 16 UO2,

8 UO2-PuO2 and 4 UO2-Gd2O? rods;
- around this assembly, 2 moderator tubes and 4

go assemblies containing 20 UO2 and 8 UO2-PuO2
rods;

- around the mock-up region, a feeding zone of UO2
rods leading to a cylindrical configuration.
The experimental programme included:

- criticality tests, respectively for 0, 2 and 4 UO2-
Gd:O-, rods, inserted in the central go assembly;

- the determination of the power distribution with
4 UO2-Gd2O? rods inserted.

NOTE NX
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F/£. 3.3.1. — BR3/4A mock-up in VENUS, experimental power distribution.
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A part of this mock-up configuration is represented
in Fig. 3.3.I., together with the experimental power
distribution.

As a part of the preparation of the 40 new go fuel
assemblies, non-destructive quality control of about
50 plutonium oxide rods was carried out by neutron
radiography at the BR1 reactor. The main purpose
of this control was the detection of plutonium rich
particles larger than 200 \im.

The fuel column length of 1 m was covered with
5 pictures, with a sufficient overlap. A reference
fuel rod, containing pellets with different plutonium
contents and with plutonium grains of different sizes
was exposed together with the investigated rods in
order to enable a precise analysis of the pictures.

3.3.1.3. Post-irradiation examinations and follow-
up

Assembly IF 70/4

The IF 70/4 assembly was the first complete
plutonium assembly irradiated in the BR3. The ob-
jectives were to demonstrate the feasibility and to
assess the interest of plutonium recycling. The main
target was to reach without cladding damage, a burn-
up as high as that commonly reached by uranium
assemblies.

The assembly was irradiated in BR3/core 2 and
BR3/core 2bis up to an average burn-up of 26,400
MWd.f1,,,, with a peak rod bum-up of 37,150
MWd.f'n, and a peak pellet burn-up of 46,730
MWd.f1,,,.

A complete follow-up of the assembly, as well as

the theoretical assessment of the measured parameters,
was completed by BELGONUCLEA1RE in 1975,
using its standard design calculation methods, on the
basis of results from non-destructive examinations
carried out in 1971 and 1973, as well as from de-
structive analyses performed in 1974 and 1975.

Fig. 3.3.2. gives the mid-plane burn-up values pre-
dicted by the follow-up calculations, as well as the
comparison with results obtained by gamma-spectro-
metry.

Table 3.3.1. gives a detailed comparison between
some calculated burn-ups and the corresponding data
obtained by destructive analyses for various isotopic
fuel compositions.

These examples indicate that the follow-up cal-
culations are in good agreement with experimental
data, in spite of the difficult irradiation conditions
of the assembly, which were due to:
- the first irradiation in the VULCA1N core, with a

H;O-D:O mixture as moderator;
- the presence of a moderator tube and of the re-

flector close to the assembly, which caused very
hard spectral gradients through the assembly.
Rodiochemical analyses also revealed that the Am

isotopic composition varied from 85 to 96% :41Am.
Nearly all Cm was found to be •''"Cm with only 1.9%
243Cm and 3.7% 24:iCm in the highest burn-up sample.
The ratio Am/Pu ranged from 0.014 to 0.0392 and
the ratio Cm/Pu from 5X1O5 up to 1.3Xl0\

Assemblies ZO9 and ZO60

The ZO9 assembly was irradiated in BR3/2bis and
submitted to post-irradiation examinations, as report-

TABLE 3.3.1.
Assembly IF 70/4

Final bitni-iips; comparison with destructive analysis

Samples

Burn-up (GWd.t1-,,,)
from 14sNd
from »'Cs

Calculated

Isotopic composition (96
U5(J

236|J
238JJ
2 3 9 P u

24OP u

«'Pu
2 4 2 P u

Pu/U + Pu (96)

BUI

12.9
13.3
11.2

BU4

19.4
19.0
19.2

): cxperimental/calculaced

0.61/0.59
0.03/0.03
99.4/99.4
77.8/76.5
17.2/17.4
4.52/5.47
0.39/0.57

5.65/5.65

0.55/0.57
0.04/0.04
99.4/99.4
72.3/73.6
21.5/18.8
5.47/6.84
0.64/0.79

4.64/5.38

BU7

33.5
33.2
31.9

0.47/0.46
0.06/0.06
99.5/99.5
59.8/61.5
27.7/24.6
10.2/11.8
1.87/2.17

4.77/4.78

BU5

43.0
46.6
43.5

0.35/0.3S
0.08/0.07
99.6/99.6
41.2/46.4
40.9/27.3
12.6/20.0
4.73/6.32

2.49/3.55
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ed in the 1973 and 1974 Annual Reports. It was
further irradiated in BR3/3A and definitively un-
loaded in 1974, together with ZO60. It was first
intended to constitute a new arsembly containing the
sound rods of both ZO9 and ZO60 assemblies and
to irradiate this in the core BR3/4A, but dry-sipping
on the skeleton indicated that one or more UGs
tie-rods were defective.

It was therefore decided to stop the irradiation
and to proceed with the detailed post-irradiation
examination of ZO9, ZO60 being kept as spare
assembly for possible complementary examination.
The post-irradiation programme on ZO9 is planned
for 1976.

Assembly 3G54

Assembly 3G54 is one of a series of Zircaloy-4
clad assemblies irradiated in BR3 as support to the

design of the RCC assemblies for large PWR's. It was
first irradiated in core BR3/3A.

During the shut-down for loading the core 3B.
3G54 was successfully dismantled and submitted to
intermediate examinations, as reported in [140], and
reassembled with a new skeleton before loading in
core 3B.

After the BR3/3B cycle, this assembly, having
reached an average burn-up of 31.3 GWd.t'1,,, did not
present any defects and has been proposed for further
irradiation in the BR3/4A core.

3.3.2. SENA
(J. Basselier" L. Leenders)

Since 18'1' December, 1974, four plutonium island
assemblies have been irradiated in the SENA reactor,
as forerunners of 3 future complete reloads with
plutonium bearing assemblies.

This is the last stage of an R & D programme pur-
sued by the BELGONUCLEAIRE-SCK/CEN Asso-
ciation for studying the plutonium recycling in the
SENA reactor.

The main steps and results of this programme have
been summarized in [208]. As part of this work,
post-irradiation examinations of three assemblies, un-
loaded after SENA cycles 1, 2 and 3 respectively,
were carried out at SCK/CEN and at CEA (Fontenay-
aux-Roses); some results of this work were presented
in the previous Annual Report [140].

During 1975, complete follow-up calculations were
performed by BELGONUCLEA1RE for the first two
SENA cycles and for the assemblies examined; use
was made of the standard PWR design procedures.
Fig. 3.3.3. compares the predicted burn-ups with
those obtained from the measured l37Cs gamma activi-
ties of the rods.

The good agreement illustrated by this figure, as-
sociated with other checks based on the boron con-
centration, on the flux distribution given by the
in-core instrumentation and on the detailed destructive
analysis (carried out at CEA), leads to the conclusion
that'BELGONUCLEAlRE's standard design calcula-
tions are able 10 predict lifetime, burn-up and isotopic
compositions for PWR reactors like SENA.

3.3.3. DODEWAARD
(P. Deramaix', M. Gaube*, A. Geoffroy, L.
Leenders, J.M.Thomson*)

In 1975, a complete on-site inspection programme
was carried out on BELGONUCLEAIRE's assem-
blies unloaded in 1974.

* BELGONUCLEA1RE
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During these inspections, 3 assemblies indicated
one or more failed fuel rods. From these assemblies,
a number of rods were proposed for detailed examina-
tion at SCK/CEN, as follows:

Assembly

B2Ü0

B201

B301

Burn-up
[MWd.f1,,,]

20,500

20,500

6.500

Number of rods selected
for post-irradiation

examination
at SCK/CEN

4

32

3

A very complete post-irradiation programme has
been discussed and set up for these 39 rods as well
as for the 3 spacer grids of assembly B201, which
were transported to SCK/CEN in September 1975.
Examination of these rods and grids is planned for
1976.

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

(A. Falla, J. Parent)

As part of the PWR and BWR fuel assembly development programme, BELGONUCLEA1RE acquired,
in mid 1974, a second hand out-of-pile pressurized water loop ("Environmental Test Loop") which had been
previously operated for a similar programme in the U.S.A. The loop is being rebuilt by SCK/CEN.

The main characteristics of this loop have been
described in [140].

The height above the test section requires the loop
main circuit to be installed in the pit where the BR2
nuclear mock-up facility (BR02) was previously in-
stalled. The transfer of this facility to the storage
canal of the BR2 building began in July 1975 and
was completed by mid November 1975.

The construction of the framework for the large
pipes of the primary circuit was completed by mid
December 1975. Re-assembly of the primary circuit

can now start and is scheduled to be completed by
July 1976. Pie-operational tests should take place
in August and September 1976.

For the adaptation of the loop to the 50 Hz
European frequency, it was decided to examine con-
version of all electrical components. Although this
solution requires a lot of work, it was adopted for
reasons related to the availability of spare parts in
Europe. By the end of 1975, the conversion of all
electrical components, except the 250 kW main cir-
culation pump motor, had been solved and, when the
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replacement appeared necessary, components had been
ordered. This equipment is expected to be available
by April 1976. Meanwhile, the wiring diagrams were
checked and the comparison with the actual wiring
showed some differences.

According to the test programme envisaged by
BELGOX'UCLEAIRE, the flow rate and pressure
head (450m\h ' and 6kg.cm :) of the main circula-
tion pump driven at 5000 rpm bv the original motor
are sufficient till the second quarter of 1978. After-
wards, the full performances are necessary for the
tests of the 15X15 fuel pin assembly.

This will require replacement of the American
A.C. motor. The following solutions are envisaged:
- a two-speed A.C. motor with a gear box to increase

the maximum speed to 3600 rpm;
- a variable speed D.C. motor, with or without gear

box, according to the maximum permissible speed
of the D.C. motor;

- an A.C. motor fed by a variable frequency converter
up to 60 I lz.
By the end of 1975, the decision for a new driving

motor was still pending and, considering the delivery
delay of 12 to 18 months, must be taken by mid 1976.

The acquisition of u completely new pumping group
(pump -f motor) has also been examined as a pos-
sible solution in case of major troubles with the
original controlled leakage pump. Other aspects such
as spare parts availability, lack of interest from the
American firm for the inspection and the recondition-
ing of the present puivp and the rather complicated
pressurizing system based on controlled leakage re-
injection in the loop, also lead us to consider replace-
ment of the pumping group as an alternative solution
to achieve full performances in 1978. Quotations for
a pumping group have been asked from various manu-
facturers; by the end of 1975, an offer for a canned
A.C. motor pump had been received.

3.5. VIBRATION OF REACTOR INTERNALS
(A. Jaumotte*, E. Taymans*, J. SzwarcensztajrT, j . Planquart, F. Mathieu"'")

The safe design of reactor internals requires the
predetermination of the resonance frequencies of the
individual components. It happens that in the specific
case of rods or shells vibrating in confined spaces,
the results given by the conventional formulae do not
agree with the experimental data.

In order to accumulate information for the correct
evaluation of the resonance frequencies of a tubular
shell internally and externally surrounded by water
annuli of variable thickness, a test arrangement has
been set up which consists of two concentric tubes
and a central plug (a simplified reduced scale model
of the thermal shield of a PWR).

The first test runs gave evidence that, in com-
parison with the resonance frequencies measured in

air, the effect of the inner or the outer water annulus
is to lower the resonance frequencies of the shell,
the amount depending on the degree of elasticity of
the neighbouring boundaries. With virtually rigid
boundaries, a reduction factor of 3 to 4 has been
observed in the case of a 0.5 mm thick water annulus.

When both annuli are simultaneously filled with
water, the situation is more complex due to the nature
of the interactions involved. The vibratory behaviour
of the shell is a function of the space and time
dependent motion of the adjacent boundaries. In
future investigations, vibration amplitudes and phase
relationships must be taken into account.

A report giving the main results of the first test
series has been published [305].

3.6. DEVELOPMENT OF IRRADIATION DEVICES
FOR TESTING LWR-FUEL RODS IN BR2

(W. Hebel"*, P. Dirven, A. Falla, C. Joly, R. Penninckx, W. Detavernier, J.Hermans)

Development work was mainly concentrated on two new irradiation devices, PWC (Pressurized Water
Capsule) and VNS (Variable Neutron Screen). The first rig consists of a thimble tube plunging into the reactor

* U.L.B.
** EURATOM
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core, containing typical LWR fuel rods surrounded by pressurized boiling water. The second provides a tubular
annulus of the gaseous 3He around a fuel rod irradiation device in order to cycle the rod power by varying
the 3He pressure which increases or decreases the incident neutron flux.

Both irradiation devices were described in the 1974
Annual Scientific Report [140].

During 1975, construction of the new experimen-
tal equipment was started. For the PWC installation,
built for the Institute for Nuclear Technology, Rou-
mania, construction work could be finished and the
start of the first PWC experiment is planned for
March 1976. For the second PWC rig, built for
BELGONUCLEA1RE, construction has been started.
This equipment, like the previous one, allows the
simultaneous irradiation of three in-pile test sections,
but at a water pressure of 150 bar instead of 70 bar.
Fig. 3.6.1. gives a view of the PWC out-of-pile control
equipment. One should note in particular the glove
box for evacuation of radiolytic gases produced during

irradiation and for water sampling and rinsing of the
in-pile test sections.

For VNS, the detail design of the out-of-pile equip-
ment was completed in 1974 and most components
for the gas circuitry and for the control panel were
ordered. The construction of the out-of-pile equip-
ment was started in November 1975.

The in-pile section consists of a special aluminium
adapter loaded in an S5 mm BR2 irradiation channel.
The 2 mm 'He gap is contained between two con-
cent lie stainless steel tubes. A useful inner diameter
of 50 mm has been adopted for the first irradiation
campaign (CEB13). The detail design of the in-pile
equipment was completed in December 1975.

For continuous tritium trapping, which is necessary

•*

Fig. 3.6.1. — View oj the oul-oj-pile control equipment for the PWC (Pressurized
Wtitcr Capsule).
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to maintain the screen efficiency and to reduce the
amount of tritium which could be released in case of
leakage in the 'He circuit, the retention capability
of the titanium sponge and the zirconium cuttings
has been examined by out-of-pile tests.

By passing gas mixtures of natural helium contain-
ing about 1000 vpm H: through titanium or zirconium
absorption beds at various temperatures, it was found
that the H2 removal efficiency was better than 999b
and that titanium can be used in a wider range
of operating temperature (from 3S0 to 600°C). For
titanium sponge, the optimized operating conditions
for the present application have been obtained be-
tween 400 and 500°C and a minimum hydrogen
retention capacity of 1 g Hj/lOOg titanium has been
achieved (corresponding to 14,000 Ci HT/100g ti-
tanium).

The beginning of the CEB 13 irradiation campaign
with "VNS" device is scheduled for October 1976.

An important question linked to the irradiation of
natural or low enriched LWR fuel rods concerns the

determination and evolution of the rod power as a
function cf fuel burn-up. In particular, the build-up
of plutonium isotopes by neutron capture in ^U may
vary strongly, depending on the epithermal neutron
spectrum in the actual irradiation position. The cal-
culation methods could be improved, especially with
regard to the neutron absorption by 3!U resonances
in the epiihermal range. The effect of resonance self-
shielding was evaluated in more detail and satisfactory
results were found when comparing the calculated
fuel composition with the composition determined by
destructive radiocliemical analyses after the irradiation
campaign.

A computer programme was written; it is still being
improved by comparison with experimental measure-
ments and results, in order to follow up the fission
power evolution and heavy isotope composition of
LWR fuel rods irradiated in BR2. It concerns mainly
the irradiation experiments by means of so-called open
baskets of the "P" type and by means of "PWC"
devices.
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Chapter 4

APPLIED NUCLEAR RESEARCH

4.1. WASTE CONDITIONING AND DISPOSAL

4.1.1. FLK-60. High-temperature incinerator for
radioactive wastes
(N. Van de Voorde'"', G. Dumont, A. Taey-
mans*)

The incinerator became operational for trial runs
with non-radioactive waste in December 1974.

A series of sixty trial runs (about 600 h of opera-
tion) were performed in 1975. Different compositions
of simulated non-radioactive waste were used in these
trial runs, containing wood, paper, rubber, plastics,
ion-exchangers, metal chips, glass, sand, sludges and
water.

The major difficulty encountered was the forma-
tion of funnels by burning out the shredded solid
waste column between the outer static and inner
rotating cylinder of the furnace.

This channelling caused direct contact between the
combustion zone and the space above the solid waste.
Ignition of the distilled products occurred at irregular
intervals. In order to avoid these phenomena, the
height of the waste column had to be increased by
altering the screw conveyor level and the static fur-
nace wall. A gain of 25 cm was thus obtained.

4.1.2. Purification system for incinerator off-
gases
(W.R.A. Goossens, A. Francesconi, R. Harnie,
M. Hoogstoel, L. Meynendonckx)

In order to evaluate the operating conditions of
the various gas cleaning devices ordered, the gaseous
effluents of the FLK-60 incinerator, operated with
non-radioactive waste, were analysed on-line. The dust
content of the outlet gas was found to be about

* BELGONUCLEA1RE

120 mg.m"\ with a maximum of 175 mg.m'3. The SO:
concentration fluctuated around 250 ppm with a max-
imum of 540 ppm. The NOX concentration in the
gaseous effluents appeared to be only 5 ppm at the
low gas outlet temperature of 550°C resulting from
the actual working conditions. The interpretation of
these measurements was prepared by developing a
computer programme for relating the outlet gas com-
position to the waste burnt.

The development work on the gas cleaning devices
is reported in § 6.3.1.

4.1.3. R&D programme concerning the location
of a site for solid waste burial
(R. Heremans, J.Willocx)

The burial of medium and high level radioactive
wastes and of a-bearing wastes is a problem which
needs an acceptable solution before the end of this
century. SCK/CEN decided to elaborate an R & D
programme concerning the burial of such types of
wastes in deep geological formations. A first inventory
of possible convenient formations in Belgium was
established in close collaboration with the national
geological service. It appeared that some clay layers
could present interesting characteristics. Similar layers
exist in the subsoil of the Mol area. A pluriannual
experimental programme was therefore started on the
SCK/CEN site.

The first field investigations were undertaken dur-
ing the summer of 1975. A geological boring to a
-590 m leve*, established a stratigraphic cross-section
of the Mol subsoil. During this boring, core samples
were taken over the complete depth, indicating a very
compact and apparently very homogeneous clay layer
between -160 m and -270 m. It is the well-known
"T>oom clay" of the Rupel stage. Some other clay
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formations such as "Clay of Asse" and "Clay of
Ypres" were encountered at greater depths, but they
seem to be less interesting because of their smaller
thickness or lack of homogeneity.

The samples of the "Boom clay" are now being
submitted to extensive and detailed analytical work.
Chemical composition and ion-exchange capacities are
determined by different SCK/CEN laboratories. Mi-
ncralogical and petrographical examinations are done
by the "Institut de Mineralogie" of the University
of Liege. A first series of physical and mechanical

properties is determined by the Rijksinstituut voor
Grondmechanika at Gent.

In the borehole itself, complementary geophysical
and hydrological measurements were performed.

The results available indicate that the "Boom clay"
formation in the Mol area could offer interesting
characteristics for a possible waste repository: how-
ever, several years of intensive experimental and
theoretical work are still necessary before final con-
clusions can be drawn.

4.2. SAFEGUARDS PROJECT
(C. Beets, P. Bemelmans, F. Franssen)

The objective of the safeguards system is the timely detection of the diversion of nuclear materials from
peaceful nuclear activities to the fabrication of nuclear weapons or other nuclear explosive devices, as indicated
bv the EURATOM Treaty and bv the Non-Proliferation Treatv.

4.2.1. Safeguards regulations and procedures

Within the framework of the Environmental Im-
pact Assessment Study, at the request of the Minister
of Economic Affairs, the most important organiza-
tional, legal and technical aspects of safeguards have
been reviewed. The conclusions and recommendations
from this study with regard to safeguards are:
- the nuclear energy programme can be endorsed

under a number of conditions, among which the
implementation of appropriate surveillance, protec-
tion and accountancy measures, in compliance with
the subscribed treaties;

- these safeguards measures should rely on the best
available techniques and therefore should be worked
out in collaboration with national and international
institutions.
SCK/CEN has been involved, for technical aspects,

in the negotiations initiated by EURATOM for the
revision of the safety regulations 7 and 8, in order
to make them compatible with IAEA requirements.
Emphasis was put on the feasibility of implementation
of the safeguards systems in the installations.

SCK/CEN was invited to participate as "rappor-
teur" for all the contributions on isotopic correlation
techniques to the Vienna IAEA Symposium devot-
ed to the "Safeguarding of Nuclear Materials". The
Symposium also provided the opportunity for a re-
view of the structures and activities of the European
Safeguards Research and Development Association
(ESARDA).

4.2.2. Non-destructive techniques

Two measurement campaigns have been conducted
at the BELGONUCLEA1RE fuel fabrication plant,
under two separate contracts. The first (13S4/RB)
involving IAEA, BELGONUCLEA1RE and SCK/
CEN, was completed in 1975. The scope of the
experiment was the determination of the Pu content
and isotopic composition at two selected points of
measurement, namely the reception of the starting
PuO: powder and the storage of discarded pellets.

Two passive techniques have been applied, both
by means of portable equipments:
- high resolution gamma spectrometrv for 2wPu and

-41Pu;
- neutron-gamma fast coincidence counting for the

:4llPu content.
Because the "infinite depth" condition is achieved,

the gamma counting rates of the containers arc in-
dependent of weight and are measures of the con-
centrations of the active isotopes lv'Pu and 241Pu.
A reproducibility of ± 1 to 2% ( 1 tr) was observed
with counting times of 10 minutes.

Measurement of the 2WPu content is also possible
on small samples of less than 3 g.cin'2, through the
414 keV line, but the response is not linear and cali-
bration is necessary.

When the isotopic abundances have been verified
by the gamma method, the plutonium con'ent can
be determined by the 240Pu measurement, in the "2
of 4" mode of coincidence, the counting rates were
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about 5.10" net counts/min on containers of 1 kg of
PuOj, but calibration is again necessary. It is suggested
that the "3 of 4" mode wou'd provide a more
signiiicant signal, while stiil yielding sufficient count-
ing statistics.

The second contract (146-75-PIPGB) it a joint
undertaking of EURATOM (IRC, Ispra). BELGO-
NUCLEAIRE and SCK/CEN," to evaluate and com-
pare the merits oi several non-destructive techniques,
namely, calorimetry, gamma specrromctry and neu-
tron counting, for the determination of die plutonium
contents and isotopic compositions of mixed oxide
pins. A ten day experiment was conducted at the BEL-
GONUCLEA1RE plant with the participation of the
three organizations. The calorimeter was developed
by Argonne National Laboratory and was made avail-
able for demonstration. The high resolution f-spectro-
meter, equipped with a scanner and a computer, as
well as the VDC neutron coincidence counting equip-
ment, were developed by the JRC, Ispra. The samples
mainly consisted of LWR and LMFBR fuel pins.

All the data have been collected and are being
evaluated.

4.2.3. Isotopic correlations - Integral experiments

By "isotopic correlation techniques" is meant those
techniques which take advantage of known relation-
ships between spent fuel isotopic data, to generate
an independent estimate of the plutonium input to
a reprocessing plant. Heavy isotope correlations are
particularly valuable because nearly all the required
data are routinely measured. Pu/U and isotopic ratios
are also more reliably measured than absolute con-
centrations and are relatively insensitive to sample
ageing.

The MOL IV experiment has been completed with
the follow-up of the last DODEWAARD campaign.
The detailed tasks defined in the contract inriude:
- the assessment of the U and Pu isotopic balances

by the routine volume-concentration method and by
the independent Pu/U method, verified through
isotopic correlation techniques;

- the destructive measurement of the mean burn-up
per assembly, and the non-destructive verification
by gamma spectrometry and fission product corre-
lations;

- the independent measurement of the residual a 'U
enrichment in dissolver solutions by gamma spectro-
metry and by the density formula.
Almost all the results have been evaluated and

are being prepared for publication. The complete
agreement with existing relationships is illustrated in
Fig. 4.2.1.

In connection with isotopic correlations, a bank
of correlated data is being set up at the IAEA with
the co-operation of different research centres interest-

ed in these techniques. SCK/CEN is participating
with the Agency under contract 1675/CF.

s
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Fig. 4 2.1. — Relationship between the Pn/U ratio and the
-*xPupmPti isotopic ratio of samples irradiated
in various reactors, as published in the literature
(IPDR and HUMBOLDT BAY) and measured
durine, Safeguards campaign (KRli and DOD/;-
WAARD). *

4.2.4. Radiochemical analysis support

4.2.4.1. Contribution to the MOL IV experiment
(R. Boden, D. Huys, P. De Regge)

Within the framework of the MOL IV experiment
and a contract with KEMA, complete destructive
burn-up analysis was performed on four samples from
the dissolver solutions for the DODEWAARD repro-
cessing campaign at Eurochemic. The U and Pu iso-
topic composition and concentration data were in
excellent agreement with the data obtained on refe-
rence samples at CBNM. The mean burn-up of the
dissolved fuel ranged from 15,710 MWd.t"'m up to
19.700 MWd.f'm. Gamma spectra were recorded for
each batch, in order to assess the validity of fission
product isotopic correlations for safeguards purposes
in collaboration with RCN.

The uranium enrichment was determined by neu-
tron activation analysis in order to test the method
developed earlier for real dissolver solutions. Agree-
ment was obtained within 1 % of the mass spectro-
metric data.

4.2.4.2. Safeguards Analytical Laboratory Eva-
luation (SALE)
(R. Boden, D. Huys, P. De Regge)

Samples from the series Ti-461-74 were analysed
according to the SALE programme specifications. In
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addition to uranium analysis by cerimetry and the
New Brunswick Laboratory's modified Davies and
Gray method, and plutonium analysis by controlled
potential coulometry, all samples were assessed by
mass spectrometric isotopic dilution.

The U and Pu isotopic compositions for this series
have also been determined by mass spectrometry and
the results submitted to the SALE programme com-
mittee for evaluation.

By the evaluation of the former series Ti-219-74,
a systematic bias of about 0.5 percent was revealed
for our titrimetric methods; coulometry results show-
ed no systematic error at a! and the results from mass
spectrometric isotopic dilution only differed 0.039b
from the make-up value.

4.2.4.3. Uranium enrichment measurements
(M. Monsecour, P. De Regge)

Thermal neutron transmission has been evaluated

as a technique for the assessment of the individual
pellet enrichment in completed fuel rods. The meas-
urements aimed at an optimal design for a neutron
source-collimator-detector assembly for fuel rod scan-
ning and precise enrichment measurements. The fol-
lowing results were obtained for a 7.107 neutrons.s"1

Ac-Be source in a water moderator:

- the neutron transmission decreases as a function ot
source-sample distance, indicating a strong contribu-
tion from epithermal neutrons at distances smallei
than about 15 cm;

- a difference of 1% in ^U enrichment yields a
transmission difference of 39b at a distance of 10
cm and 69b at a distance of 25 cm, at count rates
of 1000 cps and 100 cps respectively;

- with 20 s counting time per pellet, the =VlU enrich-
ment can be verified within 0.5% at the 95<?o
coniidence level.

4.3. ACTINIUM-THORIUM
(L.H. Baetsle, A.C. Demildt)

4.3.1. Dismantling of hot cells a< and an
(M. Spriet*, G.Dumont, A.C. Demildt, C.Lam-
biet, A. Daniels)

As decided in 1974, the production facilities were
gradually decommissioned. It was necessary to remove
all remaining radioactive waste, to progressively lower
the contamination level inside the a. boxes and to
prepare equipment for dismantling the facilities.

After a series of decontamination runs with acid
and alkaline reagents, the surface Ra, Ac and Th
activity in the GCI box was reduced to 0.05 to 1
nCi.dm'2; slightly higher levels were obtained in an.
The radon activity in the atmosphere of the boxes
was sufficiently low to allow direct connection to
the stack.

By removing a layer of polymerized Canada balsam
(used for improving the visibility of Incite windows)
from the a box walls, a considerable reduction of the
background was obtained.

Detailed procedures have been set up for dismant-
ling the equipment without excessive radon contam-
ination. A lock has been constructed to allow access
for rhe intervention crews to the hot cells and to
evacuate the conditioned waste from the hot cells.
It was further decided to use the plasma torch tech-
nique for cutting the stainless steel a boxes.

BELGONUCLEA1RE

4.3.2. Actinium manipulation
(D.Huys)

Gramme quantities of actinium have been purified
in aiv and transferred to CEA Saclay. By chemical
treatment of the Ac^Oj-ThO: prototype heat source,
approximately 1.5 g actinium was recovered and pre-
pared for delivery.

The final 50 Ci of Ac left in the aiv cell have been
distributed over a number of capsules for various
deliveries ranging from mCi to 100 mg Ac quantities.

4.3.3. Actinium-beryllium neutron source
(M. Monsecour, P. De Regge)

Some exploratory work was performed on the use
of Ac-Be neutron sources for neutron radiography
applications; however, most of them need higher
neutron fluxes. The preparation of a 10''n,s"' neutron
source was envisaged but practical difficulties have
impeded any further development in this area.

4.3.4. Analytical support
(M. Monsecour, P. De Regge)

The ~7Ac, ^Ra and -8Th contents of more than 70
samples were analysed by a-spectrometry. The three
elements are isolated and purified by ion exchange
techniques.
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4.4. FUSION RESEARCH AND LITHIUM TECHNOLOGY

4.4.1. Lithium technology
(M. Soenen, J. Dekeyser)

A Li loop, called "Li 1" has been designed and is
under construction in the Technology Hall of SCK/
CEN in order to apply much of the technical know-
how gained on sodium for sodium cooled fast reactors
to lithium, as a possible reactor coolant.

General lay-out

The main circuit of the figure eight loop includes,
in the lower cold part, a Li-air cooler, two parallel
test sections, an electromagnetic pump and a flow
meter; in the upper hot part, an electrical heater,
two parallel test sections and an expansion tank; a
Li-Li recuperator links both pans together. By means
of valves, the hot and cold test section can be un-
loaded one by one without interrupting the Li flow.
A system similar to that used in the Na loops will
permit easy loading and unloading of interchangeable
items such as a sample taker, a specimen carrier, a
hot trap or an "on-line" monitor.

The purification circuit consists of a cold trap, the
efficiency of which can be measured by a plugging
circuit branched either to the inlet or outlet of the
trap.

Main characteristics

The main characteristics of the loop are as follows:
Flow

- Heat capacity
- Design conditions
- Structural material
- Total Li content
- Piping size

main circuit
test and purification drcuit
plugging circuit

variable up to 2 nr\lv' for a
pressure head of lökg.cm'2

variable up to 50 kW
3 kg.cnv2 at 700°C
A1SI316
about 50 1

26.75/21.25 mm
31.25/15.75 mm
13.25/8.75 mm

Present state of development

The construction of the loop started in 1975.
Pumps and heat exchangers are on site; the piping
work has started; some of the electrical systems are
prepared.

According to the present planning, the loop will
be operational by the end of 1976.

4.4.2. Participation in J.E.T.
(M. Snijkers)

J.E.T. (which stands for JOINT EUROPEAN
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TORUS) is a proposed European fusion experiment
of the Tokamak type. The essential aim is to obtain
and study a plasma in conditions and dimensions
approaching those needed in a thermonuclear reactor.
The general design of JET has come to an end. A
design proposal has been published in the report
EUR-JET-R5; the SCK/CEN participation in the
design studies included studies on the following
topics.

Weldability of Inconel 600, 601, 625

The nickel base alloys Inconel 600, 601, 625 have
been selected for the construction of the vacuum
vessel because of their high electrical resistivity and
their good mechanical properties. Nickel base alloys
are, however, sensitive to hot cracking. Therefore a
series of welding tests was carried out at CEA
(Saclay) and TNO (Apeldoorn). These tests showed
that, if great care is taken for the cleanliness of the
material and if the correct welding techniques and
parameters are used, very sound welds can be obtain-
ed. The mechanical properties of the good welds are
within the data given by the manufacturers. The
results of the tests are summarized in a JET technical
note.

Lo\v-Z materials as limiter and first wall
materials in the vacuum vessel

The radiation losses in the plasma are to a large
extent determined by impurities and their atomic
number. As most of the impurities come from the
wall, it is envisaged to use refractory materials with
a low atomic number as limiter and perhaps as first
wall materials. A series of possible materials was
mentioned in the previous annual report [140].
Meanwhile, â  a result of the physical and chemical
erosion tests done with hydrogen ions, the carbon
base materials such as graphite, glassy carbon and
papyex have been excluded. These materials have very
high chemical erosion yields under hydrogen bom-
bardment at about 600°C and maybe even at lower
temperatures. Silicon carbides and aluminium oxide
have given, up to now, quite favourable results.

Influence of "lydrogen on the mechanical prop-
erties of Inconel alloys

Inconel alloys with their high nickel content, are
very sensitive to hydrogen embrittlemcnt at tempera-
tures lower than 200°C and at hydrogen concentra-
tions higher than 10 ppm.

The inner side of the vacuum vessel is facing
a hydrogen atmosphere. During a shot, a flux of
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(0'5-10'" cm"2.s'' hydrogen atoms bombard the wall. This will, however, soon be released provided the
We have investigated whether this will cause em- hydrogen is not trapped at the damaged lattice sites,
brittlement of the vessel. During the shot, the con- However, no embrittlement of the bulk material is
centration of hydrogen in the surface facing the plas- to be expected,
ma may rise to 200 ppm, depending on temperature.

4-6 BLG 515/76



Chapter 5

BASIC AND EXPLORATORY RESEARCH

INTRODUCTION

An improved insight into the structures and structural defects in solids and their relation to physical
properties is important for future technological development of both nuclear and non-nuclear energy. The
MATERIALS SCIENCE department has therefore devoted a substantial part of its programme to basic research
oriented toward this field.

Progress has been made in the experimental study of radiation damage (point defects, voids, bubbles) in
metals with face-centred cubic (Cu, Al), body-centred cubic (Mo) and hexagonal close-packed (Zn, Cd, Re)
structures.

Various alloys and intermetallic compounds (U6Fe, NisMo, CuPt, MnSii, Al-AUCa, Al-Mo ...) as well as
a numbe«1 of non-metallic compounds and minerals (DPPH, FeOHSO.t, NbTej, TaTe2, N'uTea, YSeF, CU2S, V*N,
TaxN, V2MoO(-. SiO2, In2Se3 ...) have been investigated for their physical properties and structural aspects.

The systematic investigation of the electrical properties of semiconducting rmorphous chalcogenides
(TexSe>Sb,) and of highly-conjugated polymers has been continued. Further progress has also been made in the
study of the relaxational behaviour of semi-crystalline polymers (PVDF) as a function of gamma-irradiation.

Theoretical studies have led to new results in the field of electron diffraction processes (short range
to long range ordering transitions in binary compounds, critical voltage effect), relaxation effects with high
relaxation strength, electrcn-phonon interactions and polarons, dielectric function and phonon dispersion in
covalcnt semiconductors, and interatomic potential derivations from phonon spectra.

Various improvements have been made in the field of instrumentation e.g. the recently installed triple
axis neutron spectrometer, the precise determination of the Hall coefficient in semiconductors, and the quantitative
elemental X-ray microanalysis coupled with transmission electron microscopy.

In the field of NUCLEAR PHYSICS, the main lines of research, the level of effort and the close
association with a number of Belgian Universities, international institutes such as CBNM (CCR, EURATOM,
Geel) and foreign scientists were continued.

A large programme was devoted to the improvement of the neutron cross-section data for a8U, in particular
the parameters of the resonances below 10 keV neutron energy. These data are obviously of fundamental
importance for the physics of thermal and fast reactors, but discrepancies of up to 20% are found between
the best published values of resonance parameters. The joint CBNM-SCK/CEN programme devoted to this ^'U
problem paid a lot of attention to all the various steps involved in such a neutron cross-section measurement,
such as: assaying of the samples, disposal of widely different sample thicknesses, simultaneous measurement of
the total, scattering and capture cross-sections, multilevel fitting of the stronger resonances, etc. Preliminary
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results are very encouraging, in the sense that consistent sets of parameter values are obtained from the
analysis of the various individual measurements.

Collaboration with scientists at the Institut Laue-Langevin in Grenoble has been active in the field of
neutron capture gamma spectrometry and slow neutron inelastic scattering. It has been extended to the field
of neutron cross-sections, using the extremely clean slow-neutron beams available at the neutron guide tubes of
the I.L.L. High Flux Reactor. The quality of these beams has allowed the measurement of extremely low
partial cross-sections, namely the thermal fission cross-section of 23Th (about 4 microbarn) and the (n,a)
cross-section of 238U for thermal neutrons (about 1.5 microbarn).

A modest effort was devoted to a new programme on laser isotope separation. The present availability
of lasers with fairly high powers (either continuous or pulsed) and adjustable wavelengths allows the selective
excitation of a given isotopic species in a gas, using the isotopic shift of the absorption lines in the optical
spectrum. In principle, the excited isotope may either enter into a chemical reaction, or dissociate, or be
ionized. If the final product can be collected, isotope separation could be achieved with a very good efficiency
as regards energy expenditure. The work at SCK/CEN was started, using a pulsed CO2 laser with wavelength
selection between 9.6 and 10.4 microns, i.e. in the infrared. Large isotopic effects in the photodissociation
of SF&, published recently, were confirmed, and a systematic study of geometrical effects on the isotopic selectivity
and the overall reaction efficiency was started. The present programme will be concentrated on the separation
of light isotopes of practical interest.

During the year 1975, the RADIOBIOLOGY department was mainly concerned with the following six
research lines.

• Studies of the acute effects of radiation, namely studies of biochemical indicators of radiation damage, of
cellular differenciation and of metabolism of protein, DNA and RNA.

- Studies of the late effects of radiation. Thanks to increased national and international financial support, this
part of the programme has been greatly developed. The most important goals are: the characterization of the
preleukemic stage of radio-induced leukemia; the pathogenesis of radio-induced life shortening and the
pathogenesis of the late changes occurring in the brain and the lungs during a radio-therapic treatment for
cancer. Radioleukemia is being studied from a biological, cytogenetical, biochemical, immunological and
virological point of view.

- Studies of genetic effects of ionizing radiation and chemical mutagens on mammals; the radiosensitivity of
premeiotic male germ ceils of mice of different ag;, and the induction of translocation in the mouse oocytes
by ionizing radiation.

- Studies of the integration, replication and biological effects of foreign DNA administred to different organisms
(micro-organisms, plants, cells in culture and mammals) by means of ultracentrifugation in CsCI gradients
and autoradiography.

- Studies of the radioactive pollution of the environment, especially radioactive contam'nation of grass and
milk by tritium; metabolism of heavy alkaline metals in mammals and the physico-chemical studies on the
biological availability of heavy metals.

• Studies of the non-radioactive pollution of the environment (toxicity of lead and cadmium poisoning).

All the research programmes of the department are studied in a poiydisciplinary way whenever possible.

For the realization of its scientific programme, the Radiobiology department received financial support
mainly from the Ministry of Education and from the Ministry of Economic Affairs. In addition, the department
received some financial aid from the Ministry of Public Health and some national and international organizations
such as A.S.L.K./C.G.E.R., the national Foundation for Scientific Medical Research, the R.I.T. (Recherche
et Industrie Therapeutique, Genval), EURATOM, the European Communities, the NATO and the Deutsche
Schutzkommission of the German Federal Republic. The programme is carried out in close collaboration with
Belgian and foreign laboratories.
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EXPLORATORY RESEARCH, partly carried out in collaboration with universities or by research feJiows
from international organizations, was related to the following subjects:

- chemical and electrochemical study of iodine compounds in acid solutions;

- non-destructive investigation of irradiated fuel to determine the residual fissile content;

- new method» for diffusion, calculations of narrow regions with strong flux gradients;

- investigations on critical heat fluxes;

- neutron flux measurements by self-powered neutron detectors;

- heat transfer studies in liquid sodium for the in-pile sodium loops in BR2.

5.1. MATERIALS SCIENCE

5.1.1. Electrical properties of semiconductors
(R. Colson*, M. Denayer, P. Nagels)

5.1.1.1. Electrical transport in amorphous semi-
conductors [287,381,382]

The systematic investigation of the conduction
mechanism in amorphous chalcogenides by d.c. con-
ductivity, Hall coefficient and thcrmopower measure-
ments has been continued. Additional work was
devoted to bulk glasses in the ternary system
Se-Te-Sb having the compositions (TeisSeösWxSb,,
TcisSesoSbs and Te«Se«Sbs. The main feature of the
results is the increasing discrepancy between the acti-
vation energies for the conductivity and the tbermo-
power for increasing antimony content. This behaviour
is difficult to reconcile with the small-polaron hypo-
thesis for a free- hole in the chalco^enide glasses but
favours the Mott and Davis model for the band struc-
ture of an amorphous semiconductor. Indeed, the in-
creasing discrepancy can be explained by an enhanced
contribution of conduction of holes in localized states
and thus a broadening of the width of the tail of the
valence band with increasing antimony content.

5.1.1.2. Electrical properties of polymers

The study of the electrical behaviour of highly-
conjugiiied polymers by means of measurements of
electrical conductivity, thermopower and Hall effect
has been continued.

A major part of the work was devoted to the study
of the influence of the polymerization conditions
(temperature, concentration and ratio of the Ziegler-
Natta catalysts, presence of moisture and oxvs>en) on
the electrical properties of polyacetylene. The elec-
trical conductivity of this polymer can be varied with-

* R.U.C.Antwerpcn (I.I.K.W./I.1.S.N. bursar)
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in wide limits mainly depending on the degree of
crystallization. The conductivity was measured as a
function of temperature in different atmospheres on
samples characterized by X-ray diffraction and 1R
spectroscopy. The conductivity showed typical semi-
conducting behaviour; the data can be best represent-
ed by a pure exponential temperature dependence,
yielding an activation energy of about 0.2 eV. Heating
to approximately 100°C resulted in a marked decrease
of the conductivity, presumably due to the addition
of impurities (e.g. HCI) to the double bonds. Ther-
mopower measurements on polyacetylene indicated
p-type conduction.

Measurement of d.c. conductivity, thermopower
and Hall coefficient were also performed on polyacrylo-
nitrile after different thermal treatments (450-700°C).
The conductivity, which increases markedly with in-
creasing pyrolysis temperature, cannot be represented
by a simple Arrhenius equation. The thermopower
was negacive and decreased slightly with increasing
temperature. Hall effect measurements on this poly-
mer yielded an extremely low value for the mobility
(p.,, rs 3X 10"Jcm'2.V"'.s'' at room temperature).

5.5.1.3. Precise determination of the Hall coeffi-
cient by Van der Pauw's method

The four probe method proposed by Van der Pauw
has proved to be an attractive technique for charac-
terizing semiconductor materials because it permits
measurements of resistivity p and Hall coefficient RM
on platelets of arbitrary shape. Chwang et al. calculat-
ed the correction factors for p and RM introduced by
finite size contacts placed on the corners of a square
sample. In order to obtain experimental verification
of their calculations, precise measurements of the
resistivity and the Hall coefficient were performed
on square specimens of different thicknesses (0.5, 1
and 2 mm) cut from n-type silicon crystals of differ-
ent Sb doping. For comparison the measurements
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were repeated on the same samples shaped like a
four-leaf clover. In agreement with Chwang's calcu-
lations, the results obtained indicate that the errors
remain within a reasonable limit for the resistivity
but may greatly increase for the Hall coefficient, if
the size of the contacts relative to the sample dimen-
sions is not kept small. These measurements enable"
us to check the reliability of the Hall effect apparatus,
which is now fully automated and directly coupled to
the PDP-11 computer. At the K.U.Leuven, Faraday
rotation measurements were performed on the same
crystals. The combination of these results and the
charge carrier concentrations, deduced from Rn, allow-
ed a precise determination to be made of the effective
mass of electrons in the conduction band.

5.1.2. Magnetism and neutron scattering experi-
ments

5.1.2.1. The paramagnetism of DPPH
(P.Grobet*, A. Van den Bosch, L. Van Get-
ven**, J. Vansummeren, R. Verlinden*")

The static magnetic susceptibilities of the organic
free radical a.a'-diphenyl ß-picryl-hydrazyl (DPPH)
have been measured using the Faraday method. The
paramagnetism of DPPH.GD6, in which the radicals
are separated by deuterated benzene, fits the Brillouin
function for non-interacting paramagnetic centres
having each a magnetic moment due to the spin of
a single unpaired electron. At temperatures below
4 K, however, a systematic deviation is observed.
The paramagnetism of a solvent free DPPH sample
obeys the same law at temperatures above 150 K,
but below this temperature a systematic deviation
occurs. Below 10 K the paramagnetism even decreases
with decreasing temperature. The deviation is attribut-
ed to the pairing of electrons. In the solvent free
DPPH less than 19b of the number of unpaired elec-
trons, that are active at room temperature, is left
below 2.2 K.

5.1.2.2. The superconductive transition of U<iFeu9s
(V.V.Gann4', A.I. Skvortsov5*, A. Van den
Bosch)

The behaviour of a U<,Feo.98 alloy has been studied
for neutron doses between 7X 10" and 3X 1017n.cm'2.
The superconductive transition temperature, Tc, de-
creases with increasing neutron dose, D, in the dose

* K.U.Leuven (N.F.W'.O./F.N.R.S.)
** K.U.Leuven

*** K.U.Leuven (1.1.KAV./I.1.S.N.)
•** Charkov Physico-Tcchnological Institute, Charkov, USSR
s* All-Union Scientific Research Institute of Inorganic Mate-

rials, Moscow, USSR

region in which the alloy becomes amorphous. Below
1 X 1017 n.cm"2 the change of T* with D can be analys-
ed quantitatively in terms oi atomic disordering. The
analysis results in the following expression:

Tc = T (..oexp{-1.9X[l-exp(-4.29xl0-" ! X D)]}
(1)

in which Ta, is 3.92 K, the transition temperature
of the unirradiated samples. The situation is repre-
sented in Fig. 5.1.1. The model yields an estimated
number of 1X106 displaced uranium atoms per fis-
sion. At higher doses, the Tt values predicted by
the model are much lower than those previously
reported by Skvortsov et al. It seems, therefore, that
Ti- is non-linearly related to the atomic disorder con-
sidered. The static magnetic susceptibility of the bulk
of the U,Feow samples is: 2.0 ( ±696 ) X lO^emu.g"1

at room temperature. The value is slightly higher at
lower temperatures: at 20 K, the increase amounts
to 3.5 per cent. The susceptibility does not show
correlation with the neutron dose.

UKFe 0.98

15 IE 17
log D

/•Vs. 5.J.J. — The superconductive transit ion temperature, Tc,
oj UbFc09s versus the logarithm of the neutron
dose D. '
/ : experimental points

.• equation (1)

5-4 BLG 515/76



5.1.2.3. Neutron diffraction

Study of the magnetic structure of the basic
sulphate FeOHSO4

(D. Scheerlinck*, E. Legrand)

From susceptibility measurements as a function of
temperature and from Mössbauer measurements, it
was deduced that FeOHSCii has a Neel temperature
of 56 K. Above this temperature it is suggested that
a linear chain anti-ferromagnetism should be present.

From neutron diffraction measurements at room
temperature the position of the hydrogen atom in
the unit cell was determined. Measurements perform-
ed at 4.2 K show that the magnetic structure is quite
complicated. No model with a single magnetic wave
vector could be found to explain the measured mag-
netic superstructure lines. By introducing two magne-
tic wave vectors, one perpendicular to the other, a
model for the magnetic structure could be proposed
which gives a satisfactory correspondence between
calculated and measured intensities. Measurements
performed around and above 56 K indicate that the
magnetic intensities, corresponding to both magnetic
wave vectors, show a different behaviour as a func-
tion of temperature.

Instrumentation
( D . Scheerlinck*, E. Legrand)

In order to test the performances of the triple-axis
instrument recently installed at the BR2 reactor, a
few phonon peaks were measured on a single crystal
of aluminium. The scans were performed in constant
energy and constant Q modes with ki constant.
Typical results of phonon intensities measured in the
constant energy mode are shown in Fig. 5.1.2. The
differences in intensity are due to the fact that the
different phonons were measured around different
reciprocal lattice points. In Fig. 5.I.3., our results are
compared with those obtained by Stedman and Niison.

do-/dJ1 for impurities in Fe
(A.M. Moisin**, S.Hautecler)

The angular dependence of the scattering cross-
section of impurities in Fe has been investigated by
means of the time-of-flight spectrometer without the
chopper between the monochromator and the sample.
Five iron samples have been studied, with respectively
Al (9.8, 15.4 and 20.9 at.%) and Ni (2.1 and
5 at.% ) impurities. All samples were measured twice;
once with a magnetic field perpendicular to the scat-
tering plane, and a second time without the field.

The analvsis of the data is under wav.

E=-12.27 meV

ki= 4.

E= 18.65 meV

0.1 0.2 0.3 q 0.1 0.2 0.3 q 0.1 07 0.3 q -0.3 -0.4 -Q5q -0.5 "0.6

Fig. 5.1.2. — Typical results of phouon intensity measurements on a single crystal oj aluminium.

-07 q

* R.U.Gcm (I.V'.O.N.L./I.R.S.l.A. bursar)
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Fig. >.1.3. — Comparison oj SCK/C1:.N results of pbouon
in/entity measurements (points) with the results
obtained by Sled man and Nilsson (continuous
curve).

Study of clathrate hydrates
(W. Wegener, J. Vanderhaeglien*, h. Van Gerven**)

The measurements of thermal neutron incoherent
scattering from ethylene oxide (EO) and tetrahydro-
furane (THF) clathrate hydrates were extended to
lower temperatures und completed. For EO, the
quasi-elastic regions were analysed using two descrip-
tions for the molecular reorientations of guest mole-
cules: rotational jumps around different cage axes
and 1VANOV isotropic jump diffusion. Using the
formed model, rotations around the 4 axis were
found to be predominant, with a residence time of
(1.8 ±0.3) ps at 214 K and an activation energy
of (0.5±0.1) kcal.mol1. Similar information results
from the second model. For the THF deuterate, the
scattering law was derived for guest molecules per-
forming jumps around the 3 fold cage axes.

Molecular motions in solid SiH4

(W. Wegencr, J. Vanderhaeghen*, L. Van Gerven**)

To study the dynamics of SiFLi molecules in the
solid phase, neutron time-of-flight measurements were
performed at 10, 25, 35, 50 and 79 K. This tem-
perature range covers three different phases. The ex-
perimental data have been corrected and normalized
and are being analysed.

Experiments have been performed on
(T\ = 37K) at room temperature. Restricting the
range of the exchange interactions to the first and
second nearest-neighbours, the relation (li/kß)2 +
2 (Jj/kn)2 = (149 + 7) K2 is obtained " from the
second moment of the energy distributions of the
scattered neutrons. A second relation is obtained from
a computation of TN in the Green's function approxi-
mation. From these two relations
J,/k« = (S±0.8)K and J:/kB = (—6.5 + 0.6) K
are derived. From these values, 6 and X(TN) arc
computed and found in good agreement with the
corresponding experimental data.

5.1.3. Electron microscopy
(S.Amelinckx*, A.Art", D.Colaitis"'", M.Da-
vid4*, P. Delavignette, R. Derie \ A.Desclian-
vres5*, R.De Ridder4*, J. Flahaut6', R.Ge-
vers4*-7*, M.Ghodsi", A. Laliousse", C. Ma-
nolikas8*, G. Nouet5*, R. Sernccls'*, L. Stals'%
E.Torfs4*, M.Vandendungcn**, D. VanDyck4*,
J. Van Guysse10*, J. Van Landuyt11*, G.Van
Tcndeloo4"', J. Viccns5*)

5.1.3.1. Intermetallic compounds and alloys

Various structural aspects of the Ni-Mo alloy sys-
tem were further investigated. Particular attention
was paid to the formation of the DO22 phase as an
intermediate phase in the ordering process of NijMo
[53] and to the lattice relaxation at stacking faults
and glide antiphase boundaries in NijMo and NijMo
[54]. A diffraction study allowed the interpretation
of incommensurate superstructures in MnSi;.v as con-
tinuous chimney ladder structures [35].

Electrical resistivity measurements on CuPt were
combined with electron microscopic observations; this
allowed the presentation of a model for the ordering
process in different temperature ranges [46].

The structure of the phase boundary in the eutectic
composite Al-AhCa has been examined. •

* K.U.Leuven (l.I.K.W./I.I.S.N. bursar)
** K.U.Leuven

* Also R.U.CAiuweipen
•"v U.L.I5ruxelles

*** C.N.R.S. Bellcvuc, France
4* R.U.C.Antwerpen
5* Universite de Caen, France
h* Universite de Paris, France
7* V.U.Brusscl
s* University of Thessaloniki, Greece
"* L.U.Cllassclt

10* H.O.R.T.O.K. Mol
"* R.U.C.Antwerpen and U.I.Antwerpen
'2* R.U.Gent (I.W.O.N.L./I.R.S.I.A. bursar)
B* U.I.Antwerpen
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5.1.3.2. Non-metallic compounds and minerals

Direct images could be obtained of two dimensio-
nal charge density waves in NbTej and TaTe: £51]
illustrating their static character.

The same imaging technique was used to investi-
gate a mineral series (bastnaesite-synchesite). Three
new mixed layer minerals could be characterized [50].

A similar study on YScF compounds allowed direct
characterization of the polytypcs from high resolution
images ['"].

Two dimensional structure images of dumortierite
(Pig. 5.1.4.) confirmed the structural data for the
mineral [*].

The appearance ot different ordered phases has
been studied in copper dichalcogenides. Special atten-
tion has been paid to the structure of different phases
in the copper sulphide compound. Twinned structures
have been studied in Cuj.iS where new three-dimen-
sional long spacing ordered structures (Fig. 5.1.5.)
have been analysed [*]. The NijTe? compound has
been studied for the formation of modulated struc-

£. 5.1.-I. — lligj) resoliilinn lattice iiiiagfi oj dtiworlierite.
The image can be directly related to the struc-
ture which is represented schematically as an
inset; a unit cell is outlined on the micrograph.

tu res at moderated temperature and for their phase
transition as a function of temperature.

The first stages of the nhridation of vanadium have
been studied, where a possibly tetragonal phase is
formed. Highly complex finely twinned configurations
have been observed.

The nitridation of tantalum has been studied, and
a new ordered monoclinic phase has been detected
around the composition Ta^N. The complex twinning
structures (Fig. 5.1.6.) appearing during the forma-
tion of this pseudo tetragonal nitride in a hexagonal
matrix has been analysed in detail [*]. These parti-
cular configurations are not typical for this compound
but are of more general application to phase trans-
formations of the same type.

Particular twinning configurations have been stu-
died in ViMoO».

5.1.3.3. Solid state phase transitions

A systematic study of the phase transitions occur-
ring during the preparation of iron based magnetic
recording material has been undertaken. The starting
material is gocthite; this is transformed into hematite
by a dehydration process, then into magnetite by
reduction and finally into maghemite by oxidation.
The transformation of goetbite into hematite is a
solid state type transformation; an intermediate long
spacing ordered phase has been observed on finely
crushed powders of natural gocthite, while this phase
has never been formed on the synthetic powders with
acicular shapes as needed for magnetic material. The
reduction process of hematite into magnetite has also
been studied.

An in situ heating study led to a description of the
a-ß-phase transition in quartz as the gradual decrease
in size of Dauphine twin domains o! particular crys-
tallographic appearance [55]. (Pi«. 5.1.7. illustrates
this interpretation.)

Various phase transitions in ln:Sei were studied by
electron diffraction and microscopy. Physical models
for these transitions have been proposed [52], re-
lating the formation of these new phases to the known
structures.

5.1.3.4. Quantitative X-ray microanalysis

Particular attention has been paid to the different
problems occurring in a quantitative elemental analysis
using an X-ray multichannel analyser. Semi-empirical
formulas allowing a quantitative analysis have been
confronted with experimental cases, showing that this
method is worth being developed and should add
significantly to the already abundant crystallographic
information available in the transmission electron
microscope.

[*] to be published
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[*] to be published

5-7



/•"/& 5J.5. — Ywhined cm/tils in the Ci<i_KS system, shuwhin <; long S/'iichin superstructure
parameter in at leail two din:eii\itm\ as revealed /-v lattice restitution.

This technique allowed the periodic antiphase
boundary structures to be related to particular com-
positions of the Al-Mo alloy system. The crystallo-
graphic model for these non-conservative planar de-
lects is in agreement with thesi; compositions [56].

This technique has been also applied to the detec-
tion of implanted Ar in Cu, and its relation to ra-
diation damage.

5.1.3.5. Electron diffraction effects

The effects on the electron diffraction patterns of
the transition of binary alloys I torn the short range
ordered state are explained by the use of a cluster
type model. The calculations agiee with all experi-
mental data available for alloy systems, ionic crystals,
oxides and carbides [35, ' ] .

A generalized theoretical approach making use of
the Feynman path integral formalism allows an elegant

[•'•] lo he published '

way of describing the electron diffraction processes in
thin crystals [49].

5.1.3.6. Critical voltage effect in crystals

The theoretical study of the critical voltage cflect
occurring when accelerated electrons are transmitted
and diffracted under a particular orientation through
crystals has been continued and extended [38]. The
influence of weak beams [37] and the presence of
high order systematic reflections in the diffraction
situation [32] have been accounted for. The case of
non-centrosymmetrical crystals has also been treated
and the use of the C V E for the distinction from
centrosymmetrical crystals has been evaluated. A
three-beam approximation appears to be sufficient
[45],

5.1.3.7. .Irradiation effects

Copper has been irradiated with 10 keV argon ions.
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/•"/.(;. 5./.6. — Twinned structure in the Tu-K \y.\tciv formed by tin ordering

Radiation damage as a function of the annealing treat-
ment has been studied both with the electron micro-
scope (dislocation loops, eic.) and by elemental ana-
lysis (detection of the presence of implanted argon).

5.1.4. Relaxation effects

5.1.4.1. Relaxation effects for a standard linear
solid having large relaxation strength
(M. Ciillcns-Raadschelders1-, R. Gevers , R.
De Batist**)

Relaxation processes, giving rise to a damping peal;
and a modulus defect in internal friction measure-
ments, are very often interpreted in terms of the
Debye relations.

These relations arc, however, based on approxima-
tions assuming a low relaxation strength. Since CN-

K .U.C.Ant werpen
AIMI R U.CAntWL'i'pcn

perimental observations by means ol internal iriction
o! relaxation processes with high relaxation strength
often show deviations from the features predicted by
the classical Dcbye plots, a theoretical study ol the
relaxation process with high relaxation strength has
Seen pcrlormed. As a mechanical model to describe
the process, the standard linear solid, introduced by
Zener, has been chosen.

For the calculations, one has to distinguish between
measurements performed at constant frequency and
resonance measurements. For the latter, one has to
introduce the equations of motion, since they deter-
mine the relation between modulus and resonance
frequency, which is important in the case ol a large
modulus defect associated with a large relaxation
•:treimlh. It is to be recalled that, in the derivation
of the classical Dehye relations, the resonance fre-
quency is considered as a lirst approximation to be
constant.

In order to obtain an idea about the corrections
introduced by our calculations, implicit expressions
have been derived. Thcv show that, lor a large re-
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l:ig. 7.1.7, — Electron micrograph oj a crystal urea oj a quartz sample, in situ healed, resulting, in a local temperature gradient
across the a—»(j transition temperature oj )73°C. The areas marked a and 3 are respeclirely in the a and 3 phase.
Sear the transition temperature, a regular array oj triangular Dauphine twin domains is observed.

hixntion strength, a shift occurs of the position of
the inflection point of the modulus defect with respect
to the peal; maximum. Experimentally this has been
observed on internal friction results of relaxation
processes with high relaxation strength in PVDF
measured with resonance methods [308].

Furthermore, explicit calculations have been per-
formed in order to obtain a general idea of the shape
of the damping peak. These predict a narrowing of
the damping peak, as has been observed in measure-
ments on Cu-Al alloys ol M.Koiwa et al.

5.1.4.2. Relaxation effects in polymers
(A. Callcns'% R. De Batist**, L. Eersels)

Results and conclusions of the study of the relaxa-
tions! behaviour of unirradiated semi-crystalline poly-
vinylidene lluoride (PVDF) have been summarized
and reported [308]. Gamma irradiations up to 100
Mrad at 240 krad.lv1 dose rate were carried out at
ambient temperature by means of a w'Co source, on
PVDF samples sealed in glass tubes under vacuum or
air. For closes larger than about 50 Mrad, embriitle-
ment of the thin films irradiated in air prohibited
further examination, so that the study has been con-
centrated on specimens irradiated in vacuum.

R.U.C.AntwwpL-n < 1.1.K.W./Ü.S.N. bursar)
Also R.U.CAntwerpcn

a) Characterization of the irradiated samples

After irradiation, samples were characterized by
differential thermal analysis (DTA), X-ray Laue
spectroscopy and infra-red spectroscopy. By means of
DTA, a decrease in the crystalline melting temperature
(from 181°C to 168°C a't 100 Mrad) was observed,
which can be attributed to the generation of defects
in the crystalline phase, caused by cross-linking. With-
in error limits, no change in the degree of crystallinity
has been lound by comparing DTA fusion peak areas.
By X-ray Laue analysis, on the other hand, after a
suitable choice of amorphous background, one ob-
serves a slight decrease in the degree of crystallinity
from 45 to 426o. Infra-red spectroscopy did not re-
veal any important observable change.

b) Post-irradiation experiments

Tensile tests have been carried out on the irradiated
specimens. As shown in Fig. 5.I.8., a sharp decrease
in elongation and a steady increase in yield stress
occur between 0 and 20 Mrad doses. These effects
are typical for the cross-linking phenomenon in semi-
crystalline polymers. The initial modulus curve (Fig.
5.1.8.) is more complex. The sharp initial increase
up to the saturation value at early stages of irradiation
(0-15 Mrad), could be attributed to cross-linking. The
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steady decrease from about 20 Mrad is probably due
to a continuous but small loss of crystallinity.

Dynamic mechanical measurements have been car-
ried out below room temperature. A sharp decrease
in the combined y-ß relaxation strength occurs at
low closes (0-15 Mrad) and this continues steadily
up to 100 Mrad (Fig. 5.1.9.). The initial sharp de-
crease could be explained by rapid saturation cross-
linking, generating greater restraints on the segmcntal
mobility of the amorphous chain parts and reducing
the relaxation strength.

Thermally stimulated depolarization (TSD) current
measurements have been carried out on the irradiated
specimens in a temperature range from 150 10 350 K.

I DOSE (Mrad)

/•'/#. T.I.'). — Evolution of the y-ß logarithmic decrement oj
PVDF with irradiation y-duse.

20 jj.ni thin films covered on both sides with evaporat-
ed silver layers were submitted to standardized poling
treatments (350K, 30 min, 250 V) so that the re-
sulting relaxation parameters could be compared. As
lor the dynamic mechanical experiments, one observes
that the relaxation strength decreases with irradiation
dose (Fig. 5.1.10.). The spectrum becomes more com-
plex at irradiation doses of 50 Mrad or more by the
generation of a new peak, characterized by a large
activation energy (~1 eV) for which no straight-
lorward explanation can yet "he given. In the tem-

1 DOSE (Mtaa)

Fig. 5.1.10. — Involution oj thermally stimulated depolariza-
tion relaxation strengths with •(•dose jor PVDF,
above ( / \ ) and below (9) room temperature.
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perature region above 300 K, a strong increase is
found in the relaxation strength with increasing dose.
As in the case of the decrease in crystalline melting
te'mperature, a possible explanation can be given in
terms of the generation of defects in the crystalline
phase.

5.1.5. Resistometric study of structural defects
in metals
(J. Roggen*, F. Biermans, J.Cornelis, J.Ni-
houl**, L.Sials*")

In order to obtain a better insight into the radia-
tion damage processes of hexagonal close packed
"metals, a systematic study of the annealing of zinc
and cadmium after 6.1 MeV alpha-particle irradiation
at 4.2 K has been carried out. A logarithmic heating
programme has been used, with temperature steps
AT determined by AT/T = 0.04.

The major part of the recovery (50%) of zinc is
concentrated in the stage 1 range (4.2-20 K) with
several singly activated recovery peaks (Fig. 5.1.11.).
No concentration dependent recovery peak has been
observed, which suggests that all these peaks are due
to correlated recombination of Frenkel pairs without
free migration of intcrstitials. The peaks I4 and 1=;
are associated with activation energies of respectively
0.020 ±0.002 eV and 0.039 ±0.002 eV. At higher
temperatures, two well separated stages are observed:
a dose dependent stage 111 (Zn: 130 K to 145 K;
Cd: 120 K to 130K) and stage IV (Zn: =165K;
Cd: =180 K), the position of which does not depend
on dose.

For both metals, a gradual increase of the activa-
tion energy in stage 111 is observed (for zinc: E,,,"' =
0.35 to 0.39 eV; for cadmium: E,,,1" = 0.23 to 0.30
e'V). Stage IV for zinc is found to be associated with
an activation energy of 0.46±0.03eV, which is in
good agreement wirh experimental and theoretical
values of the monovacancy migration energy. Fig.
5.1.12. shows the relationship for zinc, between defect
concentration and stage 111 inflection temperature for
different types of irradiation. An effective reaction
order of 2.6 has been derived in the concentration
range 0.2 nficm < Ap,"1 < lOnficm, where Ap, is
associated with the defect concentration still present
at the inflection temperature Tj. The analysis of the
kinetics of the recovery process involved in stage 111
of alpha-particle irradiated zinc and cadmium, follow-
ing the Seeger-Gösele theory for anisotropic h.c.p.
metals, points to free migration of an interstitial type
defect, most probably the dumb-bell-tetrahedral inter-
stitial.

4.5 5 2015
T ( K )

Fin. 5./.H. — Stage I recovery spectra of zinc alter 5.1 MeV
alpha panicle irradiation at 4.2 K for 3 differ-
ent doses.

a electron irr.
o alpha particle irr
4 neutron irr.

••• l.T.K.W./I.l.S.N. bursar; also K.U.Lcuven
** Also K.U.Lcuvcn

*** L.U.C.Hassclt

Fig. XI.12. — A plot of AP, 1 " versus J/7',"1 for electron,
alpha particle and neutron irradiated zinc after
normalization to the same heating rate.
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5.1.6. Voids and bubbles in metals and alloys
(F. Biermans, J. Cornells, C. Janssens*, J.Ni-
houl**, j . Roggen***, L. Stals4*)

The study of the kinetics of helium bubble forma-
tion and migration has been continued. A number of
samples have been irradiated with alpha particles at
the cyclotron of U.C.Louvain and at the Van der
Graaff accelerator of CBNM. Transmission electron
microscopic observation indicates ihat. in molybde-
num, bubbles start to grow above 400°C, which "is
above the stage IV recovery stage where vacancies
become mobile. This bubble formation has a strong
influence on the mechanical properties of materials.
Fig. 5.1.13. shows helium bubbles on dislocations in
molybdenum.

In addition to the TEM observation, a detailed
study has been started on the influence of helium on
the kinetics of the stage 111 and IV recovery stages

Fiji. 5.1.13. — Hubbies jom/cd along, dislocation lines in
molybdenum doped with 200 ppin lie at 200"C
and 1 h annealed at 500°C.

in molybdenum. Resistivity measurements and helium
release measurements have been performed in co-
operation with IR1 Delft.

To study the kinetics of void formation, very pure
aluminium-! 6N) samples have been irradiated at
90°C in the BR2 reactor, up to fluences of 1.10" to
5.10"" n.cm':. The void distribution and void migra-
tion will be studied by means of TEM, resistivity
measurements and positron annihilation. This study

'•A'ill be done in co-operation with the R.U.Gent.

5.1.7. Quantum theory of solids
(J.Devrcese*, L. Lemmcns**, F. Brosens",
E. Vandcrstokker", V. Van Doren**, J. De
Sitter*, P. Van Camp", J. Van Roycn**, A.
Thcophilou***. D. Wallace***, R. Evrard***,
E. Kartlieuzer***)

5.1.7.V. Electron-phonon interaction and polarons

A self-consistent scheme has been developed [36]
for the equation ol motion of polarons. In this scheme
the dynamic properties such as'opdcal absorption and
the equilibrium properties such as ground state energy
and effective mass are automatically related.

Using the Boltzmann transport equation, the change
ol the distribution of the charge carriers under in-
fluence of an external electric field has been calcula-
ted for low temperature and polar scattering [*]. Two
typical distributions are shown in Fig. 5.1.14.

The additional complication of degeneracy is in-
vestigated for highly doped polar materials.

A study of exact inequalities has been made and
is applied to the bound-polaron problem [41]. Using
scaling laws, the ground state relations of a piezo-
electric polaron have been investigated.

The different approximations for the optical ab-
sorption of free polarons have been tested using the
f-sum rule. The evolution of polarons to a steady state
has been calculated for a static electric field relying
on path integral methods. The influence of the tem-
perature on the magneto optic spectrum of polarons
has been studied.

The plasmon-phonon interaction has been investi-
gated for quasi one and two dimensional systems.

For a gas ol polarons \AQ], the dynamic structure
factor has been calculated. Typical results are shown
in Fig. 5.1.15.

5.1.7.2. Covalent semiconductors

Using the Weairc Thorpe model the dielectric
function of diamond has been calculated [*]. Using

* I.W'.O.N.L./l.R.S.I.A. burs.nr: R.U.C.Amwerpen
** Also K.U.Leuvcn

••** I.l.K.W./I.l.S.N. bursar; K.U.Leuven
•'••' L.U.C.I lasselt

* U.I.Antwerpen and R.U.C.Antwerpen
** H.U.C.Antwerpen

*** E.S.I.S. Liege
[*] to be published
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/-'/I; 5.1.14. — Momentum distribution junction j(p±.p,) hr ptAarons in an external electric field in the p,-<lircclhii at /" = ().
a)' /: = 12 VIcm ,md a. = 0.02 llnSb).
b) II = 120 V/cw and a. = 0.02 (inSb).

OL OP (o

. 5.J./5. — The energy Ion junction oj a pularon gas (n = U9xW»cw3, 10.10 = 244 cmK 1/U.O : 308 air1,
HI = 0.17) jor a wave rector <f = 0.75 Kx. (a) and q = Kf (b).

=5.32.

Ilartrcc-Fock calculations of the band structure of
covalent semiconductors, the dielectric and dynamic
matrices are studied. Using these matrices the phonon
dispersion can be calculated.

5.1.7.3. Metals and the electron gas

A method has been developed to calculate the

interatomic potential starting from the measured
phonon .spectrum in transition metals. The influence
of the local field correction on the collective behav-
iour of electrons in a homogeneous electron gas has
been investigated [29].

The influence of the dynamic exchange interaction
(quantum correlation) on the longitudinal and trans-
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verse dielectric function of the homogeneous electron
gas has been studied [30].

Swelling
(J.Cornelis, C. Jansscns*, M. Snykcrs, L. Stals**, W.
Vandermeulen, J. Van Landuyt***)

The first experiments on the HVEM simulation of

the swelling behaviour of austenitic and ferritic alloys
have been performed at R.U.C.A. Specimens previous-
ly doped with helium (up to 20 ppm) at the cyclotron
of U.C.L. are used for swelling simulations. In
addition to the swelling studies, a first series of
experiments on helium embrittlement of ferritic steels
has been performed. Tensile specimens have been
doped with helium up to 30 ppm at 600°C by helium
implantation at the cyclotron of U.C.L.

5.2. NUCLEAR PHYSICS

5.2.1. Experimental nuclear physics

5.2.1.1. Neutron spectrometry
(Joint SCK/CEN-CBNM-RUCA neutron cross-section
programme.
Contract EURATOM-SCK/CEN N° 002/66/12 -
PG PG B/Av. No. 2)

Total cross-section of 22flRa
(H.Ceulemans)

The preliminary results on ""Ra have been super-
seded by new values of the resonance parameters
obtained from a modified Atta-Harvey type shape
analysis. This was done on transmission data obtained
with the 5.9 10'3 atoms.barn"1 sample, and using a
resolution function of the form R2(E) = R:oE' +
l^iE2 (E in eV). Numerical values used are: Ri =
0.0016 and Ru = 3.16 10"5, 5.0 10"5, 922105 and
1.80 10"* for the diffeient timing zones covering
respectively the energy intervals 600 to 277 eV, 277
io'i04eV! 104 to 33 eV and 33 to 9.4 eV.

The transmission results have been extended up
to 2.5 keV, with a very drastic decrease of detail
towards ihe high-energy end.

Resonance parameters of 23t1U
(L.Mewisscn, F. Poortmans. G. Rohr4*, J.P. Theo-
bald4*, G.Vanpract'\ H. Weigmann4*)

The final results mentioned in the previous annual
report havo been published [68].

Resonance parameters of 2?8U
( E.Cornelis5*, L.Mewissen, F.Poortmans, G.Rohr4'",
R. Shelley11*, T. vah der Veen4*, G. Vanpiaet5*, H.
Weigmann4*)
(Contract SCK/CEN-1AEA No. 1636/RB)

* l.W'.O.N.L./l.R.S.l.A. bursar; R.U.C.Amwcrpcn
** L.U.C.I hihsclt

'•"•'•'"'• K.U.C.Antwerpen and U.I.Antwerpen
** CBNM, Geel
'* K.U.CAntwerpcn

Capture cross-section experiments

A series of capture and self indication measure-
ments have been made in the energy range between
10eV-6keV using various sample thicknesses:
1.311 10', 5.53 10:\ 1.61 103 and 1.01 102 at.b1

for capture and 6.31 10"' and 1.10 10 :at.b for trans-
mission. Gamma detection was by means of a pair
of CFt, scintillators at 60 m flight path and the
weighting method proposed by Maier-Lcibnitz was
applied. The neutron flux was measured by replacing
the 2WU sample with a IOB slab. Absolute calibration
of the capture cross-section has been achieved by
means of the saturated resonance technique, using
resonances in Ag. The area analysis of these data has
been started. The expected accuracy of the final res-
onance parameters r,,,rT is about 5 to 10% depen-
ding on the energy range and the strength ol the
resonance.
•s

Total cross-section experiments

A series of transmission experiments has been pet-
formed between 9 eV and 4 keV using sample thick-
nesses (7.48 10-', 1.609 10"3, 3.78110-', 1.009 10"2

and 3.4S1 102 at.b'). The samples, which could be
changed automatically, were mounted at 30 m from
the Linac target, and the detector, consisting of four
'lie high pressure gaseous scintiiiators, was placed at
60 m. Experiments were performed with samples at
liquid nitrogen temperature and all measurements
were done with a Linac burst width of 23 ns. The
statistical precision on the transmission is heiter than
1% for most of the measurements. The analysis is
nearly completed between 9 eV and 1 keV. For most
of the s-wave resonances, the neutron width has been
determined to better than 5°b. The analysis above
1 keV is being continued.

Scattering cross-section experiments

Evaluation of the data previously obtained below
1.2 keV is in progress.
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Resonance parameters of y3Nb
(L. Mewissen, F. Poortmans, G. Rohr*, T. van der
Veen", J. Winter1)

Total cross-section measurements
(30eV-7kcV)

CT data were obtained with four high pressure ?He
gaseous scintillators at 60 m on 3 samples of 4.23 10',
1.27 10': and 2.53 10'2at.b"' cooled to liquid nitrogen
temperature. Area analysis is in progress. Shape ana-
lysis was possible for 5 resonances below 200 eV,
yielding F-, values which are in agreement with the
values quoted in RNL 325 but showing a smaller
spread.

Scattering cross-section measurements
(30eV-4keV)

Measurements have been performed on samples of
4.25 10' and 1.27 10":at.b"' and using 6 high pressure
'He gaseous scintillators placed at 30 m. The resolu-
tion being sufficient to resolve most of the resonances,
the data were normalized to the scattering cross-
section of Ph.

Capture cross-section and self indication ratio
measurements (30 eV - 7 kcV)

The capture experiments were cairied out on a
sample of 5.463 10"' at.lv1, at 60 m using two C„F„
scintillators for y-ray detection. The neutron flux was
measured by replacing the Nb sample with a '"B slab.
Saturated Ag resonances were used for the normaliza-
tion. The self-indication ratio data were obtained with
a sample thickness of 2.235 10"2 at.lv1. Data analysis
is in progress.

p-\vave assignment

The capture data measured with the GFb detector
have been used for parity assignment of resonances,
comparing time of flight spectra taken with a high
amplitude bias with those with a low bias. The
results are in very good agreement with the results
of the low population method.

5.2.1.2. Fission physics and chemistry

Study of short-lived Ru isotopes produced
during thermal neutron fission of 23?U
(P. Fettweis, P. del Marmol)

Partial decay schemes have been derived for 4.2
min 107Ru, 4.5'min l0sRu, 5.9 min 10SRh, 34.5 s lwRu
and 90 s 109Rh.

CBNM, Gee!

A new isotope, "'Ru, has been identified, with a
half-life of 1.5±0.3s. For this purpose. Ru was se-
parated after short irradiation times and variable delay
periods, followed by the separation and counting of
22 min '"Pd by means of a low level (^-proportional
counter.

By comparing their activities, relative fission yields
have been obtained for most of the Ru radioactive
isotopes from mass 103 to 111.

The complete results have been published.

Fission barrier of 18:>Re
(P. del Marmol, F. Hanappe*, M. Berlanger*)

The ov versus Et.« curve for '^Re obtained by the
1MTa + a reaction at the cyclotron of Louvain-la-Neuve
did not show at' low energies the exponential drop
compatible with an expected fission barrier.

The reasons for this are being investigated.

Heavy ion interaction barrier
(P. del Marmol, F. Hanappe'', M. Berlanger, J. Pe-
ter'*, C. Ngo*", B. Taiiiain*'1)

A joint Orsay-ULB-SCk/CEN experiment has been
carried out at the cyclotron of Louvain-la-Neuve to
investigate the nuclear pan of the interaction barrier
in heavy ion reactions.

For this purpose, ":Sn and 124Sn have been bom-
barded with Ne and Ar ions at different energies and
the Rutherford sc.ittering has been measured.

The barrier shif: between the tin nuclei should be-
due solely to the nuclear part of the interaction
potential.

The results me being analysed.

Joint SCK/CEN-CBNM studies in fission physics
and standards
(Contract EUR/C/4146/67 f)

Scattering of fission fragments
(G.Coddens***, l,\ Wegener-Penning4', C. Wage-
mans5'' )

Based on the experience obtained with a prelimi-
nary experimental set-up, more suitable experimental
conditions were realized. Eight small surface barrier
detectors were mounted in an evacuated chamber with
large dimensions ( 0 500 mm), to reduce the scatter-
ing of the fragments by the walls of the chamber.
The electronics and the analysing system were also
extended to allow the simultaneous recording of 8
pulse-height spectra.

With the present experimental set-up the angular

* l.I.KAV./I.l.S.N. bursar
** Institut de Chimie Nucleaire, Orsny

*** I.W.O.N.L./l.R.S.I.A. bursar, R.l/.Gem and SCK/CCN
4* SCK/CEN trainee
•s* N.F.W.O./F.N.R.S., R.U.Gent and SCK/CEN
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and energy distributions of the scattered fragments
will be measured with good resolution, as a function
of the Z-value of the scattering solid surface.

Controversy on fission fragment energy varia-
tions in 2"V"1J neutron resonances
(C.Wagemans, J. Wartena**, H. Weigmann**)

Recently, Felvti.ji et al. reported strong variations
of the energy distribution of fission fragments as a
function of neutron energy for the resonance neutron
induced fission of 1VlU. Since this would have im-
portant consequences on both fission theory and
fission cross-section measurements, a very similar
measurement was carried out. "Under comparable
measuring conditions, 8.5X10' fission events were
recorded in the energy range from 0.6 to 23 eV, i.e.
five times more than in the case of Feivinci et al.
Detailed statistical tests demonstrated the absence of
lk'.L'tuations stronger than those expected from count-
ing statistics.

A more detailed report on these measurements has
been published [77].

Neutron induced fission cross-section of :41Pu
in the resonance region
(C. Wagemans % A.J. Deruytter " )

The results of this study have been submitted for
publication in Nucl. Sc. & Engn. with the following
abstract: "The neutron induced fission cross-section
of :J1Pu has been measured at an eight meter flight-
path of the CBNM Linac from 50 cV to 0.01 eV,
allowing a direct normalization to the 2200 m.s"1

reference cross-section. The fission reaction rate and
the neutron flux were determined simultaneously with
surface barrier detectors placed on each side of back-
to-back :4lPu and "'B layers. The fission cross-section
was calculated assuming a 1/v-behaviour of the "'B
(n,a)7 Li cross-section. Several fission and resonance
integrals were calculated from the normalized ffi-curve
and compared with other results. Also the 20.44 °C
Westcott factor was calculated, yielding gt = 1.046
±0.006".

Neutron induced fission cross-section of "3:iU
in the energy region 5 eV - 30 keV
(C. Wagemans*, A.J. Deruytter***)

The neutron induced fission cross-section of ^U
was measured relative to the '"B(n,a)7I,i reaction.
In addition the flux determination was verified using
also the t'Li(n,t)'l]le reaction. Fission fragments and

a particles were detected with Si-surface barrier de-
tectors and the black-resonance technique was used
for the background determination. The data have
been normalized to the fission integral

l l e V f
cr,(E)dE = (240.0 ±2.1) b.eV

7.8 eVj

determined in a previous measurement, which was
itself normalized to the absolute 2200 m.s"1 fission
cross-section value (587.6 ± 2.6).

The fission cross-section obtained in this way is
in good agreement with most recent evaluations.

The emission of long-range a-particles in
the thermal neutron induced fission of :3JU,
23?U and 39Pu
(C. Wagemans", A.J. Dcruyttcr4*)

The final results t f this research have been publish-
ed [74].

Fission fragment kinetic energy and mass-
distributions for the neutron induced fission
of 2J5U
(C. Wagemans'', G. Wegener-Penning*'\ H. Wcig-
mann"*)

The capacity of the three-dimensional analysing
system has been improved by coupling a 20 bit EMI
magnetic tape to the Tridac system. This allows the
simultaneous recording of correlated fission fragment
pairs (Ei, Ej) in a 128X128 channel matrix for 64
time-of-flight addresses. Measurements were perform-
ed with two dilferent ^U lavers. Three neutron
energy regions were selected: from 10 kcV to 300
keV and the two strong resonances at S.79 cV
(J=4) and 12,39 cV (.1=3). From these data, the
total fission fragment kinetic energy (EK) distribu-
tions as well as the mass distributions were calculated
as functions of the incident neutron energies. With
the present statistical accuracy, no significant differen-
ces are found between the mean total fission fragment
kinetic energies EK nor between the symmetric-to-
asymmetric fission yields for both resonances. In the
neutron energy region from 10 to 300 keV, a signifi-
cant and systematic decrease -of EK with increasing
neutron energy is observed. The symmetric-to-asym-
metric fission yields are considerably higher in the
keV region than for both resonances considered.

Higher resolution measurements will be performed
to determine more precise mass distributions. At the

* N.F.W.O./F.N.R.S., R.U.Gent and SCK/CEN
** CBNM, Gecl

*** Nuclear Physics Laboratory, R.U.Gent

* N.F.W.O./F.N.R.S., R.U.Gent and SCK/CEN
** SCK/CEN trainee

*** CBNM, Geel44 Nuclear Physics Laboratory, R.U.Gent
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same time, several well-resolved resonances with well-
known spin values will be measured in order to in-
vestigate the correlation between EK, symmetric-to-
asymmetric fission yields and resonance spin.

Collaboration with R.U.G. and I.LL on thermal
neutron induced reactions

The thermal neutron induced fission cross-
section of 232Th
(C.Wagcmans*, P. D'Hondt", A. Deruytter**, A.
Emsallem*", M. Asghar4*)

The results of this study will be published, with
the following abstract: "The thermal neutron induced
fission cross-section of :'2Th was measured using the
highly pure thermal neutron beam from the 87 m
curved neutron guide at the High Flux Reactor of
the l.L.L. (Grenoble). An upper limit of 4 \xb was
obtained for the fission cross-section, which is an
order of magnitude smaller than previous results. This
result is discussed in terms of the double-humped
fission barrier theory."

The 23SU(n,a)2:bTh reaction with thermal neu-
trons
(M.Asghar4*, A. Emsallem***, R. Chery***, C. Wa-
{•emans*, P. D'Hondt'"', A. Deruytter**)

The results of this measurement will be published
with the following abstract: "The thermal neutron
induced (n,a)-reaction cross-section of ^U was meas-
ured using the highly pure thermal neutron beam
from the 87 m curved neutron guide at the High
Flux Reactor of the I.L.L. (Grenoble). The energy
spectrum showed an a-particle line with E« = (9.05
± 0.06) MeV and cr(n,a) = (1.3 ± 0.6) |ib.

The a-particle energy was used to calculate the
S3Th mass of (235.04700 ± 0.00008) a.m.u., the
Qa-value of (9.20±0.06) MeV for the lvU (n . apTh
reaction and the Qj-value of (1.44 ± 0.08) MeV for
the ß-decay of ^Th. The cross-section data are com-
pared with the results obtained with a statistical
model calculation."

5.2.1.3. Nuclear spectroscopy

Decay of 9üNbm

(P. Fettweis, A. Meykens5*, M. Neve de Mevergnics)

The accurate measurement of the half-life (about
20 s) of the 2.4 keV isomeric transition in ""Nb"1 was
performed successfully. A 10 MeV proton beam from

* N.F.W.O./F.N.R.S., R.U.Gent and SCK/CEN
** Nuclear Physics Laboratory. K.U.Gent

*** University de Lyon
•<* I.L.L., Grenoble
5* K.U.Lcuven

the cyclotron in Louvain-la-Neuve was used for pro-
ducing the isomer by *'Zr(p,n) reaction and for its
implantation into various metallic catcher foils by
recoil under vacuum. The half-life of ""Nb"1 in these
various environments was measured by following
the decay rate of the 122 keV gamma transition
depopulating the isomeric state. Extensive tests
were performed off-line to detect possible systematic
errors. Evidence for an "environmental" effect on
the half-life was found, the relative change reaching
3.6 ± 1.5% for "°Nb"' implanted in Nb and in Au
catcher foils. These results can be qualitatively ex-
plained by an extra-atomic relaxation process acting
on the atomic core-levels of the *Nb'" impurity in
a metal lattice.

Joint KUL-SCK/CEN programme

Neutron capture gamma ray studies
(P. Van Assche, )M. Vandcn Cruyce*, G. Vanden-
put", L.Jacobs")

Study of the b ISm nucleus

Previous nuclear structure calculations, performed
in order to understand the low energy spectrum of
the transitional nucleus I:>lSm, included a Nilsson mo-
del for single-particle levels and wave functions, a
BCS-approach to take into account the effects of
pairing correlations, and a diagonalization of the rota-
tion-particle-coupling Hamiltonian for every spin in
a basis of about 10 unperturbed unified model wave
functions. In order to incorporate possibly neglected
terms in the standard Hamiltonian, the influence of
recoil (J2) has been investigated.

It has been proven that this operator introduces a
mixing of configurations with identical projection Ü
on the symmetry-axis and emanating from the same
major oscillator shell, apart from providing an im-
portant shift to the single-particle energies. Care has
been taken to calculate properly the quasi-particle
matrix elements of the p-operator, which is not a pure
single-particle operator, j 2 = (I,)*)2 . In addition, the
Coriolis-coupling code has been extended to include
a least squares fitting of various parameters such as
moments of inertia, reduction factors for off-diagonal
matrix elements, etc.

The model itself has been expanded for the sake
of comprehensiveness, by allowing the nucleus to
vibrate slowly around an axially symmetrically de-
formed equilibrium shape. Starting from Bohr's col-
lective Hamiltonian and expanding the inverse mo-
ments of inertia around the equilibrium deformation,
one obtains Faessler's Hamiltonian of the rotation-
vibration model.

•' K.U.Leuven
** I.I.K.W./I.I.S.N., K.U.Leuven
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For an odd-particle number this also involves a
coupling between particle motion and ß- and y-
vibrations, as well as particle-rotation-vibration-coup-
ling terms. The quasi-particle matrix elements of this
Uamiltonian are calculated on the basis of Nilsson
configurations with associated vibrational excitations,
upon which the resulting matrix is diagonalizcd. The
wave functions obtained in this way are used to
compute transition probabilities between mixed states.
Experience has been that, for '''Sin, mixing of ß-
vibrations occasionnally amounts to as much as 2Q°b;
the effect of Y-vibrations is much loweiv

Bcnt crystal spectrometer at BR2

During off-line tests with the gamma diffnvto-
meter using (220)-planes of dislocation-free silicon
crystals, a routine linewidih of 3.8 s of arc was ob-
tained. This linewidth is mainly caused by deviations
from the exact cylindrical shape of the crystal clamp-
ing blocks. The first tests of the spectrometer with
(n,y) spectra yielded an optimal linewidth of 2 s
of arc, corresponding to an energy resolution of
AE (in keV) = 3 E:/n with E being the gamma
energy given in MeV and n being the diffraction order.

Gamma energy standards

In collaboration with I.L.L., a check of the 411.8
keV gamma line energy from the decay of ig|>Au has
been performed. This energy was compared with the
positron annihilation energy of a 0'-emitter (MCu).
This preliminary experiment gave a value ET =
411.805 ± 0.005 keV, slightly higher than the pre-
vious result from Murray et al., but in agreement
with a new result from R.D. Deslattes and \V.C. Sau-
der, who obtained E- = 411.8062 ± 0.0014 keV.

5.2.2. Theoretical nuclear physics

New rotational structure in 'sBe
(F. Arickx*, M. Beuten**, P. Van Leuven*)

The new quantum number discovered in previous
calculations is explained on the basis of group theory.
The spectrum of i!Be, after configuration interaction,
can be classified according to the irreducible represen-
tation of the non-compact group Sp (2,R). A physical
interpretation in terms of the a-cluster model is pre-
sented.

Mathematical theory of the generator co-ordi-
nate method (GCM)
(M. Bouten**, L. Lathouwcrs*, P. Van Leuven*)

The GCM is formulated in terms of integral cqua-

* R.U.C.Antwerpen
** L.U.C.llasseh
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tion theory and natural expansions of kernels and
the method has been tested on the example of a
quartic anharmonic oscillator. The relevance of bi-
orthogonal basis is shown and various mathematical
theorems pertaining to bi-orthogonalbation and or-
thogonalization have been proved.

A projected Hartree-Fock calculation in inter-
mediate coupling for "B
(M. Boutcn*, M.C. Bouten)

This work was started to examine the suggestion
that a projected Tlartree-Fock (PIIF) calculation
would not be able to reproduce the positive quadru-
pole moment of "B, because of the oblate intrinsic
state. The method developed previously to study "'B
and 13C was therefore extended to odd nuclei. Energy
levels, BE2's, Q and the form factor for elastic elec-
tron scattering were calculated for various degrees of
spin-orbit coupling. The agreement with the experi-
mental quadrupole moment is excellent for a reason-
able value of the spin-orbit coupling.

This result shows that the Bohr-Mottclson relation
between Q (intrinsic) and Q (spcctroscopic) may
not be applied to nuclei which are not strongly de-
formed. Moreover, it should be pointed out that, in
order to obtain a good quadrupole moment, it is
necessary to take simultaneously into account the
deformation and the intermediate coupling.

The Ml transition probabilities between the low-
lying normal parity levels were also calculated with
shell-model (SM) and PI IF functions in intermediate
coupling. It was found that the Ml matrix elements
differ only slightly in the PMF calculation from those
in the SM calculation, so that the general agreement
is not disturbed. Looking at the dependence of the
results on the strength of the spin-orbit force, it is
found that better quantitative agreement with ex-
periment is obtained for a smaller value than suggest-
ed by the spectrum. This ambiguity in the choice of
the strength of the spin-orbit force is probably a
consequence of the very crude form of the non-central
forces in our Hamiltonian. Unfortunately, it is ex-
tremely hard to remedy this.

Positive parity states in "B
(M.C. Bouten)

Three states of positive parity have been found
in the experimental spectrum below 8 MeV. These
must be interpreted in the SM picture as resulting
from configurations in which particles are excited to
a higher oscillator shell. It was shown that levels
from configurations with one or three particles lifted
to higher shells are pushed down very strongly in the
PMF calculation and are found in the right energy
region.

L.U.C.Hasseh
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On the rotational bands in light nuclei
(M. Bouten*, M.C. Bouten)

In the framework of a study of rotational bands
in light nuclei, investigations were done on the "hole"
phenomenon in the density distribution which, ac-
cording to classical physics, should increase with in-
creasing rotational velocity or angular momentum.

This criterium was tested for the ground state
bands of 8Be, 1:C and :"Ne. The classical rotational
behaviour is observed for the Be case. The C and
Ne functions on the other hand display either the
opposite or a somewhat random behaviour.

Information on the nuclear shape from the two
body density matrix
(M. Bouten", M.C. Bouten)

The concept of rotational motion in quantum me-
chanics implies that it should be possible 10 define
a deformed shape for the rotating system. Baranger
proposes to take instantaneous photographs of the
nucleus in the stationary state, which means a large
number of simultaneous measurements of the posi-
tions in space of the A nucleons. The distribution of
points in the different photographs determines the
nuclear shape. We have applied Baranger's proposal
to our Projected Hartree-Fock functions for sBe, i:C
and ""O, but, to make the calculations tractable, a
much simpler kind of picture was considered, in which
the simultaneous positions of only two nucleons are
shown. The distribution in angle of these photographs
provides information on the nuclear shape. For exam-
ple, in the case of a prolate nucleus, one expects for
small r a dependence on 0 as in a spherical nucleus.
However, as r increases and becomes equal to the
minor axis, the number of pictures with 0 = T:/2
will decrease while those with 0 small or close to —
will grow in number. This is being observed in the
case of sBe.

5.2.3. Laser isotope separation
(P. Fettweis, M. Neve de Mevergnies)

A TEA-CO: laser is the basic tool of this new
research programme. It provides short pulses of about
100 ns and a few J at a wavelength which can be
varied between 9.6 and 10.7 p;m. The main auxiliary
equipment includes an accurate digital pressure gauge
(range = 103T - 10'3T), a grating monochromator
convertible into a photographic spectrometer (range:
220-650 nm) and a HP-184A oscilloscope with a fast
memory for single pulse recording.

Studies were started on the following compounds.

* L.U.C.Hasselt
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Recent experiments performed in the U.S. and in
the U.S.S.R. have shown that SF0 can be fairly
efficiently photodissociated by CO: laser pulses, when
the power density is sufficiently high. This critical
density can be reached at the focus of a converging
lens placed in the laser beam. The experiments men-
tioned above have also shown that the photodissocia-
tion process has a very large isotopic selectivity.

Therefore, a systematic study was started on the
effect of the focal length of the lens on the isotopic
selectivity of the SF», photodissociation in the pressure
range 0.25-1.0 Torr. The isotopic selectivity is de-
duced from the value of the "S/^S ratio in SF„ before
and after laser irradiation. A linear relationship was
found between focal length and isotopic enrichment
(sec Fig. 5.2.I.).

NH3

Intense photodissociation of ammonia occurs under
irradiation by CO: laser pulses, but unlike the case
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of SF(,, it has a sharp pressure threshold of about
20 Torr, which can be explained by the well-known
anharmonicity of the ground state of NHj. Thus no
isotopic selectivity is to be expected here.

The photodissociation is accompanied by an intense
luminescence. Its Vis. and near-UV optical spectrum
was recorded with a resolution of about 20 Ä. It was
found that the luminescence is almost exclusively emit-
ted by atomic II, Nl and Ni l . Thus there is formation
of a plasma.

5.2.4. Instrumentation
(P. D'Hooghe, E.Mies, L. Vansteelandt)

Neutron spectrometry

The design for the connection of several peripherals
to the input and output channels of the HP 2112 A
computer was continued. A IIP Crate Controller was
built; it interfaces a CAMAC Crate directly to the
HP 2112 A computer.

An interface with a fast reader model FAC1T 4022
and a fast punch model FAC1T 4070 was built for
the HP 2115 A computer.

To repair the leakage between the beam-tube T4-T7
and the reactor shielding, the T7 slow chopper set-up
was removed and the neutron source tube extracted,
with great difficulty, from the beam-tube. After check-
ing and repair of the components, the beam equip-
ment and the outer equipment were reassembled.

Fission

An S input MIXER-ROUTER system has been
tested to operate together with a NORTHERN ana-
log-to-digital converter.

A 1 m diameter reaction chamber for fission and
heavy-ion experiments at the cyclotron of Louvain-la-
Ncuve was built, assembled and aligned with the
cyclotron beam-path; it is now operational.

A small apparatus for angular spectroscopy near
the reaction chamber was also designed and built.

A power driver, a remote controller, a reaction
monitor, a stepping driver and additional power
supplies for the 1-meter reaction chamber were
developed and installed.

Nuclear spectroscopy

Thirty modules have been built and tested for the
CAMAC Modular Handling system.

The in-pile components of the Bent Crystal Diffrac-
tion Spectrometer were positioned into the BR2 tan-
gential beam-tube T2-T5 during the reactor shut-down
in May 1975, after repair of a water leak between
reactor shielding and the beam-rubes. With this equip-
ment, it is possible to introduce an (II,Y) target near
the reactor core in the beam-rube T5. At the other
end (T2), a collimator guides the neutron capture
gamma beam to the diffractometer on the third floor
of the reactor building.

The design study of a coincidence apparatus for
YY-angular correlation measurements on neutron cap-
ture gamma rays is almost finished and its construc-
tion is in progress. The BR2 collimated beam Rl
will be used and two neutron filters (bismuth and
iron) have been designed and assembled for that
purpose.

Laser isotope separation

Some auxiliary equipment for the TEA-CO2 laser
was built such as a diaphragm holder, spectrum ana-
lyser holder, irradiation cells and part of the vacuum
and gas handling systems. The optical alignment of
the laser beam and of the other components of the
experiment was completed.

A pulse counter with preset alarm circuit was
added to the laser control circuitry. A preamplifier
for a photon-drag counter was built and a 6342 A
photomuhiplier was assembled.

5.3. RADIOBIOLOGY

5.3.1. Acute effects of radiation

5.3.1.1. Biochemical indicators
(G.B.Gerber1', J.P.Decock, J.Deroo, G.Ca-
sale")

EURATOM contract No. 095-72-1-BIO B

The studies of biochemical indicators of radiation

* EURATOM
••* EURATOM fellow

damage were continued, measuring about 30 poten-
tially useful compounds in the urine of partially body
irradiated rats. The rats were exposed to doses from
200 to 2000 RX rays either to the thorax or the
abdomen. The data confirmed the earlier findings on
whole body exposed animals that in rats excretion of
creatine, deoxycytidine and taurine reacts most readi-
ly. Abdominal irradiation appeared to be more effec-
tive in this respect than thorax irradiation. After the
experiments in urine had been terminated, techniques
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for potential indicators in blood are now being as-
sembled in order to edit a manual similar to that for
urine. In particular, a gas Chromatographie method
has been developed for fast determination of pseudo-
uridine.

5.3.1.2. Gastro-intestinal syndrome
(G.B.Gerber, C. Walters"'*, B. Bcsse-
mans4\ J. Dcroo, A. Becciolini")

Contract Deutsche Schutzkommission

Absorption of glucose and sucrose by intestine from
supralethally irradiated rats was studied using an in
vivo preparation. An activation of glucose absorption
one day after exposure is followed by a pronounced
fall in glucose and sucrose absorption. Experiments
under different conditions of loading indicate that,
at 20 h, active transport of glucose is already im-
paired although the maximal velocity is increased.
After three days maximal velocity and active transport
markedly decrease. The defect in sucrose absorption
is paralleled by a decrease in saccharasc activity. Renal
function and distribution of 51Cr-EDTA in intra/
extra vascular space was studied in rats suffering
from the gastro-intestinal syndrome after supralethal
doses of X-irradiation. Urine excretion and glomerular
filtration were found to decrease until 50 h p.i. Urine
excretion and, to a less degree, glomerular filtration
rate then increase to a peak at 67 h before falling off
to zero values before death. The extravascular space
was found to be expanded in several organs from
60 h on (kidney, liver, stomach, intestine). Only in
kidney, where weight follows changes in extravascular
space, is a return to normal values seen before death.
An expansion of extravascular space due to a reduced
re-extraction into intravascular space and diminished
excretion constant can also be discerned early after
exposure, on the basis of compartmental analysis ot
the blood activity-time curves. It is postulated that
the changes observed reflect a state of shock develop-
ing slowly after irradiation and entering its irrever-
sible stage 60 to 65 h after exposure. Relative blood
flow in different organs of the supralethally (3 kR)
whole body X-irradiated rat was studied using labelled
15 |x microspheres. Immediately after irradiation, an
increased blood flow to many parenchymal organs
ensues. A second maximum occurs at 45 to 50 h and
a third one at 60 h. In most organs, except in brain
and liver, relative blood flow diminishes before death.
The onset of these changes as signs of a slowly de-
veloping shock is being considered.

5.3.1.3. Effects of X-irradiation and radiomimetic
substances on the synthesis of ribosomal
and messenger RNA's and on the struc-
ture and formation of polyribosomes
(W. Baeyens, R. Goutier, V. Vanglieel)

EURATOM contract No. 095-72-1-B10 B

1. The study of the influence of in vivo irradiation
upon transport of labelled ribonucleoproteins from
nuclei of rat liver in an in vitro incubation system
was continued. First, two parameters of this sys-
tem were examined which allow extrapolation to
the in vivo situation.
The dependence of nucleocytoplasmic transport on
the incubation temperature and on energy supply
(Fig. 5.3.1.) indicates that this experimental ap-
proach reflects closely the in vivo situation.

Hi
U
C
0)
t/i

a.
c

oa
m
c
nj

10-

8-

6-

2-

8 10

* EURATOM
** EURATOM fellow

*** Canadian trainee
4'v Supported by the Schutzkoiviinission

*/• T r a n s p o r t w i t h o u t A T P

Fig,. 5.5.1. — lincrgy dependence oj nuclear trans port.
Labelling time: 50 min;
Irradiation: 2000 K, 24 h before incubation;
O • . ' nuclei incubated at 0°C;
• B ' nuclei incubated at 0°C;

2. Several control experiments were performed to ex-
clude unspecific transport due to nuclear lysis or
to contamination with labelled perinuclear cyto-
plasmic components.
a) Morphologic examination of all nuclear pre-

parations by phase contrast microscopy (qua-
litatively and semi-quantitatively).

b) Detection of DNA solubilization during in-
cubation after in vivo labelling of DNA with
3H-thymidinc. This control, performed with
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regenerating liver, revealed that less than 2°
of nuclear DNA is solubilized during the
vitro incubation of nuclei.

c) Colorimetric quantification of nuclear DNA
before and after in vitro incubation to checlJ
DNA release in normal liver. This contro»
allows correction for unspecific transport duej
to nuclear lysis.

d) Incubations of a complete system at 0°C tol
correct for unspecific contamination with la-|
belled perinuclear cytoplasmic components.

3. After checking the system by these controls, which
were regularly repeated, a search was made for
a dose-response relationship in this system. As
pointed out in previous work, it is necessary to
discriminate between quickly labelled m-RNA and
more slowly labelled r-RNA (Fig. 5.3.2.). The time
after irradiation must also be taken into considera-
tion. The first experiments in this series revealed
a positive correlation between radiation dose (500
to 2000 R) and enhanced transport of r-RNA 24 h
after irradiation. On the contrary, shortly after
irradiation (3h) , there is no apparent dose-
dependence for the transport of quickly labelled
m-RNA. This series of experiments must be ex-
tended to higher radiation doses and repeated at
different intervals after irradiation.

4. In all previous experiments, a cytosol fraction
derived from normal, unirradiated animals was

used. This allows the detection of the specific
influence of whole-body irradiation upon transport
at the level of the nuclear pore complex of the
the nuclear membrane.
A priori, a radiation-induced alteration of the cyto-
plasmic factors, which are very important regula-
tors of nucleocytoplasmic transport of ribonucleo-
proteins is not excluded. Shortly after irradiation
(3 h), it was not possible to demonstrate a differ-
ent stimulation of transport with cytosol derived
from irradiated or control animals. The radiation-
induced inhibition of transport, which is manifest
at this time, is clearly determined by luiclear modi-
fications in response to irradiation.
This series of experiments must be completed with
the study of the effect at later times after irradia-
tion and the active cytosol fraction must be further
purified.

Our previous work revealed a different response
of regenerating and of normal liver after irradia-
tion. Differences in molecular control mechanisms
of the nuclear activity and in sensitivity to hor-
monal stimuli after irradiation are probably at the
origin of this phenomenon.
One of the nuclear control mechanisms determines
the specific transport of nuclear material out of the
nucleus. This selective nuclear restriction is dis-
turbed in some tumors, e.g. hepatomas. This same
mechanism is also radiation sensitive. For that
reason, the study of a transplantable hepatoma
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was started in collaboration with the University
of Liege.

6. Finally, the presence in blood of factors influencing
the nucleocytoplasmic transport has been demon-
strated; their röle and relative importance as a
function of the time after irradiation will be
studied.

5.3.1.4. Research on Acetabularia
(S. Bonotto, E. Dujardin1, B. Felluga '*, D.
Hoursiangou-Neubrun***, R. Kirchmann, A.
Mazza", G. Nuyts, S. Puiseux-Dao***, C. Si-
ronval", J. Skrzypcyk4')

The marine alga Acetabularia mediterranea, al-
though unicellular, may present several types of re-
production. Normal cells develop a single reproductive
cap, born at the top of the stalk. Experimentally ob-
tained branched cells form more reproductive caps,
which become replete with normal ovoidal cyst. Cysts
are haploid and represent the haplophase of the
reproductive cycle. Gamma radiations reduce the re-

production capability of the plant by inhibiting cap
formation and cyst development. However, the migra-
tion of secondary nuclei into the cap's rays is not
inhibited by the radiations.

The studies on Acetabularia chloroplasts (Fig.
5.3.3.) were continued. Investigations w'ith the elec-
tron microscope have suggested that chloroplast DNA
replication probably occurs according to the model
of Cairns. The lamellar organization of ihe chloroplasts
has been further investigated by analysing their fluor-
escence emission spectra at 77 K. The low-temper-
ature fluorescence technique provides a good criterion
for distinguishing chloroplasts of the apical from those
of the basal region of the stalk of Aceiabularia ceils
at stage 4. Extraction increases the difference be-
tween the emission spectra of the apical and basal
chloroplasts (Fig. 5.3.4.). The spectra of chloroplasts
extracted from isolated whorls or from rhizoids have
also been analysed. Altogether, the results have shown
that the chloroplasts of Acetabularia are heterogeneous
and that their properties vary according to their
localization in the cell.

«' \£.

Fin. 5.3.3. — E l e c t r o n micrograph of chloroplasts isolated j r o m w h o l e A c e I a h n l a r i a cells.

* Departement de Botanique, Universite de Liege
** International Institute of Genetics and Biophysics,

Naples
*** Lahorntoire de Biologic Cellulairc Vegetale, Universite

de Paris VII
•"•' Fellow of "Ministerie van Nationale Opvoeding en

Nederlandse Cultuur"
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Fig, 5.3.4. — Fluorescence emission spectra at 77 K of
Ace I a b u I art a.
A. Apical (a) and basal (b) rejoin of whole

cells.
B. Chloroplasts extracted from the apical (c)

and basal (d) regions of the cell.
C. Chloroplasts extracted from the apical (c)

and basal (/) regions, but submitted in ther-
mal treatments.

5.3.1.5. Study of the distribution and biological
effects of 3H on the algae Acetabularia,
Chlamydomonas and Porphyra
(S. Bonotto, 1.0. Ndoite*, G.Nuyts, E.Fag-
niart, R. Kirchmann)

The unicellular giant marine alga Acetabularia mc-
ditcrranca and the freshwater alga Chlamydomonas
rcinhardi arc particularly useful for studying the radio-
active contamination of the aquatic systems. When
Acetabularia is grown in the presence of tritiatcd
water, a measurable amount of 'II is incorporated in
the total nucleic acids and protein fraction. Chloro-
plasts of Acetabularia were isolated from whole cells
and their DNA purified by the agarose procedure:
a significant amount of 'H was incorporated into the
chloroplast genome (Fig. 5.3.5.).

Chlamydomonas was grown on minimal medium
with addition of increasing concentrations of tritia-
tcd water. The generation time of the alga was not
affected even by the highest H] concentration. Parallel
experiments have shown that an appreciable amount
of 'I I was incorporated into the total organic matter
of the plant. However, Chlamydomonas seems not
able to concentrate '11 from the medium. Research
on tritium contamination was extended to the marine
alga Porphyra (Fig. 5.3.6.), a plant which is used
for human nutrition. It was found that a very low
level of 'II was incorporated into the DNA of this
plant.
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Fig,. 5.3.C>. — The red algae Porphyr a s p. used for re-
search on the radioactive pollution of the marine
environment.

5.3.2. Long-term effects of ionizing radiation

5.3.2.1. Radioleukemias

5.3.2.1.1. Cellular immune status of leukemic
mice
(A. Sassen, F. Vandcr Plaetse, J.Wuyts)

A.S.L.K./C.G.E.R. contract

The leukocyte migration test (LMT) has been
studied as a probe for cellular immunity. Its marked
decrease by several mitogens, by anti-lymphocyte se-
rum and by low doses of X-irradiation indicated an
effect on T cells. Moreover, removal of adherent
spleen cells (mostly 13 lymphocytes) did not modify
the migration pattern.

In BALB/c mice injected with the Rauscher leuke-
mia virus, LMT was progressively reduced and reach-
ed less than 10% of the controls 10 days after inocu-
lation. Experiments with peripheral blood as a source
of leukocytes are in progress.
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5.3.2.1.2. Comparison between radiation- and
virus-induced leukemia
(A. Sassen, M.Janowski, F. Vander Plaetse,
J.Wuyts)

A.S.L.K./C.G.E.R. contract

After irradiation with 4 doses of X-rays, C57131
mice developed a thymic lymphoma. During the dis-
ease, the immunoglobulin level and the humoral
antibody response remained almost normal. On the
contrary, during the course of a spleen reticulosarcoma
induced by the RadLV/D virus, increased immuno-
globulin and strongly depressed immune response
were observed. However, the amount of the major
group specific protein P30, determined by radio-
immunoassay, was similar in the serum and in the
tissues of these two leukemias.

5.3.2.1.3. Presence of viral particles in normal
C57B1, AKR and BALB/c l mice
(J.R. Maisin, M. Lambiet-Collier, A. Ryn-
gaert)

F.R.S.M. contract

The purpose of this study is to see at what stage
of the development of the mouse embryo A or C
viral particles are present. The first results show that
in the BALB/c* and AKR mice, no A or C particles
are visible in embryos of 1 blastomere. In a high
percentage of embryos of 2, 4 and 8 blastomeres of
AKR mice (a strain of mice with a high incidence
of spontaneous leukemias), A particles were found.
In the embryos of BALB/c^ mice of the same age,
only a few embryos with A particles were found.

5.3.2.1.4. Radioinducible leukemogenic virus of
C57B1 mice
(M.Janowski, J.R. Maisin, L. Baugnet-
Mahieu)

A.S.L.K./C.G.E.R. contract

Molecular hybridization experiments were perform-
ed in order to determine whether the induction of
leukemogenic virus, upon in..diation of C57B1 mice,
results from a dereprcssion of a pre-existing viral
information in the cellular DNA (endogenous virus)
or from the activation of a latent virus (exogenous
virus). Reference systems consisted of the spontaneous
leukemia of AKR mice, associated with an endogenous
virus, and of the leukemia induced in BALB/c mice
upon inoculation of Rauscher leukemia virus (RLV,
exogenous). Viral 3H-DNA, synthesized in vitro by
purified RLV, was used as a probe to detect homo-
logous sequences in normal and leukemic spleen DNA
of the three mouse strains.

Our experiments confirmed that the spontaneous
leukemia of AKR mice is not accompanied by the
appearance of new virus-specific sequence in the
spleen DNA, while this phenomenon dramatically
occurs in RLV-induced leukemia. The results ob-
tained in the case of radioinduced leukemia are simi-
lar to those observed with spontaneous leukemia.
However, definitive conclusions cannot be drawn
before confirming these results by using as a probe
'H-DNA synthesized from the radioinduced virus
itself.

5.3.2.1.5. Control mechanism of gene expression
in normal and leukemic tissues
(L. Baugnet-Maliieu, J.Gilles, A.Michaux*,
R. Goutier)

F.R.S.M. contract 20,286

At the level of the transcription, the non-histone
chromosomal proteins (NHP) play a major role in
the positive regulation of gene expression.

In the present study, the synthesis and the turn-
over uf the NHP in normal and leukemic tissues are
compared.
1. In suspensions ol leukemic spleen cells (Rauscher),

the synthesis in vitro of NHP, measured by the
incorporation of "'H-tryptophane, is 3 to 4 times
higher than the synthesis observed in normal
spleen cell suspensions. The rate of DNA synthesis
in leukemic cells, measured by the incorporation
of l4C-thymidine. was 15-20 times higher than the
DNA synthesis in normal cells.

2. In vitro synthesis of NIIP and of DNA, in thymo-
cytes isolated from normal thynius or thymic lym-
phoma induced to the rat by the RadLV/D, have
been compared in the same way. No significant
stimulation was observed in the leukemic tissue.

3. In vivo, the synthesis of NHP, measured 2 h after
injection of 3H- or "C-Ieucine, is 3-5 times higher
in thymic lymphoma than in normal rat thymus.
The analysis of NHP by SDS-polyacrylamide gel
electrophoresis, reveals a very complex mixture of
polypeptide chains, ranging in molecular weight
from 10,000 to more than 100,000 daltons. The
distribution of those polypeptides is different, de-
pending on the tissue of origin (normal or leuke-
mic): the densitometric pattern indicates, for the
leukemic tissue, a shift towards the high molecular
weights.
Table 5.3.1. shows the distribution of the radio-
activity as a function of the molecular weight after
a pulse of 2 h of labelled Ieucine. Again, in the
thymic lymphoma, one observes a shift of the
relative radioactivity to the high molecular weights.

* Universite de Liege
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Molecular
weight
X10 '

10-20
20-35
35-60

60- >100

Radioactivity in polypeptides
( % total radioactivity)

Normal
thymus

36.8
21.0
15.6
26.5

Thymic
lymphoma

19.7
16.8
26.0
37.4

4. The turnover of the non-histone proteins is meas-
ured by the double-labelling (Arias) technique.
Preliminary results show, for the NHP originating
from the leukcmic thymus, an isotopic ratio 3H/NC
close to 1.4 and for the NHP from the normal
thymus, a ratio 3H/I4C lower than 1.0; the turn-
over of NHP should be significantly higher in
leukemic than in normal tissues. The SDS-poly-
acrylamide gel electrophoresis will allow the ana-
lysis of the variations in the turnover of the dif-
ferent groups of polypeptides as a function of their
molecular weight and of the tissues of origin.

5.3.2.1.6. Studies on a leukemogenic virus pro-
duced in rats
(M. Janowski, J.R. Maisin, L. Baugnet-
Mahicu)

A.S.L.K./C.G.E.R. contract

The studies on the radioinduced leukemia in C57B1
mice require the production and the purification of
relatively large amounts of the associated virions.
Unfortunately, leukemia C57B1 mice display a low
viremia. However, inoculating into rats viral extracts,
originally radioinduced in the mice and maintained
by passages in mice, resulted in the abundant pro-
duction in the plasma of the rats having become
leukemic.

Molecular hybridization experiments are under way
in order to determine if the viruses thus obtained

display the characteristics of the original murine radio-
induced virus. Initial results are partially in favour
of this hypothesis. The virions isolated from the
leukemic rat plasma generate in vitro 'H-DNA homo-
logous to the Rauscher leukemia virus genome, and
to the spleen DNA of normal mice. Moreover, they
behave as an exogenous virus towards the rat, in that
they produce the appearance of new viral sequences
in the spleen DNA. However, they might consist of
a heterogeneous population of different murine viru-
ses. Complementary experiments arc under way to
check this hypothesis.

5.3.2.1.7. Further studies on rat lymphosarcoma
originally induced by the mouse leuke-
mia virus RadLV/D
(L. Baugnet-Mahieu, G. Mattelin, A, Mi-
chaux*. J.R. Maisin)

F.R.S.M. contract 20,286

The lymphosarcoma originally induced by RadLV/D
is now routinely transmitted by injecting 14 days old
rats with an acellular extract of lymphoid tissues
(spleen, thymus, lymphnodes) of rats bearing a lym-
phosarcoma about 6 weeks after inoculation. The
blood plasma of those leukemic rats contains numer-
ous C-type viral panicles, the mean density of which
is 1.145 after centrifugation in sucrose density gra-
dients.

In an attempt to select sublines of leukemic rats
presenting reproducible parameters for biochemical
studies (tropism, kinetics of cancerization), a com-
parison is being made of the ways of induction (Table
5.3.2.).

A high percentage of thymic lymphoma is obtained
by inoculating acellular extracts prepared from thymic
lymphoma (67%) or purified virus fractions obtained
from blood plasma by column chromatography on
scpharose (58%) or by centrifugation on sucrose
gradients (469b). In these cases, the thymus was
involved in at least 80% of the tumors, whether the

TABLE 5.3.2.

Origin °f virus

Thvmus

Spleen + lymphnodes

Crude plasma

Purified virus
(sucrose)

Purified virus
(sepharose)

i

Number of rats i °b leukemic rats

66 • 92

70 99

67 91

S3 , 93

57 100
i

% thymus only

67

39

13

46

58

% spleen +
lymphnodes only

10

37

60

17

19

'•'•• Universite de Liege
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spleen and lymphnodcs were included or not. After
injection of crude leukemic plasma, only 30% of the
rats show a thymic lymphoma and the inoculation of
acellular extracts of spleen and/or lymphnodrs pro-
duces an equal distribution of all kinds of lymphosar-
comas. This could be tentatively explained by the
existence in the leukemic rats of a mixture of on-
cogenic viral components, the proportion of which
should vary depending on the origin of the extract.
By selecting the first peak eluted from a scpharosc
column or tbe fractions of sucrose gradients cor-
responding to the density 1.14-1.15, there is a con-
siderable increase in the incidence of thymomas ap-
pearing 6-8 months after inoculation, probably by
eliminating "fast" components responsible for the
spleen and lymphnodes lymphosarcomas.

Further experiments are designed to estimate the
biological activity of the purified viral fractions. An
attempt is being made to increase the proportion of
ihymic lymphomas by purifying, from the postmito-
chondrial supernatant of thymona, a fraction enriched
in viral particles seditnenting at the density 1.14-1.15.

In order to determine whether the lymphosarcoma
induced in the rats by the RadLV/D represents a true
adaptation of the mouse virus to the rat or the
stimulation of a latent endogenous virus, a check was
made of the infectivity of various extracts from rats
against C57B1 mice. After 10 to 12 months, several
mice have contracted a lymphosarcoma historically
similar to the original RadLV/D tumor. This indicates
that the viral agent(s) involved in the mouse radio-
leukemia, should also contribute to the induction ot
the rat lymphosarcoma.

5.3.2.1.8. Comparative electron microscopic and
physicochemical studies on virions pro-
duced by foui' mouse ceil lines
(S. Botis*, M. Janowski, J.R. Maisin, G.
Adriaenscn, M. Lambiet-Collier, J.M. Nuy-
ten, F. Scliepens)

A.S.L.K./C.G.E.R. contract

When two lines of both L-cells and their Lr'29
variants were grown in monolayer, electron micro-
scopic studies demonstrated the predominance of in-
tracisternal and occasionally type A particles. In
contrast, suspended cultures apparently yielded main-
ly extracellular immature and to a lower extent,
mature type C particles. The virions released in the
culture fluids were purified and characterized by
electron microscopic examination after negative stain-
ing. Physicochcmical studies show that they display
a buoyant density of 1.158 g.cnv' in sucrose gradients,
incorporate readiK 'H uridine, contain high mole-

cular weight RNA and reverse transcriptase, and yield
a polypeptide profile typical for murine leukemia
virus upon SDS-polyacrylamide gel electrophoresis.

5.3.2.1.9. Infectivity of L-cell virions in mouse
embryo fibroblast cultures
(S. Botis*, M. Janowivki, J.R. Maisin, G.
Adriacnsen, P. Goelen, M. Limbiet-Collier,
J.M. Nuyten, F. Schepens)

A.S.L.K./C.G.E.R. contract

The virions produced by the two lines of both
L-cells and their L929 variants were tested tor in-
fectivity on N- and B-typc mouse embryo fibroblast
cultures (CBA, CjH, and C57B1, respectively) by the
focus-formation and tbe I I uridine incorporation
tests (starting on the second day after infection). No
endogenous budding type C particles over very few
type A panicles were seen in the mock-irifected con-
trol mouse embryo fibroblast cultures. Infection of
mouse embryo cells with different viral input multi-
plicities showed that the progeny release (!I1 uridine
incorporation test) is LCV-induaxl. The results ob-
tained showed that all four LCV strains are N-tropic.

5.3.2.1.10. Continuous virus production in LCV-
infected mouse embryo fibroblast cul-
tures
(S. Botis1', M. Janowski, J.R.Maisin, G.
Adriaensen, P. Gcelen, M. Lambict-Coi-

'. lier, J.M. Nuyten, F. Scliepcns)
A.S.L.K./C.G.E.R. contract

LCV-infected mouse embryo fibroblast cultures
(N-type: CBA, Gil ; B-type: C57B1 ) continuously
produce progeny virus after prolonged passages ol
the cells in vitro as detected with the 'II uridine
incorporation test. No endogenous type C virus acti-
vation was seen in the mock-infected control cells
passaged in the same conditions. No viral induced
cell transformation was seen in the virus-producer cul-
tures, and no agglutination was observed (after four
passages) with uninfected or virus-producer cultures
in the piesence of increasing concentrations of Con-
canavalin A. Immunofluorcscence studies, to measure
virus producing cells, are in progress.

5.3.2.1.11. Interaction of Concanavalin A with L
and L929 cells, as well as uninfected
and LCV-infected embryonic mouse
cells
(S. Botis'"', G. Adriaensen, F. Schcpcns,
P. Goelen)

A.S.L.K./C.G.E.R. contract

We have investigated the Concanavalin A (Con A)-

* Trainee from the Institut Siefan S. Nicolau, Bucharest,
Roumani.i

Trainee from the Institut Stefan S. Nicolau, Bucharest,
Roumaniii
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agglutinability of the two lines of both L-cel!s and
their L929 variants as compared to the unintected
and LCV infected N-type and B-type mouse embryo
fibroblast cultures. The L and L929 cells were strong-
ly agglutinated by Con A. 70 to S09o of cells formed
aggregates, consisting of large cell clumps. No aggluti-
nation was observed with uninfected or LCV-infccted
N-type or B-type mouse embryo cells. These results
suggest thin, besides the well characterized LCV, a
second endogenous virus is present in the L and L929
cells in an integrated state, and expressed at least
where the cell surface is altered.

5.3.2.1.12. Selection and characterization of a
gentarnicin-resistant mouse cell line
(S. Botis*, A.Leonard, M. Janowski, H.
Reyners**, E. Gianfeliri de Reyners**",
J.R. Maisin, F. Scliepens, G. Adriaensen,
G. Decat, M. Lambiet-Collier, J.M. Nuy-

. ten)
F.R.SaM. and A.S.L.K./C.G.E.R. contract

An uncloned gentamicin-resistant cell line (Gv5L,,:,.s)
was obtained using successive passages of wild-type
L929 cells in the presence of increasing gentamicin
concentrations. Karyotypc analysis confirmed the pre-
vious findings that gentamicin can induce numerical
and structural chromosome chpnges. The most in-
teresting observation is the occurrence in G%,,,,,,8 cf a
very small acrocentric marker chromosome. The G\»>n.«
cells, when compared under the electron microscope
with the L929 wild type cells, showed a significant
increase of the number of intracisternal type A par-
ticles and a great inhibition of the number of budding
type C particles. Intracytoplasmic type A particles
were not seen in wild-type L929 cells. In the G\i,,,,,.$
cells the number of intracytoplasmic type A panicles
does not reach 2% of the total number of type A
particles counted.

5.3.2.2. Influence of chemical protectors on long-
term effects induced by ionizing radia-
tions

5.3.2.2.1. Chemical protection against the long-
term effects of a single whole-body
exposure of mice to ionizing radiation
U.R. Maisin, G.Mattelin, M. Lambiet-
Collier)

EURATOM contract No. 095-72-1-BIO B
Contract with the Fondation Interuniwrsitaire Mon-
tignies-le-TilleuI
1. Life shortening

A systematic study has been made of the advantage

* Trainee from the Institut Stefan S. Nicolau, Bucharest,
Roumania

** U.CLouvain
•••"•• SCK/CEN trainee

gained by treatment with combined radiochemical
protectors on long-term survival of mice exposed
to a single dose of ionizing radiation.
Our results demonstrate that sulphydryl radio-
protectors, given separately or in a mixture, pro-
tect against radiation-induced life shortening. Mix-
tures of radioprotectors increase the degree of
protection compared with that of each substance
given separately. The optimum dose reduction
factor obtained for long term survival (2 for an
association of AET + ME A + 5-HT + GSH +
cysteine) is, however, lower than the degree of
protection obtained for the 30-day survival. More-
over, contrary to our earlier observations on short
term survival, the dose effect curves for irradiated
untreated mice and for mice treated with radio-
protectors are not parallel.

2. Radioinduced leukemias and cancers
Chemical radioprotectors, given separately or in a
mixture, exert a favourable influence on the in-
cseaseJ incidence of radiation-induced leukemias
and cancers in mice exposed to a total body X-
irradiation dose. The total incidence of leukemias
and cancers is significantly lower in BALB/c' and
C57B1 treated mice. In both strains of mice, the
incidence of thymic Iymphomas is, for increasing
doses of X-rays, significantly lower in tn-l td irra-
diated mice than in untreated irradiated mice.
Mixtures of protective compounds were more
effective in reducing the increased incidence of
thymic lymphomas in BALB/c4 mice than che-
mical protective compounds given separately.
In BALB/c4 mice a protective action was ob-
served for lung cancer after exposure to 100 R,
and in C57B1 mice for liver tumor and mveloid
leukemia after an exposure to 350 R of X-rays.
When treated or untreated BALB/c4 mice with the
same life-span though with different radiation dose
are compared, the incidence of leukemias and car-
cinomas diminishes clearly after pre-irradiation with
sulphydryl compounds. After an exposure to 500 R
and 650 R of X-rays, the mean age at death from
glomerulosclerosis is significantly higher in treated
irradiated mice than in unirradiated treated mice.

5.3.2.2.2. Comparative protection of haemopoie-
tic colony-forming cells and lethally X-
irradiated mice by mixtures of radio-
protectors
(J.F. Duplan", G.Mattelin, J.R. Maisin)

EURATOM contract No. 095-72-1-BIO B

Our results demonstrated that the administration
of a mixture of radioprotectors gives a DRF of 1.9-2.3
when applied to the reproductive death of BM CFU.

'" Institut ßergonic, Bordeaux

BLG 515/76 5-29



This protection is significantly lower than that ob-
tained for the acute lethality as measured by the
LD5O/30 days of irradiated mice cot.espondint, to.
DRF of 2.4-3.0.

5.3.2.2.3. Histological studies of intestinal pro-
liferation after multiple fractions of
gamma rays irradiation
(J.R.Maisin, A.Wambersie**, M.Lambiet-
Collier, J. Gueulette**)

EURATOM contract No. 095-72-1-1310 B

The response of intestinal mucosa was studied in
BALB/c* mice after fractionated irradiation of the
abdomen. Daily doses of 200 and 350 rad were
chosen in order to compare the historjathologica! ap-
pearance of intestinal mucosa in conditions where it
was capable or where not capable, of compensating
more or less completely for cell destruction. On the
other hand, 5 doses of 200 rad.week' is the fractiona-
tion regime usually adopted in clinical radiotherapy.

Intestinal mucosa was able to tolerate daily doses
of 200 rud for about 6 weeks. Two mechanisms were
identified to compensate for the cell destruction by
the successive fractions.
- a reduction of the length of the mitotic cycle: it

reaches approximately 65% of its normal value
after 25 doses of 200 rad over 5 weeks;

- an increase in the size of the stem cell compartment:
it reaches approximately 1.4 time its normal value
after 20-30 doses of 200 rad over 4-6 weeks.
These compensating mechanisms are similar to

those observed after a single acute irradiation or
after continuous low dose rate irradiation. For daily
doses of 350 rad, intestinal mucosa cannot compen-
sate for cell destruction and most of the animals die
after 3 weeks.

5.3.2.3. Late effects in irradiated brain

5.3.2.3.1. Studies on biochemical late effects in
irradiated brain
(G. Gerber*, J. Deroo)

EURATOM/EULEP contract No. 092-72- 1-BI0 C

The study of late effects in brain after 2 krad was
concluded (A1B). In these experiments, a temporary
depression in ß glucuronklase and cathepsin activity
was observed followed by sin activation at one month.
Somewhat later, arid phosphatase increases. During
the intermediate period, DNA and serotonin content
and AI13 uptake by brain increase whereas A1B up-
take by heart and muscle decreases. A scries of ex-
periments exposing the animals to 3, 4 ind 6 krad

was started early in 1975 and up to now yielded
similar but more marked changes.

5.3.2.3.2. X-rays induced late effects in the cere-
bral cortex of the rat
(H. Reyners", E. Gianfelici de Reyners"",
L. Regniers, J. Maisin)

Contract EULEP/Fondation Interuniversitaire Mon-
tignies-le-Tilleul

Rats whose cerebral cortex bad been irradiated with
2.2,3.3,4.4.6.6 and 13.2 krad (according to EULEP
procedure) were examined by light and electron-
microscopy for the presence of late effect damages
in the cerebral cortex. Six animals were fixed by
glutaraldehyde aortic perfusion every 3 months after
irradiation. A repair threshold was located between
6.6 and 13.2 krad. Most evident injuries concerned
neuntes, myeÜnated axons, microglia. Herring bodies
and oligodendrocytes. The permeability of the blood
vessels to protein tracers increased 1 month after
irradiation but decreased strongly afterwards. Large
necrotic zones were characteristic of 13.2 krad ani-
mals: astrocyt proliferation (glioma?) was evident
on their borders. The phenomena responsible for
the onset of irrepairable degeneration processes after
severe irradiation remain to be de'ermined.

5.3.2.4. Biochemical late effects in irradiated lung
(G. Gerber**11, A. Dancewiez4*, B. Bessc-
mans5*)

EURATOM/EULEP contract No. 092-72-1-B10 C

The right hemithorax of rats was exposed to 3 kr
of X-rays. The animals were sacrificed at different
times, up to 9 months after exposure, and various
biochemical parameters were determined. After a
slight early decrease, collagen increased during the
fibrotic stage. An increase during fibrosis was also
seen for DNA, ß glucuronidase, cathepsin, histamine,
serotonin and lipid peroxides. Fibiinolytic activity was
found depressed at most time points studied.

Another series which has not yet been evaluated,
has been carried out also after 1 kr. Moreover studies
are under way to follow the interaction of radiation
with SO: exposure in the development of lung fibrosis.

* EURATOM
** Radiotherapy Unit, Leuvcn

U.C.Louvain
SCK/CEN trainee
EURATOM
Supported by EULEP
Supported by Schutzliommission
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5.3.3. Geivetic effects of radiations and chemicals

5.3.3.1. Study cf the chromosome rearrange-
ments induced by ionizing radiations
(A.Leonard, G. Gerber", D.G. Pap worth,
G. Dccat, E.D. Leonard, Gh. Deknudt)

EURATOM contract No. 095-72-2-BlO B

Dose effect curves for in vitro X-irradiation were
determined on cultured lymphocytes of four mam-
malian species, cow, goat, sheep and pig. Only the
data from cow exhibited significant inconsistencies.
The parameters were determined for the quadratic as
well as for the power law. Significant differences in
these parameters were found between certain species
which cannot be explained on the basis of chromosome
arm number, nuclear volume or DNA content.

5.3.3.2. Ageing and chromosome aberrations in
male mammalian germ cells

(A. Leonard, E.D. Leonard)

EURATOM contract No. 095-71-2-B10 B and grants
"Fondation lnteruniversitaire pour 1'etude des pro-
cessus de vieillissement"

Observations have been performed on male mice
ol 30 to 750 days old, in order to elucidate whether
the ageing process in male mammals is associated with
an increased number of germ cells showing numerical
or structural chromosome aberrations which could
possibly be transmitted to the progeny. Cytologica!
observations performed on dividing spermatocytes 1
showed that 76-S39b of the cells appear normal.
2.8-5.0°ö are polyploid, 1.2-5.9% have autosomal
univalents and 9.7-14.6% show X-Y univalents. No
reciprocal translocation was observed in the dividing
spermatocyte I. The absence of evident relation be-
tween age and the incidence of anomalies suggests
that the differences observed result from technical
features.

5.3.3.3. Study of radioinduced chromosome aber-
rations by banding pattern techniques
(G. Dceat, A. Leonard)

EURATOM contract No. 095-72-1-1310 B

Fluorescent banding patterns obtained for the para-
centric inversions In (2) 5 Rk, In (5) 2 Rk and
In (5) 9 Rk have been analysed using a tnicrophoto-
meter system.

Examination of the curves from In (2) 5 Rk shows
that the peaks correspond to the positive bands
whereas the minima correspond to the negative bands.
Comparison ol the curves confirms that the break

* EURATOM

BLG 515/76

points occurred in the negative region 2D and 2F.
Analysis of the diagrams from In (5) 2 Rk shows

that the inversion involves only the peaks B and C
whereas the centromeric region (A) and the distal
part of the chromosome (D) remains unchanged.

The observations performed on the inversion In
( 5 ) 9 Rk suggest that the size of the inverted segment
could be more important.

5.3.4. Study of integration, replication and bio-
logical expression of foreign DNA ad-
ministered to different organisms

5.3.4.1. Fate of bacterial DNA in germinating
barley
(L. Ledoux, R. Huart, M. Janowski, J.M.
Nuy ten)

Kleinhofs, Eden, Chilton and Bcndich have rccent-
lv concluded that, contrary to previous results we
obtained with barley, tomato and Arabidopsis, no
satellite DNA was produced in axenic plants treated
with foreign DNA. They consider that the only satel-
lites obtainable are due to bacterial contaminations,
and that, on the other hand, our methodology for the
preparation of plant DNA is unsuitable and generates
artefacts. Later, Hanson and Chilton described the
activation of a satellite DNA upon treatment of axenic
tomato with a foreign DNA. This satellite has unique
properties as it can be split by sonication into a
heavier and a lighter component.

This phenomenon, similar to the one previously
described, is not due to artefacts and they now con-
sider that the omission of a digestion step by pronase
was responsible for their previous results. Analysing
this satellite DNA by molecular hybridization, they ob-
served no homology between it and the donor DNA
used. Therefore, production of a satellite which splits
as a result of sonication is no proof of the binding
of a foreign DNA to the recipient one. On this basis,
we have tried to repeat our previous barley experi-
ments. We have defined physiological (water stress)
and physicochemical conditions (use of a DNA with
a maximum MW of 107).

In such conditions, with axenic barley seeds,
(DNAd = 1.702 g.crn"3) treated with M. lysodeikti-
cus 3H DNA (d = 1.731 g.cnv3) chased with M. lyso-
deikticus DNA then treated with HC thymidine, it
is possible to obtain satellite DNAs with a density
between 1.71 and 1.72 g.cnv3. These satellites are 3M
and 14C labelled. They can be split by sonication into
2 components having a density close to those of the
donor and receptor DNAs. These satellites remain
homogeneous upon alkaline denaturation.

After denaturation and renaturation in the presence
of the donor DNA, they reassociate with it and band
in a CsCl gradient with the renatured donor DNA.
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When thermo-denatured, the 3H DNA moiety ex-
hibits a monophasic fusion (Tm ~ 96°); the I4C
moiety shows a biphasic melting curve (Tm = 86°
and 96° close to those of barley and M. lysodeikticus
DNA). Such results do not exclude, on the contrary,
our hypothesis of a binding between foreign and
recipient DNA. They are presently being checked
with a more sensitive method, the reassociation
kinetics.

This technique has been applied to our problem
by taking into account difficulties due to the high
Tm of M. lysodcikticus DNA. The first assays show
that, several days after a treatment with foreign 3H
DNA, the labelled DNA, recovered in seeds, at the
density of either the satellite or the foreign DNA,
essentially keep its primitive properties (homology
with M. lysodcikticus DNA, Tm of the duplex).
Experiments are being made to test the possible
homology of the satellite with the barley DNA.

5.3.4.2. Intercellular persistence of Bacillus sub-
tilis transforming DNA in Phaseolus
aureus plants
(C.I.Kado*, T. Mojica-a", L.Lcdoux)

We have employed sensitive transformation assays
with Bacillus subtilis cells to demonstrate directly
whether or not biologically active bacterial DNA can
be traced in plants.

Competent B. subtilis cells were prepared from
strain BD71 carrying mutations at hisAl, argC-J and
ura-1. Sterile mung bean (Phaseolus aureus) seeds
were germinated in a solution of sterile DNA purified
from prototrophic B. subtilis 168 cells. Each seed was
exposed for 24 h to 100 nl of DNA (455 iJig.ml1 in
0.1 X SSC), transferred to O.S% agar medium, and
allowed to grow into seedlings. The plants were har-
vested at various intervals, divided into equal lots,
and the plants of one lot were separated into leaves,
stems, roots and cotyledons from which DNA was
prepared. Transforming activity was obtained from
all these parts, with most of the biological activity
associated with the cotyledons up to 9 days growth
at 25UC. None of the DNA preparations from control
seedlings produced transformants. Using the second
batch of the plants, cells were isolated from leaves,
stem and cotyledons by limited homogenization. They
were washed three times with 0.05 M sodium borate,
0.01 M EDTA buffer, pH 9, and portions of the cell
preparations were treated with pancreatic DNAse or
washed further. Using comparable amounts of DNA,
prepared as above, no transforming activity was de-
tected.

These results show that relatively high molecular

weight bacterial DNA persists for long periods (up
to 9 days) in association with plants (P. aureus). Our
results also suggest that such DNA persists inter-
cellularly rather than intracellularly in P. aureus.

5.3.4.3. Fate of Agrobacterium tumefaciens DNA
in soybean cells
(N. Luyindula*, P.F. Lurquin, L.Lcdoux)

Agrobactcrium tumefaciens 'H-DNA was applied
to soybean callus tissue and to soybean seeds and
plants at various stages of development.
1) Callus tissue: it was found that callus cells ex-

tensively degraded the donor DNA as did Arabi-
dopsis thaliana and Wicotiana tabacum callus cells.
No foreign DNA was detected intracellularly after
seven days of incubation. The intraccllular radio-
activity corresponded to endogenous DNA (2%)
and alcohol-soluble donor DNA degradation pro-
ducts (98%).

2) Seeds: axenic swelling seeds took up appreciable
amounts of donor 'Il-DNA at the same time as
they extensively degraded it, despite a 24 hour
chase period with unlabelled donor DNA. These
seeds were then allowed to germinate and trans-
ferred to nutrient medium until full expansion of
the first two leaves. Analysis of the radioactivity
associated with DNA revealed the complete ab-
sence of unusual DNA species, although radio-
active plant DNA was readily detected (except
in cotyledons).

3) Seedlings: the roots of 5-day old seedlings were
soaked in bacterial 'H-DNA under aseptic con-
ditions. We observed that nuclease activity was
released by the roots, leading to a slow degrada-
tion of the donor DNA in the medium. Under
these conditions, some exogenous DNA could be
detected in the roots after 8 hours of incubation.
Longer incubation periods yielded high radio-
activity values associated with plant DNA. Ex-
periments with unlahellcd 10'3M thymidine as a
competitor showed the virtual disappearance of
this endogenous radioactivity as a result of a
drastic decrease of the radioactive pools. Clearly,
the radioactivity found with the plant DNA cor-
responds to a degradation-reutilization process.
Interestingly, suppressing the radioactive pools or
protecting the donor DN̂ V with 5 |tg.ml' poly-L-
ornithine resulted in the .'-ifction of small but
significant amounts ot bau.;.. .' 'H-DNA in the
roots and cotyledons of the ti- >-J plants. This
exogenous DNA had a molecular weight of 2-3 M
daltons in roots and 0.5-1 M dalton in the coty-
ledons, thus showing a lower degree of poly-
merization than the external donor DNA. The

* NATO senior fellow, Department of Plant Pathology,
California

** Supported by U.S. Armed Forces
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donor DNA taken up was not stably stored in
the plant, as was shown by a 4S h chase experi-
ment with unlabelled A. tumefaciens DNA in the
medium. Only labelled endogenous DNA was
found after the chase period.

4) Shoots: the roots of 10 day-old seedlings were
amputated and the resulting shoots were incubat-
ed in nutrient medium containing 'H-DNA from
A. tumefaciens and II)'3 TdR. It was observed that
after 72 h most of the radioactivity found in the
liypocotyls corresponded to donor DNA. This
showed that macromolecular DNA was able to
migrate in the vessels. Work is in progress to
determine whether this donor DNA can be stored
undegraded in the hypocotyls or in the leaves.

5.3.4.4. Effects of bacteriophages on plant tis-
sues
(P.F. Lurquin, T. Mojica-a*)

Bacteriophage PI was used to infect E. coli cells
harbouring the Rl-19 plasmid. Recombinant phages,
particles (PIKM) carrying the plasmid genes coding
for the resistance to kanamycin were then isolated.
In order to determine whether these bacterial genes
couki be expressed in plant cells, 200 Arabidopsis
seeds were incubated for 48 h in the presence of
about 10" (P1KM) pi.u./seed. Half of the treated
seeds were plated on minimal medium containing
20 p.g.rn.1'1 kanamycin, whereas the other half was
plated on B5 medium for callus production containing
50 l-ig.ml' kanamycin. The phage had no effect on
green plant or callus development in the absence of
antibiotic. It was observed that incubation of the
seeds in the presence of PI KM did not increase the
resistance of neither green plants nor calluses to the
toxic effect of kanamycin. Experiments are in progress
to determine whether antibiotic resistance can be
conferred to exponentially growing callus cells.

5.3.4.5. Characterization of DNA from Arabidop-
sis thaliana callus tissue
(P.F. Lurquin, Y. Hotta**)

Arabidopsis callus tissue was grown on B5 medium
starting from sterile seeds. DNA was extracted by a
method involving gel filtration on 4% agarose and
chromatography on hydroxylapatite. This DNA was
found to contain a major band of CsCl buoyant density
1.6965 g.cm'3 and two satellite bands of densities
1.706 and 1.712 g.cm'3. These minor bands each re-
presented about 5% of the main band DNA and
their intracclkilar location is at present still unknown.

The kinetic complexity of Arabidopsis DNA was
studied by reassociation kinetics and was found to
correspond to a molecular weight of 4X10" daltons
per diploid genome. Repeated sequences only repre-
sented about 5% of the genome. This latter point
together with the observed rather law kinetic com-
plexity of the unique sequences agrees well with the
very low analytical DNA content of Arabidopsis as
compared to most higher plants.

5.3.4.6. Correction of Arabidopsis mutants by
bacterial DNA
(L. Ledoux, R. Huart, M. Jacobs*)

To date, we have obtained 27 corrected plants on
9,159 thiamine mutants treated with DNA extracted
from thiamine* bacteria.

No correction was found among 12,298 plants
treated with DNA from thiamine' bacteria, with
DNase-ireated thiamine'' DNA, or with 0.1 M NaCl.

The corrected plants constitute stable lines which
were all multiplied until F4 without showing pheno-
typic variation or segregation. With a DNA extracted
from thi' bacteria harbouring an F' thiamine^ plasmid,
we obtained a total of 13 corrected plants by treating
1,430 mutants. The analysis of the progenies of such
plants revealed 2 classes of phenomena: a small pro-
portion of corrected plants (4 out of 13) gave proge-
nies with a stable phenotype, whereas the remaining
plants either produced a mutant offspring or segrega-
ted into a majority of mutants and a few normal types.

It therefore appears that, upon treatment with a
DNA where the thiamine information is plasmidian,
results can be obtained which simulate somatic effects
in the treated population.

This study will be pursued with isolated plasmidian
DNA. On the other hand, mutants corrected by dif-
ferent DNA or by a same DNA in different experi-
ments were crossed together.

Table 5.3.3. shows some of the results obtained
by analysing the phenotypes observed in F2 and In
F3 (in Fl, all plants are normal). In F2, a segregation
can sometimes be observed into normal and mutant
types. In one case (py mutant) the segregation also
leads to "leaky" phenotypes characterized by patches
of discoloration on the leaves or on the stem.

These "leaky" plants segregate in F3 into classes
similar to those observed in F2.

In the presence of thiamine, all F3 progenies are
normal. These results have many important implica-
tions and attempts are being made to assess them and
to map the correction in the genome.

Supported by U.S. Armed Forces
Department of Biology, University of California. San Diego,
U.S.A. V.U.Iirussel
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TABLE 5.3.3.
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5.3.4.7. Quantitative estimation of bacterial DNA
in Nicotiana tabacum cells in tissue cul-
ture treated with Agrobacterium tume-
faciens DNA
(C.I. Kader, P.F. Lurquin)

DNA-DNA filter hybridization, DNA solution re-
association enrichment and DNA buoyant density
analyses in cesium chloride were used to detect
Agrobactcrium tumefaciens DNA sequences in ex-
ponentially growing tobacco cells that were exposed
to the bacterial DNA in axenic culture. The bacterial
DNA sequences were not detected in DNA obtained
from tobacco callus cells treated with radioactive
A. tumefaciens DNA after 4 days growth at 27°C.
Furthermore, no radioactive DNA with a buoyant
density intermediate between tobacco DNA and bac-
terial donor DNA was observed. Ultrasonication of
DNA from DNA-treated callus cells did not release
any A. tumefaciens DNA. Moreover, A. tumefaciens
DNA was not replicated but degraded and re-utilized
by the callus cells within the 4 days of incubation.
Any traces of presumptive replicated bacterial DNA
(<0.01 % of the total callus DNA) were enriched
and separated as double stranded DNA by hydroxyl-
apatite chromatography. The thermal stabilities, mel-
ting characteristic, and Tm of this enriched DNA were
identical to that of enriched DNA derived from un-
treated callus cell DNA and clearly distinct from that
of the reassociated A. tumefaciens DNA. These results
do not provide supporting evidence for direct trans-
formation of callus cells in axenic culture by the
addition of purified A. tumefaciens DNA.

5.3.4.8. Assays on barley
(P. Charles)

In vitro assays confirm previous in vivo results:
nucleases, rather unactive at the beginning of the
germination period, become very active after several
hours.

When M. Iysedeikticus 311-DNA is incubated for
two hours with endosperme or embryos homogenate
prepared from seedling at the beginning of their
germination period, some depolymerization occurs
with a slight modification of the density of the
radioactive molecules.

5.3.4.9. Plasrnid technology
(P.F. Lurquin, T. Mojica-a*)

In order to study the uptake and fate of covalently
closed circular (plasmid) DNA in plants protoplasts,
we assessed ten plasmid-containing E. coli strains for
plasmid DNA extractibility. The best results were
obtained with the following plasmids: R6K, NTP2,
S-a, pSC 101, pSC 105 and Col El. Fig. 5.3.7. shows
an electron micrograph of three R6K molecules, two
being in the relaxed configuration and one being in
the supercoiled configuration.

5.3.4.10. Quantitative estimation of bacterial DNA
in Phaseolus aureus seedlings treated
with Agrobacterium tumefaciens DNA
(C.I. Kado", P.F. Lurquin)

DNA-DNA filter hvbridization and DNA solution

Department of Plant Pathology, University of California,
Davis, U.S.A.

* Supported by U.S. Armi-d Forces
** Department of Plant Pathology, University of California.

Davis, U.S.A.
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enrichment reassociation experiments showed that no
Agrobacterium tumefaciens DNA was replicated in
mung bean seedlings under the conditions specified
in published reports for the uptake, integration, and
replication of bacterial DNA in higher plants. Residual
presumptive DNA hybrids that formed in a few in-
stances were characterized by thermal chromatography
on hydroxylapatite. The Tin and melting profiles of
these hybrids from DNA-treated plants were the
same as those from untreated control plants. The
sensitivities of these procedures were sufficient to
detect A. tumefaciens DNA in the order of 0.0059b
to 0.019o of the plant genome. These results do not
concur with previous reports obtained with other
plants and according to which large pieces of DNA
of the plant genome of bacterial-DNA-treated-plants
are made up of bacterial donor DNA.

5.3.4.11. Uptake of radioactive bacterial DNA by
L929 mouse cells
(P. Charles)

The uptake is better when bacterial DNA is poly-
merized (MW 17.5 X 10" daltons) than when it is
depolymerized (MW4.0 X 106 daltons) or ultrasoni-
cated ( < 10" daltons).

A competence-like phase has been confirmed by
using bacterial tritiated DNA from M. lysodeikticus
or from E. coli or homologous 'H-DNA from L929
cells. It appears that the DNA uptake occurs pre-
ferentially at the end of the Gl period before the
S phase.

The presence of an unlabelled DNA (isologous or
heterologous) in the culture at a concentration ol
30 ng.ml' did not modify the timing of the S phase,
indicated by the incorporation of 'H thymidine.

5.3.4.12. DNA uptake in Streptomyces virginiae
(V. Konvalinkova*, P. Roelants \ M. Mer-
geay, P. Lurquin, L. Lcdoux)

R.l.T. contract

'H-DNA uptake (either homologous or heterolo-
gous ) is maximal at the late log phase. A competence
phase is strongly suggested. This phenomenon is un-
linked with endogenous DNA synthesis, dropping
drastically at this point of the growth cycle. On the
other hand, alkaline sucrose gradients indicate that
the exogenous DNA is not substantially subject to
exocellular depolymerization, the saturating concen-
tration of DNA for irreversible binding being lOv.ml"1

under our conditions (sampling: 1 ml culture in the
earlv stationary phase).

Kinetics of the phenomenon follow a linear slope
during the first seven minutes of contact.

Streptomyces virginiae is thus among the antibiotic-
producing actinomycetes a good candidate for studies
involving genetic and metabolic fate of DNA taken up.

5.3.4.13. Isolation of DNA from the supernatants
of Agrobacterium tumefaciens cultures
(T. Mojica-a***, E.Garcia, P. Lurquin)

Cultures of A. tumefaciens contain appreciable
amounts of extracellular DNA. After several cycles
of alcohol precipitation, phenol treatment and RNAse
digestion, this purified DNA was characterized by
CsCl isopyenic centrifugation. Its buoyant density
was identical to that of intracellular A. tumefaciens
DNA. Cell lvsis alone cannot explain the large con-
centration of DNA in the supernatants. Possibly an
excretion mechanism similar to that reported for
Bacillus subtilis, exists in A. tumefaciens. This mecha-
nism might be important in tumor induction.

5.3.4.14. Attempts to transform some Agrobacte-
rium tumefaciens strains
(T. Mojica-a**'\ E.Garcia, C. Ascaso)

Several A. tumefaciens strains with different nutri-

* University de Liege
** R.l.T., Kixensart

*** Supported by U.S. Armed Forces
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tional requirements were grown in both complete
and supplemented minimal medium. At different
stages of the growth cycle, homologous DNA from
parental wild type strain was added at various con-
centrations and aliquots were plated on minimal agar
medium. Lysozyme- and glycine-induced spheroplasts
were also incubated with DNA. The DNA batches
used in these experiments differed . •• their polymeri-
zation, purity and source. Extracellular DNA was also
used. Furthermore, in order to alter the surface per-
meability, increasing amounts of Ca'~ were added to
the culture before DNA treatment. Although trans-
formation was occasionally observed, these results
were not reproducible.

5.3.4.15. Episomic transfer from E. co!i to Pseu-
domonas putida 6.2
(M. Mergeay, J. Gerits, I.Crawford*)

The strain 6.2 (previously classified as Rhizobium
lupini) was taxonomically reassessed. Fluorescence
and cytochrome oxidase render this strain different
from other Rhizobia and allow its reclassification as
Pseudomonas putida. The most striking feature of this
strain is its ability to accept episomes from E. coli.
His, leu, met and ilva mutations of P. putida 6.2 can
be complemented by E. coli episomes containing the
corresponding genes.

Tryptophan mutations were also analysed physio-
logically and genetically. The regulation pattern of
tryptophan biosynthesis follows the Pseudomonas
pattern and is clearly discriminated of the operon
scheme known in E. coli. Moreover, tryptophan syn-
ihetase was found to be induced by the substrate:
Indole phosphate.

F'-trp episomes of E. coli were unable to com-
plement the trp-mutations of Pseudomonas putida 6.2:
it would be interesting to look for interaction of
distinct regulation patterns and for expression in the
cytoplasm of foreign genes.

5.3.4.16. Extension of host-range for coliphage
BF23 to include Salmonella typhimurium
(T.Mojica-a", P. Charles)

The susceptibility of a bacterium to bacteriophage
infection is dependent on whether or not the bac-
teriophage can attach itself to specific attachment
sites (receptors), the cell surface (adsorption bar-
rier) and whether or not once it has attached and
its nucleic acid has penetrated into the cell, the bac-
teriophage can develop in that particular bacterium
(developmental barrier). In many cases, these barriers
can be circumvented bv mutation or bv recombination

Department oi' Microbiology, Scripps Clinic and Research
Foundation, La GoIIa, California
Supported by U.S. Armed Forces

either e-f the bacteriophage or of the bacterium under
scrutiny. This set of events is termed bacteriophage
host-range extension. Systems with extended host
range could be useful in studying certain problems of
host-phage and phage-phage interactions.

Salmonella typliimurium smooth strains are sensitive
to phage BF23 but do not support phage growth,
since the phage fails to attach irreversibly to smooth
cells; about 100% of the phage is recovered from
mixtures of smooth cells with phage BF23. The phage
adsorbs to and develops in S. typhimurium strains
with mutations in the gal E gene as well as to strains
carrying mutations in many other cell wall genes
(rough strains). The sensitivity of smooth strains
and the ability to support phage growth of rough
strains is lost by mutation in a gene, termed bfe, that
maps in essentially the same position as the bfe gene
of Escherichia coli.

Phage BF23 progated in S. typhimurium rough
strains is indistinguishable from BF23 propagated in
E. coli, as determined by immunological reactions with
anti-BF23 serum and by equilibrium density gradient
centrifugation of the nucleic acid. However, one-step
growth experiments in S. typhimurium show some
striking differences when compared with the behav-
iour of the phage in E. coli. These differences could
be the result of subtle metabolic differences between
the two bacterial species.

The ability of BF23 to kill S. typhimurium smooth
strains, as well as the ability of UV-inactivatcd BD23
to kill E. coli cells, is more simply explained by the
presence of a colicin-like protein on the virion that
recognizes the product or the bfe* gene and is able
to kill the cells.

5.3.4.17. Heterospecific transduction between.
Escherichia coli and Salmonella typhi-
murium
(M . Mergeay)

The study of hybrids between these two taxonomic-
ally linked bacteria is of special interest from the
point of view of recombination mechanisms. The tryp-
tophaa operon was the chromosomal region involved
in this study, more precisely the trp A gene: between
E. coli and S. typhimurium, there is only \6% of
divergence in the DNA sequence coding for this gene.

1 leterospecific crosses were performed using the
transducing phage PI. Recipients were mutants of
Salmonella typhimurium restriction-negative (lisp S
hsp LT) and sensitive to phage PI (galE). Hetero-
specific transductional cross involved trp A deletions.

Hybrid transductants are of different categories:
many hybrids are diploids for the trp genes. Among
these diploids, a class exhibits unselected auxotrophic
mutants. These hybrids are unstable and can be ex-
plained by insection of the E. coli trp genes in differ-
ent loci of the Salmonella chromosome.
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Haploid hybrids generally occur by the replacement
of a large portion of the trp genes and the neighbour-
ing loci by the equivalent region of E. coli. The large
size of the replacements is a striking feature, since
true recombinations inside the trp operon are very
rare and not found in the conditions inside the trp
A gene.

Lysates of Salmonella transducing phages (P22
and KB) were made with the haploid hybrids and
crossed back with Salmonella trp mutants. These
lysates were successfully used on mutagenized reci-
pients in order to obtain mutations increasing hetero-
specific mutations.

[This work was performed during a leave (Full-
bright-llays fellowship) in the Department of Bio-
logical Sciences Stanford University California and
under the direction of Prof. Ch. Yanofsky.]

5.3.4.18. Shortening of Escherichia coli F' epi-
somes by deletion of plasmid borne
chromosomal DNA
(T. Mojica-a*, I.Gerits, M. Mergeay, N.
GlansdorfP*, L.Ledoux)

Bacterial episomcs are of interest to vehiculate
determined bacterial genes, the fate of which is to
he followed in eucaryotic cells.

As in other plasmids, DNA of these episomcs can
he separated from the chromosomal bulk as covalently
closed circular molecules.

Thiamine mutations of the plant Arabidopsis tha-
liana were corrected by bacterial DNA. Therefore it
is essential to look for any linkage between such a
correction and recognizable tlii genes. Use of short
episomes containing these tlii genes would help for
this purpose. Thi A and Thi B genes are located on
ii large size episome (F110) which is rather difficult
to handle at the molecular level. Episome shortening
is also required to reduce unwanted informations to
a minimum. In this case, the episome was considerably
shortened by selecting deletions affecting the domi-
nant functions of sensitivity to phage BF23 (locus
bfe) and to rifampicin (locus rif). These loci are
linked to the thi AB genes.

Resulting episomcs still contain the thi A B genes
and were shortened to 50% of the initial size.

5.3.4.19. Shortening of Escherichia coli F-prime
F11P by deletion of plasmid-borne chro-
mosomal DNA
(T. Mojica-a*, J.Gerits)

Correction has recently been reported of auxo-
irophic mutations in plants with DNA from bacterial
sources. In a system in which this type of genetic

* Supported by U.S. Armed Forces
** V.U.BrusscI '

manipulations is feasible, it would be desirable to
approach several important problems e.g. quantity
and quality of genetic information required to achieve
correction, structural requirements for successful up-
take of bacterial DNA, etc. If this were the case,
it might be critical to have DNA preparations that
are highly enriched for a particular set of genes and
also with as little undefined additional genetic in-
formation as possible. DNA from Eschericliia coli
F-primes could conceivably be used as donors in
genetic manipulations. One limitation, however, is
that F-primcs usually contain various amounts of
additional genetic information in addition to the
required gene(s). This problem could be circum-
vented by selecting for deletions of all or parts of
the additional DNA. Several methods have been
described.

F-prime Fl 10 contains, in addition to the F factor
DNA, about four minutes of the E. coli chromosome,
including the thi AB genes. Deletions of E. coli DNA
borne by Fl 10 were positively selected under con-
ditions fulfilling two requirements, namely:

a) Maintenance of F factor function and of one or
more bacterial genes (in a rec A background), so
that only clones able to express and transfer the
selected nutritional markers were analysed. Partial
deletions of F, resulting in either resistance to
male-specific phage or in inability to transfer,
were discarded.

b) Simultaneous removal of two dominant wild-type
functions borne in the plasmid: namely rif (sen-
sitivity to rifampicin) and bfe1 (sensitivity to
coliphae BF23). Strains were thus constructed
that were partial diploids containing the selected
wild-type nutritional markers on the plasmid and
mutant aleles on the chromosome.

Detailed analysis of presumptive deletions indicat-
ed that:

1) deletions of chromosomal genes borne by the
episome, appeared at roughly the frequency of
removal of spontaneous mutation of either of the
two markers ( ~ 10*1);

2) no recombination between the episome and the
chromosome was observed;

3) strains with shortened Fl 10 have significantly
shorter generation times, so that they could be
recognized on selective plates by scoring colony
size;

4) most deletions consisted of removal of a single
linear piece of DNA;

5) a few of the deletions analysed appeared to have
generated as a consequence of the removal of two
discontinous pieces of DNA;

6) deletions can arise during ccll-to-cell transfer;
7) the extent of the deletions depended on the

**_ „
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nutritional markers selected for. The ends of the
deletions tended to cluster, however.

Experiments are in progress to characterize the
deletions by physical means. The observations des-
cribed can be explained on the basis of spontaneous
crossovers.

5.3.5. Radioactive contamination of the environ-
ment

5.3.5.1. Study of the transfer of tritium in food
chain (part of a co-ordinated IAEA pro-
gramme on the cycling of tritium in dif-
ferent types of ecosystem)

IAEA Research Agreement contract No. 1305/CF

5.3.5.1.1. Study on the uptake of tritium by va-
rious crops through tritiated irrigation
water, under field conditions
(R. Kirchmann, V. Athalye*, P. Charles,
E. Fagniart, A. Bossus, G.Koch (co-opera-
tion with Prof. Sine**)

Seven species of cultivated plants were irrigated
eight times during the growing period with tritiated
water (312 nCi 'H.gH'); the total activity deposited
was 1.13 mCi 3H.m"2. The rates of uptake and loss of
tritiated water and of incorporation of tritium in the
dry matter of these crops have been determined. The
results show that the specific activity (nCPH.glTM
of the crop is correlated to the amount of 3H de-
posited (mCi.nV2) and not to the specific activity
of the irrigation water.

5.3.5.1.2. Study on the influence of the chemical
form of 'H in the diet on the rate of
incorporation in the organic matter of
the farm animals
(R. Kirchmann, J. Van den Hoek***, G.
Koch, A. Bossus, E. Fagniart, R. Van Bru-
waene)

Each experiment was performed on 7 week old
male pigs from the same litter, the first week being
devoted to acclimatation in the metabolic cages.

Pigs P2, P3, P4 were injected, intraperitoncally,
with 10 ml of tritiated water (3.93 mCi.ml"1).

Pigs P5, P6, P7 received daily 28.4 |iCi of tritiated
water (800 ml THO and 35.5 UCi.l').

One animal (P7) died during the experiments.
The total activity ingested as THO was respectively
568 (P5) and 766.8 [tCi (P6). In a third experiment,

* A.G.C.D. trainee
** Fac. Sc. Agron. de l'Etai ä Gemblous

*** Laboratory for Animal Phjsiology, Wageningen,
the Netherlands

three pigs (P8, P9, P10) ingested daily 1,000 g of
boiled tritiated potatoes (2.3 nCi.g"1 of fresh matter,
1.3 nCi.g1 of dry matter and 0.6 nCi.g"1 of starch).
The total activity ingested by each animal was res-
pectively 21 u.Ci"(P8), 40.3i'iCi (P9) and 48.1 nCi
(P10).

In a fourth experiment, three pigs (P l l , P12, P13)
ingested milk powder daily. This tritiated milk pow-
der (51.2nCi.g-1 powder,' 18.3 nCi.g'fat, 8.5 nCi.g'
casein, 1.7 nCi.g1 albumin and 21.6 nCi.g1 lactose)
was substituted for the milk powder of the mixture.
The total activity ingested by each animal was
respectively 60.6 |iCi fP13), 110.4 [xCi (P l l ) and
154.5 [xCi (P12).

Ratios of the specific activities (nCi'H/gH) for
different organs and the specific activity of the daily
ingested THO, or tritiated milk feed, are given below.

Form of 'H
ingested

A) THO

SA TFWT

Kidney Lungs Muscle Liver TGI

SA THO

SAOBT

SA THO

B^H-milk

SA TFWT

0.85 0.87 0.81

0.14 0.13 0.10 0.15 0.15

SA MILK FEED

SA OBT

SA MILK FEED

0.08 0.08 0.09 0.06 0.07

0.20 0.15 0.08 0.31 0.V,

When tritium i* ingested as TI10, the highest
activity is found in the water fraction of the different
organs. After administration of organically bound
tritium (tritiated milk powder), the greater part of
'H is incorporated in the organic matter and a minor
part is found in the water fraction of the different pig
organs. Considering the distribution of tritium in the
organic fraction of some organs, after a daily ingestion
of THO, only 122"/,,,, of the 3I1 ingested is found
organically bound at the time of slaughtering. If Ml
is ingested as tritiated milk feed, the rate of incorpora-
tion is 5.6 times higher, and is 15.6 times higher
when tritiated potatoes are ingested.
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5.3.5.2. Radioecological and sedimentological
study of the Meuse River
(R. Kirchmann, G. Fieuw, J. Colard, E. Bon-
nijns-Van Gelder, P. Picat*, G. Debeuns\
A. Grauby*)

Contract with the Ministry of Public Health

This work, undertaken in collaboration with the
Laboratory of Radioecology, Centre d'Etude de l'Ener-
ilie Nucleaire (Cadarache), is aimed at investigating
the influence of the SENA reactor, on the fixation of
radioactivity on the sediments along the water course.
A modern well equipped ship was used for the
surveillance work with dredger, sampling facilities and
radioisotopic measurement laboratory aboard.

The main conclusions are the following:
a) the fine sediments of the bottom (Meuse and

Albert Canal) have fixed a fraction of l17Cs, wCs
and ""Co released by the SENA reactor;

b) the deposition areas are now well known, and
for the future it will be possible to follow the
evolution of the level of contamination in ihe
river;

c) knowing the expected release from Tihange, the
values of contamination of the sediments may be
predicted;

d) it is necessary to provide a good system of detec-
tion for the release of liquid effluents from
Tihange;

e) this study has shown the value of sediments as
an indicator of radioactive pollution of rivers.

5.3.5.3. Bioindicators of environmental radio-
active pollution
(R. Kirchmann, J. Lambinon", E. Bonnijns-
Van Gelder, J. Colard)

FR FC contract No. 10242

The comparison of different plant species empha-
sizes the difficulties of the use of helophytcs; it leads
to the choice of aquatic mosses, particularly Cinclido-
tus danubicus, as biological indicators. The response
of this species over a period of several years, was
continued during 1975 at 4 points situated down-
stream from the SENA nuclear power station at
Chooz. The contamination levels of this indicator
sampled at these 4 points of the river Meuse reflect
the variations which occurred in the quantitative
composition of the releases, specially the increase of
the mCs and 137Cs levels.

5.3.5.4. Radioactive contamination of the marine
environment
(S. Bonotto, A. Bossus, R. De Clerck*, E.
Fagniart, R. Kirchmann, G.Nuyts)

Several experiments were performed under labora-
tory conditions in order to evaluate the concentration
factor for 311, N'Co and lwCs in some animals and
plants living in the sea or coastal habitats. The follow-
ing species were used:
Animals: Asterias rubens (starfish), Carcimis malcnas

(crab), Crangon vulgaris (shrimp), Mytilus
edulis (mussel).

Plants : Porpbyra s\>. (red alga) (Fig. 5.3.6.), Ulva
lactuca (green alga) (Fig. 5.3.8.).

5.3.5.5. Assimilation of alginate
(O. Vanderborght, S. Van Puymbrocck, B.
VanBarneveld")

One of the assumptions used to explain the mo-
bilizing action of alginate treatment on Sr, contained
in the skeleton, is that part of the per os administered
polysaccharide could become metabolized. A program-
me was started to find and identify such metabolites
in the serum of mice.

5.3.5.6. Mobilization of radioactive strontium from
the skeleton
(O. Vanderborglit, S. Van Puymbrc.'-fk)

The experiments this year determined how far the
age of the experimental animals interferes with the age
of the radioactive Sr contamination at the start of
the treatment. This treatment, with alginate and/or
other compounds that influence the calcium meta-
bolism, serves to mobilize the radioactive Sr from the
skeletal sink and to enhance the excretion through
intestine and kidney of this mobilized strontium.
Experiments were conducted to find the total balance
of calcium, sodium and strontium during the alginate
treatment, and to compare the ultrafiltrability of stron-
tium with and without these treatments.

5.3.6. Non-radioactive contamination of the en-
vironment

5.3.6.1. Biochemical studies on the toxicity of
lead
(G.B.Gerber"*, P.Jacquet, J.Maes)

Contract with the European Communities
No. 038-74-7 Env.B.

Lead was given in different concentrations (from

* Commissariat ä l'Encrgic Atomiquc, Cadarache
'••lV Departement de ßotnniquc, Universite de Liege

* Proefstation voor Zeevisserij, Oostende
** Technische Hoj>eschool, Delft, the Netherlands

*** EURATOM
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Fig,. 5.3.8. — The green tilgne Ulna lacliica used for raJiocontamiiialirw experiments with ' / / , wlCo ,nnl n4Cs\

t

.125 to .5%) in the diet of female C5/B1 mice after
successful mating (vaginal plug). After high doses of
lead (.25 and .5%) the weight of the life embryos,
ALA dehydratase diminished significantly (to about
one third) and prophyrins increased; no change was
found in the concentration of DNA and proteins.

Absorption of lead was studied in rats in which,
after injection of radioactive lead into the intestinal
lumen, all blood from the portal vein was collected
and blood loss was replaced by an intravenous in-
fusion.

The data show thai lead absorption is only slightly
greater in the jejunum than in duodenum or colon.
Moreover, lead absorption was about 4 times greater
in young (50g) rats than in adult ones. Feeding the
rats a diet devoid of calcium decreased rather than
increased Pb absorption, but this effect was attribut-
ed to the poor state of health of these animals.

5.3.6.2. Heavy-metal induced injury in the brain:
Light and electron microscope studies of
lead' encephalopathy

(E. Gianfelici de Reyners*, H. Reyners*", L.
Rcgnicrs, J.Maisin)

Contract with the European Communities
No. 080-74-7 Env.B.

The brain vessels are currently considered as a
preferential target for lead. Oedema, transudation and
platelet thrombi have been described after lead poison-
ing of new born rats. In this study, we used low
levels of lead poisoning and noted a significant lead-
induced enhancement of capillary density and of the
convolution rate of the vessels. Evident hypertrophy
of the endoplasmic rcticulum of endothelial cells is
displayed at the EM level and thought to be related
to these phenomena. A significant percentage of

SCK/CEN trainee
U.C.Louvain
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oligodendrocytes were also damaged: these cells are
responsible for the production of myelin insulation
shcats in the central nervous system.

5.3.6.3. Morphological studies of the toxic effects
of lead in mammals
(J.R.Maisin, J.M.Jadin, U. Van Gorp, B.
Eyden'"', G. Mattelin, M. Lambiet-Collier, C.
Biesemans-Vangenccliten, J. Ghys)

Contract with the European Communities
No. 080-74-7 Env.B.

1. Injuries produced by lead in the male germ cells
of mice
BALB/c* mice were given a diet containing 0.1
and 1% of lead acetate and were sacrificed at
different time intervals after the beginning of the
treatment. The changes in the ultrastructure of
the testes were obvious; the lesions were more
frequent with increasing doses, and concern the
spermatozoa. Lead poisoning increases significantly
the percentage of abnormal spermatozoa compared
to the normal control mice. Polymastigia was fre-
quently observed. Changes in the chromatin of the
nuclei were also present. The chromatin in some
spermatozoa was not uniformly dense to electrons,
as is usually the case in the mature spermatozoa,
but appeared granular.

2. Lesions associated with the presence of lead in
the mice embryos of i to 8 blastomeres
In preliminary studies on embryonic death due to
lead exposure, we have confirmed ir BALB/c'
mice the results of A. Leonard ct al. on C57B1
mice. A diet containing 0.1 of lead delays the
early divisions in the embryos and the proportion
of non-dividing eggs was increased. This lead con-
centration also increases significantly the percen-
tage of embryos dying after implantation. A -̂eon-
centration of 0.5% completely suppresses the fer-
tility of female mice. A dose of 0.1% of lead in
the diet was therefore chosen to study the changes
in the ultrastructure of the early stages of the
embryos. BALB/c' female and male mice of 3
months of age were put on a diet containing 0 .1%
of lead for 30 days and examined daily for the
presence of vaginal plugs. Females with vaginal
plugs were removed and killed at different time
intervals.
Preliminary observation ot 30 embryos of 1 or
more blastomeres did not demonstrate any qualita-
tive changes in the ultrastructure of the cytoplasm
or of the nuclei of the embryos of female mice
treated for 1 month with lead. This study is con-
tinuing and in addition, histological sections and
electron microscopic preparations of older embryos
are ready to be observed.

5.3.6.4. Embryonic death in mouse due to lead
exposure
(P. Jacquct, A. Leonard, G.B. Gerber*)

Contract with the European Communities
No 080-74-7 Env.B.

Female mice of the C57B1 strain were caged with
males from the same strain. Females with vaginal plug
were removed and immediately placed on a diet con-
taining 0, 0.125, 0.25 or 0.50% of lead. The mice
were dissected on day 16-18 following observation ot
the vaginal plug, and the number of corpora lutea
and of dead and live embryos was recorded. The
weight of the live embryos was also determined. Lead
treatment was found to reduce significantly the in-
cidence of pregnancies and to increase the post-
implantation loss in the pregnant females. A differ-
ence in the weight of live embryos becomes apparent
during the last days of pregnancy. This effect is
stronger for doses of 0.5% of lead. No gross ab-
normalities were seen in the lead-treated embryos.

5.3.6.5. Metabolism of lead
(O. Vanderborglit, S. Van Puymbroeck, G.
Huybrechtsti!)

The skeleton is normally considered as very im-
portant for taking up of lead from the blood circula-
tion, resulting in a reduction of the toxic action ot
lead. A study was undertaken to find out whether
this lead can be mobilized again and brought back
into the blood circulation by hormonal treatments,
by alginate containing diet and injections, or by
DTPA treatment.

2lnPb was used as a tracer and was shown to become
mobilized by the alginate treatment: the :"'Pb con-
centration of the blood could be increased by more
than 80%. These increases are much more significant
than those which could be induced by very high
concentrations of parathyroid extracts.

5.3.6.6. Cytogenetic investigations on leucocytes
of workers from a cadmium plant
(G.Deknudt, A.Leonard)

EURATOM contract No. 095-72-1-B10 B

Chromosome analysis has been performed on work-
ers from a cadmium plant who were exposed to
fumes and dust of cadmium and lead. The 35 workers
were classified, according to the type and duration of
exposure, into a group exposed to high levels of lead
and cadmium in the absence of zinc (23 people) and
a group of rolling-mill workers subjected mostly to
zinc but also to lower levels of lead and cadmium

EURATOM trainee
EURATOM
U.I.Antwerpen
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(12 people). A higher yield of severe chromosome
anomalies (chromatid exchange, disturbance of spira-
lization, chromosome translocation, ring and dicentric
chromosomes) together with a total lower number of
structural aberrations was observed in the cadmium
workers as compared to those of the rolling-mill group.

5.3.6.7. Mutagenicity tests with cadmium in the
mouse
(N. Gilliavod*, A. Leonard)

EURATOM contract No. 095-72-1-B10 B

The testicle is known to be the critical organ in
acute exposure of experimental mammals to cadmium.
Such treatment results in temporary sterility and,
very often, in the appearance of testicular interstitial
cell tumors. The present experiments were performed
to determine whether such deleterious effects on the
male reproductive organs involved any genetic hazards
for the surviving germ cells. The administration of
1.75 mg.kg"1 cadmium chloride to male mice did not
increase the dominant lethals during the first three
weeks after treatment and failed to induce transloca-
tion in the Fl male offspring. No chromosome re-
arrangement was observed in the treated males after
i.p. injection of 0.5, 1.75 or 3.0 mg.kg"' cadmium
chloride.

5.3.6.8. Mutagenicity tests with aflatoxins in the
mouse
(A.Leonard, Gh. Deknudt, G. Linden)

EURATOM contract No. 095-72-1-B10 B

Aflatoxins, a collective term for eight compounds
of related molecular configuration (i.e. aflatoxins Bl,
B2, B2a, Gl , G2, G2a, Ml and M2) arc metabolites
of Aspergillus flavus, a common contaminant of stored
human and animal food. The mutagenicity of these
compounds was tested using the dominant lethal test
as well as the spermatocyte test for translocations
induced in spermatogonia. Our results indicate that
aflatoxin Bl given at a dose of 5 mg.kg1 body weight
does not produce important structural changes in male
mouse germ cells. Since this compound has been
demonstrated to be mutagenic in different systems
and to produce chromosome aberrations in plant
material and in mammalian chromosomes in vitro, the
absence of mutagenic effects in vivo could possibly
be explained by a low penetration in the testes or by
its metabolic degradation.

5.3.6.9. Interaction of the acidification of the en-
vironment on the mineral metabolism of
fresh water animals
(O. Vanderborght, S. Van Puymbroeck, J.
Vangenechten*)

Industrial facilities have an acidifying effect on the
environment through the emission of SO: in the
atmosphere. SO:, after transformation to sulphuric
acid, lowers the pH of the surface waters in the
environment.

On the other hand it is known that the typical
natural lakes of the "Kempen" can have a very low
pi I.

This acidity of the water requires special physiolog-
ical characteristics of the living organisms that could
adapt to this environment. A study was started on
this adaptation, and on the possible influence of these
two distinct source of acidification on the uptake of
heavy metals from the environment by fresh water
animals.

A first inventory of the acidity and composition of
some thirty typical "Kempen Lakes" was done. The
influence of the acidity on the biological availability
of Am has also been studied in a first set of ex-
periments that showed that the biological fixation of
Am by Iresh water animals was very strongly in-
fluenced by the pH.

Production of animals by the Radiobiology
Department
(J. Van de Wide, M. Willocx)

. Population on 31.

Breeding
H.D.B.M.
In experiment

Total

. Production during
Department
For third parties

12.1975
Mice
9,432
1,204
4,629

15.265

1975
20,371

7,307

Rats
3,560

1,321

4,881

4,228
7,157

Rabbits
—
—
13

13

—
—

27,678 1,385 —Total

3. Maintained Strains

- Mice - AKR (F28) - AKR/Tl Aid. Gib (F32)
- CBA/Ca (F12) - CBA/1J-T6 (F 13)
- BALB/c/Cnb (F58) - C57B1/Cnb (F46)
- C57B1/6 Bom (F4)

- Rats - R/Cnb (F41) - JO 13 (F20)

• EURATOM trainee
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5.4. EXPLORATORY RESEARCH PROGRAMMES

5.4.1. Exploratory research in chemistry

Association SCK/CEN-K.U.Leuven
(M.D'Hont*, L.H. Baetsie, P.DeReggc)

Chemical and electrochemical study of iodine
compounds in acid solution
(E. Jotticr*)

Evidence has been found of an autocatalytic reac-
tion mechanism for the reduction of iodate in nitric
acid, consisting of a heterogeneous action on the
electrode surface and a homogeneous one near the
electrode surface.

Chronoamperometry on a rotating disc electrode
has allowed experimental investigation of the auto-
catalytic mechanism.

By digital simulation on a computer, the first and
second order kinetic constants for the reaction have
been calculated from the chronoamperometric data.
The digital simulation accounts for the iodine ad-
sorption on the electrode surface and the mass
transport involved.

The reaction mechanism and the concentration
variations were fully explained as a function of time
and of distance from tine electrode surface.

5.4.2. Exploratory research in reactor physics

5.4.2.1. Development of neutron radiography for
fuel examination at the BR1 reactor
(N. Macne, H. Tourwe)

The neutron beam at channel DX 25 was equipped
with a shielded mechanism tor performing neutron
radiography on a routine basis (Fig. 5.4.I.). The rack
containing the fuel pins slides horizontally inside a
guiding system whereas the Röntgen film with the
gadolinium convenor is inserted from above. The
installation is mainly used for the non-destructive
quality control of mixed fuel for thermal reactors
(§3.3.1.).

A programme was started to investigate the use of
cpithermal neutron radiography for the quality control
of highly enriched fuel elements for fast reactors. The
channel Y6 was cbosen for these experiments because

REFERENCE

FUEL ROD

FILM

CONVERTOR
COLLIMATOR

NEUTRON SOURCE

LIFT-MECHANISM FOR
FILM AND CONVERTOR

BORAL

MOVABLE SHIELD

PRESSURE-MECHANISM

.PARAFFIN »BORAX

500

Vig.5.4A, — Neutron radiography equipment ill the BRl reactor.
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of its adequate dimensions and the high epithermal
neutron (lux. Up to now the best results (minimum
exposure time - maximum resolution) were obtained
by using a 50 um gadolinium filter in the neutron
beam and a 0.1 mm rhodium foil as a convenor.
A reference fuel rod, containing pellets of different
enrichments and pellets with Pu «rains of different
sizes, is being fabricated and will be used for the
final testing during the first quarter of 1976.

5.4.2.2. Non-destructive interrogation of irradi-
ated fuel
(Ch. De Raedt, H. Tourwe)

Preliminary studies have been undertaken to in-
vestigate the possibility of determining the residual
fissile content (2V;U and lvlPu) and thus the burn-up
of highly irradiated fuels by means of a quantitative
non-destructive interrogation technique. It is intended
to apply such a method in the Fuel Monitoring; facil-
ity, one of the test facilities planned to be built in
the Extension of the BR2 hot cells. The method
selected should allow the examination of most of the
pins of a subassembly in a reasonable time; it should
be applicable to thermal as well as to fast reactor
fuels.

Contrary to passive techniques, such as gamma
spectrometry of fission products, active techniques
can rely upon calibration by using non-irradiated
samples as reference and thus give directly the ab-
solute residual fissile content.

The method that best meets the requirements of
post-irradiation examinations measures the prompt
and delayed fission neutrons. These fission neutrons
are induced by sub-MeV neutrons generated by photo
nuclear reactions in D>0 using a low-energy electron
accelerator together with a tungsten target in which
the electron radiation is converted into brems-
strahlung. The delayed neutrons arc counted by
'lie-tubes surrounded by a moderating medium, the
prompt neutrons by 4lle tubes. ''He recoil counters
have a very high discriminating power between fission
neutrons and the sub-MeV source neutrons. Literature
and market studies indicate that a microtron is the
best choice for a low-energy electron accelerator be-
cause of its high electron current, its small dimensions
and its easy maintenance.

Source-intensity, prompt neutron yield, delayed
neutron yield and signal to background calculations
in spherical and cylindrical geometries using the
DTF-1V code indicate an optimum election energy
of 4 MeV. All calculations were done for an average
electron current of 100 \xA and for a PWR fuel pin
of 10cm length and 2% :*U enrichment (most dif-
ficult case).

The absolute efficiency of the 4He and 'He counters
and the influence of the gamma radiation on them
was studied experimentally. During these experiments

the prompt neutrons were simulated by a ^Cl source
and the delayed neutrons by a NaD source. To reduce
the gamma-background to an acceptable level, the 4He
and 'He counters have to be shielded fro.n the fuel
pin by at least 12 cm lead.

From these calculations and measurements it is
concluded that the Z''U burn-up may be determined
with good accuracy within about 30 minutes if an
appropriate reference fuel rod is available. The pres-
ence of systematic errors needs however to be further
investigated.

The use of an Sb-Be neutron source was also in-,
vestigated. The principle disadvantages of this source
are: the short half-life of Sb (60 d), the reduced
neutron source strength and the difficulty ol meas-
uring the prompt and delayed neutrons separately.
This method is mainly used to determine the total
residual fissile content (^

5.4.2.3. Proposed new treatment in a diffusion
code calculation of narrow regions with
strong flux gradients
(L. Fouarge)

A new method was proposed to derive, from a
one-dimensional transport calculation, constants which
could be used in a two-dimensional diffusion calcula-
tion, in which two directional diffusion coefficients
would exist for each neutron group and for each
composition (radial and azimuthal direction in the
case of a circular configuration).

For cases with strong flux gradients in one direc-
tion, such as a circular channel containing an ab-
sorbing screen, in an eccentric reactor position, it is
proposed to replace the classical hypothesis of the
diifusion theory (viz isotropic neutron flux in each
point) by assuming a same angular flux distribution
as established by the transport calculation, at least
in two perpendicular directions.

For a circular configuration, the radial and azi-
muthal diffusion coefficients are calculated from the
radial and azimuthal directional flux component sums
(OM , <!>,. and <l>u/), obtained from transport calcula-
tion for the radial positive, radial negative and azi-
muthal directions.

As the available diffusion codes, generally do not
incorporate diffusion coefficients defined by direc-
tion, a trick was devised by replacing a narrow region
of given composition by two others, of which the
first could be obtained by the usual cross-section
reduction method. Let Ik, D,, D.,,, 1 be an effective
cross-section, the radial and azirnuthal diffusion coeffi-
cient, the actual region width, and —u, D,, 1, to be
sought (j = 1 or 2, index of two fictitious regions).
First li and 1: are chosen (it is not always possible
to keep h + h = 1), then:

J az r
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It is now intended to extend this method to other
forms of two-dimensional geometry and to verify
that it gives results in agreement with the experimen-
tal vr.Iues. Furthermore, it is possible that the basic
philosophy of this method leads to an improved dif-
fusion calculation, even in normal flux gradient cases.

5.4.3. Exploratory research in technology

5.4.3.1. Investigations on critical heat flux
(W. Hebel*, P. Dirven, C. Joly, W. Detaver-
nier)

The programme on the determination of the para-
meters which are responsible for the phenomenon
of critical heat flux through a stagnant water annulus
was continued and interesting results were obtained.

Fig. 5.4.2. shows schematically the experimental
set-up.

It could be confirmed, by varying several para-
meters, that the heat flux from a heated rod through
a stagnant boiling water annulus to a surrounding
pressure tube cooled at the outside, is limited by
a maximum (critical) value which depends on the
temperature difference between boiling water annulus
and cooling wall.

The limitation for heat evacuation from the rod
does not depend on the heat transfer mechanism
Irom the heated surface to the boiling liquid (vapori-
zation ) but is conditioned by a well defined maximum
heat transfer between boiling liquid and cooling wall
(condensation). This observation may explain various
discrepancies in results and predictions on the critical
heat flux in boiling liquids given in literature, where
the formation of a vapour blanket on the heated
surface, leading to burn-out, is investigated as a
function of heat flux at the heated surface without
examining the influence of the cooling parameters of
the boiling liquid.

From the test results it must be assumed that the
formation of a vapour blanket (film boiling) on
the heater surface occurs when the rate of vapour
production becomes higher than the capacity of
vapour condensation at the cooling wall.

Further investigations and tests are planned, in-
cluding the study of critical heat flux under forced
convection cooling.

* EURATOM

BLG 515/76

4 ELECTRIC

"'HEATING SUPPLY

COOLING SLEEVE

COOLING WATER

PRESSURE TUBE

STAGNANT WATER ANNULUS

HEATING ROD

7-V.y. x4.2. — 'Veiling, device for critical bent jinx
tiom.

5.4.3.2. Neutron flux measurement by self-power-
ed neutron de tec tors
(W. Heber , P . Dirven, J. Parent)

A self-powered neutron detector is a measuring
probe for determining the instantaneous neutron flux.
It is composed of an emitter element (wire), activat-
ed by neutron flux to beta (electron) emission, and
a surrounding collector sheath which is electrically
insulated from the emitter and which absorbs the
emitted elections. By means of a well defined electric
resistance, arranged out-of-pile, the electric circuit
between emitter and collector is closed and the voltage
difference or current can be measured; these are
directly proportional to the neutron flux incident on
the emitter.

Although the operating values to be measured are
very small (about 0.1 mV) and may easily be affected
by spurious signals, the particular advantage of self-
powered neutron detectors lies in their handy geo-
metrical form comparable with steel sheathed thermo-

EURATOM
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couple wires. This makes them especially attractive
for in-pile instrumentation where only limited space
is availaHe.

Fig. 5.4.3. shows schematically the operating prin-
ciple of a self-powered neutron detector.

In 1975 a special irradiation device, called INF
(Instantaneous Neutron Flux measurement), was
constructed and put into operation at BR2. As emitter
elements, vanadium and rhodium, originating from
various suppliers, were used. Stable and reliable
operating behaviour could be obtained with the
instrumentation equipment properly adapted to the
specific conditions of very low current measurement.

Other irradiation devices, to be loaded into BR2,
will be equipped with self-powered neutron detectors
in order to gather experience with these probes and
to improve the assay of irradiation conditions.

NEUTRON FLUX p-EMITTfR COLLECTOR

OPERATING PRINCIPLE

COMPENSATING WIRE

WITH BACKGROUND COMPENSATION

Fin- 5-43. — Self-powered neutron detector.

5.4.3.3. Heat transfer studies in liquid metals
(F. Oiboun", G. Vanmassenliove, J.Dckey-
scr)

Heat transfer in concentric tubes is of special in-
terest for the in-pile sodium loops in BR2. The fission
power in a fuel bundle under irradiation is evaluated
by measuring the flow rate and the temperature in-
crease of the sodium over the bundle. The large
temperature increase in the bundle and the concentric
arrangement results in a very steep temperature gra-
dient in the sodium in the in-pile section. In these
sodium flows, the average sodium temperatures must

be measured. The matter has been evaluated theoretic-
ally, but the good heat transfer properties of liquid
metals and the insufficient stabilization length of the
flows at the outlet of the fuel bundle, make the
theoretical analyses extremely difficult and not suffi-
ciently reliable.

To extend present knowledge, a test rig has been
designed for simulating the configuration of two con-
centric pipes with flowing sodium at temperature
differences exceeding 200cC. At different levels, 100
thermocouples are installed to measure the temper-
ature profiles in the two flows. The necessary
temperature difference of 200 to 300°C between the
inlet and outlet is achieved with an air cooler ot
500 kW capacity.

After the preparation of the third test section on
the Na3 loop for this purpose, the tests were per-
formed at different sodium flows and temperature
differences between the hot and the cold leg. A typic-
al result of a test run is given in Fig. 5.4.4., indicating
the levels, expressed in multiples of the hydraulic
d:ameter, where the temperatures are measured. With
these temperature profiles and the universal velocity
profile, the distance from the centre where the average
bulk temperature occurs, was determined for all levels
over a Reynolds number range of 3X104 to 4.5X 10\
As can be seen from Fig. 5.4.4., only at 41 times the
hydraulic diameter, a well established profile is found,
which corresponds with ihe calculated profile for
fully developed How. The results can be summarized
as follows:
- the fully developed temperature profile in a stream

of liquid sodium with high temperature gradients is
located at about 40 De from the inlet;

- the dimcnsionless hulk temperatures and corres-
ponding radius have been correlated for all tests
and for different axial positions;

- the thermal entry and exit region affects the temper-
ature profiles and therefore Fiie place where the
bulk temperature occurs is closer to the wall than
for the fully developed regime. If one measures the
bulk temperature at the distance from the centre
for the fully developed flow regime, the measured
temperature is higher than the bulk temperature;

- for regions where there is fully developed flow, the
local bulk temperature measurements are in ex-
cellent agreement with the theoretical calculations.

5.4.3.4. Investigation of thermocouple behaviour
(F.Mathieu', R. Meier")

Irradiation induced thermocouple drift

One platinum—10% rhodium/platinum thermo-
couple and three chromel/alumcl thermocouples have
been irradiated up to a thermal and a fast neutron

* Skoda Works, Pilsen, Czcclio-Slovakia (IAEA fellow) EURATOM
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fluencc of 2.S X 10:l nvt. The measured drift emfs
of the individual adjacent portions of the platinum-
10% rhodium/platinum thermocouple are shown in
Fig. 5.4.5.

It appears that, for chromel/alumel, the drift emfs
at the specified neutron fluences were insignificant
in comparison with the effects of thermo-electric in-
stabilities resulting from short-ranged ordering.

The experimental techniques which were used

allowed the separation of permanent drift emfs from
erasable drift emfs.

Evaluation of local neutron fluences

As the thermo-electric properties of pure metals or
alloys are a function of the local neutron fluencc,
it should be possible under favourable circumstances,
to evaluate the local neutron fluence by comparing
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the emf generated at the considered location by a
given temperature gradient with the emf generated
in an unirradiated portion of the wire. This can be
conveniently done by positioning a long furnace,
which has a uniform known temperature over its
length and steep temperature gradients at the ends
on the wire so that one gradient is positioned on the
irradiated segment to be monitored and the other is
sensing an unirradiated portion. Drawing the wire
gradually through the furnace results in scanning the
entire irradiated length.

The thermocouple irradiation rig has been used for
an experimental illustration. Fig. 5.4.6. shows typical
results obtained with a platinum—109o rhodium/
platinum thermocouple at a furnace temperature of
600°C.

Thermo-electric instabilities in the chromel
alloy

The phenomenon earlier referred to as "erasable
cmfs" in the chromel alloy has been investigated in
more detail.

The present conclusion is that, at temperatures up
to about 600°C, an increasing degree of short-ranged
ordering progressively builds up in the alloy. At higher
temperatures, the ordering decreases and disappears
almost completely at 800°C.

Short-ranged ordering is a potential source of drift
in LMFBR chromel/alumel thermocouples. Qualitative
experimental analysis provided evidence that under
bad conditions the einf output may be affected by
(100-200) ixV.
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A paper relating the essential results has been
published [198].

A quantitative investigation of drift induced by
short-ranged ordering is scheduled for 1976.

Influence of the steepness of temperature gra-
dients

It could be argued that selective diffusion of alloy
components under the driving force dT/dx is likely
to enhance heterogeneity and consequently emf drift
in thermo-electric conductors.

Several experiments were run with sheathed chro-
mel/alumel thermocouples exposed to relatively steep
temperature gradients.

Under the set of working conditions chosen, the

errors observed up to now do not exceed the errors
which can be attributed to phenomena such as metal-
lurgical instability.

Miscellaneous

- Registration of failures of thermocouples used in
irradiation rigs of the BR2 reactor has been con-
tinued.

- The test section for investigation of the long-term
behaviour of chromel/alumcl thermocouples under
Na2 loop working conditions has been operated all
over the year.

- The work concerning the c nfs generated by alter-
nating mechanical stresses lias been extended by
additional tests.
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Chapter 6

NON-NUCLEAR RESEARCH AND DEVELOPMENT

INTRODUCTION

SCK/CEN initiated some non-nuclear programmes in 1971 having a triple goal:

- to make its capabilities and experience available for rendering services outside the nuclear sector;

- to acquire additional income by contract work;

- to compensate for possible reduced demand for nuclear R & D.

It is now clear that new emphasis has to be put on nuclear topics of public interest, mainly as a result
of the expanding nuclear electricity generation programme, and one should thus expect that SCK/CEN maintains
or even increases its efforts on nuclear R & D work. On the other hand, public and private interest in the
SCK/CEN non-nuclear work has grown, so an appropriate balance between nuclear and non-nuclear projects
has to be achieved.

In 1975, most earlier non-nuclear activities were pursued and some new work was undertaken.
In the field of air pollution measurement, the operation of the network for determination of heavy

metals was continued on behalf of the Ministry of Public Health. SCK/CEN also provided support for the
engineering study of an automated network for telemonitoring the air quality in urban or industrial areas;
further collaboration, especially on software development and monitor commissioning, was asked by the Ministry
of Public Health for the installation of five regional air-pollution networks.

Under contract with the Staatssccretariaat voor Vlaamse Streekeconomie, campaigns with mobile stations
were continued or started in the regions of Tesscnderlo, Vilvoorde, Willebroek-Boom and Genk to determine
the present concentrations of specific pollutants. These campaigns provide data which have to be taken into
account for regional industrial planning. The basic programmes were continued on SCK/CEN's pilot network,
mathematical models and appropriate techniques for measuring particulates and asbestos.

With regard to pollution abatement and waste handling, the most important contracts were related to
the study (promoted by the Ministry of Public Health and ERA) for the foundation of an "Afvalmaatschappij"
and to an ERA-initiative to find temporary safe storage of difficult industrial waste. The SCK/CEN contributions
to these studies were largely based on inventory studies carried out earlier for the Province of Antwerp.
Similar inventories were made for the other Flemish provinces and for the Brussels Agglomeration and led to
more detailed studies on waste handling for particular areas such as "Land van Aalst"; moreover, the results
obtained will allow the evaluation of the quantities of waste which could be treated by high temperature
incineration as envisaged by SCK/CEN.

Results from effluent sampling and analysis campaigns for the proposed collector for the Kempen region
were forwarded to the Ministry of Public Health; experimental work on the conditions for purification will
start as soon as a primary decision is taken on the industries to he connected.
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For future development and applications of fuel cells, ELENCO N.V. was founded by SCK/CEN,
Bekaert N.V., and DSM (The Netherlands). SCK/CEN holds 1/3 of the shares and will concentrate its future
R & D on advanced electrodes. In 1975, particular attention was paid to scaling up of electrode preparation
techniques, measurements at high pressure and temperature, facilities for endurance tests on electrodes and
modules, determination of active surface area of catalysts in electrodes, physical characterization of pores, and
pore and catalyst distribution.

Based on SCK/CEN's experience on fuel cells and chemical engineering, programme proposals have been
elaborated and preliminary work has been started on hydrogen production by electrolysis and in co-operation
with CCR-Ispra, for the assessment of thermochemical cycles.

Finally, it should be mentioned that SCK/CEN provided support and arivicc to authorities and industry
and that it participates in ECOTECNIC, an anti-pollution consortium, and in S.V.W., the Syndicate for Water
Desalting.

6.1. AIR POLLUTION MEASUREMENT PROGRAMMES
(X. de Maere)

Due to their multidisciplinary character, most of the air pollution programmes are carried out with the
support of many different departments of the SCK/CEN, especially the departments of Chemistry, Radiation
Measurements and Data Processing.

6.1.1. The Belgian network for the determination
of heavy metals
(F. Bosnians, G. De Baere, I. Delespaul, J.G.
Kretzschmar, F.Lievens, M.Put, J.Vandervee)

This programme, started in April 1972 under con-
tract with the Ministry of Public Health, will continue
till 1977. Its main purpose is a statistical evaluation
of the general situation of air pollution by heavy
metals.

The analysis and interpretation of the daily averages
for Pb, Zn, Cd, Ba, V, Ni, Mn, Cu, Cr and Fe in
fifteen monitoring stations during the period May 73 -
May 74 confirmed the results of the previous year,
although the different meteorological conditions in-
fluenced the overall statistics.

After two years of operation, a sufficient amount
of data became available for some specific studies.
These demonstrated to what extent the heavy metal
levels at the Belgian Northsea coast (Oostende) are
influenced by continental air masses. Similar investi-
gations for stations with a more complex character
(number of possible sources and the number of va-
riables involved) will be started as soon as the neces-
sary data are available. The same applies to the study
of seasonal influences and auto- and cross-correlations
of elements and stations.

To obtain a higher reliability of th; data, a syste-
matic check on the analytical procedure and an on-line
transfer of the results from the PPP-11 to the IBM-
370 data bank have been carried out.

6.1.2. Automated networks for measuring air
quality in urban or industrial areas
(H. Bultynck, H. Depuydt, P.Jansen, J.G.
Kretzschmar, M. Loos, H. Peperstraete, G. Van
Roosbroeck)

The technical support given by SCK/CEN during
the engineering study for the Belgian automatic net-
work for air pollution on one hand and the practical
experience with monitors, calibration procedures and
data handling systems acquired in its own pilot-net-
work configuration, led the Ministry of Public Health
to ask for further collaboration during the installation
of the five regional air pollution networks.

The SCK/CEN contribution was related to the
development of the software for the data acquisition,
validation and reduction in the RTU's and the
RDRC's, and to the commissioning tests of the moni-
tors, more specifically the sulphur dioxide, total sul-
phur and total hydrocarbon monitors.

6.1.3. Exploratory campaigns for air pollution
measurement in industrial and urban areas
(G. De Baere, J.G. Krctzsehniar, F. Lievens,
M. Loos, H. Peperstraete, T. Rymen)

Under contract with the Staatssecretariaat voor
Vlaamse Strcekeconomie and in close collaboration
with the Ministry of Labour and various local authori-
ties, the following projects were carried out to obtain
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reliable information on the local air pollution by
particular pollutants. With this information, a region-
al planning tor industrial development can be worked
out. taking the environmental problems into account.

6.1.3.1. Region of Tessenderlo

The station for continuous monitoring of SO:, QH.»
iMVC, EDCi 1, EDCi.; and meteorological parameters
remained operational in order to follow the situation
"in situ", especially as a function of the corrective
measures taken by the local industries.

6.1.3.2. Region of Vilvoorde

Based on a preliminary survey, the following pol-
lutants have been investigated: SO:, NO-NO:-NOV,
solvents and dustfall. For SO:, a random sampling
campaign for a total surface of 60 km2, as well as a
minimax campaign were organized, while the nitrogen
oxides and the solvents were restricted to minimax
approaches. For dustfall, an N1EB-1N1EX network,
covering about 50 km2, was used. A fixed monitoring
station for SO:, wind speed and wind direction was
installed in Houtem.

6.1.3.3. Region of Willebroek and Boom

At the end of 1975, SO.. Mid NO-NO:-NOx mini-
max campaigns were started in the local industrial
areas. This project will continue during the first half
of 1976. Mere too, a fixed network for dustfall has
been installed by N1EB-IN1EX.

6.1.3.4. Region of Genk

The gas Chromatographie determination of hexa-
chlorocyclopentadieen, monochlorobenzene and di-
<~liloroethylether in air samples has been tested under
laboratory conditions.

6.1.4. The pilot network of SCK/CEN
(J.Bonnyns, H. Bultynck, J.G. Kretzschmar,
M. Loos, H. Peperstraete, J. Vandervec, G.Van
Roosbroeck)

The results ol a comparative study between three
different NO:-monitors have been summarized in a
final report. The combination of the PDP-8E mini-
computer and the multipurpose calibration unit MCU
h;n been used for regular checks of the SGvmonitors
utili?ed for the different exploratory campaigns.

The acquisition, validation, reduction, control and
correction of the data from the meteorological tower
at the SCK/CEN site has been optimized by linking
the meteorological tower, the PDP-8E of the pilot
network and the 1BM-370. Direct access to an inter-

mediate meteorological data-bank also became avail-
able.

The first tests were completed on a centralized
acquisition and control of the six radiological monitor-
ing stations on and around the SCK/CEN site.

6.1.5. Mathematical models
(F. Bosnians, H. Bultynck, G.DeBacre, M.
Jansen, J.G. Kretzschmar, R. Smolders, J.Van-
dervee)

Various governmen; departments and local authori-
ties, as well as private companies, requested the ap-
plication of the Immission Frequency Distribution
Model (1FDM) to specific problems related to new
or existing plants. The present state-of-the-art of the
IFDM-model and the SCK/CEN data bank has been
summarized in a preliminary report.

A general survey and comparison of all the existing
mathematical models for urban planning has been
started, incorporating the calibration of the 1FDM
for all the available emission, immission and meteoro-
logical data for Antwerpen.

A new programme was started on behalf of
l.C.W.B./C.I.P.S. in collaboration with many other
scientific organizations and official bodies, for the
optimization and calibration of air pollution models
related to episode strategy and long term planning.
The study ol the general philosophy and the practical
structure of a national air pollution data-bank (emis-
sion, immission, meteorological data) constitutes a
major part of these projects.

SCK/CEN also participates in the NATO-CCMS
comparative study on Frankfurt, using its IFDM-
modcl.

6.1.6. Particulates
(J.P. Deworm, J.G. Kretzschmar, J.B. Pau-
wels)

Simultaneous measurements of the total suspended
particulatcs by means of the Integrating Nephelometer
and by gravimetric determination on Whatman-41
filters have been obtained for a one year period. The
daily determination of different heavy metals on the
same filters allowed further research on comparison
of different methods used in paniculate monitoring
and on some fundamental relations between specifi-
cations.

Attention was given to the respirable dust fraction
in ambient air. A new programme was started for
comparing the high volume sampler and the Integrat-
ing Nephelometer with the results of an Anderson
Cascade Impactor. More specific instruments such as
cyclones used as pre-samplers were studied under
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laboratory conditions in order to verify their per-
formances. The dichotomous virtual impactor of EPA
has been constructed and will be tested in the near
future.

The Belgian Commission for Normalization is likely
to promote the use of cyclons developed by SCK/
CEN for pre-separating the respirable fraction.

The preliminary Sv'age of work on asbestos in the

ambient air was terminated. The results of measure-
ments in the neighbourhood of a cement-asbestos plant
indicated two ranges of values, one with a mean
value of 3.77 ng.m'5 and another with 73 ng.m\ An
analysis of the distribution of the length and diametei
of the fibres indicated that 89% were shorter than
0.2 (im and 84% had a diameter less than 0.05 |im.

6.2. MEDICAL AND BIOLOGICAL ASPECTS OF POLLUTION

See § 5.3.

6.3. POLLUTION ABATEMENT AND WASTE HANDLING

6.3.1. Gas-cleaning technology
(W.R.A.Goossens)

6.3.1.1. Abatement of the sulphur release by
power stations
(W.R.A.Goossens)

The investigation of this problem has been finished
by publishing the final report of the Belgian task force
on flue gas desulphurization [11]. The main con-
clusion is that there is no major incentive in Belgium
to develop flue gas desulphurization techniques: the
reduction in total sulphur release should be achieved
by applying partial desulphurization of residual fuel
oils.

6.3.1.2. Pilot-scale development of gas-cleaning
technology
(A. Franccsconi, R. Harnie)

In the flexible mock-up installation "MISTRAL"
the development work was concentrated on solid
transport and recirculating systems. The vertical trans-
port of sand (particle size between 0.95 and 1.5 mm)
was investigated at an over-all flow rate of about
I t.h"1. Two devices were compared: a vibrating Ar-
chimedes screw with an internal pipe diameter of
120 mm and an air lift with a stand-pipe of 39 mm,
fed at its bottom by the home-made fluidized bed
feeder.

This comparative investigation revealed the excel-
lent performance of the air-lift used: this device
yielded a 20% energy efficiency and a 0.3% sand
deterioration per passage over a 6 m height as com-
pared to 0.9% and 3% resp. for the Archimedes
screw. To decrease this already small deterioration

rate of 0.3%, the gas-solid separator above the air-lift
will be optimized. The secondary gas needed in the
air-lift will be released in the main gas stream.

6.3.1.3. The behaviour of chlorine compounds in
gaseous effluents
(L. Meynendonckx)

The combustion of PVC on a small scale was per-
formed in order to investigate the behaviour of a
sand filter in an environment with high 11C1 con-
centrations. The sand used did not seem to cake even
at 600°C when some interaction between 11C1 and
sand became apparent. Above 400°C, however, cor-
rosion products from interactions with the construc-
tion material might cause slight local caking of the
sand near a metallic wall.

6.3.2. Liquid effluents

6.3.2.1. The industrial waste collector for the
Kempen region
(G.Spaepcn, J.Ciaes, V. Corthouts, A. Joos-
tcn, T. Van Elsen)

SCK/CEN results of the second phase of this
research contract were reported to the Ministry of
Public Health. The final report will be written by the
participating Engineering Office. They comprise the
expected compositions in the different holding tanks,
the possible combinations for treatment and the effect
upon the collector system; they allowed she deter-
mination of the types of effluents acceptable, the
present and future possibilities for branching in-
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dustries and the conditions for operation of the treat-
ment plant.

Although SCK/CEN participates in the discussions
on the policy to be followed in this matter, the further
experimental work depends upon decisions by the
ivlinistrv.

6.3.3. Solid waste handling

6.3.3.1. Inventories of industrial solid waste
(G.Spaepen, H. Hoeyberghs, V. Corthouts,
A. Joosten)

The inventories for all the Flemish provinces and
lor the Brussels agglomeration were completed. They
confirm the former studies of SCK/CEN in the Ant-
werp region and of L.E.K. in Limburg. The reports
are available from the Ministry of Public Health.

The sampling and analysis campaign of selected
industrial wastes was also completed. The further
treatment of these data was prepared: specific analy-
ses were developed in order to further characterize
the wastes in view of their final treatment and dis-
posal. This type of work will continue on a permanent
basis and the laboratory is ready for service work to
other waste treatment authorities.

6.3.3.2. The organization of the solid waste sector
(G.Spaepen, G.Peperstraete, H.Hoeyberghs,
W. Schietccatte, W.R.A. Goossens, Jl Wil-
locx)

The inventory and sampling results were used to
determine the optimum situation for treatment per
province with the help of the computer model for
total cost minimalization. This model was extended
towards incorporation of irreversible situations as
well as comparison of different techniques.

The computer results were further examined with
the responsible authorities involved, taking into ac-
count local possibilities. This led to a number of
contracts for evaluation in depth of particular areas.
One of these contracts - Land van Aalst - is near
completion. Detailed information on the subject is
available from the Ministry of Public Health.

The waste situation in the province of Antwerp
had been evaluated earlier. It was shown that the
waste sector needed a total waste management sys-
tem. Accordingly, ERA carried out a very detailed
examination of all the aspects involved in the foun-
dation of a Provincial Waste Management Authority.
With the collaboration of industry, central, provincial

and communal authorities, and trade unions, some
twelve interim reports were written on the main
aspects. SCK/CEN was responsible for all technical
and economic evaluation on quantities and types of
wastes, capacities and possible improvements of exist-
ing installations, determination of zones and location
of waste treatment centres. The final report will be
published in 1976, but most interim reports are al-
ready available from ERA and/or the Ministry of
Public Health.

6.3.3.3. A centre for storing difficult industrial
waste
(G.Spaepen, A. Joosten, V. Corthouts, T.
Van Elsen)

Some time ago, the Antwerp industry pointed out
that one particular type of waste called for quick
action: that between the refuse type and the toxic
waste. ERA decided to look for a temporary safe
storage with possibilities for final burial of harmless
rest products. An agreement was signed by which
all technical matters are delegated to SCK/CEN.
Accordingly, a general survey was made of possible
sites, and a thorough evaluation made of the chosen
claypit. Then a lay-out was worked out of the tech-
niques to be applied: final disposal, temporary stora-
ge, dewatcring and drying, solidification, neutraliza-
tion, water purification. In addition, a reception
laboratory and a transit unit for unknown loads were
studied. The entire file, including buildings, equip-
ment, operating procedures, safety precautions, etc.
has been submitted for approval to t\va authorities.
The work has been suspended until official permis-
sion is obtained; only the "permanent inventory" is
continued on the basis of visits to the industry and
sampling and analysis routine.

6.3.4. Anti-pollution consortium (ECOTECNIC)
(G. Spaepen, F. Decamps*)

In addition to its commercial activities, ECO-
TECNIC gradually developed its own technology on
specific points of the anti-pollution sector: the com-
bined treatment of refuse and sludge, the fluidized-
bed incinention of digested sludge by means of the
autogenous methane and the aeration system in bio-
treatment. Furthermore, a detailed programme was
worked out on the techniques to be studied for choice
of tipping sites and for gradual installation of total
recvclinsj svstems.

ECOTECNIC
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6.4. S.V.W. STUDY SYNDICATE FOR WATER DESALTING
(G. Spacpcn, R. De Co«, J. Colard, J. Vynckier, H. Hoeybcrglis, F. Casteels)

Apart from participation in the general discussions,
SCK/CEN assures the quality control (mainly radio-
active) of the desalted water produced in the several
pilot plants and is also on stand-by for any materials

problem which may arise. In this context, the Nieuw-
poort desalting plant has been inspected for corrosion
behaviour. The eventual role of SCK/CEN in this
sector will still take some time to be defined.

6.5. FUEL CELLS AND APPLIED ELECTROCHEMISTRY
(G. Spaepen, A. Blanchart, G. Van Bogaert, H. Vandenborre, H. Van den Broeck, \V. Adrianscns, C. De Brandt,

Ph. Vermeiren, J. De Smet, J.Gios, M. Leynen, J. Van Roy, P. Henrion)

Since the entire fuel cell work is carried out under
contract with industry, in the framework of ELENCO
N.W, set up by SCK/CEN, Bekaert (Zwevegem) and
DSM (the Netherlands) for fuel cells development
and production, only unclassified results of a general
nature can be given. Further information can be ob-
tained from ELENCO N.V. (H. Van den Broeck,
Manager), c/o SCK/CEN, B-2400 Mol.

6.5.1. Scaling-up of manufacturing and testing
facilities

The SCK/CEN laboratory production capacity was
increased to 0.5 kW of electrodes per day, the electro-
chemical short duration test possibilities were extend-
ed by a factor of four and a new method was devised
for measuring the active surface area of catalyst in
electrodes during their functioning in cells.

A testing stand was developed for short-time tests
at temperatures above 100cC. Physical characteriza-
tion of catalysts in various stages of fabrication was
improved. For long-term testing and for quality con-
trol purposes, two testing stands are under construc-
tion:
- electrode testing in 6X5 cells simultaneouslv;
- stack testing in 4 blocks of 0.25 up to 10 kW each

(Fig. 6.I.).

6.5.2. R & D work on electrodes

In order to develop a low-cost, high-performance,
light-weight electrode (Fig. 6.2.), the first phase of
the programme was mainly devoted to:

- finding the minimum catalyst quantity for a given
anode performance;

- increasing life performance of the Ag cathode;
- checking the relations between short-time physical

characterization and long-term electrochemical be-
haviour of both anode and cathode.

6.5.3. Pulse activation and 3 D-electrodes

In this underlying research activity, the following
three lines were successful:
- obtaining analytical evidence for enhanced methanol

oxidation on smooth metal electrodes and correlat-
ing the results with the (1.1(-relationship;

- simulating pulse activation on dense 3 D-electrodes
in a first phase still using function generators;

- separate measuring of the potential distribution on
particles and on the electrolyte.

6.5.4. Other activities of electrochemistry

The accumulated know-how on electrode manu-
facturing and testing was applied in the following
cases:
- an electrochemical gas monitoring device was de-

veloped for an industrial firm;
- membranes of controlled porosity were evaluated

in view of water purification;
- hydrogen production by water electrolysis can be

a further application of our electrode techniques.
The programme proposed includes development ol
electrolysis unit cells, stack testing and the coupling
of fuel cells to electrolvsis modules.
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l'ig.fi.l. — Stund for testing, fuel cell block*.

l~ia..6.2. — Multi-layer electrode fur fuel cells.
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Chapter 7

THE BR2 MATERIALS TESTING REACTOR
AND ASSOCIATED FACILITIES

INTRODUCTION

During 1975, the BR2 reactor and its associated facilities continued their regular operation.

The reactor was first put in service in 1963, since when it lias largely contributed 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 the reactor occupation
is shared equally by the German research centres (Karlsruhe, jiilich and other) on one hand, and by SCK/CEN
and EURATOM on the other hand. This contract is part of the collaboration programme on fast reactors between
the BENELUX and the Federal Republic of Germany. Special arrangements are made for experimenters who
are not covered by this agreement.

The reactor has been used for development programmes concerning sodium cooled fast reactors, gas cooled
reactors, light water reactors and homogeneous reactors, as well as for applied research on fissile materials,
structural materials and nuclear transmutations, for radioisotopes production, for neutron radiography, for pilot
scale gamma irradiations and for basic research in nuclear and solid state physics. In 1975, the reactor was
primarily used for the sodium cooled fast reactor and gas cooled reactor development programmes, which
accounted for 85 °o of the total reactor occupation.

The experimental load occupied on average 71 reactor channels (68 in 1974). Some 215 irradiation devices
were loaded, not counting standard isotope production capsules and measuring equipment.

Among the fissile materials irradiations carried out in 1975, it should be pointed out that 3 twin (U,Pu)C
pins of 9 mm diameter, irradiated under cadmium at 1000 W.cm"1, reached a burn-up of 52,000 MWd.t"1, and
that 7 capsules were in-pile for fuel-cladding compatibility studies. In addition, a new in-pile sodium loop has
been loaded for the irradiation, under cadmium at 500 W.cm1, of a bundle of 19 UO2-PUO2 pins of 6 mm
diameter spaced by integral fins. Of the five swept loops in pile for the irradiation of UO2 coated particles,
one obtained a fast fluence (E > 100 keV) of 1.5X 1022 n.cm'2 and a burn-up level of 18% fima, and cladding
samples were irradiated, under stress, up to a fast fluence (E > 100 keV) of 2.6X 1022 n.cm'2.

The reactor was in operation for a total of 218.8 days (217.3 in 1974 and 248.7 in 1973). The power
level varied between 49.1 MW and 85.3 MW. The operating coefficient attained (60?o) was lower than in 1974
(61.8°b) and in 1973 (65.7%). Operating incidents caused indeed more loss of running time than in previous
years: 31.6 days compared with 15.8 in 1974 and 27.6 in 1973; one of these unscheduled shut-downs was due
to the failure of a driver fuel element, the water channels of a sector having been blocked by a foreign body
(a screwdriver). In addition, some routine shut-downs were extended in order to carry out exceptional work,
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such as physics measurements at low power, inspection of the beryllium matrix, inspection of the main heat
exchangers, replacement of the stainless steel mattresses of the central main heat exchanger, replacement of joints
between the reactor pool and several beam tubes, and leak test of the reactor containment building.

The continued effort to optimize the fuel loading according to the needs of the experiments has led to
a remarkable reduction of specific fuel consumption. The average apparent burn-up level of the new standard
fuel elements loaded during the year passed from 34.9°o in 1974 to 53.2°o in 1975.

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:
the design and construction of a fuel pin power cycling device by means of a 3He screen, the design of a new
hydraulic rabbit for short term irradiations, the transfer of the BR02 reactor from the Technology building to
the BR2 building and the loading of a measuring probe for the continuous in-pile measurement of thermal
neutron flux by means of collectrons (selfpowercd neutron flux detectors).

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 31st December 1975. it
totalled 250, of whom 91 for the preparation and operation of the irradiation experiments. A complete irradiation
service can be provided, from design study to post-irradiation examination.

Planning and analysis of reactor utilization, safety analysis of experiments and administration were carried
out by J.M. Baugnct, 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, ]. Brenez, W. Hebel*, F. Mathieu", G. Vanmasscnhove, G.Blondeel,
P. Dirven, A. Falla, J. Dekeyzer. C. Joly, F. Moons, J. Parent, R. Pcnninckx, M. Soenen. J.P. Tollenhoom,
P. Vanderstraeten, A. Verwimp, H. Bugter*, R. Catteeuw, C. De Clocdt. J.De Keyser, \V. Detavernier,
G. Gcboers, J. Hermans, J. Leimen, R. Meier, R. Oris, J. Swinncn.

Materials testing and commissioning was carried out by G. Rottenberg, Cl. D. Burkholz", S. Claes, J.De
Ciercq.

Work perlormed in the BR2 department (nuclear characteristics determination, reactor operation, dis-
mantling of irradiation devices and high activity post-irradiation work) was supervised by F.Leonard,
R. Vanhaclewijn, H. Lenders*. P. Palenberg*. J.P. Pele", A. Woutcrs, G. Angelctti*. A. Beeckmans de W'est-
Mcerbeeck, J. Challe, 11. Nosbusch*, J. Archambeau, P. Deckx, M. Dchu, G. Deprez*, A. Geoffrey, 11. Massage,
L. Morlion, M.Noel, J. Schutyser, J. Steylemans, V. Stulens, M. Van Loven.

7.1. DEVELOPMENT, CONSTRUCTION AND OPERATION
OF IRRADIATION DEVICES FOR THE BR2 REACTOR

(W. Heber, G.Blondeel, J.Dekeyser, P. Dirven, A. Falla, C.Joly, F. Moons, R. Pennine!«, J.P. Tollenboom,
W. Detavernier, J.Hermans, J.Swinnen)

The development of irradiation technology for BR2, excluding work for large in-pile loops being reported
in previous chapters, covers the following activities.
- Studies and tenders for irradiation devices at the request of experimenters.

* EURATOM
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- Conception, design, construction, testing and operation of various instrumented and non-instrumented in-pile
test sections as well as their out-of-pile control and safety equipment.

- Technical advice, support and supervision for experimenters using BR2.

- Development and improvement of special techniques, linked to or arising from tine problems set by the
experimental desiderata, such as:

- temperature control of specimens by vacuum or gas mixtures;

- nuclear heat production control by axial displacement or by variation of neutron absorption (e.g. 'He or
boric acid screens);

- in-pile temperature measurement by high-temperature thermocouples;

- in-pile measurement of dimensional changes by linear induction transducers;

- in-pile measurement of fission gas pressure by strain gauge pressure transducers;

- fuel heating rate measurement by temperature gradients in cruciform geometry;

- neutron flux measurement by self powered neutron detectors;

- rupture detection of fuel cladding by gas tagging;

- high-temperature brazing;

- liquid metal filling of specimen capsules;

- co-extrusion of different structural materials;

- machining and welding of refractory metals (e.g. niobium and molybdenum);

- electronic data acquisition and processing.

- Development and improvement of calculation techniques for heat transfer, axial and radial temperature
distribution, neutron flux distribution (e.g. neutron self-shielding effects), fuel burn-up, isotope build-up,
fission gas release rate, biological shielding, thermal balance, mechanical stresses and hydrodynamical problems.

- Out-of-pile testing and investigation of special heat transfer problems such as the critical heat flux through a
stagnant water annulus and the thermal calibration of irradiation devices.

- Analysing and reporting of the irradiation conditions and results.

- Co-ordinating and follow-up of the planning of irradiation experiments in collaboration with the different
experimenters.

The main irradiation devices for the BR2 reactor, realized or supervised during 1975, are summarized in
Tables 7.1. and 7.2.

Besides the irradiation experiments which started
in 1975, the design was continued or initiated for
numerous other projects for GfK, KFA, BELGO-
NUCLEA1RE, SCK/CEN, INT (Bucharest) and
DRAGON Project (Winfrith).

The irradiation programmes concerned mainly the
development and improvement of sodium cooled fast
reactors, of gas cooled high temperature reactors and
of light water reactors as well as the production of
radioisotopes.

In the corresponding chapters of the present report,
mention is made of the progress achieved for the
different projects.

For the main types uf irradiation devices of proven
design and operation reliability, regularly used at
BR2, see the 1974 Annual Scientific Report {Ref.
BLG506}, which contains a short description of the
characteristic-3 of the different rigs.
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TABLE 7.1.
Irradiation devices designed and constructed hy SCK/CEN Technology Department

1
Experimenter ,

ij

GfK

KFA

KEMA

BN-SCK/CEN
Association

SCk'/CKN

1
Code name

MOL 6 G

MOL 8 D 3

!

MOL 11 A-)
MOL 11 A5
MOL 11 A6
MOL 11 A7

MOL 16-2
MOL 16-3
MOL 16--1
MOL 16-5

MOPS O)

LISA 4

CEB 12

P17-4
P17-5

P20-1
P20-2
P20-3
P20--J

C1RCE6D

CFC3

INI- 1

TTR

j

Specimens

i

CaCO, powder

UOyPuO, fuel rods

i|

!

(U,Pu)C fuel rods !

i
UCvPuO, fuel rods

Coaled fuel particles

UOriV.J, panicles
in aqueous suspension

UOj-PuO, fuel rods

UO,-PuO, fuel rods

UO,-PuO, fuel rods

UC fuel rods
with ferritic cladding

UO,-PuO, fuel rods with
simulated fission products

Self-powered neutron
detectors

Thermocouples

Characteristics j

- production of •"Ca

- fast neutron irradiation under
Cd screen (FAFN1R device 1 ;

- fuel centre temperature mens- j
urement i

- fast neutron irradiation under 1
Cd screen (FASOLD device) \

I
- calorimetric device with clad-

ding temperature control
- cladding rupture detection
• axial displacement mechanism

(CFC device)
— • — r — * * — - — —

- lission gas sweeping circuit
- temperature control
- axial displacement mechanism

(CPR device)

- temperature control by gas
mixture and electrical furnace

- cladding temperature control
by pressurized water annulus

- reloadable open basket
- intermittent inspection

- reloadable open basket
- intermittent inspection

• calorimetric device with fuel
heating rale measurement

- cladding rupture detection

- calorimetric device with clad-
ding temperature control and
fuel heating rale measurement

- exploratory device on meas-
urement techniques and oper-
ation characteristics of neutron
flux detectors

- exploratory device on thermo-
couple drift under nuclear ra-
diation exposure

Loading date
(BR2 reactor

cycle)

10/75

07/75

05/75
05/75
05/75
08/75

02/75
03/75
06/75
10/75

02/75

06/75

02/75

02/75
0-1/75

03/75
05/75
07/75
0S/75

05/75

02/75

0-1/75

03/75
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TABLE 7.2.
Irradiation devices constructed outside SCK/CES but technically supervised

by Technology Depiutmcnt

Experimenter

GfK

5-

! '• Loading date
Code name • Specimens Characteristics f (13K2 reactor

: cycle 1

MOL 2-40
MOL 2-41
MOL 2-42
MOL 2-43

MOL 3 136

MOL 3 G

MOL 3 111

MOL 5 1510
MOL 5 1511
MOL 5 1312

Pressurized cladding tubes

Cladding material

Na flow meters

- creep rupture tests as function ' 02/75
of last neutron dose, temper- '• 02/75
mure and pressure 06/75

06/75

- NaK filled capsule with 06/75
temperature control
(DISP device) :

- NaK filled capsule with j 05/75
temperature control
(DISP device! !

Thermocouples I - NaK filled capsule with 02/75
temperature control j

' - Cd screen i

Cladding material - irradiation creep measurement I (12/75
- temperature control ' 09/75

: (W/75

7.2. TESTING AND COMMISSIONING SERVICE
(G. Rottenberg, Cl.-D. Bürkliolz*, S. Clacs, J.DeClerq)

During 1975, the Testing and Commissioning service 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/CIZN in carrying out their own equipment or maintenance
programmes.

In addition, some time had to he 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 7.3. reviews the main types of new devices
which went through testing and commissioning pro-
cedure in 1975.

In addition, other devices were commissioned such
as:

I control panel for instrumented rigs;
1 instantaneous neutron flux measurement rig with

collections;
- 1 rig for thermocouple drift measurement under

neutron flux;

* EURATOM
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1 start-up source for BR3;
4 cadmium screens for reactor control roils;
2 suspension tubes for ATR type fuel elements;
1 manipulation tool for ATR type fuel elements;

15 reactor safety tubes for 3 loops;
3 reactor irradiation baskets with suspension rods;
5 protection tubes for active rigs;
1 nuclear mock-up for 200 mm channel rigs;
8 FAFN1R type neutron absorber rigs;
6 neutron screens for irradiation rigs;

radiographic control of welds during assembly of
out-of-pile piping of the GSB loop.
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TABLE 7.3.
Alain new devices which went through Testing ami Commissioning in

Type of device

ln-pile sections for loops
Fuel element tests in loops
Instrumented fissile material rigs
Non-instrumented fissile material rigs or
capsules
Instrumented rigs for material irradiations
Cobalt capsules (grains)
Iridium capsules
Various isotope capsules
Fissile material capsules in hvdruulic rab-
bit

Total

SCK/CEN
alone

1
—
15
7

—
27
—

7

57

Manufactured by

Client
alone Jointly

— , —
— —

,

10 ! —
— —

56 —
192 —

20 " -

27S ' —

Total

1
—
15

/

10
27
56

199

20

335

7.2.2. Technical assistance to experimenters dur-
ing manufacture and installation of irradia-
tion devices

The Testing and Commissioning service made an
important contribution to all irradiation devices man-
ufactured by SCK/CEN through inspection and test-
ing during manufacture, as well as chemical cleaning
of all components.

Experimenters who brought their own irradiation
devices made wide use of the Testing and Commis-
sioning service for supervising the installation, for
subsequent acceptance tests and for starting opera-
tions.

7.2.3. Technical assistance to other departments
of SCK/CEN for further programmes

The Testing and Commissioning service gave as-
sistance to many other projects under way at SCK/
CEN. Besides many minor contributions, some of the
more important tasks carried out, were:
- chemical cleaning of several thousands of meters ol

stainless steel tubes;
- photographic laboratory work (reproduction of X-

ray and photographic films, paper prints);
- chemical cleaning of various new equipments neces-

sary for the installation of BR02 in the BR2 canal;
- co-operation with the Metallurgy Department and

the Fuel Group for the preparation of various fuel
pins;

- lcaktightness tests on 3 cryostats;
- chemical cleaning of 2 high pressure vessels for BR3.

7.3. OPERATION AND UTILIZATION OF THE REACTOR
(G. Angeletti*, J. Archambeau, J.M. Baugnet, A. Beeckmans de West-Meerbeeck, W. Boeykens, J.Challe,
P. Deckx, M. Dehu, G. Deprez", J.M. Gandolfo*, H. Lenders*, F.Leonard, H.Massage, L. Morlion, M.Noel,
H. Nosbusch*, P. Palenberg*, J.P. Pele*, J. Schutyser, J. Steylemans, V. Stulens, R. Vanhaelewijn, M. Van Loven)

In 1975, the reactor was operated for 218.8 days (217.3 in 1974 and 248.7 in 1973) dissipating a total
of 16,487 MWd (16,320 in 1974 and 20,643 in 1973). The operating coefficient attained (60%) was lower
than in 1974 (61.8%) and in 1973 (65.7%). Operating incidents caused indeed more loss of running time
than in previous years: 31.6 days compared with 15.8 in 1974 and 27.6 in 1973. In addition some routine
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shut-downs were extended in order to carry out exceptional work, sucb as physics measurements at low power
and inspection of the beryllium matrix. Experimental equipment occupied on average 71 reactor channels,
compared with 68 channels in 1974.

7.3.1. Reactor operation

7.3.1.1. Operating characteristics

The reactor •-•as operated using the core configura-
tion 8, with the variants listed in Table 7.4.

As the experimental load remained at a low negative
reactivity level during 1975, first one and then a
second fuel element of the central region were re-
placed by beryllium plugs, thus creating flux trap
channels. The size of the configuration could not be
reduced by unloading external fuel elements, as many
of these external channels were used for experiments.

Starting from the configuration SB, represented in
Fig. 7.10. ol previous annual report, the other con-
figuration variants, listed in Table 7.4., were obtained
in the following way:
- 8C from SB by replacing the beryllium plug in

K169 by a fuel element;
- 8Ü from 813 by replacing the beryllium plug in

LI80 by a fuel element;
- 8E from SD by replacing the beryllium plug in

A150 by a fuel element;
- 8F from SD by replacing the beryllium plug in

111 by an aluminium plug containing a cadmium
screen and six driver fuel elements Ills;

- 8G from 8F by replacing the beryllium plug in
K169 by a fuel element and the fuel element in
L180 by a beryllium plug;

- 8H from SF by replacing the fuel element in A33O
by a beryllium plug;

- 81 from 811 by replacing the fuel element in B300
by a beryllium plug and the beryllium plug in A330
by a fuel clement;

- SK from 8] by replacing the beryllium plug in
K169 by a fuel element;

- 8L from 8K by replacing the fuel element in LI SO
by a beryllium plug.

This configuration SL, which was used at the end
of 1975, is represented in Fig. 7.1. A typical set of
nuclear characteristics for this configuration is given
in Tables 7.5. and 7.6.; in the other variants, the
irradiation conditions were almost identical, since the
fuel charge was altered appropriately.

Reactor operation being a series of cycles, the
operating year does not necessarily coincide with the
calendar year; but in the particular case of 1975,
the operating year ran from 1st January, 1975, to
31st December, 1975. The nominal operating cycle
was of four weeks duration: 7 days shut-down and
21 days operation, giving a theoretical operating
coefficient of 75%. The 365 days making up the
operating year 1975 would have permitted 13 cycles,
but only 10 were realized, three being cancelled due
to extensions of the scheduled shut-downs and time
lost by the operating incidents, as explained in detail
in § 7.3.2.

TABLE 7.4.
11R2 - Coiilintiratioit S - Variants used in 197)

* A reflector clmmicl surrounded by fuel elements, and thus possessing an elevated thermal neutron flux.
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Variants
used

815

8C
SD
SE
SF

8G
811

8J
SK

SL

Cvcles

1/75

2/75
2/75A.4/75
3/75, 3/75A
5/75, 5/75B

5/75A
6/75,6/75A
7/75
7/75A.7/75B,
8/75
9/75, 10/75,
10/75A

Number
of fuel

elements

32

33
33
34
33

33
32
32
33

32

Control rods

7 compensation
1 regulation

Plug in 111

Be

..
Al-f (i elements

typeS Ills
,(

Plus in 113

element tvpe

Number of
fkiN traps-

4
Xll ls

4
4
3
1

I 2
2
•>

Nominal
reactor
power
(M\V)

74.5

75.5
75.5
78.0
80.5

S0.5
78.0
7S.0
79.0

78.0
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CONTROL ROD

o
FUEL ELEMENT

Fig,. 7.1. — DR2 configuration SL
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Power = 78 MW

TABLE 7.5.
tir chiitticteristics of the BR2 coiijigiirathni SL

A. Pud dement cbannds
Condition* at stun of cycle 10/75

Reactor
channel

A 30
A 90
A210
A270
A33O

B 0
I? 60
B240

C 19
C 79
C101
C139
C161
C199
C221
C281
C319

D 0
D 60
I) 120
D1S0
D24O
D300

E 30
1-330
P 14
1-166
F254
F346

G120
G240
K169
11 1
11 3

Kiel elements
_

Number
of lubes

6N G
6N G
61 G
6N' G
6N G

61 G
5NG
61 G

61 G
6N G
6N G
6N G
6N G
6N G
6N G
6N G
5NC

6N G
6N G
6NG
6N G
6N G
6N G

6NG
5N G
6N G
6N G
6NG
6N G

6N G
6N G
6N G
3S G

13S G

Average
burn-up

(<ru)

33
24
31
26
27

33
25

S

0
44
0

39
13
0

21
0

17

0
0
0

38
0

20

36
10
21
0

10
25

12
16
6

18
32

Maximum flux ( 1)
H)14 n . c n r V :

.

Thermal (2) : E > 0.1 MeV
t

3.4 , 6.3
3.0 ' 6.3
3.1 , 6.0
3.0 5.9
3.2 6.3

3.4 ! 6.4
2.9 5.7
2.3 6.2

2.1 6.4
3.0 4.S
2.0 5.4
3.2 5.6
2.6 6.2
2.0 5.3
2.4 • 5.3
1.9 . 4.7
2.8 4.7

2.0 ' 5.7
1.7 4.1
1.9 ' 5.2
2.8 : 4.9
1.7 i 4.8
2.2 | 4.5

2.3 4.0
1.8 3.8
2.0 4.2
1.8 4.7
1.4
2.0

3.2
4.0

1.6 3.5
1.3
1.2

—

2.8
2.7

—

1
" ' l a s , i

"V„„:„ '

1.9
2.1
1.9
2.0
2.0

1.9
2.0
2.7

3.0
1.6
2.7
I.S
2.4
2.7

2.5
1.7

2.9
2.4
2.7
1.8
2.8
2.0

1.7
2.1
2.1
2.6
2.3
2.0

2.2
2.2
2.3

Maximum
nuclear (3)

heatini:
(W.g-'Al)

13.9
13.1
12.S
12.7
15.3

14.4
12.9
14.2

14.5
10.5
12.2
10.8
12.7
12.0
12.2
10.9
10.7

13.3
9.8

11.9
10.2
11.4
9.2

8.3
8.5
9.6
10.9
7.5
8.7

7.7
6.3
6.3
7.3
4.6

C Cermet fuel element 330« M'U type (50 mg ^
G Cermet fuel element 400 g ~VV type (60 ing ^ U
(1) Neutron flux at 50 mm below reactor mid plane.
(2) Unperturbed neutron flux on the centre line of the fuel element (n)0

0-5V0 at 2200 m.s-1.
(3) Nuclear heating of an aluminium sample placed on fuel clement axis at position of ma;imum tlux.

The overall distribution of the reactor states was
as follows:
- in operation 218.8 days 60.0%
- scheduled shut-downs 70.0 days 19.2%
- extension of scheduled

shut-downs 44.1 days 12.1%
- operating incidents

(unscheduled shut-downs) 31.6 days S.7%

364.5 davs 100 %

Nominal power ranged from 74.5MW to 80.5MW,
depending on the variant of the core configuration
used; but during each cycle, the power level is ad-
justed in order to give the optimum irradiation con-
ditions for the entire experimental load, while still
respecting various imposed power limits. Thus the
actual power level varied between 49.1 M\V and
85.3 M\V. In addition, at each start-up, the power
was increased step-wise, with halts at least at 1%,
40%, 60% and 80% of nominal full power. This
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TABLE 7.6.
Nuclear characteristics of the Bl\2 configuration SL

B. Reflector channels

Power = 78 M\V

Reactor
channel

A150
B3Ü0
1-46
1-194
1-314

G60
G300
1123
1137
11323
11337

KM
K49
K109
K191
K251
K311
K349

. _
L60
LI 20
LI 80
L240
L300
N30
N'330

PI 9
P41
P10I
P161
PI 99
P259
P319
P341

112/90
112/210
112/330
114/90
114/210
114/330
115/30
115/150
115/270

Maximum unperturbed flux

Thermal Epi thermal
I0'-> n .cnvV | 10»n.cnv2.s-'

6.9 > 3.8
6.9 4.6
3.2 2.0
3.1 2.1
3.4 2.4

3.0 1.5
3.0 : 1.5
2.3 ' 1.3
2.2 1.4
2.8
2.3

2.2
2.3

1.4
1.3

1.2
0.8

3.1 1.2
2.6 1.1
2.1 1.5
2.3 0.8
2.3

1.9

If
0.7

1.6 0.4
2.1 1.3
2.1 1.1
1.6 0.7
1.5 , 0.4
1.4 0.5
1.4

1.3

0.5

0.4
1.0 ' 0.4
1.4 0.3
2.0
1.2

1.4
0.2

1.2 0.3
1.3 ' 0.4
1.3

1.7

0.4

0.4
3.5 1.4
2.8
3.0
2.2
3.0
2.2

1.1
1.3
0.6
1.5
1.2

2.2 1.3
1.6 0.4

Maximum nuclear heating
W'.y-i Al

9.0
11.0
5.1
5.2
5.6

3.0
2.9
4.1
3.1
2.7
3.7

3.0
1.4
2.3
1.7
2.6
1.4
2.9

1.5
0.7
2.5
1.1
1.6
0.7
0.9
0.9

1.0
0.6
0.7
2.7
0.5
0.6
0.6
0.9

0.7
2.6
2.2
2.4
0.9
?.b
1.9
2.4
0.7

is in order to cany out various checks, to choose the
optimum full power level, and to find the best
distribution of the control rod heights to suit the
various experiments.

During the year, the total integrated power reached
16,487 MWd (16,320 in 1974) corresponding to a
consumption of 19.9 kg iv>U. The total number of
fresh standard fuel elements used was 86 (all of
cermet type) compared with 133 in 1974 (of which

132 cermet and 1 alloy). In addition, as in 1974,
6 Sills and 2 SXIUs driver elements, all of cermet
type, were used for the sodium loops. The average
apparent burn-up of the standard elements put into
service was 53.2% compared with 34.996 in 1974;
the highest rated clement (a standard cermet type
containing 400 g MiU) attained a mean burn-up value
of 60.7%, corresponding to 73% at its hot plane.

The six tube cermet elements used in 1975 con-
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tained either 330 g ^U together with 2.8 g natural
boron and 1.4 g natural samarium as burnable pois-
ons, or 400 g ^ U and 3.8 g boron and 1.4 g sama-
rium, compared with 240 g 3>U for the alloy elements,
without poison.

The alloy elements are now only used in order to
obtain a high thermal neutron flux in some particular
channel.

Table 7.7. gives the main operating parameter-, for
1975.

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 'He in the beryl-
lium matrix, the reactor loading has attained such
a complexity that simple calculation is no longer
feasible.

For the calculation of the load and the main
characteristics of the core channels, a programme
adapted to the SCK/CEN IBM 370-135 computer
had been developed in 1974. During 1975, the cal-
culation method for the variation of reactivity had
to be modified for the following reasons.

Cycles with a long operation time had led to a

TABLE 7.7.
/3R2 - Operating parameters V)75

Reactor operating characteristics

Power rating, nominal
Total operating time
Average operating time per cycle
Total energy dissipated
Average energy dissipated per cycle
Fissile charge at start of cycle (^MJ;

74.5 to 80.5 M w
218.8 days
21.9 days

16,486.9 MWd
1,648.7 MW'd

11.9 to 13.7 kg

Circui' characteristics ( Primary i Secondary ! Pool

Flow (mMv1) 16,700-7,000 14,000-5,000 i 400
Inlet temperature (°C) | 40-50 i 20-30 | 35-45
Inlet pressure (kg.cnv2) i 12.5 ! — ! —
Ap across pressure vessel (kg.cnv2) I 2.8 | — —
pll , 5.3-7.0 i 5.5-6.5 ! 5.5-6.5
Resistivity (ilcnv1) j 2-6x10" ! 105 ; 10"
Flow in purification line (m'.lv1) j 20-30 ! 100 ! 20
Activity Pf (|iCi.cnv3) | < KV I < 10" < 104

Fuel elements

Temperature, maximum nominal at hot spol (°C)
for inlet temperature of 40°C
Heat flux maximum (W'.cnv2)
Mean water velocity between plates (m.s'1)

152

470
9.4

Liquid effluent production

Cold < 10-5|iCi.cnv3

Warm II)"5 to 102 |iCi.cnv3

Hot > 10-2|iCi.cnv3

5,989 m'
16,714 m'
3,404 m'

Gaseous el fluents

Ventilation of containment building
Ventilation of machine hall
Radioactivity at chimnev

38,000 m'.lv1

83,000 m'.lv1

5xl(M|iCi.enr'

Consumption

Electricity
Domineralized water
Uranium-235

19.9X10" kWh
431,081 m3

19.9 kg
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large stock of very reactive fuel elements at rather
low burn-up. More fresh fuel elements had been
loaded than highly burnt elements had been eliminat-
ed (elimination burn-up 56%).

In addition, as the experimental load remained at
a relatively low negative reactivity level in 1975,
less fresh fuel elements per load were used; therefore,
the boron aniireactivity effect decreased, and it was
necessary to use loadings with higher excess reactivity
values.

In these loadings, important quantities of burnable
poisons were located in the partially burnt fuel ele-
ments, where they are not homogeneously distributed.
It was therefore necessary to take into account some
second order effects (inhomogeneous distribution of
the remaining boron, transient samarium poisoning
caused by decay of the fission product HTm after
shut-down, and 3He poisoning). These corrections led
to smaller errors in the prediction of the cycle
operation time.

In order to be able to improve the determination
of irradiation conditions in the reflector channels, the
following efforts were made.
- A calculation programme was prepared, which

allows a better prediction of the flux depression
in reflector channels. These flux depressions are
often very pronounced due to absorbing adapter
tubes, which have to be used when lower fluxes
are asked for than those normally available.

- Low flux measurements were made in cycles 5/75
and 8/75. Flux depressions inside absorbing plugs
were measured, as well as perturbations in the
vicinity of absorbing experiments. A special cam-
paign covered the superposition of perturbations.
It was seen, both from these measurements and

from the calculations, that the flux depressions do
not only depend on the surrounding materials (e.g.

experiments) but also on the neutron spectrum. It
will be extremely ditficult to take correctly into
account all the parameters, as the changes in the
reflector loading are too frequent. Efforts are being
made to improve the calculation procedure in the
reflector.

To illustrate the difficulties encountered in reactor
loading calculations, we may cite the following.
During 1975 there were 18 start-ups, involving the
putting into service of 514 instrumented rigs (342
in the core, 172 in the reflector) of which 25 were
started up for the first time. Three times, the irra-
diation conditions did not satisfy certain experiments;
the reactor had to be shut down and the loading
was consequently modified according to the observa-
tions made. In addition, to reconcile the often op-
posing demands of the various rigs, it was usually
necessary to modify the reactor power during the
cycle, and on some occasions to finish a cycle with
one or more control rods partly inserted. During
several unscheduled shut-downs, advantage was taken
of the opportunity to modify the reactor loading in
order to obtain better irradiation conditions for some
rigs.

7.3.1.3. Evolution of reactor operation

Regular operation with an experimental load began
in 1963. Tables 7.7. to 7.10. give a general review
of the evolution of the operating parameters since
then. The continued effort to optimize the fuel load-
ing according to the needs of the experiments has led
to a remarkable reduction of specific fuel consump-
tion, which passed from 8.7 elements per 10'MWd
in 1974 to 5.8 in 1975.

As to the future, one will try to adapt the irradia-
tion capacity of BR2 according to the planned ex-

TA1SLE 7.S.
Evolution of 'be operating, parameters oj the BR2 reactor

A, General data since date oj commissioning,

Year

1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975

Totals

Configuration

5
5 and 6

6
6
6
6
6

6 and 7
7
7

7 and 8
8

Number of days
operating

154.5
226.5
J89.8
219.8
174.4
213.9
229.3
218.0
203.9
230.4
248.7
217.3
21S.8

2,745.3

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

lincrjiv produced
(AlWil)

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

171,502
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TABLE 7.9.
Evolution oj the operating parameters oj the HR2 reactor

B. Operating, atulyus 1971-1975

Reactor state

Operational
Koutinc shut
Extension of
Unscheduled

downs
routine shut-downs
shut-downs

Large scale maintenance work

Operating co

Theoretical
Actual

Totals

•jjicienls

1971

i Days ,

! 203.9 !
70.0 1

! 13.0 !
15.3 i
67.2* i

\ 369.4 ;

!
[

55.2
19.0
3.5
4.1 i

18.2

100 •

75
55.2 .

1972

Days

230.4
77.0
27.3
21.2
—

355.9

°b

64.7
21.6

I.I
6.0

—

100

75
64.7

1973

Days I

i

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.S
—

351.9

°b '

61.8
21.9
11.8
4.5

—

100

75
61.8

197

Davs

21S.8
70.0 !
44.1
31.6 ,
—

364.5 1

5

""o

60.0
192
12.1
8.7

—

100

75
60.0

* Replacement of main heat exchangers and cooling lower packing

TABLE 7.10.
Evolution of the operating parameters oj the 11R2 reactor

C. Reactor power ami uranium consumption

Cure configuration

Power {1)
- nominal
- integrated

Uranium consumption
- mass of M 'U (2)
- mimher of elements

- average apparent burn-up
- specilic (3) (eleme

" ~~ ~~

(M\V)
(MW'dl

g
"allov"

"cermet"

(3) <°o)
its/10'MWd)

1971

6 and 7

70
14.478

17,415
53+IS I l ls
1 I 4 + 6 I 1 1 S

33.2
12.3

1972

7

70 and 73.5
17.56S

21,132
11

142+18 Ills

38.0
9.0

1973

7

70 and 73.5
20.643

24,830
12

llS + 301IIs

47.6
6.7

! 1974

; 7 and 8

70 to 80
16,320

19,630
, 1
' 132 + 6 lilt.

+ 2 X l l I s
34.9

! S.7

1975

8

74.5 to 80.5
16,487

19,873

86 + 6 Ills
+2XIIls

53.2
5.8

(1) Read from |BN measuring chain
12 ) Thermal balance
(3) Fresh elements loaded in standard channels

peiimental loading. The various points now being
studied, are:
- the irradiation conditions which could be obtained

under cadmium in the ] 11 channel or the outer
200 mm channels, the rig being surrounded either
by six elements type Sills or by a driver fuel
element of the new type S XII Is or similar;

- the increase of the maximum hot spot specific
power from the present 470 W.cnv2 level to 550
or 600 W.cnV2 and of the total power dissipated
to about 100 MW ( - 8 5 M W at present), for the
simultaneous irradiation of several large loops, all
requiring highly rated performances;

- an improved flow distribution of the reactor primary
circuit water coolant in order to avoid difficulties
when more power must be dissipated.

7.3.2. Operating incidents

The difference between the theoretical value of the
operating coefficient, 75%, and the value of 60%
reached, was due to the loss of 75.7 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 44.1
days, as follows.
- Physics measurements at low power 36.8%

. check of new variants of the core con-
figuration;

. thermal neutron flux distribution;

. fuel elements reactivity measurement;

. antireactivity effect of experiments;

BLG 515/76 7-13



. perturbation factor and self-shielding
effect of absorbers;

. check, of the possible gain in operation
time with retractable FAFN1R mock-up;

. calibration of measuring probes;

. determination of irradiation conditions
for several experiments;

. improving of the methods for epithcrmal
flux measurement.

- Non-routine jobs on experimental equip-
ment 10.2"o
. neutron radiography of the MFBS 7

sodium loop;
. check at low power of two experiments.

- Inspection of the reactor beryllium matrix 27.9<76
- Works on the neutron beam tubes 14.3%

. inspection of the internal and external
surface;

. replacement of joints between reactor
pool wall and beam tubes T2, T4, T5,
T7;

. loading of a new experimental equip-
ment into beam tube T2-T5.

- Various operations 10.8a6
. leak test of the reactor containment

building;
. inspection of different parts of the reac-

tor;
. recovery of a damaged 2" plug.
Advantage was taken of the extension of certain

routine shut-downs to carry out several works on
the main heat exchangers (see §7.3.3.).

There were 11 unscheduled shut-downs, which in-
volved a loss of 31.6 days running time (15.8 in
1974 and 27.6 in 1973). Table 7.11. gives details.

One of these unscheduled shut-downs was due to
the failure of the driver fuel element SXll ls A030
surrounding the MFBS 7 loop, the water channels of
a sector having been blocked by a foreign body, a
screwdriver (see Fig. 7.2.). The screwdriver was lost
during reactor loading and the resulting unscheduled
shut-down has therefore been considered as of human
error type. The main consequences of this incident
on reactor operation were:
- a reactor shut-do era of 12.5 days to reduce the

primary water activity, to find the damaged fuel
element and to restart the reactor;

- increased fission product contamination of the pri-
mary circuit, so that maintenance work became more
difficult.
The release of fission products by the BR2 fuel

elements has not yet been eliminated; three shut-
downs were due to this cause. It seems however that
the number of defect elements is decreasing. The hot
cell examinations on defective fuel elements were
continued, but no evidence of the reasons of the
defects could yet be obtained. Moreover, the efforts
to eliminate the defects were not increased since the
supplier of the BR2 fuel elements was changed. The
new suppliers do not expect any defect of this type.

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; 30 of the 79 matrix channels showed
cracks, which were not observed during the previous
examination in October 1971.

An evaluation was then performed from which it

TAKLE 7.11.
BR2 - Operating, incidents (unscheduled shut-dawns)

Type of incident

Control rod failures
1 lent exchanger leaks
Fission products in

the primary circuit
Other reactor equip-

ment failures
Human errors
Experiments
- Initial irradiation

conditions not satis-
factory

- Uig failure

Total

Num-
ber

7

—

—

1

1

4
1

15

971

Duration
(h)

91.5
—

—

43.7
3.4

173.2
55.4

367.2

1972

Num-
ber

1
—

—

5
2

2
4

14

Duration
(h)

50.4
—

—

127.5
47.S

55.4
227.1

508.2

1973

Num- Duration
ber (h)

1 0
—

4

—

26S.0

4 ; 214.4
2 0.3

2 114.9
3 63.9

16 661.5

Num-
ber

1

—

3

6
2

5
5

22

1974

Duration
(h)

0
—

0

120.0
0.5

202.4
57.4

380.3

Num-
ber

—

3

1*
2

3
2

11

197=;

Duration
(h)

—

281.5

0.3
300.7

105.9
70.2

758.6

- Parasitic signal in the start control system
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l:i!i-7.2 — Views of the HR2 fuel clement AOiO in which
the wtiler channels ol </ sector trcic Hocked /'V a
foreign hndx.

^ External view of the fuel element showing the Lit!«! sector
A Top view of the water channels.

was concluded that continuation ol 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 observed cracks;
this conclusion was held to be valid as long as
no significant modification appeared. It was decided
therefore to continue reactor operation while proceed-
ing with a surveillance programme and preparing the
replacement of the present BR2 matrix by the BR02
matrix.

Since that time, regular examinations have been
performed. The sixth one was carried out in October
1975 (cycle X/75). The observations did not indicate
an abnormal evolution; 43 channels were seen to
have cracks.

The optimum programme to replace the BR2
beryllium matrix is as follows:
• to maintain the BR2 reactor in normal operation as

long as the beryllium survey programme indicates
that the safety of the reactor operation is not
significantly modified;

BLG 515/76 7-15



- to prepare the material, tools and operation pro-
cedures, necessary to replace the irradiated beryllium
matrix in the minimum possible reactor shut-down
time.
It is envisaged, if possible, to pursue the reactor

operation till the second half of 1978 and to replace
the beryllium matrix at that time.

The stainless steel mattresses, placed around the
tube bundles at the inlet end to reduce tube vibrations,
of the North heat exchanger have been replaced in
1974; inspection in February 1975 (shut-down 2/75)
revealed no damage. The mattresses of the Central
heat exchanger were replaced during the shut-down
5/75 (May 1975); due to the high radiation field
(from 2 to 4 R.h"1) in the he-t exchanger, this opera-
tion was more difficult than the previous one. The
inspection ol the primary side of the Central and
South heat exchangers, carried out during the shut-
down 8/75 (October 1975), indicated no damage in
the new mattresses (Central) and damage progressing
very slowly in the old one (South).

With the present radiation field, another mattress
replacement cannot be envisaged. Therefore, the two
following actions are being examined:
- chemical decontamination ol the primary side ol

the heat exchanger;
- replacement of the mattresses by other devices to

avoid tube vibrations.

Due to the high radiation field (300 to 700 mR.h ' )
present in the heat exchangers room, the secondary
side of the heat exchangers has not been examined
since November 1974. The continuing observation
programme on aluminium samples immersed in the
secondary water however indicated no rapid evolution
of the corrosion. The main action taken is to empty
frequently the secondary circuit and to clean the
cooling tower basins.

Various works were carried out, either to facilitate
the use of the reactor installation by the experimenters
or to improve the performance, safety and knowledge
of operation characteristics ol the reactor. The follow-
ing more important tasks were carried out:
• transfer of the BR02 reactor from the Technology

building to the BR2 process hall (see Fig. 7.3.):
- continuation oi the modernization of the reactor

control instrumentation and health physics equip-
ment;

- design of a new hydraulic rabbit for short term
irradiations;

- construction of a new building lor the maintenance
of electric motors;

- commissioning of a Plurimat 20 system for automatic-
data handling of y spectra;

- studies in preparation of the BR2 hot cell extension.

Fig 7.3.a. — Trtinsjcr ol the RR02 reactor from the Technology building to I be
procas ball.

RR2
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Fin. 7.5 b. — M()2 installed in the RR2 canal.

7.3.4. Reactor utilization

On average, 71 roctor channels were occupied by
experimental equip-iient, compared with 68 in 1974.
The average distribution of the uses of the channels
is given in Table 7.12.

Fig. 7.4. shows the relative importance of the va-
rious types of irradiations which took place in the
core and in the reflector, excluding the multipurpose
devices, measuring probes, beryllium matrix samples,
and the dummy FAFN1R rigs necessary to balance
the reactor loading.

FISSILE MATERIALS

STRUC1URAL MATERIALS

/•';i>. 7.4. — Utilization itj the reactor BR2 in l')7>.
Basal on "fast irradiation units"
[1 cm' X 10-'» n.cm- ( K > Uli) keV)]

TABLE 7.12.
HR2 - Average distribution oj tt}c uses of the channels

1. hi the pressure ressel

Stiulv of radiation effects
- fuel and fuel pins
• structural material

Transmutation programmes
- production of actinium

and uansplutonium elements
• cobalt-60
• various radioisotopes

Multi-purpose equipment
(rabbit, self-service thimble)
Measuring probes and mock-ups
Beryllium matrix samples

2. Oulside the pressure vessel

Fundamental phvsics research
Multi-purpose equipment
(pool tubes, neutron radiography)

Total

1971 i

24 |
6

4
16 i

3 :

2 i
8 i

— i
i

7 i
1

1 ;

71 i

Number

1972

28
6

3
13
4

2
7

—

7

2

72

of channels

1973

23
/

:>
12
4

2
10

I

6

2

76

occupied

1974
1
1

19
5

1

1
8

1 2

3
16
6

6

2

68

1975

25
9

3
3

2
15
5

/

2

71
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This distribution is based on the fast irradiation
units (F.l.U.) produced; an F.l.U. is defined as the
product of a unit of volume (lem1) multiplied by
the integrated dose of fast neutrons (E > lOOkeV)
in units of KPn.cm*2. The fast flux is used because
the utilization of the reactor is principally directed
towards irradiation programmes requiring fast neutron
fluxes: in 1975, irradiations for the sodium cooled
fast reactor programme accounted for 72.6% of the
reactor utilization, and irradiations for the high
temperature gas reactor programme for 12.19b.

The curves given in Fig. 7.5. represent the evolu-
tion of reactor use from 1963 to January 1976, and
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 self-service
thimbles DG 36, the measuring probes, the beryl-
lium samples and the FAFN1R models);

- the annual production in the core and in the re-
flector (on the same basis as the hourly production).
Analysis of these curves leads to the following

conclusions.
- The hourly production varies greatly, due to the

inherent nature of a testing reactor and to the
variation in the demand for radioisotopes.

- The hourly production in the core is greatly in-
fluenced by the presence of a large sodium loop
in the channels 111 or H3.

- A growing interest is shown in the BR2 reactor,

as indicated by the continuous increase of the
number of channels occupied (from 13 in 1963
to 76 in 1973; see Fig. 7.6.). The reasons of the

BO —

' 0 -

-

M -

-

5 0 -

40 -

3 0 -

, 0 -

10 —

1> i

i
1 £1,

15
I!

!ln
|!

t

, 1 if J'

Is

\ t

1963

Fig. 7
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.6. — /3/\2 - Average number oj reactor channels ocatp/cJ.

NUMBER OF CHANNELS OCCUPIED

-1 L
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Fig. 7.5, •— Evolution of the occupation oj the reactor BR2 from January 1%3 to January 1976.
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small decrease observed in 1974 were explained in
the previous annual scientific report. In 1975, 71
channels were occupied (68 in 1974).
Services rendered increased regularly from 1963 to
1966, as slvwn by the curve for annual production.
Production decreased in 1967, mainlv due to a

reduction in the number of operation days (alpha
contamination incident). In 1968, the increase re-
commenced and the production in 1973 was the
highest ever attained. The 1974 production was
lower, the situation being improved in 1975.

7.4. HOT LABORATORIES

7.4.1. Very high activity cells (60,000 Ci - 3 MeV)
(A. Geoffroy, F.Leonard, A. Wouters)

The utilization factor of the cells was lower than
that previously attained, mainly due to the more
frequent interventions for maintenance and repair of
the machines, but also to the fact that there was
less overtime worked.

The evolution of the cells occupation is given in
Table 7.13.

The main work carried out in the dismantling cell
consisted of the dismantling of irradiated fuel elements
from both BR2 and BR3 reactors, and of fuel rigs.
As in the past, examination of BR2 fuel elements
(dismantling, visual inspection and photography) be-
came necessary, since the reactor had to be shut clown
several times due to high fission product activity in
the primary circuit. One of these elements was the
failed driver fuel element A030 mentioned in § 7.3.2.
(see Fig. 7.2.). After examination, the BR3 fuel
elements were reassembled for reloading in the BR3
reactor (except one element). Other cell work con-
sisted of the handling of aluminium capsules contain-
ing cobalt grains or discs, irradiated in BR2 control
rods or in standard irradiation rigs.

The dismantling of the MOL 7B loop, started at
the end of 1974, was completed during the first
quarter of 1975.

The main work carried out in the observation
cell was related to non-destructive measurements on
irradiated fuel and structural material, e.g. dimensional
measurements, auto-gammaradiography and leak tests

on fuel pins and BR2 fuel plates. Most of the auto-
gammaradiographies were performed by means of a
Ge-Li detector and with the help of the Reactor
Physics Section.

In total, 58 operations took place in 1975, their
duration ranging from a few hours to several days
or weeks. Thev can be divided as follows:

Manipulation
time

less than 10 h
10 to 30 h
more than 30 h

Total

Number of experiments
1972

22
9

24

55

1973

24
30
33

87

1974
29

29
21

79

1975

23
15
20

5S

The decontamination time again decreased: 82
hours in 1975 as compared with 87 hours in 1974,
280 hours in 1973 and 156 hours in 1972. The longest
decontamination was necessary after dismantling of
the MOL 7B loop, and after dismantling of a BR3
fuel clement (this clement gave a high a contamina-
tion ).

As the dismantling work was very considerable,
it was impossible to have even a general maintenance
period.

Design and construction of a large amount of
apparatus fcr the dismantling of BR3 elements and
large BR2 elements has been undertaken.

A lead shielded window on level 1.22 has been
replaced by the one cracked in 1973 which in the

TABLE 7.13.
Hot cell statistics

• dismantling cell
. occupation (h)
. utilization factor (°o)

• observation cell
. occupation (h)
. utilization factor (To)

1971

1047
50

722
35

1972

1666
80

950
46

1973

1500
76

916
46

1974

1223
59

792
38

1975

1044
50

607
29
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meantime had been repaired and modified into a dry
window.

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.

7.5. REACTOR PHYSICS STUDIES IN SUPPORT OF THE
IRRADIATION PROGRAMME AND OF REACTOR OPERATION

(J.Dcbrue, Ch. De Racdt, L. Fouurge, J.L. Genicot, N. Macnc, R. Menil, P. Van Mcckclcn, J.Vincent)

As in the past, the reactor physics studies contributed to the design and irradiation of experiments by
predicting the irradiation characteristics, by examining the compatibility of the specifications with the BR2
irradiation field and operation and by correlating dosimetry data obtained during the irradiations and the results
of post-irradiation examinations with the reactor operating conditions.

The reactor physics work also contributed to the reactor operation by examining new configurations, by
determining operating and safety parameters viz the over-all (m?croscopic) flux distributions leading to the
determination of the optimum reactor loading and the microscopic flux distributions including the localization of
the hot spots.

The tools which are used for these purposes are:

- BR02, the zero power mock-up of BR2. which was moved from the technology building to the storage canal
of the BR2 building;

- low power flux measurements in BR2;

- measurements of integrated flux in selected channels;

- dosimetry in irradiation devices;

- neutronic calculations with multigroup neutron transport codes in one or two (X, Y; R, Z; R,0 or triangular
mesh) geometrical dimensions.

7.5.1. Irradiation devices

The main experimental devices which required
reactor physics work in 1975 are indicated in Table
7.14. More details may be found in the paragraphs
indicated in the last column of the table.

7.5.2. Reactor operation

The irradiations performed in BR02 were mainly
connected with the selection of a suitable reactor core
configuration for the GSB helium loop. This loop will
be loaded in the eccentric reactor channel H4 and
surrounded by a ten-plate driver element. A similar
channel (H3) has already been used for the MFBS 7
irradiation of a mixed carbide bundle. In the latter
case however a thirtcen-plate driver fuel element was
used, which resulted in a higher epithermal neutron
flux in the experiment than will be attained in the

larger GSB loop. The neutron flux distribution was
determined in a reference cote with homogeneous fuel
distribution. One of the main problems associated
with the reactor operation will be the simultaneous
operation of the GSB loop with either the MOL 7C
or MOL 7D loop in the central channel 111. It was
checked that it is possible to vary the ratio of 114
to 111 power density in order to achieve compatibility
among both loops.

In the BR2 reactor, routine measurements of ther-
mal, epithcrtnal and fast neutron fluence were regular-
ly performed during each reactor cycle in 8 to 10
unoccupied channels, to follow the neutron flux over
longer periods. This flux map is updated at regular
intervals by more elaborate measurements in a short
one-hour run at low power (sec next paragraph).

Table 7.15. displays the number of detectors that
were counted for each application.

Short low-power runs were carried out before the
start of the BR2 reactor cycles 5/75 and 8/75.
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TABLE 7.14.
Surrey of the reactor physics work performed in 1975 jar the main HR2 irradiation devices

Irradiation device

MFBS6 loop in 111

MCL7B loop in 111

MFBS7 loop in 113

MOL7D loop in 111

MOL7C loop in 111

GSB loop in 114

11TR loop in 111
I ITU capsules in standard channels

Type of work

Analysis of post-irradiation results:
comparison with theoretical predictions
(work in progress)

Analysis of post-irradiatior ..suits;
comparison with theoretical predictions
(work in progress)

Neutronic calculations concerning the
evolution of the gas tags

- dosimetry (fission and fluence monitors,
fission chambers, trad; recorders, silicon
diodes, "Li spectrometry);

- gamma heating measurements;
- nemronic calculations

Neutronic calculations concerning the fis-
sion density distribution over the fuel pin
bundle, the absolute power level and va-
rious safety aspects

Experimental determination of the fission
density distribution over the pin bundle
Neutronic calculations concerning the
absolute power level

Neutronic calculations concerning the
main irradiation parameters

Paragraph of
this annual report

describing the work

§ 1.7.3.

S 1.6.3.2.

S 1.7.2.

§2.1.2.

§ 2.2.3.

TABLE 7.15.
A'umber (if activation jinx detectors used in Bl\2 during l')7>

Type of measurement

Fluence measurements at high power

Core

Reflector

Flux measurements at low power

Cycle 5/75

Cycle 8/75

Dosinielry in irradiation devices

Number of
flux monitors

1170

1300

1200

100

25

At cycle 5/75, the main objective was to determine
a neutron flux mapping of the reflector channels, the
perturbations caused by highly absorbing experiments
in nearby channels and the depressions by hollow
stainless steel plugs in the channels themselves. Also
fissile and non-fissile activation detectors were loaded
in the mock-up of the MOL 7D loop in the channel
111, as part of a calibration programme on fluence
spectrum determination based on the multiple foil
technique. A close collaboration has been established

in this field with the llanford Engineering and
Development Laboratory.

At cyle 8/75, relative flux measurements were per-
formed in 6 channels equipped with mock-ups of
FAFN1R rigs. A ratio of 1.88 was found between
the hottest and coldest channel, which provides some
freedom to the operator in the selection of the power
density for the FAFN1R rigs.

Neutronic calculations were also performed on the
necessity of replacing the beryllium matrix of BR2
by a new one, which could be the matrix of BR02.
This matrix can be considered as "new" from the
neutronic point of view; moreover, its present state
is satisfactory in spite of 15 years operation. The
calculations led to the conclusion that the utilization
ol another material as substitute for the beryllium
in BR02 should be excluded. Specifications for a new
matrix were then elaborated, more particularly as to
the impurity content. Concerning safety aspects of
BR2 operation, reactivity effects associated to possible
displacement of damaged beryllium pieces are being
evaluated. Practical experience and measurements at
BR2 and BR02 indicate that removal of beryllium
and replacement by water has an adverse effect on
reactivity.
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Chapter 8

SUPPORTING ACTIVITIES AND SERVICES

8.1. REACTORS AND APPLIED MATHEMATICS

8.1.1. PWR power plant simulator
(O. Breulet, G. Cocquyt, J.F. DeGrecf, A.
Heuse, G.Vloemans)

As mentioned in previous annual reports, it was
decided in 1974 to build a nuclear power plant sim-
ulator for general education purposes, more parti-
cularly to support one of the main tasks of the BR3,
namely the training of the operating personnel of
future PWR nuclear power plants.

Know-how and experience gained by SCK/CEN
during the last ten years in the field of simulation
made it possible to accept the following scheme.

1. In 1974, acquisition of an AD-5 analog/hybrid
computer replacing our old analog computer, and
equipped for one field of the two with the com-
puting elements necessary for implementing the
existing simulator, and for linking the existing
simulator control panel to the next computer.
This first phase was completed by the end of
1974 and the equipment was used for the training
of personnel for the Fessenheim nuclear plant and
for BR3.

2. In 1975, configuration studies for the second part
of the AD-5 computer led to the ordering of the
computing elements of the second field and the
simulator control panel At the end of 197*5, the
equipment to complete the AD-5 computer was
delivered and installation was going on. In order
to extend the possibilities of the simulator control
panel and to develop a new model allowing to
simulate, for example, primary circuit flow acci-
dents, steam generator dynamics and level control,
a new control panel was built (Fig. 8.1.1.), in-
dicating new variables such as flow, steam temper-
ature, primary circuit pressure and steam generator

level. Also a preliminary design study was made
of an industrial control panel. The Fessenheim
nuclear plant personnel continued its training and
high-school students of the University of Liege,
the International School of Delft and the Rijks-
hogere Technische School of Mol and Brussels,
followed practical courses.

3. In 1976, it is planned to add to the AD-5 a digital
computer to obtain the full hybrid system, possibly
linked to the local IBM 135, and to construct an
industrial control panel for the simulator.

8.1.2. Computer services

Hardware services
(O. Breulet, R. Caron, G. Cocquyt, J. Debruyn, A.
Heuse, G. Vloemans)

Maintenance, installation, design and operating ser-
vices were provided for several small-size on-line
process computers, for their peripheral equipment and
for the several data communication lines, linking
progressively into a network the process computers,
our local central computer IBM 370/135 and the
external computer system (IBM 370/158 and IBM
370/168) located at Brussels (C1V/CT1 of the Mi-
nistry of Economic Affairs).

Specific mention should be made of the linking of
the MULT1 20 computer to the IBM 370/135, of the
interfaces for connecting several equipments to the
PDP computers and of special measuring devices to
be connected to computers.

Design and operating services were also provided
for the instrumentation equipment of the TR1GA
Mark II nuclear reactor in Kinshasa.
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Software services
(J.Bonnijns, F.Bosnians, D. Christyn, G.Cocquyt,
H.R. Deckers, L. De Corte, H. Dcpuydt, M. Jansen,
P. Jansen, G. Peperstraete, R. Smolders, J. Vandcrvcc,
G. Van Roosbroeck)

Software services, including the maintenance and
design of basic software, were provided for several
projects and programmes, and ate reported in the
related chapters of the present report.

The following subroutines for general use have
been developed or adapted:
- subroutine NEWTAP to ask the operator, during

batch processing, to mount a new tape on a virtual
device already used in the same job;

- subroutine CMDEF which may be used instead of
the Fortran direct access statements DEFINE FILE,
READ and WRITE (with entries CMWRIT and
CMREAÜ); these routines give better performan-
ces than the standard ones, both in terms of speed
and virtual storage requirements;

- subroutine EXEC to execute an EXEC procedure
from a Fortran programme;

- subroutine XDATE to load in a double precision
argument the day of the year, in a format different
I mm that of subroutine DATE, e.g. 26 AUG 75
instead of 8/26/75 (American style);

- subroutine FPNUM to convert a floating point
number to EBCDIC representation (A-format);

- subroutine WIIOAM1 to load the USER ID of the
executing virtual machine into a real 8 variable in
a Fortran programme.
Moreover, the software lor linking the MULT I 20

computer over a BSC line via the System S/7 to
the IBM 370/135 has been implemented.

Computing equipment
(H.R. Deckers, J.F. De Greef, R. Schoonlau)

At the end of 1974, the local computer IBM 360/
44 was replaced by the IBM 370/135 system. This
configuration comprises a processing unit with 320 K
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bytes memory, a disk storage 3333, a disk storage
3330, a magnetic tape 3411, a magnetic tape 3410,
a printer 1403, a card read/punch 2540, a paper tape
reader 2671, a controller 3704 supporting 14 ter-
minals 2741 and 4 terminals TTY. The IBM 370/135
works under VM/370, CP/CMS. In 1975, an S/7
with 10 K. words of main memory was added as a
front-end processor for linking some on-line process
computers, the main memory was extended to 384 K
bytes and the order was placed to increase the mass
memory from 300 M bytes to 700 K bytes.

An on-line system composed of an IBM 3277/3284
display/print station, linked to the C1V/CT1 (Centre
for Information Processing of the Ministry of Eco-
nomic Affairs) via a 2400 b.s' line, was extended to
two displays and two printers. This system provides
access to the 1N1S nuclear documentation data bank
through the STAIRS programme.

The RJE terminal MÜS2400, linked via a 4800b.s'
line to the C1V/CTI, has been kept operational during
1975 for the large reactor physics calculations. Linking
of the IBM 370/135 to the C1V/CTI is being pre-
pared.

Software maintenance and design for the
IBM 370/135
(H.R. Deckers, G. Peperstraete, R. Schoonlau, J. Van-
dervee, G. Van Roosbroeck)

1. The Remote Spooling Communication Subsystem,
a new component of VM/370, has been added to
the system. In its present state, it allows the trans-
fer of files between the RJ'Z terminal MDS 2400
(simulating a 2780 IBM data transmission ter-
minal) and the CMS batch facilities in addition
to all other VM users.

2. Detailed and general purpose procedures have been
written for the VM/370 users.

Utilization time of the computers

Table 8.1.1. shows how the utilization time was
distributed over the main task groups of SCK/CEN.

8.1.3. The BR1 reactor
(R. Menil, J. Debrue, J. Van Dijck)

The reactor was operated for 1,261 h at power
levels ranging irom 50 W up to 4 MW according to
the neutron llux level required. The maximum ther-
mal flux integrated over the year reached 1.1 X 10""
n.cm'2, corresponding to a total energy production ol
710 MWh. The reactor was started 517 times.

In the standard irradiation devices (pneumatic rab-
bits and sample irradiation channels), 498 samples
were irradiated on behalf of Belgian Universities, Bel-
gian and Dutch industries, and various SCK/CEN
laboratories for the neutron activation analysis of a
large variety of materials, in support to industrial
quality control, health physics monitoring, air pollu-
tion measurements, and research programmes in radio-
biology, agronomy, mineralogy and neutron physics.

The in-pile facilities of the fast reactor physics
programme, located in the thermal columns, were in-
tensively used (see § 1.6.). The equipment for remote
unloading from the reactor and storage in a shielded
cell of uranium assemblies is nearly completed.

The in-pile part and the access to the channel
DX 25 ( 18 cm X 18 cm in graphite) have been equip-
ped for performing neutron radiography on a routine
basis. The lead shield is provided with two guiding
systems for positioning respectively the sample to be
examined and the gadolinium convenor with the
Röntgen film. The installation has been mainly used
for non-destructive qualitv control of PuOrUO: fuel
rods manufactured by BELGONUCLEA1RE for the
BR3/4A core.

TABLE 8.1.1.

Task giroup

- Support tasks
- i'ast reactors
- Thermal reactors
- Nuclear R & D
- Biisic and exploratory research
- Non-nuclear projects
- Protection
- Administrative tasks
- Work for third parties

Total

Local
HIM

hours
(CPU time)

874.0
163.9

9.5
—

508.2
460.7

54.6
57.0

247.0

2375.0

computer
370/135

36.8
6.9
0.4

—
21.4
19.4
2.3
2.4

10.4

100.0

C1V/CT1 computer
I BiM 370/168

(Ministry ol Economic Affairs)

hours j
(CPU time)

37.0
47.0

1.0
0.6

66.4 '
j

0.3
0.8 I
6.9

160.0 i

23.1
29.4

0.6
0.4

41.5

0.2'
0.5
4.3

100.0
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Phosphorus doping of silicon by nuclear transmuta-
tion was investigated for the industrial manufacturing
of high quality diodes for power devices. Thanks to
the availability of large irradiation volumes, the reac-
tor is indeed appropriate for treating large quantities
of silicon. Samples of 30 to 50 mm diameter and 120
to 160 mm length have been exposed to 4X 10"n.cm'J

in the Y4 channel. Control of flucnce and neutron
flux distribution through the samples indicated that
the uniformity of the phosphorus production meets
the specifications. The calibration of a scries of irra-
diation channels in terms of resistivity of the samples
after exposure is now well established. Economical
considerations impose the simultaneous irradiation ol
a high number of samples.

The research programme on fast neutron dosi-
meters, carried out in collaboration with the "Tech-
nische Dienst van de Landmacht (NBC Inrichting)/
Service Technique de la Force Terrestre (Etablisse-
ment NBC)", was continued. Changes in electrical
properties of diodes are recorded after fast neutron
irradiation in a natural uranium convenor located in
channel D.I6.2.

Neutron detectors were calibrated for different pur-
poses, such as activation monitors (BR2, BR02,
VENUS), beam detectors (CBNM), and ionization
chambers (ACEC). The fast rabbit was also used for
the study of short-lived fission products.

8.1.4. Services rendered to third parties in the
field of reactor operation

8.1.4.1. The TRIGA Mark II reactor of C.R.E.N.-
Kinshasa
(M.DeProost, A. Heuse, L. Leendcrs, F.
Vaessen)

The TRIGA Mark II reactor of C.R.E.N.-K start-
ed in 1972. Since 1974, this reactor has been able
to operate at 1 M\V under ucady state conditions

and at 1000 MW maximum in pulse mode. Up to
now, it has been operated satisfactorily (mostly at
250 kW) for activation analyses and development
work on radioisotope production.

In 1975, in addition to the maintenance and cali-
bration work carried out on the reactor and its control
instrumentation, particular attention was paid to:
- improvement of the power supply for reactor con-

trol, to cope with short interruptions due to tropic-
al storms;

- replacement of the existing primary cooling circuit
by a new one made of stainless steel;

- design of a second pneumatic rabbit.
The collaboration between C.R.E.N.-K and SCK/

CEN supported by A.G.C.D., is continuing success-
fully. The programme for 1976 may be summarized
as follows:
- further support in operating the reactor and using

it for different research programmes;
- improvement of the reactor installation by delivery

of a new primary cooling system and a second
pneumatic rabbit;

- support to the further development of several de-
partments at C.R.E.N.-K, mainly Health Physics,
Radiobiology and Radioa«ronomy;

- further training at SCK/CEN of C.R.E.N.-K staff
and technicians.

8.1.4.2. The THETIS reactor at the R.U.Gent
(J. Debrue)

The present core loading of the THETIS reactor
was achieved in 1971; at that time, the excess of
reactivity was about 1600 pcm. At first, it was operat-
ed at a power of 150 kW and, from May 1972, at
250 kW. The reactivity loss due to burn-up and fis-
sion product poisoning has been evaluated and a
refuelling operation, which will probably take place
in 1976, has been studied. The initial reactivity excess
will then be restored.

8.2. MATERIALS RESEARCH

8.2.1. Metallurgical services
(J. Pelsmaekcrs)

X-ray analysis
(J. Dresselacrs, J. Pclsmaekers, J. Buttiens)

Uranium carbides have been studied by the normal
and by high temperature X-ray diffraction procedures.

Contributions have been made to the canning ma-

terials programme by studying mechanical alloying,
cold working and by pole figure determinations.

Scanning electron microscopy
(L. Knaepen)

The scanning electron microscope (with energy
dispersive analyser) contributed to the following
projects.
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Mixed oxide fuel: study of the morphology of UO;
powders and examination of surface imperfections of
pelletizing dies by means of replicas.
Materials development: morphological examination of
powders for ferritic steel fabrication, qualitative con-
trol of the dispersion of additives in ferritic steels,
study of the outer and fracture surfaces of ferritic
and austenitic steel specimens, submitted to creep and
tensile tests.
Applied electrochemistry: qualitative control of the
Pt and Si distribution in the electrodes for fuel cells.
Solid state physics: investigation of blister distribu-
tion in Re- and SAP discs, irradiated with lie* ions.
Aqueous corrosion: study of the corrosion aspects of
Al-cladded tubes, which were immersed for different
times in the BR2 cooling pool.
Faculte polytechnique de Mons: examination of tensile
fracture surfaces of sulphurated steels.
V.U.B.: qualitative analyses and morphology of cal-
cifications of the plexus choroidens and the epipliysis.

Electron microprobe
(A. Cools, J. Pelsmaekers)

The electron microprobe investigations contributed
to the following studies:
- compatibility of ferritic steels with uranium oxide

in presence of simulated fission products;
- compatibility of AlPQi with all kinds of metals

for the study of high radioactive waste storage
(EUR0CHEM1C);

- aqueous corrosion of various materials from BR2;
- sodium corrosion of steels;
- diffusion between UGvPuO:;
- inlluence of light elements on the -/.-phase in ferritic

steels.

Optical microscopy
(M. Heylen-Geladi, L. Driesen)

The optical microscopy laboratory contributed
mainly to the materials development programmes.
The study of sodium corrosion on steels required the
further development of the epitaxial film methods
and the application of the interference film micro-
scopy.

8.2.2. Services rendered by the fuel group SCK/
CEN-BELGONUCLEAIRE
(P.Diels, A.J.Flipot)

Ceramography and alpha-autoradiography

Support was given to problems arising from
industrial UO:-PuOj fuel fabrications by BELGO-
NUCLEA1RE. An appreciable amount of controls
(fuel and structural materials) has been performed

in the scope of the fabrication campaigns for SENA.
EPR1 and BR.3/4. Microprobe analysis has been
applied on the BR3/4 fuel, to determine the Pu
content of Pu-rich particles, as detected by neutron
radiography. Ceramographic, alpha-autoradiographic
and microprobe analysis have also been used to study
the influence of the addition of impurities on Pu
diffusion in thermal fuel. A group of stainless steel
weld samples has been examined in order to evaluate
the procedure for welding the first end plugs of the
pins for the KNK-11 irradiation experiment, at the
Uessel plant.

X-ray diffraction analysis

Numerous samples have been analysed for repro-
cessing studies on fuel disaggregation by molten salts.
A new X-ray apparatus equipped with a diffraction
and a spectrometer unit has been installed and put
into operation.

8.2.3. Physical characterization of solids
(R. De Batist, G. Geys, F. Gorle, W.Timmer-
nians)

Physical characterization of various types of pow-
ders by means of density measurements, porosimctry,
sedimentation, shear stress measurements and Knud-
scn flow measurements has been carried out for a
number of research programmes.

Flow properties of powders

Investigations of the flowability of UCK powders
of various origins by means of shear stress meas-
urements have been continued. For comparison, a
number of experiments have also been perlormed on
powders used in the pharmaceutical industry (Avicel,
Lactose). The measured yield loci have been analysed
in tenns of the relationship ( T / C ) " = (cr + Tl.T'1

(T is the measured shear stress, c the normal stress,
C the cohesion, T the tensile strength and n the so-
called shear index),

From this yield locus, the following parameters can
be derived: the major principal stress ffi operating in
the material during the test, the unconfined yield
stress fc and the angle \\> of internal friction. Using
these parameters, one can calculate the following
indices, which have been suggested to give a more
or less reliable indication of the flowability of the
powder.
K = C/T
FF = ff,/ft

E = [ l - (n- l )s in <j>] [l-(n-l )sin2 ip] [2n sin i!/]"1

X100%
Y = 2n sin <\i (1-sin «L|>> ' [l-(n-l) sin ̂ ] " '

Table 8.2.1. gives the flowability indices for 10
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TABLE 8.2.1.

Mntcrial

UO,-RBG6211
UGvUK
Avicvl
UCX-RBG6214
Lactose
UCX-RBG616I
UO,-N'L46
UCvRBG 6211-250
UGvRBG 6211-400
UO,-RBG72H)

n

2.002
1.7836
1.2188 •
1.1976 !

1.143
1.1014
1.0153 |
1.4307
1.2815
1.2439

K

8.2605
4.4411
1.7386
1.0568
1.1627
0.7811
0.8374
2.2204
1.7752
1.3346

53°5O"
51°45"
51°20"
38°35'
43°20'
34°06'
40°35'
49= IS'
49=16'
43°04'

IT

1.96
2.143
4.577
6.402
7.736
6.595
S.971
4.31
4.6
5.004

2.12
7.09

37.75
53.65
53.606
73.80
74.46
23.4
34.0
43.50

Y

87.78
33.93
10.02
4.52
5.545
2.98
3.S2

13.32
10.19
6.4S

different powders. K, FF, E and Y are plotted as a
function of n in Fig. 8.2.1., which clearly indicates
that each ot these indices can be used equally well
for characterizing the llowability of a powder. On
the contrary, it was found that <l>, the angle of internal
friction, is rather inappropriate as a flowability index.

Characterization of UO2 powders
The programme aimed at relating physical char-

acteristics to the influence of various production para-
meters used in the fabrication of sintered UO: pellets

10-

5 -

has been continued. A final report is in preparation.
Results have been obtained lor the influence oi
thermal treatment of various UO: powders at temper-
atures between 500 and 1200°C on the specific sur-
face, porosity and «ranulometry of the material, and
these have been compared with the effect of changes
in compaction pressure and sintering temperature.
A typical relationship is given in Fig. 8.2.2., where
the sintered density is plotted as a function of the
sinterability, defined as the ratio of the specific sur-
face (BET value) to the gninulomctry (expressed as
dwo'.i, the particle size such that 50 wt.^ö of the
particles is smaller than dw,,,,).

2 .4 -

2 .0 -

1,6-

1,2 -

0 ,8 -

0 , 4 -

s

1.0 2,0

I'ig. 8.2.1. — Correlation between flowability indices for va-
rious powder types according lo Table S.2.1.

' \ I I
0 70 80 90 100 ?6TD

/"7s. S.2.2. — Correlation between sintered density (To ID)
and sinterability (ratio of specific siirjiice lo
the particle size il^oiu) of UO,.
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8.3. SUPPORTING CHEMISTRY SERVICES
(L.H. Baetsle)

8.3.1. Chemical analyses
(F. Lievens, L. Vandevelde, H. Peperstraete,
T. Rymen, J. Remy-Defraigne, I.Delespaul)

The analytical chemistry service received 13,390
samples and carried out 79,967 determinations, as
listed in Table 8.3.1. These analyses were performed
as support to the following programmes: carbide fuels
(450), oxide fuels (831), ferritic steels (279), reac-
tor and waste waters (1,320), actinium (147), pol-
lution by SO: (2,615), pollution by NO: (1,147),
pollution by fluoride and ammonia (473), pollution
by organic materials (6,037), pollution by heavy
metals (64,240), and miscellaneous (1,628).

X-ray fluorescence spectrometry was improved for
the direct analysis of stainless steels and aluminium
alloys, without chemical preparation. In such a pro-
cedure, aluminium is a favourable material, since ab-
sorption of radiation is small. Good sensitivities were
thus obtained and very little matrix effect is to be
corrected for. Table 8.3.2. gives the working para-
meters, the established working ranges, and the sensi-
tivity at the 99ac confidence level.

Stainless steel is a strong absorbing material for
X-rays and direct measurements on the metallic sam-
ples are not possible without correction, taking into
account all alloying elements present in the sample.
The coefficients given by W.K. de Jongh [W.K. de
Jongh, 2nd Australian Symposium on Analytical
Chemistry Sidney, May, 1973] were successfully used
in the determination of chromium, nickel, manganese,
molybdenum, titanium, silicon and niobium in stain-
less steel of the ISCrSNi type.

Gases evolved from molten nitrate and nitride bath
were no longer analysed by mass spectrometry. A gas
Chromatographie procedure was developed, using sili-
cagel and molecular sieves 5A columns.

For the determination of hydrogen and other gases,
a sampling and gas extraction manifold was built.
Samples of titanium hydride and of stainless steel

have been analysed for hydrogen; the lowest limit is
0.2 |d NTP.

Clay samples taken for geological studies (see
§ 4.1.) were analysed by X-ray fluorescence spectro-
metry for the main components, by emission spectro-
graphy for tracer elements, and by wet chemical ana-
lysis for valency determination on iron. A granulo-
metric separation, using Stokes law, was performed
on 5 samples ( < 2 [xm, 2 to 5 |im, 5 to 20 |Jim and
> 20 [im will be analysed separately).

For the analysis of impurities in fuel materials,
alternative analysis methods have been explored. Be-
sides the usual emission spectrographic method, an
X-ray fluorescence spectrometric and an atomic ab-
sorption spectrometric procedure were examined.

The analytical section has further participated in
interlaboratory comparisons for standardization of
methods and materials, more particularly in the pollu-
tion control for lead, copper, zinc and cadmium, in
the determination of non metals in non ferrous metals,
in impurities of standard dust, and in the determina-
tion of nitrogen in zirconium.

TABLE S.3.2.
Aiitilvsis of iiliimhiiiim alloys

Element

Cu

Working range

0.01 to 1%
Mn ! 0.03 to \&°b
Mg
Fe
Si
Zn

0.1 to7°e>
0.1 to \"b
0.1 to \°b
0.06 to 5°b

Ti 0.006 to 0.14"»

Primary X-rav target: chromium
Primary X-rav voltage: 60 kV
Diffraction crystal: Penta Ervihrito

ADP for Mg

Detection limit

0.0004 °b
0.0015"o
0.0040p6
O.OOO5°6
0.0040°ö
0.0008°6
0.000 \°b

1 for AI, Si

LiF for all other elements

TABLE 8.3.1,

Emission spectrometrv
X-rav fluorescence spectrometry
Atomic absorption spectrometry
Phvsicochemical methods
Wet chemical analyses
Radioactive samples
Pollution: heavv metals

organic material
inorganic material

Samples

327
171
108
483
635
374

5,840
326

5,126

Determinations

2,506
442
154
714
936
376

64,240
5,129
5,470
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8.3.2. Radiochemical analyses

8.3.2.1. Radiochemical services
(P. DeRegge, R. Boden, D. Huys, M. Mon-
secour)

- Plutonium has been determined in more than 80
samples by alpha-spectrometry as an analytical sup-
port to various projects of BELGONUCLEA1RE
and SCK/CEN. A few highly radioactive residues
were dissolved in a KOI1-KNO.? mixture, followed
by chemical purification and determination of Pu by
mass spectrometric isotopic dilution in the frame-
work ot the fuel disaggregation studies lor repro-
cessing.

- 30 coolant return tubes and a material sample
holder from the MOL 7B experiment containing
about 20 g of residual sodium were cleaned for
GfK with metylalcohol and water in the radio-
chemical hot-cell under inert atmosphere.

- The concentration of Ag, Ba, Cr, Hg, Tm and Ni
has been determined by neutron activation analysis
in the reference dust sample distributed by JRC-
ISPRA as part of an interlaboratory comparison.

- Two B3Xe detectors, to be mounted at the inlet and
outlet of a fission gas delay bed on the reactor BR3,
were calibrated with llvXe reference sources. Differ-
ent absorbers were calibrated to ensure a dynamical
range from 200 mCi to a few nCi.

- About 40 hair samples were analysed for trace
elements by neutron activation analysis for an iden-
tification problem at the request of the Court of
Justice.

- '''"Au has been determined in more than 1200 sam-

ples from BIRACO-Olen, in order to investigate
the homogeneization rate of large quantities of mol-
ten copper.

8.3.2.2. Mass spectrometry or solid samples
(R. Boden, P. De Regge, H. Vandenborre)

A large number of repairs on the vacuum or elec-
tronic parts and high tension flash over the MM 30
mass spectrometer interfered with the analyses sche-
dule. Nevertheless, a large number of isotopic analyses
and mass spectrometric isotopic dilution determina-
tions was carried out, totalling more than 1500 scans
on about 350 triple filament samples.

Uranium

NBS reference samples with a 2^U enrichment rang-
ing between 0.1 °b and 90a6 have been measured at
regular intervals. The bias factor or mass discrimina-
tion effect on the Faraday cup detector was found
to be -2.8 X 10 '.amu1. A value between 6 and 10
times larger is found for the Daly scintillation detec-
tor. Good internal (on the filament loading) and
external (between filament loadings) precision is ob-
tained, as shown in Table 8.3.3.

Plutonium

NBS reference samples have been measured regular-
ly and yield a larger mass discrimination effect than
for uranium, amounting to about 2X 10'3.amu"'. In-
ternal and external precision obtained on the NBS
samples are given in Table 8.3.4.

TABLE 8.3.3.
Precision obtained on isolnpic analysis of uranium

NIBS
ssmiple

UD05
I' 050
1/200
U500
U 900

Intern»! precision
(To)

0.58
0.075
0.079
0.080
0.047

External precision
(?&)

0.17
0.023
0.050
0.058
0.043

Absolute error with
respect to NBS

(%)

+ 0.13
—0.05
—0.05
—0.04
+ 0.02

TABLE 8.3.4.
Precision obtained on isotopic analysis of plutonium

isotope

238
240
241
242

Internal precision
)

0.66
0.044
0.098
0.20

External precision

0.66
0.025

not relevant
0.14
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Neodymium

Natural neodymium from different origins has been
found to display distinct isotopic compositions.

Due to the lack of a certified Nd sample, no mass
discrimination factor can be measured. Prior to the
actual measurement on the sample, the filament is
conditioned by gradually increasing the current fol-
lowing a fixed temperature programme. The con-
ditioning aims at the evaporation of cerium isotopes
from the filament and at the stabilization of neody-
mium evaporation and ionization rate at a standard
filament temperature. The filament temperature has
been shown to influence strongly the observed isotop-
ic ratios, which can vary by as much as 0.5°b lor
extreme filament temperatures. The internal precision
obtained in the neodymium measurements as a I unc-
tion ol isotopic ratio is shown in Fig. S.3.1.

Transplutonium elements

The isotopic composition of Am and Cm was
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determined, using subnanogramme amounts and the
electron multiplier detector.

8.3.2.3. Automation of analytical methods
(P. De Regge, M. Put, F. Yen)

Programmes on the PDP-11 and PDP-8 computers
have been developed for the treatment of mass spec-
trometric data on uranium, plutoniutn and neodymium
samples. Subroutines are included for the calculation
of isotopic composition and concentration data in-
cluding all necessary statistical treatment.

A special programme was developed for the correc-
tion of the natural neodymium contamination contri-
bution in the neodymium isotopic composition used
for burn-up calculations. The programme uses the
twelve observed isotopic ratios in a set of six non-
linear equations, to determine the N:\'d spike and the
natural and iission neodymium contributions in the
spiked and unspiked sample solution.

The programme lor plutonium isotopic analysis
contains the necessary subroutines to take into ac-
count the decav of 3l4Pu.

8.3.3. Instrumentation and automation of analyt-
ical methods and experiments
(M.Put, F. Ven)

The RT-ll software lor the PDP-11 computer has
been installed. The existing programmes were modi-
lied to run under the RT-11 real time system.

Much time has been devoted to the repair and
modification ol the VG Micromass Ltd spectrometer
type MM30. Programmes have been written lor the
isotope analysis and the isotope dilution measurement
of uranium, neodymium and plutonium samples, with
calculations of the concentrations.

An automatic measuring circuit for a double input
Y-spectrometer has been set up and tested.

Dilferent mathematical problems (modelling) have
been solved by means of the IBM 370/135 computer.

8.4. MEDIUM ACTIVITY LABORATORIES (LMA)
(A.C. Demildt, J. Van de Velde, A.Daniels, A. Gys, A. Hermans, J. Ketels,

F. Lafere, C. Lambict, J. Vandersteene, C. Van Loon)

During 1975, LMA carried out post-irradiation work for various irradiation experiments such as Rapsodie 1,
CFC, D1SP03 for fast reactor development, Met V for HTR, DODEWAARD, 1IR30 and P4 for plutonium
recycling in LW'R. Moreover, contributions were made to the Reprocessing and Actinium-Thorium project.
Apart from these activities, reported in previous chapters, and technical support for maintenance and adaptation
of hot cells and equipment, attention was paid to the following underlying work for particular services.

BLG 515/76 8-9



8.4.1. Microprobe analyses and scanning elec-
tron microscopy

The shielded microprobe for radioactive samples
was used without serious difficulties. Thirty irradi-
ated samples have been analysed. The procedure ap-
plied for embedding the samples in Bi-Sn has given
satisfaction and has permitted the degree of contam-
ination in the microprobe to remain below the required
level.

During 1975, a scanning electron microscope
(SEiM) '.1SM50A supplied by JEOL was installed.
It will be equipped with an X-ray analysis system
and will be shielded for «"laminations on active sam-
ples (neutron irradiated samples of fuel and cladding
- 0.5 Ci - 0.75 MeV).

As part of the KEMA-LISA II project, irradiated
UOj-PuO: fuel spheres have been examined for the
presence of impurities. Impurities from the steel
cladding, essentially Fe and Ni, have been found in
the fuel.

8.4.2. Research and development

For various nuclear programmes, new instruments
have been either designed, developed, constructed,
tested or installed. These instruments concerned ther-
mal treatments and hardness measurements, tensile
tests at high temperature, density measurements of
plutonium bearing fuels, creep tests, gas analyses and
eddy current testing.

8.4.3. Extension of LMA

Studies and discussions with the industrial architect
took place about the engineering of the cells in the
new building, the lining of the cells, the ventilation,
the waste treatment and the lay-out of the building.

Studies have been made on the equipment of the
cells for non-destructive examination of fuel pins from
power reactors, particularly the transfer and storage
of fuel pins, instrumentation for visual inspection and
photography, •y-scanning, dimensional measurements,
eddy current and X-ray examinations.

8.4.4. Plutonium recovery

A significant quantity of plutonium oxalate (120g
plutonium) recovered from plutonium fluoride ab-
sorbed on Al;Ot and NaF mixtures, has been calcined
to PuO:.

A few orientation experiments at gramme scale
have been performed on Pu separation from irradi-
ated fuel by ion exchange and on the combustion of
Pu contaminated organic material and the purification
of off-gases in molten NaNOj.

When burning plutonium contaminated waste from

UO'-PuOj fuel production, the off-gases carry an im-
portant amount of solid and liquid burnable particles,
which give rise to sticky and glassy deposits in the
colder parts of the furnace.

Preliminary experiments with small amounts of
molten salts, through which the off-gases were led.
showed that the particles were fully burnt in the
molten salts. More experiments are needed to extra-
polate this interesting result to a pilot scale.

8.4.5. Westinghouse-Zirlo programme

This programme is related to post-irradiation work
under contract with Westinghouse, on fuel elements
irradiated in BR3.

During 1975, several technical discussions took
place between LMA and W'estinghouse, to elaborate
detailed procedures and preparatory work has started.

The dismantling of the 2 assemblies and the re-
constitution of 2 new assemblies has been performed
and a special quartz equipment has been designed and
constructed for the chemical decrudding of the fuel
pins.

8.4.6. Examination of defective BR2 fuel elements

Extended post-irradiation examination took place
on the defective fuel plate Z6719 of the BR2 element
P254.

Metallographic and microprobe examinations show-
ed that the fuel zone (UAlj in an Al-matrix with
addition of BjC and Sir̂ CM remained intact during
the irradiation.

The Al-coating was below specified thickness (355
Urn); the minimum value measured was 185 |im.
Some cuts revealed intercrystalline and pit corrosion.
At the grain boundaries and in the corrosion pits,
Fe, Zn, S, CI and sometimes Mg and Si were found.

The 50 [Jim oxide coating layer contained large
concentrations of iron contaminated with sulphur and
chlorine and was cracked (by thermal cycling of the
reactor), which caused further attack of the alumini-
um. Moreover, ii displayed inclusions and pits con-
taining Cu, Ni, Zn, Ca and Fe; in some cases also
uranium and fission products were detected.

8.4.7. Fresh fuel pin puncturing

In the framework of the IAEA-contract with the
Institute of Nuclear Technology Bucharest, Roumania,
pie-irradiation puncturing of fuel capsules has been
performed, in order to check the filling gas content
of the iuel pins to be irradiated in BR2 (see Chapter
31.

Many UOJ-PUOJ fuel pins for KNK II, Rapsodie 11
and BR3/4 have also been punctured for pre-irrt'dia-
tion gas sampling.
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8.5. PROTECTION
(R. Boulenger*, G. Ficuw)

8.5.1. Health physics
(H. Bultynck, J. Colard, J.P.Deworm, J.Dul-
cino, L. Ghoos*, P. Govaerts, G. Koch, J. Mar-
Icin, G. Penelle*, W.Siegers, Th. Zeevaert)

8.5.1.1. Monitoring of personnel, installations and
transport

External dosimetry

The distribution scheme of the film dosimeters for
routine monitoring of about 1500 permanent workers
at SCK/CEN was modified as a result of a re-evalua-
tion of the radiation risks in some working areas.
Altogether 53,000 films were assessed, including al-
most 6,000 put at the disposal of visitors and oc-
casional workers in controlled areas.

In addition to the figures represented in Table
8.5.1., it should be mentioned that 1,005 Weekly duscs
exceeded 100 mrem. Two persons from the manufac-
turers of the primary heat exchangers of BR2, received
a single dose of 9,150 and 4,200 mrcm respectively
during repair works; these were the only cases where
the maximum permissible dose was exceeded.

Apart from this, annual doses for 124 persons
varied between 1,250 and a maximum of 4,348 mrem;
609b of them had been involved in the defuelling and
decontamination operations of the BR3/3B core.

For 46 workers, £0% of which had been involved
in the I3R3 operations, irradiation exposures were
temporarily restricted in order to avoid reaching the
maximum permissible dose.

TL-dosimeters confirmed their usefulness for a fast
assessment of doses allowing appropriate planning of
operations and assignment of personnel.

No over-exposures of the fingertips were recorded
by LiF-fingerdosimeters.

Incidents and health physics safety evaluations

Within SCK/CEN and beyond the BR2 incident,
127 incidents of minor importance were registered.
37 persons were checked and treated in the decontam-
ination facility.

The number of occasional checks, requested after
incidents or exposures, was about 50% higher in
1975 than in previous years.

Transport

There were 819 applications for transport authoriza-
tion for radioactive materials; 18 transports were
carried out by SCK/CEN, the remainder by outer
firms. An important transport was related to the
conditioned waste (6,058 drums) for dumping at sea.

Internal contamination
(J. Colard, D. Nuttinck)

HUMCO - Routine measurements

During 1975, the following examinations were per-
formed:
1,574 whole body measurements;

341 thyroid measurements for '""I and l3'l assess-
ment;

8 wound measurements for ^'Pu/^'Am detection;
20 lung examinations with Xe-CH4 proportional

counter for Pu;
5 lung examinations with thin Nal crystal for

241 Am;
69 special measurements with the large Nal de-

tector ! 292 mm 0 ) for examination of lung
burdens, mainly of Th.

In 246 cases, whole body measurements revealed

TABLE 8.5.1.
Total dose distribution

—-—___ Period
~ ~ • - — - _ _ _ _ _ ^ ^

Doses in mrcm ~~ —--—

250-1,250
1,251-2,500
2,501-5,000

> 5,000

Max. total dose (in mrcm)

1970

186
77
29

1

5,258

1971

29S
98
60

4

5,633

1972

216
5-1
47

1

5,037

1973

175
42
10
1

5,405

1974

279
122
47
—

4,736

1975

224
77
48

1

9,150

* Contröle-Kadioprotection
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contaminations with radionuclides such as: "'Cr, MMn,
5SCo, ""Co, "3Zn, 75Se, s5Sr, "!Zr-Nb, ""Mo-Tc, ""Ru,
lwXe, 13JCs, 137Cs, 144Ce, 11>2lr, =*Ra. All cases were
below 1% MPBB, except some cases with -pRa with
up to 10% MPBB. N'Co (and sometimes !34-l37Cs)
contaminations were observed among many people
involved in dismantling and defuelling operations at
BR3.

In one case, further examinations proved that the
radioactive burden was localized in the lungs with
a rapid clearance by transfer to the G-l tract (N'Co
decreased by a factor of 100 in 9 d). In 140 cases,
thyroid measurements showed contamination with 131I
(up to 70% MPB) and '-1 (up to 170% MPB).

Lung monitoring of people from industry showed
significant burdens of -^--Th close to the MPB
( ~ 2.5 nCi). The equilibrium of the radioactive chain
of Th has not been determined: those measurements
lead to the conclusion that urine analysis is not a
suitable method for assessment of ThO: in lungs.

HUMCO - Research and development

A new set of thin Nal detectors for Pu in wounds
has been mounted and calibrated.

Details of construction and calibration of a 1 mm
thick Nal crystal of 20.3 cm diameter for assessment
of :4'Am in the lungs have been described in an
internal report.

Excreta measurements
(K. Hofkens, J. Luysierbor«, F. Verhoeven, C. Wey-
ers)

During the year, a total of 3,283 nuclide determina-
tions were done in urine: the most important were
^Pu (1,823), 3H (257), U (547), -*Ra (246), :4lAm
(113), 22'-23«-232Th (255), ~7Ac (20), 4!Ca (12) and
"°Sr (10).

Furthermore, 2S4 determinations of a emitters in
nose blow samples, 31 determinations of 3H and 14
determinations of 2WPu and 24lAm in faeces were
performed. For the workers of the tritium laboratory,
about 256 samples were analysed: 2 cases were
detected of contamination exceeding 3C nCi.ml"1 both
due to tritiated water.

The analyses revealed no major contamination by
Ac, Th, Ra, U or transuranium elements.

Analytical support was also provided for bio-assay
measurements outside SCK/CEN.

Tritium contamination problems

During the first quarter of 1975, the tritium facili-
ties were dismantled. During these operations, the
3H activity was continuously monitored in the labo-
ratories; the preset alarm level of 5XlO(1Ci.nT3 was
reached on 3 occasions (one lasting about 7 days).

About 24 Ci of tritium was released into the atmos-
phere, of which 22 Ci by the laboratory ventilation
and 2 Ci by the ventilation of the glove-boxes.

256 smear samples for contamination checks of
surfaces in the laboratory were taken and measured
by liquid scintillation; 234 exceeded the D.l.L. of
2',500 dps.dnV2.

Moreover, 659 smear samples for detection of hand
contamination were taken and measured by liquid
scintillation; 361 exceeded the D.l.L. of 250 dps.dm'2.

Iodine contamination problems

The total 13I1 activity discharged through the BR1
stack reached 38 mCi in 1975. This figure should be
lompared with the derived working level (BR1) of
1.3X 10'7 Ci.s1, corresponding to a total release of
335 mCi per month and to the 1974 figure (385 mCi),
indicating an improved efficiency of the charcoal
fillers.

The maximum thyroid l3'l contamination, detected
in personnel occupied in the laboratory, amounted to
70% of the reference level of 75 nCi

Plutonium laboratories

Most incidents (50 to 70%) were due to failures
of gloves on the glove-boxes. 60 to 70% of the total
number of gloves had to be replaced. The analyses
of the alpha activity measured on 182,474 glass-fiber
filters since 1969 indicated that only 2.5% were above
the detection level of the air sampling systems. As-
suming a log-normal distribution of the occurrence of
the air contaminations, one can conclude that 85%
of the contaminations were below 8 MPC.h (1 MPC
= 2XlO'l2Ci.nv3) (Fig. 8.5.I.).

Dismantling of the actinium programme instal-
lations

The chemical decontamination of the a boxes re-
sulted in reduced a contamination of the inner sur-
faces of the boxes. Smear tests in the «i and an box
indicated between 10"2 and 5 [JiCi.dm"2 for the differ-
ent isotopes (~7Ac, -6Ra, ~sTh). Air samples revealed
~"Rn and ~Rn concentrations of respectively 580 and
12mCi.ni'3. This corresponds to a residual activity of
2.2 Ci ~6Ra and 1.3 Ci ~8Th. The general background
radiation level was 600 mll.h'1 at about 1 m from the
boxes. The greatest radiation level was measured near
the connection between the two boxes.

The boxes in the 1G00 Ci cell will be dismantled
by plasma-torch cutting and by conditioning the re-
sulting pieces with concrete in sealed containers.

BR2 and associated facilities

The fission product activity of the primary coolant
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exceeded the background levels several times, due
to leaking fuel elements. The maximum observed
1311 concentration in normal operations was 2.4X10'3

Ci.m"3, which is a factor 80 lower than the level
coupled to the model considering a primary circuit
rupture outside the containment building.

At the start of cycle 5/75, the reactor stopped due
to unusually high fission product release, caused by
a burn-out of a fuel plate of an SXIII element. The
radiological aspects of this incident were limited to
elevated radiation and contamination levels of the
primary components.

The main consequence was the contamination of
the primary heat exchangers, where outside contact
radiation levels up to 80 R.h"' were observed.

The mattresses in the primary heat exchangers seem
to need inspection three times a year, and the re-
placement of one mattress a year.

These operations give rise to integrated doses of
6.5 and 23 man.rem respectively.

During the replacement, two persons received a

dose exceeding the maximum quarterly dose. A study
has been started of the decontamination possibilities
before further replacement.

The reactor pool water level was lowered three
times to replace seals between the beam tubes and
the pool wall. The minimum level was 62 cm under
the midplane of the reactor. At that moment, the
radiation levels increased to 1,200 R.h"1 at the reactor
cover and 130 R.h'1 at the poolrail. Outside the reac-
tor building, a level was observed up to 2.1 mR.h'1,
caused by sky scattering and dome radiation.

BR3

The core 3B was operated until 27'h June. The
primary coolant ß-y-activity reached about 1.5Ci.m"\
without purification. The leak to the secundary cool-
ant, observed soon after the start-up in 1974, re-
mained constant and lower than 10° Ci.m'3.

In order to carry out a detailed inspection of the
steam generator without intolerable doses, chemical
decontamination of the main coolant and purification
circuit was decided upon. The preparation of this
decontamination caused an integrated dose of about
60 man.rem. About 200 Ci activation products (79%
w'Co) was liberated. The average decontamination fac-
tors reached 20 at the main coolant ducts, 35 at the
steam generator and 7 at the purification lines.

The manipulations on the steam generator were
tested with a real-scale model, and the inspection was
done with an extremely low dose burden.

The defuelling operations did not cause extra-
ordinary difficulties from the radiological point of
view, except for the intensive checking, needed be-
cause of radiation environment up to 500 mR.h"1 and
hot points up to several R.h"1.

Waste disposal

In 1975, the operation of the installation for treat-
ment of Pu-containing liquids, previously stored in
PVC-bottles, was continued. 100 bottles, representing
19961 Pu-containing liquids were treated. 18 minor
incidents (mostly in the a decontamination zone) oc-
curred, causing no problems concerning protection of
the personnel.

8.5.1.2. Environmental monitoring

Site survey

- The monitoring programme in the vicinity of SCK/
CEN was continued. Measurements on samples from
twenty different wells and ponds, taken twice a
month, revealed a considerable decrease in 3H
activity in different sampling points due to the
removal of the tritium laboratories to Flcurus.

- The routine checks in the different sewer tanks
revealed high contamination in the draining tanks
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TABLE 8.5.2.
Camiihi dose distribution for workers at ß/\>

Frequency of exceeding

150 mrem/quarter
250 mrem/vear
(5% MPD')

750 mrem/quarter
1250mrem/vear
(25OÖMPD')

1 500 mrem/quarter
2500 mrem/vear
(50% MPD)

Maximum received dose (mrem)
To MPD

I-1 quarter

S

1

0

1208
40

| 2ml quarter j

3 3 i
j !
!

3 '

i (

0

i !
i1 844 !

! 28

3"' quarter j

1 1 6 '•

84 ;

33 i

2129 !
71

4"' quarter

89

64

5

2022
67

; year

; 127

' 70

; 30

! 4348
1 87

from the storage field for high active waste. A
damaged drum with waste from the Ac programme
had to be reconditioned. The storage field was
decontaminated to non-removable levels.
In some other sewer tanks, the allowed levels were
slightly exceeded temporarily.
The environmental dosimetry was continued with
TLD's placed on and around the SCK/CEN site
and changed every two months. A yearly dosimeter
indicated a mean background radiation dose-rate of
3.7 [AR.IV1. This value confirms the results of 1974.
The maximum of 180iiR.lv1 was registered at PCS5
situated near the Eastern storage field of the waste
disposal plant. This means a decrease with regard
to 1974, when 220 [AR.1V1 was measured.
On behalf of the Ministry of Public Health, 13
environmental dosimeters were placed around the
nuclear power plant at Tihange. The obtained back-
ground radiation dose-rate varied from 4.7 |iR.lv'
to 7.2 (iR.Iv1. The mean dose-rate amounted to
about 6.2 IAR.1V1.

Milk and grass samples were collected off-site, in
order to check any significant release of 13I1; the
level in milk was always less than 25 pCi.l1. l37Cs
and 'J"Sr activities in milk were measured in four
weeks bulked samples; the l3'Cs activity varied

between 5.5 and 16.5pCi.l"\ the ""Sr activity be-
tween 2.6 and 8.5 pCi.l'.
The 3H activity in the milk was always less than
2,000 pCi.l1.

Ncthe river basin

- The maximum authorized monthly activity release
into the Mol-Nethc is 4,500 mCi. This amount con-
sists of a sum of partial activities weighted, with
respect to their nature, as follows:
5(total a) + (total ß) + 30C"Sr) + 3(13'1) +
300(2>Ra) 4- O.OOl(HTO).
The total radioactivity released during 1975 reached
44% (61% in 1974) of the permitted value. The
greatest contributions were due to the total ß-
activity and the '"'Sr-activity with respectively 55%
and 23% of the total disposed activity (24% and
26% in 1974).

- Radiochemical analyses and Y-spectrometric meas-
urements have been performed on samples of the
liquid effluents.
Results obtained so far showed the very important
contribution of N1Co (up to 50% and more) to the
total ß-activity.
Most of the total a-activity was due to Pu.

TABLE 8.5.3.
Activity discharged in the Selbe River (weighted mCi)

- -~^_ Isotope

Year ~~~~~-

1973

1974

1975

109

66

93

Total a

499

902

1,468

*Sr

5,764

13,996

5,600

1311

3,634

2,749

3,070

Ml

7,562

2,512

523

Total ß

15,587

12,911

13,191

Total

33,155

33,136

23,945
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Monitoring at the ten sampling stations of the
Nethe River basin, each equipped with continuous
samplers, was pursued to check the contribution
to the radioactive background of the water basin
from waste water released by SCK/CEN.
The transfer of the tritium laboratories from Mol
to IRE/Fleurus resulted in a decreased tritium
activity in the release into the Mol-Nethe and thus
in the Nellie river basin.

An investigation of the radioactive burden of the
Mol-Nethe river, especially of the sediments, due
to the liquid effluents released by the waste dis-
posal plant, confirmed earlier observations with
respect to the loss of radioactive material in the
water of the Mol-Nethe: the calculated loss, during
the period 1973-1975, over 4 km downstream the
point of release, varied from 40 to 50% for the
ß-activity and from 60 to 65% for the a-activity.
ln-situ measurements of the y-radiation intensities
of the sediments of the Mol-Nethe with a Nal-
crystal revealed that the maximum y-concentration
occurs over the first kilometer downstream from
the point of release of the effluents.

Radiochemical analyses and y-spectrometric meas-
urements were carried out on sediment samples and
an inventory was made of the principal radioisotopes
present in those sediments, over the first 4 km
downstream from the point of release. The mean
values of the concentrations over the first 20 cm in
depth are shown in Table 8.5.4.

8.5.1.3. Emergency plan organization

The emergency plan organization is regularly exa-
mined and the permanent orders, which are distribut-
ed among laboratories and SCK/CEN personnel have
been revised in the light of new events and changes
in the organization.

Exercises have been organized with the most im-
portant cells of the Emergency Command Post, such
as Survey, Internal and External Liaison.

Contacts have been established with local author-
ities with regard to the integration within the emer-
gency plans of nationwide interest. SCK/CEN also
participated in the exercises of the emergency or-
ganization of the nuclear power stations at Doel and
Tihangc.

8.5.1.4. Testing of air filters

ln-situ testing of HEPA filters

The efficiency of the HEPA filter banks has been
tested in-situ in routine once a year and after replace-
ment of the filters. Table 8.5.5. shows the number
of tests and results for previous years. In facilities
outside SCK/CEN, 27 HEPA filter banks were test-
ed; corrective measures had to be taken at 8 banks
(30%).

Testing of charcoal filters

The charcoal filters in the exhaust system of the

TABLE 8.5.4.
Mean concentrations of isotopes (pCi.g.-1 dry material) in sediments in the Mol-Selhe

ß-activity Global

19

«'Co

4.6

»7Cs

4.5

13'Cs

1.1

'*Ru

2.6

""Sr

0.07

*K

3.4

a-activity Vu

1.2

U

0.9

Am

0.3

232-rh

0.4

HSTh

0.4

2*Ra

0.4

TABLE 8.5.5.

Year

1973

1974

1975

Number of filter banks tested
at SCK/CEN

184

192

170

Unsatisfactory filter banks
(penetration >0.1<%)

Number

24

25

28

Percentage

13

13

16
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Radio-iodine laboratories were tested about every
three weeks. For an upstream concentration varying
from 10 l : to 3.10"'°g.nV1 " ' 1 , efficiencies between
91% and 99.9% were obtained.

The lower efficiencies caused a release of iodine
by the stack of BR1 and, on one occasion, all four
charcoal filters had to be replaced.

Respiratory cartridges

Checking of a total of 300 respiratory cartridges
yielded no unacceptable pressure drops but, according
to D.O.P. tests, 28 cartridges (9.39b) presented a
penetration larger than 0.05%, and were no longer
suitable for working in air contaminated areas.

8.5.2. Safety development work and supporting
studies

8.5.2.1. Health physics instrumentation
(M. Lamproyc, M. Loos)

- A low power DC-transformer with triple stabilized
output voltage ( ±15 V, 250 V) was built and test-
ed. This compact transformer with high efficiency
will be used in a portable radiation control appara-
tus.

- The dark current of different photomultiplicrs and
the characteristics giving the relation between the
drive current and the EHS of the El IS generator
were compared. The necessary precautions to mini-
mize and to stabilize the dark current were analysed.
The photomultipliers are to be used in a portable
Y-surveymeter. The mechanical housing was op-
timized and the operating limits for the current
amplifier were determined.

- In collaboration with the Electronic and Data Hand-
ling services, phase two of the renewal of the
stations for environmental control around the SCK/
CEN was finished. This phase consists of the con-
cept, fabrication, buying and testing of the equip-
ment for one monitoring station and for a part of
the central unit for data handling.

8.5.2.2. Interpretation of excreta measurements
(F. Staes, J.Mermans)

In order to assess the irradiation doses due to the
intake of tritiated substances (both in clinical pharma-
cology and in case of incidental contaminations), the
systematic biological study, in collaboration with the
University of Liege, was continued.

In order to extrapolate to man the results available
from mice injected with pharmacologically represen-
tative substances, assays on pigs were undertaken.

8.5.2.3. Dosimetry development
(L. Ghoos*, C. Van Bosstraeten*)

The dosimeters for environmental monitoring were
recovered after the first period of one complete year
in the field. At each monitoring station, the first
dosimeter is recovered after a two-month period
around SCK/CEN or after a three-month period
around the nuclear power station at Tihange, whereas
the second dosimeter is removed after one complete
year. It is interesting to note that there is already
a good correspondence between the sum of all partial
results over a year and the whole yearly dose at a
given point: the mean of the ratios between both
values at the different points equals 1 with a standard
deviation of 8%. Further experiments are going on
to improve these results.

The development was continued of a neutron dosi-
meter based on fission track detection in thin plastic
foils. It has been decided to put this system into use
for criticality and zone dosimetry, to replace the actual
criticality dosimeters based on activation. The manu-
facture of the necessary fissile detectors, ~'7Np and
"':Th for fast neutrons and 2i*V for thermal and
epithermal neutrons, is in progress. A MCf neutron
source has been purchased for calibration purposes.
It will be operational early in 1976.

8.5.2.4. Nuclear spectrometry
(C. Ballaux*, J. Colard, J.P. Culof)

Computerized SYstem for NUclear Spectro-
meiry (COSYNUS)

The following hardware has been added to the
existing system (Fig. 8.5.2.):
- 8 K memory extension (from 24 K to 32 K);
- graphic CRT display TEKTRONIX 4010-1;
- synchronous modem interface 1NTERTECHN1QUE

M 1607 (link to the 1BMS/7);
- asynchronous modem interface 1NTERTECMN1-

QUE M 1619 (link to the laboratory located in
the medical building);

- 2 modems RACAL-M1LGO COM-L1NK11 (link
to the IBMS/7).
During 1975, COSYNUS was essentially used for

the analysis of Ge(Li) spectra. About 2,500 spectra
have been analysed with the help of the programme
written in 1974.

A new programme dedicated to the interactive
analysis of Nal(Tl) spectra by the least-squares
method has been tested. A first test was made with
a very large library of gamma-ray standard spectra
[165 Nal(Tl) spectra of 200 channels] stored on a
magnetic tape. The analysis of spectra from air filters,

Contrölc-Rndioprotcction
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COSYNUS

....... .......

Fin,. S.5.2. — Scheme of the Computerized SYslew lor NU clear Speclromelry (COSYNUS).

low activity biological samples (animal studies and
survey around nuclear plants) and whole body count-
ing, has proved the usefulness of this programme.
However, the handling of a very large library on
magnetic tape was tedious and time consuming.

Following the installation of the IBM S/7 front-
end processor (linked to the IBM 370/135), it was
decided to modify the existing software and to take
advantage of ihe storage capacity of the IBM 370/135.
This, however, gave rise to many unexpected troubles,
so th.it no progress could be made in the application
of the Nal programme for routine calculations.

Routine analyses

6,203 samples have been analysed by y- or a-
spectromctry including 540 activation analyses of V,
Cl, Al, Na... in samples coming from the petroleum
industry.

Instrumentation

A lead shield has been mounted for Ge(Li) low
activity measurements. The background reduction was
however limited by the detector assembly itself, where
Al parts proved to contain natural U in amounts of
1 to 3 ppm, as do all common Al metal or alloys
tested. Selection of clean materials is in progress.

Monitoring of iodine isotopes in milk

A simple method has been tested and described in

an internal report, for the measurement of l2''l and
'"1 with a detection limit of about 1 pCi n ll and
1.5 pCi '"'1 per liter of milk.

Absolute measurements

The equipment has been improved by installing
a 1024 channel analyser for better determination of
working conditions for ß-y or X-y coincidences.

During 1975, 26 different solutions were calibrated
and 79 sources prepared and/or calibrated. Moreover,
100 neutron dosimeters (stainless steel plates covered
with 100 [xg M7Np.cm"2 and another 100 with 1.5 ng
:''Np.cm") were manufactured.

Three intercomparisons performed in 1975 shoved
good agreement with other laboratories:

lvNp + 1.3% versus NBS
106Ru 4- 0.4% versus CEA
1MBa + 0.2% versus PTB

8.5.2.5. Radiophysical inventory
(R. Boulenger*, G. Koch, J.Dulcino, J.Vyn-
ckier, A. Lacroix)

General radioactive fall-out in Belgium

As in previous years, airborne dust and rainwater
were sampled daily on the SCK/CEN site at Mol and
at four places outside SCK/CEN (Brasschaat, Kleine
Brogel, Schaffen and Florennes). The total a and ß

Controlc-Rii'lioproicction
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activities were measured after a five-day delay. In
addition, the activity of "°Sr was measured in both
dust and rainwater samples bulked for one month.
The activity levels remained low.

In the dust, the mean monthly a activities varied
between 0.41 and 3.18 fCi.m'\ the mean monthly ß
activities between 0.01 and 0.11 pCi.m'3. In rain-
water, the mean monthly a activities varied between
0.20 and 1.93 pCi.I'1, the mean monthly ß activities
between 10 and 60 pCi.l"1 and the monthly *'Sr activ-
ities between 0.02 and 1.56 pCi.I"1.

These values are very similar to those measured
during 1974 and the activity levels at Mol were not
significantly different from those observed in other
places in Belgium.

Alimentary chain
(Contract SCK/CEN - Ministry of Public Health)

"°Sr and '"Cs contaminations were measured in
samples taken all over Belgium by the "Institut d'Hy-
giene et d'Epidemiologie". Limits of ""'Sr contamina-
tion of some main foods are given in Table 8.5.6.

The method of measurement of the contamination
of the milk by radioactive iodine (sensitivity 0.25
pCi.l"1 for ' " I ) is ready to be used in routine.

Special inventory - Biological cycle of the radio-
activity
(G. Koch, J. Baton)

~rRa was measured in various samples.

Special "'H measurements

Tritium has been measured in various samples alter
combustion and collection of tritiated water.

For radiation monitorirg purposes, several thou-
sands of tritium samples were measured (hand con-
tamination, surface contamination, sewers).

The tritium content of samples coming from fuel
pin punctures carried out in LMA was also deter-
mined.

At the request of the Ministry of Public Health,
the campaign undertaken in 1971 for tritium deter-
mination in the Neihe river and other rivers ol
Belgium has been pursued.

Radiocarbon dating
(F. Vcrlioeven)

A study has been devoted to the application of a
method for radiocaibon dating by transforming the
carbon of the sample in benzene for liquid scintillation
measurements.

TABLE S.5.6.

I:ood

Milk

Eggs

Meat

Vegetables

Fruit

Potatoes

Maximum values

r-Ci.1-' or kg-1

6.4

1.6

1.5

20.1
(lock)

5.0
(orange)

3.2

pCi.g-' Ca4 J

6.1

2.6

52.0

49.5
(enrrot)

40.0
(apple + pear)

106.7

Minimum values

pCi.H or kg-'

3.3

1.0

0.2

0.7
(lomatoes)

0.7
{Danana)

2.5

pCi.fr1 C n * J

2.9

1.9

6.7

7.0
', tomatoes)

3.5
(orange)

31.3

8.6. RADIOACTIVE WASTE PROCESSING
(N. Van de Voorde*, J. Claes, G. Dumont, H.Spriet*, K. Peelers*)

The major assignments entrusted to the SCK/CEN Radioactive Waste Disposal department - operated by
I5ELGONUCLEAIRE - consisted of collection, transportation, interim storage, processing and ultimate disposal

* BELCONUCLEAIRE
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of radioactive residues. In addition, the Waste Disposal department carried out routine and emergency
decontamination of facilities, laboratories, nuclear equipment, sites and work clothing, both inside and outside
SCK/CEN.

The department also operated the drinking and demineralized water production plant of SCK/CEN.

Operational statistics show the following global results:

- initial stock of processed or stored waste on 1.1.75: 2,666 m\

- total volume waste delivered: 232,683 m3 (227,492 m' in 1974);

- total volume processed waste: 233,401 m1 (227,991 m1 in 1974);

- final stock unprocessed or disposable waste on 31.12.75: 1,948 m'.

8.6.1. Radioactive liquid waste processing

Statistics for 1974 and 1975 were as follows.

Cold suspect liquid waste

- total volume delivered (in')
- ilry sludge production ( kg)
- average radioactivity ([iCi.mH)

a
P-T
"»Sr

Intermediate level radioactive irasle

• total volume delivered (in3)
- dry sludge production (kg)
- average radioactivity (|iCi.ml-')

a
P-Y •
""Sr

Average decontamination (% initial activity removed)

a
ß-Y
""Sr

1974

110,000
9,378

5.44X10-«
1.77x10"
7.20x10-«

103,000
22,538

24.7XI0-5
l.lXlO-3

7.3x10-5

98.70
87.40
96.70

1975

97,000
7,957

7.60XIO*
1.75x10"

15.67X1O-«

96,000
33,025

13.8x10'
1.2x10'
5.1X1O-5

97.50
86.85
96.00

Warm liquid waste

Sufficient decay and monitoring allowed for the
release of 15,406 m3 warm liquid waste (13,010 m3

in 1974) into the intermediate level liquid waste
treatment plant.

Radioactive sludges

Dry filtered radioactive sludge concentrates amount-
ed to 41,574 kg (20,187 kg in 1974), which were
homogeneously dispersed into hot bitumen. A final
volume of 52.9 m3 stabilized sludges/bitumen mix
was obtained and ultimately conditioned in 302 steel
drums of standard size or in concrete lined drums
when necessary to keep the maximum dose rate on
the surface of the drum below the prescribed level.

Total reduction factor

Volume treated liquid effluent per m' resulting
mixture:
- cold suspect liquid waste: 9,158 (5,500 in 1974)
- intermediate level waste : 2,268 (2,112 in 1974)

River disposal

Specifically treated and monitored liquid waste dis-
charged into the Nethe River amounted to 260,903 m'
(302,900 m1 in 1974).

The radioactivity disposed of (23,945 mCi) equals
44% of the total weighted activity permitted to be
released into the river in one vear.
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8.6.2. Radioactive solid waste

Global results for 1974 and 1975 are as follows
(in m3):

1974 1975

510
522
96
89
24
10

1.251
1,792

610
532
115
171

14
8

1,450
1,497
1.384

838 1,268

- Delivered volumes
combustible waste
compressible waste
incombustible/incompressible waste
oversized incombustible waste
miscellaneous waste
high level solid waste

- Total volume delivered
- Total volume processed
- Sea disposal
- Volume unprocessed or disposable

waste on 31.12.75

Processing results can be summarized as follows.

Combustible waste: 482 m' low level combustible was-
te were incinerated and gave rise to a final processed
volume of 17.4 m3 radioactive ash, ultimately incor-
porated in bitumen and conditioned in concrete lined
drums. Reduction factor: 27.7 (25.7 in 1974).

Compressible waste: 824 m1 incombustible and alpha-
contaminated combustible waste were baled, bitumin-
ized and conditioned in the a-treatment plant. Reduc-
tion factor: 1.85 (2.43 in 1974).

Non-combustible and incompressible waste: a total
of 827 m' waste was incorporated in bitumen and
conditioned in steel drums.

High level storage: the delivery of about 8 m3 medium
and high level radioactive waste packed in standard
tins, plastic boxes or other containers, brought the
total volume waste stored on 31.12.75 to 120 nv\

The total radioactivity stored amounted to:
- 71,941 Ci a,ß,Y (70,231 Ci in 1974)
- 589.9 s plutonium (646.6 g in 1974)

13.2 kg natural uranium (164.9 kg in 1974)

Interim storage Site I

On 31.12.75, 2,540 drums and concrete containers

(909 metric tons) insolubilized solid waste were
stored for furure ultimate disposal.

The total radioactivity stored amounts to: 210 Ci
a,ß,y, 593 Ci tritium, 216.6 g plutonium and 82.3 kg
natural uranium.

8.6.3. Decontamination - Intervention - Laundry

- Intervention and decontamination teams carried out
cleaning of warm and hoi laboratories, reactor facil-
ities and equipment as routine or emergency assign-
ments (total 18,457 h; 16,099 in 1974).

- Laundry decontamination teams treated 32,947 kg
( 33,065 kg in 1974), monitored 21,647 kg (22,955
kg in 1974) and ironed 13,684 k« (13,540 kg in
1974).

8.6.4. Water production and supply

The water production plant supplied 390,500 m'
drinking water (405,000 m3 in 1974) and 437,600 m'
demineralized water (509,300 m' in 1974).

8.6.5. Sea disposal
(Belgian participation in the NEA/OECÜ combined
operations)

Assisted by SCK/CEN Health Physics personnel,
the Waste Disposal department conveyed by road and
railway, from the interim storage plant at Mol to the
pier of Zeebrugge Harbour, 2,001 metric tons in-
solubilized solid waste. The Belgian cargo consisted
of 6,056 steel drums and containers with a total gross
a-ß-y activity of 266 Curies and 3.025 Curies tritium.
Loaded on the motor vessel TOPAZ, the cargo was
ultimately dumped into the Atlantic Ocean within
the limits of a selected area 'depth ~ 4500 m). The
supervision of the dumping operation was entrusted
to Waste Disposal personnel assisted by a foreign
escorting officer.

8.7. TECHNICAL DIVISION
(R. Vanhaclewyn)

8.7.1. Technical services
(E. deDorlodot)

8.7.1.1. Mechanical services
(J. Van der Auwera, E.Collignon, J.ColsouI,
A. Franeart)

S-20

During 1975, this service treated 2,838 work or-
ders, divided as follows:
- design and drawing office :
- manufacture by outside firms:
- main workshop :
- assembly and maintenance :
- specialized workshops :

69
143

1,078
704
844
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The main jobs were:
- for Reactor Physics, the construction of a series

of collimators and two mobile instrument panels
(spectromobiles) for spectrometry measurements;

- for BR2, the replacement of a window of the hot
cell, the study of a special carriage for the future
installation of cell windows at BR2 and LMA. as
well as machining of a special tube for the MFBS
experiments and preparation of the Al-Cd control
rods;

- for BR3, the construction of a provisional cover and
special equipment and tools for decontamination
and examination procedures of the reactor, as well
as the fabrication of new control rods;

- the construction of glove-boxes for the new tritium
laboratory and replacement of the installation of
the liquid nitrogen circuit of the chemistry building;

- for LMA, the construction of a cell and special
equipment for dismantling the <X| and an cells, of
a large container with a length of 3 m and 200 mm
lead shield art<J an order of a 10 ton capacity hoist;

- for Metallurgy, the construction of a centreless
grinding machine for uranium carbide fuel pellets;

- for Waste, the installation of new machines in the
laundry and a new stack for the incinerator;

- for the Safeguards project, the construction of an
apparatus with four detectors for neutron meas-
urements on fuel pins;

- for the Fuel Cells programme, the construction of
two rolling mills and the installation of the labora-
tory for electrode fabrication and testing.
The main workshop has also realized a total of

20 clove-boxes and 25 ton lead has been used for
shieldings.

8.7.1.2. Electrical service
(H.Beckx)

In 1975, the service received 386 work orders and
was called for about 1,000 intervention» and repairs
on electrical and telephone installations.

The most important jobs were:
- the installation of new control panels for the central

heating in Dormitories 3 and 4, Metallurgy, Cold
Waste and Administration;

- the electric equipment of the new building near
BR3;

- a television closed-circuit and remote controlled
doors for the Waste zone;

- the study with BELGONUCLEA1KE of the electric-
al --quipment of the new LHA building;

- the study and the order for a new telephone ex-
change; a full electronic system has been chosen,
the Tele-Norma 6030 Z, based on the time-multiplex
piinciple with pulse amplitude modulation.

8.7.1.3. Civil engineering and general maintenan-
ce
(J.Schoofs)

In 1975, the service treated about 1,200 work
orders and some 1,000 interventions for maintenance
and small repairs.

The most important jobs were:
- supervision of the LHA building, for which the

civil engineering works started in May and are now
in full progress; for the metallurgical and chemical
cells, the studies are going on;

- construction of garages for the pollution measuring
vehicles;

- many adaptations for the installation of BR02 in
the BR? complex, a new germ free zone in the
Radiobiology.

8.7.1.4. Ventilation and central heating service
(E. Neeskens)

In 1975, the service received 112 work orders.
Leaks in the central beating system of the Medical

building required the installation of a new heating
system.

All laboratories of Site 1, except BR3 and BR2, are
now connected to the district heating system.

8.7.1.5. Printing
(H.J.Frcdrix)

During 1975, the printing and photographic work-
shops remained fully operational.

8.7.2. Electronics and instrumentation
(L. Binard)

8.7.2.1. Studies
(E. Musyck, J. Lauwers, R. De Clerck, J. Ro-
ge)

Four modules of the new equipment for the radio-
activity monitoring stations around SCK/CEN were
terminated in 1975: an Alarm Control Unit 17C7,
a Bypass Control Unit type 17C8, a Bypass Status
Unit type 17C9 and a recorder Driver type EL20C1.
The programming work was also undertaken.

A Random Pulse Generator type 15N1 and an
Exponential Pulse Rate Generator type 15N3 were
developed for the Neutron Physics department. This
enables simulation, under variable conditions, of a
decaying radioactive source. Also a Random Exponen-
tial Pulse Rate Generator type 15N2 was made. It
permits the simulation of Reactor detector probes
under certain working conditions. It produces random
or non-random pulses with two successive exponential
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rates of rise, with the possibility of choosing two
slopes at two different levels.

A Microbalancc Control and Measuring Unit type
18M2 was developed. This apparatus, in conjunction
with a balance and a digital voltmeter, is used to
measure with precision the magnetic susceptibility of
small samples.

A Seven Input Multimeter type 17R7, five Inter-
lace type 17B2 and two Interface type 17B3 were
made for the Nuclear spcctrometry section. These
equipments interconnect analysers of different origins
with a computer.

The E.H.V. Digital Voltmeter type 18T5 was com-
pletely revised. It is used mainly to measure the bias
voltages of photomultipliers and nuclear detectors.

A Data Transmitter type 17M6 and two Control
Unit type 19N1 were constructed. The first apparatus
transmits the reactor power data to different peri-
pheral equipment. Each of the two Control Units
permits the preselection of four supervision levels of
the reactor power.

A 20 Channel D.A. Converter type 20R1 was
developed for the Quality Control section. This in-
strument can transform 20 digital data lines coming
from the automatic testing apparatus and transmit
them in analog form to potentiometric recorders.

A new version of the Automatic Evaporator type
16T6.2 was made for the Low Level Measuring sec-
tion.

An interlace unit between a Multichannel Analyser
Intertechnique SA-IOB and a fast punch Fach 4070
lias been developed.

The EL 19S5 CAMAC Compatible 32 Channel
Counter System, previously constructed for the Low
Activity Measuring section has been modified in order
to add the possibility of automatic restart.

8.7.2.2. Quality control
(S. Vandevijvere, Y. Bortels, F. Geyzen)

The automatic test installation was extended with
the 20 Channel D.A. Converter type 20R1 (see
Sfi.7.2.2.) and a Digital Clock type 9T4. This in-
strument has several preselection action possibilities
and an automatically recharging buffer-battery power
supply.

A Variable Delay-line type 16T4 was made. This
instrument permits fast adjustment of a Single Chan-
nel type 11M1 by means of a Multichannel Analyser.

Reliability tests were made on 82 instruments or
prototypes built by SCK/CEN and 29 industrial
pieces of apparatus supplied by external companies
were commissioned.

Characteristics of several components and industrial
building blocks (surface barrier detector, E.H.Y.
blocks, etc.) were checked under different conditions
of temperature and supply voltage.

8.7.2.3. Non-nuclear instrumentation
(H. Van Trappen, G. De Wilde)

The most important tasks performed in 1975 were
the following.
- The second part of the district heating monitor was

installed. The digital data are transmitted through
telephone lines to the Technical Services. The dis-
play indicates the instantaneous or the maximum
value.

- A six way thermistor temperature meter was con-
structed for the pilot network of the pollution
measurement programme.

- For the Solid State Physics department, a temper-
ature programmer type EL 19R5 was built. It
enables linear temperature variations to be obtained
with a variable slope in the range of -200 to
+ 200°C.

8.7.2.4. Construction
(A. Lambert)

114 pieces of apparatus and assemblies were con-
structed for various departments, industrial companies
and public bodies.

For the renewal of the instrumentation communica-
tion lines from the BR3 reactor to the control room,
30 feed-throughs for the containment building were
made.

8.7.2.5. Repair works
(J. De Pooler)

300 repairs were carried out on pieces of apparatus
o( various kinds and origins.

8.7.2.6. Relations with industry and with public
and private institutions

An installation for measuring a-samplcs was sup-
plied to the Ministry of Public Health.

Several pieces of apparatus were delivered to BEL-
GONUCLEA1RE and IRE; work was also carried
out for the nuclear power plant at Doel.

A mission at the Scientific and Technical Research
Institute of Tunisia was carried out at the request of
the Tunisian government.
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8.8. UNDERLYING TECHNOLOGY DEVELOPMENT

8.8.1. High temperature brazing
(J. Parent, R. Meier*, F.Mathicu*)

The MF high temperature brazing installation has
mainly been used as a support facility for the con-
struction ol irradiation rigs.

A limited amount of effort has been devoted to
the further development of brazing sleeves, to the
optimization of brazing parameters and to the solution
of specific problems raised by unconventional geo-
metries.

8.8.2. Real-time data acquisition system
(R.Meier, F.Mathieu*)

The general purpose, computer operated, real-time
data acquisition system was run under IIP RTE I
control for test programmes and routine surveillance
of loop operation in the Technology & Energy Depart-
ment and in the BR2 reactor, in particular for:
- creep tests und thermocouple calibrations in the Na2

loop;
- dynamics, beat balance and process identification

studies on the Na3 loop (collaboration with
K.U.L.);

- evaluation of the thcrmohydraulic behaviour of the
concentric counter flow tube section of the MOL 7
type loops;

- coolant mixing in fast reactor fuel assemblies;
- investigation of critical heat fluxes in stagnant water

annuli;
- data acquisition and reduction of the MFBS 7 and

MOL 7D loops via a remote data acquisition station;
- support to transducer calibrations, high temperature

brazing operations, loop parameter optimization,
processing of long data files, engineering calcula-
tions, etc.

In 1975, the hardware ot the system was extended
by an 8 K memory and a medium speed line printer.
The system comprises now:
- 32 K ( 16 bit words) of central memory;
- a high capacity moving bead disk;
- line printer, photo reader, high speed punch;
- 5 teleprinters and a CRT display, each of which

may gain system attention;
- 2 low level measuring systems offering 1 |tY resolu-

tion (240 channels in the Technology & Energy
department, 140 channels in the BR2 building);

- a 12 channel bidirectional multiprogramming inter-
face for process control;

- magnetic tape and plotter to be used by both the
RTE system and the Fourier analyser.
The availabilitv of the svstem was verv satisfactory.

8.8.3. H4 water loop
(J. Parent, F. Mathieu*)

The H4 water loop has been used without problems
in support of various research programmes, such as:
- coolant mixing in fast reactor fuel assemblies;
- critical heat flux measurements in stagnant water

annuli;
- component testing of the MOL 7C loop: performan-

ce tests, hydraulic characteristics, endurance behav-
iour of flow-blockage valves, filters, cadmium screen,
etc.;

- thcrmohydraulic calibration of irradiation devices;
- evaluation of the performance of high flux heaters;
- in depth investigation of the operational characteris-

tics of a versatile silicon controlled, computer com-
patible power cycling unit under various working
conditions.

EURATOM EURATOM
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[147] Remark and certification on algorithm 446: Ten subroutines for the manipulation of Chebyshev series
R. PIESSENS, I.MERTENS . . •
Communications of the ACM, 18, m. 5, 276 (1975)

[148] The chemical composition of idiopathic nonarteriosclerotic cerebral calcifications
J.SMEYERS-VERBEKE, Y. MICHOTTE, ' ~ELSMAEKERS, A. LOWENTHAL, D L. MASSART, D. DEKEGEL, D. KAfiCHER
Neurology 25, 48-57 (1975)
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Appendix 2

PAPERS PRESENTED AT COLLOQUIA, SEMINARS AND SYMPOSIA

ER/75 - IBM Education Center - LA HULPE - Brussels, 14.1.1975.
[149] VM/370 on the Belgian Nuclear Research Centre.

H.R. DECKERS

Technische Hochschule Darmstadt, Festkorperspekt.rockopie, DARMSTADT, Germany, 16.1.1975.
[150] Polarons, general introduction and transport properties

J. DEVREESE

Katholieke Universiteit Nijmegen, Instituut voor Theoretische Fysica, NI1MEGEN, The Netherlands, 3.2.1975.
t'151] Algsmene inleiding tot polaronen

J. DEVREESE

Katholieke Universiteit Nijmegen, Instituut voor Theoretische Fysica, NIJMEGEN, The Netherlands, 4.2.1975.
[152] Algemene inleiding tot de polaronfysica en recente cntwikkelingen

J. DEVREESE

Katholieke Universiteit Nijmegen, Instituut voor Theoretische Fysica, NIJMEGEN, The Netherlands, 5.2.1975.
[153] Een seli-consister.te benadering van electrcn-fonon interaoiie

J. DEVREESE
[154] De padinlegraalmethode toegepast op polaronen

J. DEVREESE
Vrije Universiteit Amsterdam, Natuurkundig Laboratorium, AMSTERDAM, The Netherlands, 6.2.1975.
[155] ZeSf-consistente benadering van electron-phononinieraclie in polaire kristallen

J. DEVREESE

Seminaire n° 8, Universite Libre de Bruxelles, 8.2.1975.
[156] Problemes poses en sante publique par I'implantation des centrales nucleaires

R. KIRCHMANN

92eme Reunion de la Societe Beige de Biochimie, ANTWERPEN, 22.2.1975.
[157] Etude microscopique et physico-chimique des virions produits par une sous-lignee de cellules L

S. BOTIS, M. JANOWSKI, P. RICCIARDI-CASTAGNOLI, A. SASSEN, J.R. MAISIN
[158] Etude des piasmides de Rhizobium japonicum

NDIKU LUYINDULA, G. TSHITENGE, P. LURQUIN, L. LEDOUX

Voordracht CBNM EURATOM, GEEL, 25.2.1975.
[159] Flow graphs for Stochastic and Deterministic Signals

G. COCQUYT

Conference on Nuclear Cross Sections and Technology, WASHINGTON, 3-7.3.1975.
[160] Total cross-section and resonance parameters of "sRa

H. CEULEMANS
[161] Fundamental integral cross section ratio measurements in the thermal-neutron-induced uranium-235 fission neutron

spectrum
A. FABRY, J.A. GRUNDL, C. EISENHAUER

[162] Interlaboratory comparison of absolute fission rate and uranium-238 capture rale measurements in the M O L - Ü : secon-
dary intermediate-energy standard neutron field
A. FABRY, G. DE LEEUW-GIERTS, S. DE LEEUW, F. COPS, M. PINTER, W. SCHOLTYSSEK, P. FEHSENFELD,
H.A.J. VAN DER KAMP, W.H.J. QUAADVLIET, J.A. GRUNDL, D. GILLIAM, C. EISENHAUER

[163] Neutron cross-section measurements on "6U
L. MEWISSEN, F. POORTMANS, G. ROHR, J. THEOBALD, H. WEIGMANN, G. VANPRAET

[164] Angular anisotropy in the 6Li (n,.i) 3H reaction at 25 keV
I.G. SCHRODER, E.D. McGARRY, G. DE LEEUW-GIERTS, S. DE LEEUW
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[1651 The " ' P u neutron induced cross-section from 0.01 eV to 50 eV and its normalization
" C. WAGEMANS, A. DERUYTTER

Reunion d'un groupe consultatif sur I'examen de I'etat des techniques de garanties et la determination des ob-
jectifs des etudes ä prevoir pour 1976-1980, VIENNE, 3-7.3.197S.
[166] Comments on techniques and instrumentation for the non-destructive determinations of nuclear material quantities

a) for use by facility operators
b) for use by inspectors
C. BEETS

Universitaire Instelling Antwerpen, Departement Natuurkunde, ANTWERPEN, 4.3.1975.
[167] Inleidlng tot het padintegraal-formalisme van de kwantumteorie

J. DEVREESE

Neutron Capture Information Meeting and Workshop, I.L.L., GRENOBLE, 11-12.3.1975.
[168] Progress in the study of the 151Sm Transitional Nucleus

G. VANDENPUT, L. JACOBS, J-M. VAN DEN CRUYCE, P.H.M. VAN ASSCHE, H. BAADER, D. BREITIG, H.R. KOCH,
K. SCHRECKENBACH, T. von EGIDY

Studiedag der Belgische Vereniging •joor Elektronenmikroskopie, BRÜSSEL (Belgium), 13.3.1975.
[169] Theory of tne second order critical voltage effect in centrasymmetrical crystals

M. DAVID, R. SERNEELS, R. GEVERS
[170] A cluster model for the interpretation of diffuse scattering in diffraction patterns

R. DE RIDDER
[171] Critical voltage effect in non-centrobymmetrical crystals

R. SERNEELS, M. DAVID, R. GEVERS
[172] Order-disorder in CuPt

E. TORFS
[173] New mi ierals in the bastnaesite-synchisite series

J. VAN LANDUYT, S. AMELINCKX
[174' A new iong period superstructure in the Ni-Mo system

G. VAN TENDELOO, P. DELAVIGNETTE, J. VAN LANDUYT, S. AMELINCKX

University of Chicago, The James Franck Institute, ILLINOIS, (U.S.A.), 17.3.1975.
[175] Dispersion relations of the many polaron gas (degenerated semi-conductors)

J. DHVREESE

Northwestern University, EVANSTON, Illinois (U.S.A.), 18.3.1975.
[176] Frequency dependent Hartree-Fock correction of the electron gas

J. DEVREESE

Princeton University, NEW JERSEY (U.S.A.), 19.3.1975.
[177] The dielectric function of the electron gas

J. DEVREESE

The City College of the City University of New York, NEW YORK (U.S.A.), 20.3.1975.
[178] Recent work on the theory of polaron effects in solids

J. DEVREESE

University of Maryland, MARYLAND (U.S.A.), 21.3.1975.
[179] Response of poiarons to external fields

J. DEVREESE

Naval Research Laboratories, WASHINGTON, D.C. (U.S.A.), 26.3.1975.
[180] Dispersion relations of the many polaron gas

J. DEVREESE

Sell Laboratories, MURRAY HILL, New Jersey (U.S.A.), 26.3.1975.
[181] The dielectric function of the electron gas

J. DEVREESE

Palo Alto Research Center, PALO ALTO, California (U.S.A.), 27.3.1975.
[182] High electric field mobility and distribution function of poiarons in polar semiconductors

J. DEVREESE . _____
University of California, LA JOLLA, California (U.S.A.), 28.3.1975.
[183] The dielectric function of the electron gas

J. DEVREESE

March Meeting of the A.P.S. Denver, DENVER (U.S.A.), 31.3.1975 - 3.4.1975.
[184] Resonances in the many polaron system

L. LEMMENS, J. DEVREESE
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[185] Frequency dependent exchange correction to the dielectric function of the electron gas
F. BROSENS, L. LEMMENS, J. DEVREESE

[186] On the momentum distribution of electrons in polar semiconductors for high electric fields
J. DEVREESE, R. EVRARD

[187] Temperature dependence of electron phonon induced cyclotron resonance in polar semiconductors
J. VAN ROYEN, J. DEVREESE

[188] The influence of local field corrections on the collective behaviour of the homogeneous electron gas
F. BROSENS, L. LEMMENS, J. DEVREESE

[189] The Ferrell-inequality and bound states
L LEMMENS, F. BROSENS, J. DEVREESE

[190] Optical absorption by bound polarons
W. HUYBRECHTS, J. DEVREESE

Reunion sur I'utilisation du cyclotron en Biologie et en Medecine, LOUVAIN-LA-NEUVE, Avril 1975.
[191] Anomalies chromosomiques produites dans les cellules animates par une exposition aux neutrons

A. LEONARD
Reunion EULEP. REISENBURG (F.R.G.), 3-5.4.1975.
[192] X-rays and aging in cerebral cortex

E. GIANFELICl-DE REYNERS, H. REYNERS. J.M. JADIN, J.R. MAISIN

Neoplastic lesions, MÜNCHEN, 5-6.4.1975.
[193] Meningoencephalitis

J.M. JADIN

International Conference on Composite materials, GENEVE, 7-10.4.1975.
[194] Ferritic steel strengthening for nuclear application

J.-J. HUET, L. DE WILDE, V. LEROY

Frühjahrstagung Kernphysik DPG-NNV, DEN HAAG, 7-11.4.1975.
[195] Identification of short lived Ru isotopes produced in thermal fission of " 5 U

P. FETTWEIS, P. del MARMOL
[196] Kow transitional is the 15'Sm nucleus

G. VANDENPUT, L JACOBS, J.M. VAN den CRUYCE, P. VAN ASSCHE
Reaktortagung 7975 Deutsches Atomforum, NÜRNBERG, 8-11.4.1975.
[107] Power sharing investigations on a Pu-island as&smbly irradiated in the BR3 reactor

L LEENDERS, H. VAN DEN BROECK, A. CHARLIER, M. LEFEBVRE

European Conference on Temperature measurement, TEDDINGTON, (UK), 9-U.4A975.
[198] Experimental evidence of erasable EMFS induced by thermal gradients in sheathed chromel/alumel thermocouples

during long-term exposure
F. MAfHIEU, R. MEIER, J. BRENEZ, A. FALLA

Specialist Meeting on Inelastic Scattering (Joint Euratom Nuclear Data and Reactor Physics Committee)
HARWELL, 14-16.4.1975.
[199] Fission neutron spectra : brief review and status of the long-standing inconsistencies between differential and

integral data.
A. FABRY

13th International Conference on Magnetics, LONDON, 14-17.4.75.
[200] Magnetization measurements on superconducting materials following the Faraday method

A. VAN DEN BOSCH

2nd Coordination-Meeting of IAEA on 3H Behaviour in Environment, MOL, 15-18.4.1975.
[201] How to show that 3H is really incorporated in the DNA molecules

P. CHARLES
[202] Uptake and biojogical effects of 3H on algae

S. BONOTTO, I.O. NDOITE, G. NUYTS, E. FAGNIART, R. KIRCHMANN
[203] Radioecological Research Program in Belgium

R. KIRCHMANN
[204] Transfer of tritium in plant cultivated in moderate climate of mediterranean type

J. DELMAS, J. HUGON, R. KIRCHMANN, L. BLONDEL
[205] Behaviour of tritium in agricultural crops after a single exposure to tritiated water.

R. KIRCHMANN, V. ATHALYE, G. KOCH, E. FAGNIART
Limburgs Universitair Centrum, 16.4.1975.
[206] Cpstelling en Interpretatie van Wereldmodellen

G. COCQUYT
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lournees d'etudes sur les sels fondus, MONS, 16-18.4.1975.
[207] Separation of solids from molten Na nitrate-oxides mixtures and applications

W. CLAES, T.S. CHOU, P.N.J. HENRION, P. HEYLEN

The first European Nuclear Conference on -Nuclear Energy Maturity», PARIS, 21-25.4.1975.
[20R] Experimental data as reference for plutonium recycling in the SENA reactor

J. BASSELIER, J. DEBRUE, L LEENDERS, H. VAN DEN BROECK
[209] The gas-cooled breeder resctor: a concept based on mature technology

J. CHERMANNE, Ph. VAN ASBROECK, C. SACRISTE
[210] Gas purification technology for mini-release in LMFBR fuel reprocessing

G. COLLARD, J. BROOTHAERTS, W.R.A. GOOSSENS, L.H. BAETSLE, R. GLIBERT, R.C. DE BEUKELAER
[211] Neutron radiography installation for the control of plutonium enriched fuel pins

G. DEPREZ, N. MOSTIN
[212] Developpements et production de combustibles piutonifcres

A.J. FLIPOT, J.M. IEBLANC, I. LAFONTAINE
[213] Operation capability of standard HTR fuel at high temperature

M. GAUBE, L. AERTS, J.M. THOMSON, J. VANGEEL, J. VAN DE VELDE, C. VAN LOON
[214] Molten salt transportation and head-end operations on LMFBR fuel

P.R. HEYLEN, W. CLAES, H. LECERF, J. VAN IMPE, R. DE BEUKELAER
[215] Toutes les specifications ont-elles un sens ?

J.-J. HUET

Institut für Aerobiologie, GRAFSCHAFT (Germany), 22.4.1S75.
[216] Measurement of asbest in the ambient air

J. PAUWELS, J.P. DEWORM

RUG, Instttuut voor Nukleaire Wetenschappen, 25.4.1975.
[217] Verwerking en interpretatie van meetgegevens in verband met de luchtverontreiniging door een of meerdere kompo-

nenten
J. KRETZSCHMAR

Seminar «Asbest», SCHMALLENBERG (Germany), 28-29.4.1975.
[218] Measurement of asbest in ambient air

J.P: DEWORM, J.B. PAUWELS

AKB-Na3 specialist meeting, BENSBERG, 29.4.1975.
[219] Metallurgical examinations on C3 element spacer grids

H. TAS, M. HEYLEN-GELADI, L KNAEPEN, F. CASTEELS

Seminar: «Les faibles doses de rayonnements ionisants en radiobiologie et en radioprotection», PARIS,
29-30.4.1975.
[220] Aspects psychologiques du travail dans une entreprise nucleaire

M. H. FAES

Limburgs Universitair Centrum, 30.4.1975.
[221] Bespreking van Wereldmodellen

G. COCQUYT

Kvantkemiska Gruppen, Uppsala University, UPPSALA, 6.5.1975.
[222] The G.C. Representation in a Natural State Formalism

L. LATHOUWERS

K.F.A. JULICH, 7.5.1975.
[223] Intermediate Coupling in a PHF Basis for Light Nuclei

M. BOUTEN

RUG, Instituut voor Nukleaire Wetenschappen, 7.5.1975.
[224] Invloed van een nieuwe bron op de luchtverontreiniging in een gegeven gebied

J.G. KRETZSCHMAR

74e Hauptversammlung der Deutschen Bunsengesellschaft für Physikalische Chemie, WIEN (Austria), 8-10.5.1975.
[225] High resolution electron microscopy and diffraction of faulted crystals

S. AMELINCKX

14eme reunion des Prostistologues de langue francaise, ANTWERPEN, 9-12.5.1975.
[226] Isolement et caracterisation des acides desoxyribonucleiques de Porphyridium '.ruentum, d'Ochromonas danica et de

Polyedriella helvetica
P. CHARLES
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Seminar on Neutron Inelastic Scattering, MOL, 13.5.7975.
[227] Determination of Exchange Integrals in NiS04

D. SCHEERLINCK, C. PEETROONS, P. SPEYBROUCK. S. HAUTECLER
[228] Reorientations of CiHAO molecules encaged in Type I Clathrate

J. VANDERHAEGHEN, W. WEGENER, S. HAUTECLER
4e Symposium Europeen de Metallurgie des Poudres, GRENOBLE, 13-15.5.1975.
[229] Preparation des poudres en vue de la fabrication d'aciers ferritiques renlorces par dispersion d'oxydes

L. COHEUR, L. DE WILDE

3rd European Congress of the International Radiation Protection Association, AMSTERDAM, 13-16.5.1975.
[230] Determination de la charge pulmonaire en Pu et elements transpluloniens

J. COLARD, D. NUTTINCK
[231] Evaluation des doses annuelles ä des individus de la population beige, resultant des rejets radioactifs liquides

d'une ccntrale PWR
R. KIRCHMANN, G. CANTILLON

[232] Internal contamination monitoring . .:•"
G. KOCH, J. DULCINO

[233] Estimation of chromosome damage induced by ionizing rcdiation in human germ cells
A. LEONARD

Universitaire Instelling Antwerpen, ANTV\/ERPEN (Belgium), 20.5.1975.
[234] Relation between the variational principle from the quantum theory and the theory of moments

J. DEVREESE
lournees Nationales de medecine de travail, LIEGE, 23-24.5.1975.
[235] Production d'energie nucleate et impact sur I'environnement

R. KIRCHMANN

3rd International Symposium on the Initial Effects of Ionizing Radiation on a Cell, YEREVAN, Russia, 25-30.5.1975.
[236] Protective action, toxicity and mechanism of action of sulphydryl radioprotectors

J.R. MAISIN

Reunion Annuelle de /'Association Francaise de Cristallographie, LIEGE (Belgium), 26.5.1975.
[237] Etude des defauts reticulaires par microscopie electronique par transmission

S. AMELINCKX

9th meeting of the European Tumor Virus Group, MARIEHAM, Finland, 26-27.5.1975.
[238] Further characterization of the virions produced by four L-cell sublines

S. BOTIS, M. JANOWSKI, A. SASSEN, J.R. MAISIN

8th International Hot Atom Chemistry Symposium, SPA, 26-30.5.1975.
[239] Perturbation of the decay rate of *Ol"Nb by implantation in metals

P. FETTWEIS, A. MEYKENS, M. NEVE de MEVERGNIES

Colloque international sur I'electronique et la mesure, PARIS, 26*30.5./975.
[240] Recherches recentes sur I'effet thermoelectrique

F. MATHIEU, R. MEIER, J. PARENT, C. DECLOEDT

Assemblee generate de la Societe Chimique de France, CAEN (France), 28.5.1975.
[241] Etude des defauts reticulaires

S. AMELINCKX

Algemene Wetenschappelijke Vergadenng van de Belgische Natuurkundige Vereniging, RUCA, ANTWERPEN,
2-3.6.1975.
[242] The influence of local field corrections on the collective behaviour of the homogeneous electron gas

F. BROSENS, L. LEMMENS, J. DEVREESE
[243] Frequency dependent exchange correction to the dielectric function cf the electron gas

F. BROSENS, L. LEMMENS, J. DEVREESE
[244] Relaxational behaviour of polyvinylidene fluoride (PVFj)

A. CALLENS, R. DE BATIST, L. EERSELS
[245] Theory of the second order critical voltage effect in centrosymmetrical crystals

M. DAVID, R. SERNEELS, R. GEVERS
[246] On the momentum distribution of electrons in polar semiconductors for high electric fields

J. DEVREESE, R. EVRARD
[247] Identification of Short-lived Ru-lsotopes Produced in Thermal Fission of " 5 U

P. FETTWEIS, P. del MARMOL
[248] Possible Perturbation of the Decay Rate of ™mNb by Implantation in Metals

P. FETTWEIS, A. MEYKENS, M. NEVE de MEVERGNIES
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[249] Optical absorption by bound polarons
W. HUYBRECHTS, J. DEVREESE

[250] The Ferrell-inequality and bound states
L. LEMMENS, F. BROSENS, J. DEVREESE

[251] Resonances in the many polaron system
L. LEMMENS. J. DEVREESE

[252] Determination of Exchange Integrals in NiSO4 by Paramagnetic Neutron Scattering
D. SCHEERLINCK, C. PEETROONS, P. SPEY3ROUCK, S. HAUTECLER

[253] Dynamical treatment of Kikuchi patterns
R. SERNEELS. R. GEVERS

[254] Order-disorder transformation in CuPt
E. TORFS

[255] On the charge density of diamond in the weaire-thorpe model
P. VAN CAMP, V. VAN DOREN, J. DEVREESE

[256] On the dielectric matrix of diamond in the weaire-thorpe model
P. VAN CAMP, V. VAN DOREN, J. DEVREESE

[257] On the paramagnetism of DPPH
A. VAN DEN BOSCH, J. VANSUMMEREN, P. GROBET, R. VERLINDEN, L. VAN GERVEN

[258] Inelastic Neutron Scattering Study of Reorientations of Guest Molecules in Type I Clathrate
J. VANDERHAEGHEN, W. WEGENER, S. HAUTECLER

[259] The use of the path integral formalism in electron diffraction
D.VAN DYCK

[260] Temperature dependence of electron pho.ion induced cyclotron resonance in polar semiconductor«
J. VAN ROYEN, J. DE SITTER, J. DEVREESE

[261] In situ study of phase transitions in a transition metal dichalcogenides: TaSi
G. VAN TENDELOO, J. VAN LANDUYT, S. AMELINCKX

5th International Conference on Atomic Masses and Fundamental Constants, PARIS, 2-6.6. /975.
[262] Primary standards for gamma energy determinations

P.H.M. VAN ASSCHE, H. BORNER, W.F. DAVIUbON, H.R. KOCH
Meeting of the DEBENELUX co-ordinated carbides programme, KARLSRUHE, 3-4.6.1975.
[263] Measurements of physical properties of UC fuels

R. DE BATIST
[264] Results from CIRCE-type irradiations in BR2 on UC and (U,Pu)C fuels

A. DELBRASSlNE, G. VERSTAPPEN
[265] Experience on the fabrication oi a large number of uranium carbide compositions

F. GORLE, L. COHEUR
[266] General survey of SCK/CLN'S carbide programme

J. PROOST
[267] Conclusions from uranium-plutonium carbide fuel preparation campaigns for irradiations in BR2 and DFR

G. WOUTERS, A.J. FLIPOT
SNR Projekt-PAA, KARLSRUHE, 3.6.1975.
[268] Uniaxial creep tests in dynamic sodium on stainless steel canning material

H. TAS

Co/toque sur I'Energie Nucleaire et l'Environnement, BRUXELLES, 3.6.1975.
[269] Influence specifique des installations nucleates sur I'environnement

G. FIEUW

Nuclear Energy Agency Committee on Reactor Physics-1Sth Meeting, BOLOGNA, 9-14.6.1975.
[270] Reactor Physics activities in Belgium - NEACRP-L-120

J. DEBRUE
[271] Fission neutron spectra : brief review and status of the long-standing inconsistencies between differential and integral

data - NEACRP-L-140
A. FABRY

International School of Atomic and Molecular Spectroscopy, ERICE-ltaly, 9-24.6.1975.
[272] The 2 'P state of the Li Atom

P. VAN LEUVEN
[273] The «Generator Coordinate» Method and Moiecuiar Vibrations

P. VAN LEUVEN
Max-Planck-Institut für Biologie, TUBINGEN, 11-13.6.1975.

[274] Uptake and fate of exogenous DNA in plant cells studied by DNA reassociation kinetics, density analysis and DNA
filler hybridization
P.F. LURQUIN
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International fluidisation conference, ASILONAR (California), 15-20.6.1975.
[275] Dynamic characteristics of a gas (luidized bed (L-8)

W. GOOSSENS
Institute for Atomic Physics, BUCAREST (Roumania) 17.6.19 75.
[276] Investigation par diffusion inelastique des neuirons thermiques de la dynamique cristalline des hydrures de cerium

S. HAUTECLER

Institut für Experimentalphysik der Universität Hamburg, HAMBURG (Germany), 20.6.W75.
[277] Exchange corrections to the dielectric response of the interacting electron gas

J. DEVREESE

Vingt-troisieme journee d'etude - Le genre sanitaire, un nouvel enseignement, GEMBLOUX, 21.6.1975.
[278] Contamination radioactive du milieu et radioecologie

R. KIRCHMANN

XII Congres Europeen de spectroscopie moleculaire, Universite Louis Pasteur, STRASBOURG (France), 30.6.1975.
[279] Review on the polaron problem

J. DEVREESE

XXth International Botanical Congress. Meeting of the International Research Group on Acetabularia (IRGA),
LENINGRAD, Russia, 3-10.6.1975.
[280] Study of the piastidal differentiation in Acetabularia

S. BONOTTO
[281] incorporation of 3H from tritiated water in the unicellular algae Acetabularia mediterranea end Chlamydomonas

reinhardi
S. BONOTTO, R. KIRCHMANN

[282] Acetabularia chloroplasi DNA : Visuaiization of the molecules originating from the chloroplasts of the apical, middle
and basa! part of the stalk
A. MAZZA, S. BONOTTO

Physikalisches Institut, AACHEN (Germany), 8.7.1975.
[283] Electron-phonon coupling effects in magnetic fields

J. DEVREESE

Antwerp Advanced Study Institute on -Linear and Non-linear electronic transport in solids», ANTWERPEN
(Belgium), 21.7-2.8.1975.
[284] An introductory talk on path integrals

J. DEVREESE
[285] On the momentum distribution of electrons in polar semiconductors for high electric fields - part I

J. DEVREESE
[286] On the momentum distribution of electrons in polar semiconductors for high electric fields - part II

J. DEVREESE
[287]a Electronic properties of amorphous semiconductors

P. NAGELS
Gordon Research Conference on Chemistry and Physics of Solids, HOLDERNESS (U.S.A.), 28.7-1.8.1975.
[287]b Electron microscopy and electron diffraction studies of layer structures

G. VAN TENDELOO, J. VAN LANDUYT, S. AMELINCKX

Tenth International Congress on Crystallography, AMSTERDAM (The Netherlands), 7-15.8.1975.
[288] A cluster model for the interpretation in electron diffraction of the diffuse intensity distribution due to short range

order
R. DE RIDDER, G. VAN TENDELOO, S. AMELINCKX

[289] On the crystallographic properties of some Cu-Mn spinels with 3 octahedral superstructures
R. VANDENBERGHE, G.G. ROBBRECHT, D. SCHEERLINCK, E. LEGRAND, V.A.M. BRABERS

[290] Characterization of hexagonal ferrites and certain minerals by lattice imaging
J. VAN LANDUYT, S. AMELINCKX

[291] Electron microscopic study of distortion modulated struciures in layerlike crystals
J. VAN LANDUYT, G. VAN TENDELOO, S. AMELINCKX

University of Exeter, EXETER (UK), Advanced Study Institute, 24.8-6.9.1975.
[292] Point defects and Their Structure in Non-Metallic Solids. Internal friction and defects near dislocations

R. DE BATIST

International Courses in Hydraulic and Sanitary Engineering, DELFT, The Netherlands, 25-26.8.1975.
[293] Determination of the actual air pollution levels

J.G. KRETZSCHMAR
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[294] Interpretation of air pollution data
J.G. KRETZSCHMAR

[295] Influence of a new source upon the existing pollution level in a given region
J.G. KRETZSCHMAR

International courses on air pollution, DELFT, 25-26.8.197C.
[296] Air pollution dispersion models

G. COCQUYT
[297] Data management for the calculation of urban air pollution

G. COCQUYT
International Conference on Mössbauer Spectroscopy, CRACOW (Poland), 25-30.8.1975.
[298] On the iron distribution between sites in Epidoie '

H. POLLAKjW. BRUYNEEL
[299] Fast electron hopping in Tourmaline

H. POLLAK, W. BRUYNEEL
[300] Relation between pleochroism, conductivity and Mössbauer effect in iron oxygen Oh-coordination

H. POLLAK. C. HERINCKX
Max-Planck-Institut für Pflanzengenetik. HEIDELBERG, 1-2.9.1975.
[301] Fate of exogenously supplied bacterial DNA in tissue cultured plant cells

P.F. LURQUIN
Fourth International Conference on High Voltage Electron Microscopy, TOULOUSE (France), 1-4.9.1975.
[302] New theoretical considerations on the critical voltage effect

R. GEVERS
[303] Excess-defect bend contours at the critical voltage

M. DAVID, R. GEVERS, R. SERNEELS
[304] The critical voltage effect as applied to the study of non-centrosymrnetric crystals

R. SERNEELS, R GEVERS, M. DAVID
3rd International Conference on Structural Mechanics in Reactor Technology, LONDON, 1-5.9.1975.
[305] Resonance frequencies of a tubular shell surrounded internally and externally by fluid annuli of variable thickness -

preliminary experimental results
E. TAYMANS, A. DE GOEYSE, A. JAUMOTTE, F. MATHIEU, J. PLANQUART

Symposium on Nuclear Structure, BALATON FURED (Hungary}-, 1.-7.9.1975.
[306] How rotational are the «rotational bands» in light nuclei ?

M. BOUTEN, M.C. BOUTEN

Second International Conference on the compaction and consolidation of particulate matter, BRIGHTON
(England), 2-4.9.1975.
[307] Influence of the die material on the friction coefficient with UOi powders

A. SMOLDERS, A.J. FLIPOT

Second European Conference on Internal friction and ultrasonic attenuation in solids, ROME (lialy), 3-5.9.1975.
[308] Relaxational behaviour of polyvinylidene fluoride

A. CALLENS, R. DE BATIST, L. EERSELS

EMAG 75, BRISTOL (U.K.), 8-11.9.1975.
[309] Boundaries and interfaces

S. AMELINCKX

Conference on 'Electrochemical power sources», PRAGUE, 8-11.9.1975.
[310] Les piles ä combustible possedent-elles un avenir ?

A. BLANCHART, C. DE BRANDT, G. SPAEPEN

European Society of Nuclear Methods in Agriculture - Vlth Annual Meeting, CADARACHE, France, 8-12.9.1975.
[311] Tritium research programme in Belgium ; Research in Progress

R. KIRCHMANN

Semaine d'etude : Agriculture et hygiene des plantes, GEMBLOUX, 8-12.9.1975.
[312] Nouvelles perspectives dans la lutte genetique pour ('amelioration et la protection des plantes

L. LEDOUX

International Conference on Dynamics of Molecular crystals, JULICH, 8-12.9.1975.
[313] Quasi-elastic neutron scattering study of reorientations of cyclic ether molecules in clathrate hydrates

J. VANDERHAEGHEN, W. WEGENER, S. HAUTECLER

International Conference on the Application of Ion Beam to Materials, University of WARWICK (England),
8-12.9.1975.
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[314] On the kinetics of helium bubble formation in molybdenum during 45 MeV alpha particles irradiation
C. JANSSENS, F. BIERMANS, J. CORNELIS, J. ROGGEN, L. STALS, J. NIHOUL

[315] 20 keV He+-ion damage in rhenium
J. VAN GUYSSE, R. NANDEDKAR, J. NIHOUL, L. STALS

SEAS anniversary meeting, DUBLIN (Ireland), 8-72.9.1975.
[316] System/7 under VM/370

G.PEPERSTRAETE
[317] Paper tape support under CMS

J. VANDERVEE
[318] The IBM system/7 as a front-end processor supported under VM/370

G.VAN ROOSBROECK

3rd International Congress for Virology, MADRID (Spam), 10-17.9.7975.
[319] On the infectivity of L-cell virions in mouse embryo fibroblast cultures , ,

S. BOTIS, M. JANOWSK1, H. REYNERS, E. REYNERS, J.R. MAISIN
[320] Uptake of exogenous DNA by mouse cells

P. CHARLES
Meeting of the British Microcirculation Society, OXFORD, 12-13.9.7975.
[321] Radiation Effects on the capillaries of the brain and the lung of rats and mice

J.R. MAISIN, H. REYNERS, E. GIANFELICI de REYNERS, J.M. JADIN, M. LAMBIET-COLLIER
Meeting on exchange of information between the Debenelux carbides programme and U.S. ERDA, KARLSRUHE,
15-16.9.7975.
[322] Carbide irradiation experience and future plans at S.C.K./C.E.N.

A. DELBRASSINE, J. PROOST, J.-J. HUET
[323] General survey of SCK/CEN's carbides programme

J. PROOST

Filtration Society's Conference on Dust Control & Air Cleaning, LONDON, 16-79.9.1975.
[324] Demisting with metal fibre webs and felts

J. CLAES, R. DE BRUYNE
First ASTM-EURATOM Symposium on Reactor Dosimetry, PETTEN, 22-26.9.7975.
[325] Dosimetry work in connection with irradiations in the high flux materials testing reactor BR2

J. DEBRUE, G. DE LEEUW-GIERTS, S. DE LEEUW, Ch. DE RAEDT, A. FABRY, L. LEENDERS, N. MAENE, R. MENIL
[326] Lithium-6 neutron spectrometry in-core

G. DE LEEUW-GIERTS, S. DE LEEUW
[327] Neutron spectrometry data in LMFBR Benchmark and Standard Neutron Fields

G. DE LEEUW-GIERTS, S. DE LEEUW, H.H. HELMICK, J.W. ROGERS
[328] Reactor dosimetry integral reaction rate in LMFBR benchmark and standard neutron fields: Status,-accuracy and

implications
A. FABRY, H. CEULEMANS, P. VANDEPLAS, W.N. McELROY, E.P. LIPPINCOTT

Statistical Mechanics Seminars, AUSTIN (Texas) 22-26.9.7 975.
[329] The Generator Coordinate Method

B. LASKOWSKI
Louisiana State University, Physics Department, LOUISIANA (U.S.A.), 28.9.1975.
[330] Many polaron system

J. DEVREESE
International Energy Agency water electrolysis workshop, Brookhaven National Laboratory, UPTON, New York,
23-25.9.7975.
[331] Possibilities for research and development on hydrogen production by water electrolysis at SCK/CEN

H. VANDENBORRE
Tripartite symposium on the management of radio-active waste, MOL, 23-29.9.7975.
[332] Problems associated with plutonium waste

J.P. DEWORM, J. MARLEIN
[333] Gas purification technology at SCK/CEN for nuclear off-gases

W.R.A. GOOSSENS
Journee d'information ASPEC, Universite de Liege, LIEGE (Belgium), 26.9.1975.
[334] Les proprietes des aerosols en relation avec la contamination

J.P. DEWORM, G. FIEUW

Lunteren Lectures on Molecular Genetics, LUNTEREN (The Netherlands), 29.9-2.10.7975.
[335] Generation on Deletions in an Escherichia coli Episome

T. MOJICA-A
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International Conference on Molecular- and MicmdislribuV.on of Radioisotopes and Biological Consequences,
MUCH. 2-4.10.1975.
[336] Study of the distribution and biological effects of 3H on the slgae Chlamydomonas reinhardi and Acetabularia

mediterranea
S. BONOTTO, I.O. NDOiTE, G. NUYTS, E. FAGNIART. R. KIRCHMANN

[337] Rapid method for studying the incorporation cf 3H in the DNA of plants
S. BONOTTO, G. NUYTS. R. KIRCHMANN

[338] Distribution of 3H in the different craans cf calves and pns after ingestion of various tritiated feeds
R. KIRCHMANN, P. CHARLES, R. VAN BRUWAENE, J. REMY, G. KOCH, J. VAN DEN HOEK

Quatneme reunion consultative des Agents de Liaison d'INIS, VIENNE, 7-9.10.1975.
[339] Utilisation des bandes magnetiques INIS sous STAIRS en Belgique

M. DE COSTER, A. BYNENS. M. DE WANDELER-BRANKAER, A. STRUBBE-KUYER

7eme reunion du groupe de travail 'Corrosion nucleaire», ISPRA. 9-10.10.1975.
[340] Post-corrcsion analyses of a sodium-sodium heat exchanger after 60,000 hours sodium exposure

H. TAS. F. CAJTEELS

3d Congress 'Gesellschaft fur Aerosolforschung', BAD SODEN. 15-18.10.1975.
[341] Ambient aerosol toxicity : The problem of the respirable fraction

J.P. DEWORM, J. PAUWELS
[342] Respirable dust monitoring of the ambient air

J. PAUWELS, J.P. DEWORM

Vlth Annual Meeting of the EEMS, FIRENZE, Italy. 1S-23.10.1975.
[343] Cytogenetic investigations on leucocytes of workers from a cadmium plant

G. DtKNUDT
[344] Embryonic death due to lead exposure

P. JACQUET

Universität Hamburg, Institut für Angewandte Physik, HAMBURG (Germany), 28.10.1975.
[345] Excitons and plasmons in solids

J. DEVREESE

International Conference on Heavy metals in the Environment, TORONTO (Canada), 27-31.10.1975.
[346] Influence of the average wind direction upon the heavy metal levels at the Northsea border

J.G. KRETZSCHMAR
[347] The Belgian network for the delerminoüon of heavy metals

J.G. KRETZSCHMAR, I. DELESPAUL

K. VIV. Studiedagen - Energie Belgie, BRÜSSEL, 5, 12, 19, 26.10-3, 10, 12.12.1975.
[348] Waterstofeconomie

L.H. BAETSLE
[349] Brandstofcellen

A. BLANCHART, G. SPAEPEN, H. VANDENBORRE, H. VAN DEN BROECK
[350] De behandeling van radioaktieve afvalstoffsn afkomstig van de opwerking van bestraalde kernbrandstof

P. DEJONGHE, N. VAN DE VOORDE
[351] Basisncrmen en lozingsvooiwaarden in het kader van de radiobescherming van de bevolking

G. FIEUW
[352] Verrijking volgens de gasdiifusiemethode

J. GOENS
[353] Centrales : ecologische aspecten

J. KRETZSCHMAR
[354] Thermonucleaire fusie

E. STUBBE, Ch. DE RAEDT
[355] Huidige en toekomstige energieverbruik

P. VAN DEN ABBEELE, J. ADAM, J. BULCKE, G. COCQUYT, L. VICTOR
[356] Biologische gevolgen van radioaktiviteit

O. VANDERBORGHT

Department of Metallurgy and Mining, University of Illinois, ILLINOIS (U.S.A.), 9.11.1975.
[357] The phase transition in quartz

J. VAN LANDUYT

Saint-Louis University, BAGUIO, Philippines, November 1975.
[358] Chromosome anomalies induced by ionizing radiations in human germ cells

A. LEONARD
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Radioisotope Society of the Philippines, MANILLA, November 1975.
[359] Genetic hazards of ionizing radiations to human germ cells

A. LEONARD

CEE - Studiedag over Pb-metabolisme, MOL, 7O.M.I975.
[360] Mobilisatie van lood bij muizen

0. VANDERBORGHT, G. HUYBRECHTS

1975 Materials science symposium, CINCINATTI (U.S.A.), 7 7-73.7 7.7975.
[361] Intraphase interfaces as observed by electron microscopy

J. VAN LANDUYT, S. AMELINCKX

Landbouwhogeschool Wageningen, 13.11.1975.
[362] Radioactive contamination of the river Maas by the releases of the nucltar power plants

R. KIRCHMANN

IVM Center Yorktown Heights, NEW YORK (U.S.A.), 14.11.1975.
[363] Direct lattice imaging of hexagonal ferrites

J. VAN LANDUYT

Bell Labs., MURRAY HILL, New Jersey (U.S.A.). 17.11.1975.
[364] The n-ß phase transition in quartz

J. VAN LANDUYT

1st North American Chemical Congress, MEXICO CITY (U.S.A.), 1.12.1975.
[365] Characterization of minerals in ,*-be bastnaesite synchisite series by lattice imaging and electron diffraction

J. VAN LANDUYT, S. AMELINCKX

Seminar on the "Disposal of radio-active wastes into geologic formations», CLAUSTHAL, ZELLERFELD
(W. Germany), 1-3.12.1975.
[366] Research and development programme concerning a Belgian site for solid waste burial

R. HEREMANS, P. DEJONGHE, J. WILLOCX, M. GULINCK. P. LAGA

MEXICO CITY (U.S.A.), 2.12.1975.
[367] Electron microscopy of the phase transition n-ß in quaitz

J. VAN LANDUYT

Seminarie Industriele Luchtverontreiniging : Ministerie van Tewerkstellmg en Arbeid, 3.12.1975.
[368] Probleemstelling aan de hand van enkele algemene technische begrippen

J.G. KRETZSCHMAR

Institut du Radium, Fondation Curie, ORSAY (France), 3-5.12.1975.
[369] Sort et effets des DNA exogenes chez les eucaryotes

L. LEDOUX

Banaras Hindu University, BANARAS (India), 6.72.7975.
[370] Domain structure in ordered alloys

G. VAN TENDELOO

Advisory Group Meeting on "Modification of Radiosensitivily of Biological Systems», VIENNA, 8-11.12.1975.
[371] Radioprotectors and Radiotherapy of Cancer

J.R. MAISIN, M. LAMBIET-COLLIER, G. MATTELIN

Seminaire international sur le diagnostic et le traitement de la contamination par les radionucleides, VIENNA
(Austria), 8-12.12.1975.
[372] Dix ans d'experience dans la determination de la contamination interne des travailleurs des laboratoires plutonium

J.P. DEWORM, G. FIEUW

Kontaktgroep van het Nationaal Fonds voor Wetenschappelijk Onderzoek, Limburgs Universitair Centrum,
DIEPENBEEK (Belgium), 9.12.1975.
[374] Orde-wanorde verschijnselen in CuPt

E. TORFS
[375] De hoogspanningseleklronenmikroskoop aan het R.U.C.A.

J. VAN LANDUYT

Max-Planck-Institut für Züchtungsforschung, KÖLN, 10.12.1975.
[376] Discussion on the fate of bacterial DNA in plants. Speculations on the use of plasmid DNA and transducing

bacteriophages in plant protoplast research.
P.F. LURQUIN
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Seminaires sur la Pollution Atmospherique ü'origine industrielle : Mmistere de l'Emploi et du Travail. 15.12.1975.
[377] Expose des problemes sur base de quelques notions techniques generates : emission - atmosphere - immission.

J.G. KRETZSCHMAR

Lectures in the framework of "International Courses» Delft, SCK/CEN, MOL, 17.J2.J975.
[378] Hybrid Computer Assisted Introduction to Automatic Control
[379] Simulator Assisted Initiation to Nuclear Power Plant Control
[380] Important Parameters in Nuclear Power Plants

G. COCQUYT

Internjitional meeting on amorphous and liquid semiconduc'.ors, LONDON (U.K.), 77-J9.72.7975.
[381] Electrical properties of Te-Se-Sb alloys

P. NAGELS. R. COLSON, M. DENAYER
[382] Hall coefficient in CdGeAs3 glasses

P. NAGELS, R. CALLAERTS, R. COLSON
Barbaras Hindu University, BAN AR AS (India), 22.72.7975.
[383] Ordering phenomena in Mi-Mo

G. VAN TENDELOO

Banaras Hindu University, BANARAS (India), 23.72.7975.
[384] High voltage electron microscopy

G. VAN TENDELOO

Natura Limburg, HASSELT, 24.12.1975.
[385] Biologische implicates van kernenergie

O.VANDERBORGHT
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Appendix 3

THESES BY MEMBERS OF SCK/CEN

[386] Onderzoek van d-e laag-energetische toestanden van de dubbel-oneven vervormde kern l8JTa
IM. VAN DEN CRUYCE (K.U.L.)
Doctor in de Wetenschappen - K.U.Leuven 1975

[387] Approximate Projected Hartree-Fock Calculations in Atoms, Molecules and the Electron Gas
B. LASKOWSKI (V.U B.)
Doctor in de Wetenschappen - V.U.Brüssel
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Appendix 4

PATENTS APPLIED FOR AND GRANTED IN BELGIUM
AND IN OTHER COUNTRIES

A. PATENTS APPLIED FOR

- Procede de condilionnement de combustible nucleaire irradie
P. HENRION. W. CLAES
Potent applied for by SCK/CEN
The Netherlands (Applied for on 21.01 1975, n° 7500663)

- Procede de desactivation du sodium et installation de desactivation du sodium
H.LECERF. P.R. HEYLEN, J C. ETIENNE
Patent applied for by SCK/CEN-ENI-BELGONUCLEAIRE
USA (Applied for on 10 07.1975, n° 620.457)

• Generateur d'impulsions ä arrivee pseudo-aleatoire
E. MUSYCK
Patent applied for by SCK/CEN
Belgium (Applied for on 30.04.1975, nc PV 0/155.969) .
The Netherlands (Applied for on 26.08.1975, n° 75.10064)

B. PATENTS GRANTED

- Werkwijze voor de vervaardiging van een chroom bevattende legering en aldus bekomen legering
J.J. HUET, H. MASSAUX
Patent applied for by SCK/CEN
Japan (Granted on 27.08.1975, n° 783 792)

- Werkwijze voor de vervaardiging van een legering en aldus bekomen legering
J.J. HUET, H. MASSAUX
Patent applied for by SCK/CEN
Japan (Granted on 10.02.1975, nc 756 950)

- Werkwijze om een bundel splijtstofelementen voor de opwerking te ontdoen van hun omhulsel
W. GOOSSENS, G. DUMONT, R. HARNIE
Patent applied for by SCK/CEN
Germany (Granted on 01.09.1975, n° 21 10419)
The Netherlands (Granted on 18.02.1975, n° 143716)

- Procede de decoupage electrochimique d'un assemblage de combustible nurleaire irradie
J.G. WURM, J.VAN IMPE, A. DE CONINCK, P.R. HEYLEN, J.P. ROMBAUX
Patent applieu for by SCK/CEN-ENI-BELGONUCLEAIRE
Great Britain (Granted on 06.11.1974, n° 1.359.104)
USA (Granted on 20.05.1975, n° 3.884.784)

- Brandstof en werkwijze ter vervaardiging daarvan
W.J. VAN LIERDE
Patent applied for by SCK/CEN
Germany (Granted on 04.12.1975, n° 2.236.496)
France (Granted on 25.08.1975, n° 72 25977)
Great Britain (Gronted on 22.01.1975, n° 1368397)
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• Fli'idisatiekolom
F. DECAMPS, G. DUMONT, W. GOOSSENS
Patent applied for by SCK/CEN
Australia (Granted on 03.03.1975, n° 459345)
Germany (Granted on 15.10.1975, n° 224069S)
Canada (Granted on 08.07.1975, n° 970535)
Spain (Granted on 02.12.1974, n° 405.954)
Sweden (Granted on 14.08.1975, n° 375 917)
The Netherlands (Granted on 18.03.1975, n° 143 823)
USA (Granted on 03.06.1975, n° 3887337)

• Poison pour combustible nucleaire
R. GILISSEN, A.J.FLIPOT
Patent applied for by SCK/CEN
Great Britain (Granted on 12.09.1975, n° 1413.554)

- Perfectionnements a la fabrication d'electrodes pour piles a combustibles
C. VANLEUGENHAGHE (SERAI)
Patent applied for by SERAI; transferred to SCK/CEN
Geimany (Granted on 10.04.1975, n° 1904 768)

Generateur d'impulsions ä arrivee pseudo-aleatoire
E. MUSYCK
Patent applied for by SCK/CEN
Belgium (Granted on 15 05.1975, n° 828.607)

Meihode de lubrification
A.J. FLIPOT, A. SMOLDERS
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Roumania (Granted on 25.03.1975, n° 58029)
USSR (Granted on 25.01.1975, n° 458.119)

Perfectionnements aux barreaux combustibles pressurises
A.I. FLIPOT, P. PAPELEUX, Y. LAFONTAINE
Patent applied for by BELGONUCLEAIRE and SCK/CEN
The Netherlands (Granted on 18.07.1975, n° 145.384)

Procede de fabrication de barreaux combustibles pressurises
P. PAPELEUX, A.J. FLIPOT, I. LAFONTAINE
Patent applied for by BELGONUCLEAIRE and SCK/CEN
The Netherlands (Granted on 16.08.1975, n° 145.707)

Dispositif d'alimentation pour pastilleuse
R. LEMAIRE, D. MARICHAL, C. LADURON, A. WUYTS
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Great Britain (Granted on 27.08.1975, n° 1392638)

Process for purifying water
P. DEJONGHE, K. PEETERS, N.VAN DE VOORDE
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Great Britain (Granted on 30.07.1975, n° 1389322)
Italy (Granted on 20.02.1975, n° 987 047)
USA (Granted on 26.08.1975, n° 3S01.802)

Procede de fermeture de barreaux combustibles
P. PAPELEUX, I.LAFONTAINE, A.J.FLIPOT, J. SCHRIJVERS
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Great Britain (Granted on 03.11.1975, n° 1419838)

Procede de fabrication de pastilles de precision
A.J. FLIPOT, A. SMOLDERS
Patent applied for by BELGONUCLEAIRE and SCK/CEN
USA (Granted on 03.10.1975, n° 3949 027)

Perfectionnements au traitement des residus combustibles
A.TAEYMANS, G. DUMONT, W. BALLEUX
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Great Britain (Granted on 02.10.1975, n° 1416053)
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Appendix 5

SEMINARS HELD AT SCK/CEN

NUCLEAR PHYSICS

By guest speakers

- 10.4.1975
A new rotational structure in "Be
F.ARICKX
R.U.C.A.

- 15.4.1975
Measurement of the electron-neutrino angular correlation in the free neutron decay
P. WEINZIERL
University of Vienna

- 26.6.1975
The fission product spectrometer Lohengrin of the I.L.I
H. SCHRADER
I.L.L. Grenoble

- 7.10.1975
Kinetic energy of fission fragments from a2Cf
N.K.ARAS
Middle East Technical University, Ankara

MATERIALS RESEARCH

By guest speakers
- 15.1.1975

Some applications of superconductivity
Y. BRUYNSERAEDE
Kathoheke Universiteit Leuven

- 19.3.1975
Magnetic interactions in Co304

D. SCHEERLINCK v .
I.W.O.N.L./I.R.S.I.A.

- 4.6.1975
Semiconducting properties of Cd3As2 thin films
Dr. L ZDANOWICZ
Solid State Physics Institute, Zabrze, Poland

- 6.6.1975
Electron microscopic investigations of grain boundary structures
Dr. B. RALPH
Technische Hogeschool Twente

- 11.6.1975
Temperature effects on frenkel pair production
Dr. J.R. BEELER Jr.
North Carolina State University, Raleigh, U.S.A.

- 9.7.1975
Computer simulation of interstitials in metals
Dr. Chr. LEHMANN
Institut für Festkörperforschung, KFA, Julien
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- 5.8.1975
K-space symmetry rules for order-disorder reactions
Prof. Dr. D. de FONTAINE - "
Materials Dept., School of' Engineering and Applied Science, University of California, Los Angeles, U.S.A.

- 13.8.1975
Preparation, morphology and semiconducting properties of Zn3P2

Prof. Dr. W. ZDANOWICZ
Solid State Physics Institute, Zabrze, Poland

- 18.9.1975
iniermolecular interaction and equation of state for solid molecular hydrogen
Dr. J. RAICH
Colorado State University, Fort Collins, Colorado, U.S A.

'- 30.9.1975
Transferts de charges electroniques dans les silicates
H. POLLAK
Universite Nationale du Zaire, Kinshasa

- 23.10.1975
Small angle neutron scattering at I.L.L.
K. IBEL
I.L.L., Grenoble

- 20.11.1975
Neutron scattering and one-dimensional effects in solids
B. DORNER
I.L.L., Grenoble

RADIOBIOLOGY

A. By SCK/CEN personnel

- 15.1.1975
Acide desoxyribonucleique: preparation et caraclerisation
P. CHARLES

- 5.2.1975
Metabolisation du DNA exogene par les cellules vegetales en culture de tissu: etude quantitative par hybridation DNA-DNA
P. LUROUIN

- 26.2.1975
Radioimmunoassay d'une proteine virale: resultats nreliminaires et perspectives
A. SASSEN

- 9.4.1975
Les tumeurs experimental radioinduites
J.R. MAISIN

- 25.6.1975
L'absorption et la replication des DNA bacteriens dans I'orge en germination
L. LEDOUX

- 27.11.1975
Nucleo-cytoplasmatisch transport na bestraling of carcinogenese
W. BAEYENS

- 18.12.1975
Connaissances actueiles en biologie cellulaire et moleculaire chez I ' A c e t a b u l a r i a
S. BONOTTO

B. By guest speakers

- 19.2.1975
The biosynthesis and phosphorylation of histones during differentiation of erythrocytes
J.M. NEELIN (Biology Department, Carleton University, Ottawa, Canada)

- 8.7.1975
Somatic changes induced by y-irradiation on the developing chick embryo
W.MORGAN (South-Dakota University, U.S.A.)

- 30.7.1975
Studies on the changes in chromatin during erythrocyte maturation (DNA, distribution and modification of histones)
V.L. SELIGY (Division of Biological Sciences, National Research Council of Canada, Ottawa)
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- 11.8.1975
The influence of irradiation on a "DNA membrane-complex" isolated from E. c o I i
MB. YATVIN (University of Wisconsin Hospitals - Madison, Wisconsin, U.SA)

- 7.10.1975
Environmental aspects of tritium
A.A. MOGHISSI (Georgia Inst. of Technology - Atlanta, Georgia, U.SA.)

- 5 .11 .1975
Radiobiological studies with multicell spheroids - a n I n v i t r o tumour model
R.E. DURAND (University of Wisconsin Hospitals - Madison, Wisconsin, U.S.A.)

- 28.11.1975
Inhalation toxicity of DTPA
V.H. SMITH (Battelle, Richland, Washington, USA.)

MISCELLANEOUS

By guest speakers

- 24.4.1975
Energy transfer in chemical reactions
J. MOMIGNY (Universite de Liege)

- 12.5.1975
Electro- and thermotransport of solutes in metals
Prof. O. NORMAN CARLSON (Iowa State University, AMES Laboratory)

- 15.5.1975
Isotopic correlation safeguards techniques. Reactor characteristics as observed from measured spent fuel data
D.E. CHRISTENSEN (Pacific Northwest Laboratories, Battelle Memorial Institute, Richland)

- 13.6.1975
Laser stimulated bimolecular reactions
R.D. DCSI.ATTES (National Bureau of Standards, Washington, DC)

- 27.6.197.1
Gapabiiitji i .applications of fluidized bed processes for removal of fine particulates from waste gases
R. CLIF"' ~,1 University, Montreal)

- 30.6.197!',
Fysische /sfijnschappen van konstruktiematerialen en komponenten voor supergeleidende en cryogene magneten
Prof. M. VAN DE VOORDE (CERN, Geneva, Switzerland)

- 2.10.1975
The plasma cavity reacior and nuclear powered laser development programs at the Los Alamos Scientific Laboratory
H.H. HELMICK (Reactor Technology Division - Los Alamos Scientific Laboratory, Los Alamos, U.S.A.)

- 28.10.1975
Summary of experience with heavy element isotopic correlations
D.E. CHRISTENSEN (Pacific Northwest Laboratories, Battelle Memorial Institute, Richland)

- 17.11.1975
a. Non-destructive measurements and analyses
b. Critical experiments on PuCyUCs lattices
Shojii'o MATSUURA (Division of Japan Power Demonstration Reactor - Japan Atomic Energy Research Institute, Tokai-Mura)
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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 or 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;

- the Institute of Nuclear Technology, Bucharest, the London
University, the Hanford Engineering and Development La-
boratory and other American research centres contributing
to the Interlaboratory Reaction Rate Programme in the
field of fast reactor physics;

- the DRAGON project, GBRA and other groups, promoting
the development of gas cooled reactors;

- the joint research centres at Karlsruhe and Ispra as well
as other working groups of the European Community for
post-irradiation services, collaboration on LMFBR safety,
safeguards, R & D on fusion, etc.;

- most Belgian and several foreign universities, institutes
and science foundations associated with the basic research
programmes of the SCK/CEN on materials, neutron phys-
ics and radiobiology;

- various ministries and government agencies which called
upon SCK/CEN services for air pollution measurement
campaigns and non-nuclear waste handling studies;

- the Gennan research centres GfK and KFA, JRE and other
organizations which make use of the BR2 irradiation facil-
ities for their various programmes;

- a large number of private, national, foreign and inter-
national organizations which called upon SCK/CEN as-
sistance or services.

During 1975, a large number of SCK/CEN staff members
contributed to the "Environmental Impact Assessment Stu-
dy", carried out on behalf of the Minister of Economic Affairs
for advice on the future Belgian nuclear energy policy.

SCK/CEN also played a major röle in the foundation of
the Study Syndicate Belgowaste, grouping SYNATOM as
representative of the utilities, BELGONUCLEAIRE, SCK/CEN
and the authorities to examine the possibilities for setting up
a permanent body entrusted with the complete responsibility
for radioactive waste management in Belgium.

Arrangements have been msde for the promotion and
validation of past R & D results in an appropriate industrial

framework. As examples one should mention the contract
signed with Usines E. HENRICOT, DNB/OPI and CRM on
the promotion and future development of ferritic steels and
the setting-up by SCK/CEN, Bekaert N.V. and DSM, of
ELENCO N.V. for fuel cells development and production.

With regard to international co-operation, SCK/CEN par-
ticipated in working groups organized by the Commission
of the European Community, the Nuclear Agency of OECD,
the IAEA, the EAES and the IEA.

Several staff members participated as IAEA experts in
panel meetings and four staff members have been on an
Agency's technical assistance assignment in Algeria, the
Philippines, Roumania and Tunisia.

In connection with the- implementation of a United Nations
Development Project in Roumania, SCK/CEN has made
available to Roumania the services of five experts and
received two fellows for training in post-irradiation examina-
tion of irradiated fuel pins. For testing LWR fuel rods in
BR2, the PWC rig is being developed.

SCK/CEN acted as host foi two IAEA meetings: the
research co-ordination meeting on the environmental behav-
iour of tritium, held from 15 to 18 April, 1975, and the
meeting of the advisory group on facilities and techniques
for (U,Pu)O2 fuel fabrication, held from 13 to 17 October,
1975.

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 tht SCK/CEN and the
CREN-K, the technical co-operation between the two in-
stitutes was continued, especially for the operation of the
TRIGA Mkll reactor. This co-operation is financed by the
A.G.C.D.

In the scope of the agreement between the USSR, the
Netherlands and Belgium, a tripartite symposium on radio-
active waste management was held in Mol and in Petten.

During 1975, 254 (of which 75 foreign) students or qualified
scientists received further training at SCK/CEN. The training
programme at BR3 of operating crews for the Fessenheim
power plant was also continued.

Finally, in 1975, SCK/CEN received more than 2500 vis-
itors.
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Appendix 7

PERSONNEL OFFICE

SCK/CEN PERSONNEL

Table 1 rjives a survey of personnel on December 31, 1975.
The figures between brackets represent the changes com-
pared with December 31, 1974.
The average age on December 31, 1975, was 41.23 years.

TABLE 1

Class

Professional staff

Technical and administrative staff

SCK/CEN personnel working at other
centres or agencies

TOTAL

SCK/CEN'

326 ( + 9)

940 (—14)

10C+1)

1,276 (—4)

BR2 reactor and associated facilities

SCK/CEN

49

173 (—2)

-(-1)

222 (—3)

EURATOM

13(—1)

16

29 ( -1)

* Total BR2 personnel included

PERSONNEL ADMINISTRATION

21 persons were recruted during the year.
25 persons left SCK/CEN: 6 deaths from natural causes,
1 death by accident, 5 retirements and 12 resignations and
the expiration of 1 temporary contract.

There were 33 internal transfers, of which 25 involved
scientists or technicians and 8 administrative personnel.
In 1974 these figures were respectively 112, 98 and 14,
639 missions were organized to 26 different countries; this
shows a decrease of 97 compared with 1974.
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Appendix 8

FINANCE

ACCOUNTS ON DECEMBER 31, 1975
In Belgian Francs (FB)

RECEIPTS

A. ORDINARY RECEIPTS

Grants

1. Financing of the institute

Operating receipts

2. Radiobiology programme supported by the
Ministry of National Education

3. Contracts

4. Miscellaneous

5. BR2 receipts

5.1. Foreign customers

5.2. Belgian customers

6. Grants for EURATOM personne!

7. BR3 receipts

1.203,000,000

31,900,000

34,866,834

92,476,761

206,311,923

24,611,262

33,514,923

10,752,281

434,433,984

B. EXCEPTIONAL RECEIPTS

8. Subsidy for the BR3 4th leactor core

9. Subsidy for exceptional investments

BLG 515/76

TOTAL RECEIPTS

4,627,589

87,780,902

1,729,842,475
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EXPENDITURE

A. OPERATING EXPENDITURE

1. Personnel

1.1. SCK/CEN 1,095.114,003
1.2. SYNATOM 3,751,824
1.3. EURATOM 33,514,923
1.4. BELGONUCLEAIRE-Waste 53,218,560
1.5. Other 21,717.224

2. Administration

2.1. Rent computer 14,633,606
2.2. Technical training and missions 6,452,878
2.3. Documentation 2,833,942
2.4. Public relations 847,292
2.5. Insurance third party liability (nuclear) 6,178,706
2 6. Other administration expenses 33,217.423

3. Materials, energy and services

3.1. Materials and supplies 153,079,970
3.2. Fissile materials and fuel cycle expenditures 75,104,991
3.3. Energy 60,617,683
3.4. Work entrusted to third parties 75,866,433

1,207,318.534

64,163.847

364,669,077

TOTAL OPERATING EXPENDITURE 1,636,149,458

B. CAPITAL EXPENDITURE

1. Equipment

1.1. Running expenses
1 2. Exceptional expenditure

2. General services and site works

2.1. Running expenses
2.2. Exceptional expenditure

2.2.1. Exceptional investments
2.2.2. BR3 4th reactor core

66,569,094
2,847,050

12,155,959

64,893,827
4,617,618

TOTAL CAPITAL EXPENDITURE 150,083.548

C. FINANCIAL EXPENSES

1. Loans

1.1. Interests and taxes
1.2. Amortization of loans

2. Payment in full of BELGONUCLEAIRE capital

225,400
600,000

20,000,000

TOTAL FINANCIAL EXPENDITURE 20,825,400

TOTAL EXPENDITURE A + B + C 1,808,058,406
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Appendix 9

LIST OF ABBREVIATIONS

ACDA
ACEC
AEEW
A.G.C.D.
AGR
ANL
A.S.LK./C.G.E.R.
AVR
BWR
CBNM
CEGB
CEA
CFR
CG.E.R./A.S.L.K.
C.I.P.S./I.C.W.B.

CIV/CTI
CR.E.N.
CRM
CTI/CIV
DFR
DNB/OPI
DNE
DSM
EAES
EBR
ECOTECNIC
EIR
ELENCO
ENEL
ENI
ERA
ERDA
ESARDA
ESK

EULEP
FFTF
FNRS/NFWO

F.R.SM.
GBRA
GCFR
GfK
GKN
HEDL
H.FR.
H O.R.T.O K.

Arms and Control Disarmament Agency (USA)
Ateliers de Constructions Electriques de Charleroi, Charleroi (Belgium)
Atomic Energy Establishment Winfrith (United Kingdom)
Administration Generale de la Cooperation au Developpement (Belgium)
Advanced Gas Reactor
Argonne National Laboratory (USA)
Algemene Spaar- en Lijfrentekas / Caisse Generale d'Epargne et de Retraite (Belgium)
Arbeitsgemeinschaft Versuchsreaktor, Jülich (Federal Republic of Germany)
Boiling Water Reactor
C-otral Bureau for Nuclear Measurements - EURATOM, Geel (Belgium)
Central Electricity Generating Board (United Kingdom)
Commissariat ä l'Energie Atomique (France)
Commercial Fast Reactor
Caisse Generale d'Epargne et de Retraite / Algemene Spaar- en Lijfrentekas (Belgium)
Commission Interministerielle pour la Pohtique Scientifique / Interministenele Commissie
voor Wetenschapsbeleid (Belgium)
Centrum voor Informatieverwerking / Centre de Traitement de l'lnformation (Belgium)
Centre Regional d'Etudes Nucleates de Kinshasa (Republic of Zaire)
Centre de Recherches Metallurgies, Liege (Belgium)
Centre de Traitement de l'lnformation / Centrum voor Informatieverwerking (Belgium)
Dounreay Fast Reactor (United Kingdom)
Dienst voor Nijverheidsbevordering / Office de Promotion Industrielle (Belgium)
Dido Nickel Equivalent
De Staatsmijnen N.V., Heerlen (The Netherlands)
European Atomic Energy Society
Experimental Breeder Reactor, Idaho (USA)
Industrial consortium for ecology (Belgium)
Eidgenossisches Institut für Reaktorforschung, Würenhngen (Switzerland)
Electrochemische Energieconversie N.V., Mol (Belgium)
Ente Nazionale per I'Energia Elettrica (Italy)
Electro-Navale & Industrielle, Aartselaar (Belgium)
Economische Raad Antwerpen (Belgium)
Energy Research and Development Administration (USA)
European Safeguards Research and Development Association
Europäische Schnellbrüter-Kernkraftwerkgesellschaft mbH, Essen (Federal Republic of Ger-
many)
European Late Effects Project
Fast Flux Test Facility, Hanford (USA)
Fonds National de la Recherche Scientifique / Nationaal Fonds voor Wetenschappelijk
Onderzoek (Belgium)
Fonds de la Recherche Scientifique Medicale (Belgium)
European Association for Gas Breeder Reactor, Brussels (Belgium)
Gas Cooled Fast Reactor
Gesellschaft für Kernforschung mbH, Karlsruhe (Federal Republic of Germany)
NV Gemeenschappelijke Kernenergiecentrale Nederland
Hanford Engineering and Development Laboratory (USA)
High Flux Reactor, Petten (The Netherlands)
Hoger Rijkstechnisch Onderwijs voor Kernenergie, Mol (Belgium)
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HTR
IAEA
ICWB/CIPS

IEA
I.I.KW./I.I.S.N.

I.I.S.N./I IK.W

ILL
INDC
INIS
INT
IRE

IRM/Ktvil
I.R.S.I.A./I W.ON.L.

IVK
I.WO.N.L./I.R.S.I.A

J.E.T.
KFA
KMI/IRM
KNK
K.U.Leuven
LMFBR '
L.U C. Hasselt
LWR
MMN
NATO
NBS
NEA
NFWO/FNRS

Pf-R
FWR
OECD
OPI/DNB
RAPSODIE
RCN
R.I.T.
R U.C. Antwerpen
R.U.Gent
RWE
SENA
SBK
SEP
TNO
TUI
T.U.V.
U C.Louvain
UKAEA
U.LBruxelles
VENUS
V U.Brussel

High Temperature Reactor
International Atomic Energy Agency, Vienna (Austria)
Interministeriele Commissie voor Wetenschapsbeleid / Commission Interministerielle pout
la Politique Scientifique (Belgium)
International Energy Agency. Paris (France)
Interuniversitair Instituut voor Kernwetenschappen / Institut Interuniversitaire des Sciences
Nucleates, Brussels (Belgium)
Institut Interuniversitaire des Sciences Nucleates / Interuniversitair Instituut voor Kern-
wetenschappen, Brussels (Belgium)
Institut Laue-Langevin, Grenoble (France)
International Nuclear Data Committee, IAEA, Vienna (Austria)
International Nuclear Information System, IAEA, Vienna {Austria)
Institute for Nuclear Technology, Bucharest (Roumania)
Institut National des Radioelements / Nationaal Instituut voor Radio-elementen, Fleuius
(Belgium)
Institut Royal Meteorologique / Koninklijk Meteorologisch Instituut (Belgium)
Institut pour l'encouragement de la Recherche Scientifique dans ('Industrie et l'Agnculture /
Instituut tot aanmoediging van het Wetenschappelijk Onde'zoek in Nijverheid en Landbouw
(Belgium)
Institut von Karmann, Rhode-St.-Genese (Belgium)
Instituut tot aanmoediging van het Wetenschappelijk Onderzoek in Nijverheid en Landbouw/
Institut pour l'encouragement de la Recherche Scientifique dans I'lndustrie et l'Agriculture
(Belgium)
Joint European Torus
Kernforschungsanlage, Julich (Federal Republic of Germany)
Koninkhjk Meteorologisch Instituut / Institut Royal Meteorologique (Belgium)
Kompakte Natriumgekuhlle Kernenergieanlage, Karlsruhe (Federal Republic of Geimany)
Katholieke Universiteit Leuven (Belgium)
Liquid Metal Fast Breeder Reactor
Limburgs Universitair Centrum, Diepenbeek (Belgium)
Light Water Reactor
Metallurgie et Mecanique Nucleates, Dessel (Belgium)
Noith AM2r.tic Treaty Organization
National Bureau of Standards (USA)
Nuclear Energy Agency (O.E.C D.), Paris (France)
Nationaal Fonds voor Wetenschappelijk Onderzoek / Fonds National de la Recherche
Scientifique (Belgium)
Prototype Fast Reactor, Dounreay (United Kingdom)
Pressurized Water Reactor
Organization for Economic Co-operation and Development, Pans (France)
Office de Promotion Industrielle / Dienst voor Nijveiheidsbevordering (Belgium)
Experimental Fast Reactor, Cadarache (France)
Reactor Centrum Nederland, Petten (The Netherlands)
Recherche et Industrie Therapeutique, Genval (Belgium)
Rijksuniversitair Centrum, Antwerpen (Belgium)
Ri|ksuniversiteit Gent (Belgium)
Rheinisch-Westfälisches Elektrizitätswerk AG, Essen (Federal Republic of Germany)
Societe d'Energie Nucleaire Franco-Beige des Ardennes, Chooz (France)
Schnell-Brüter-Kernkraftwerkgesellschaft mbH, Essen (Federal Republic of Geimany)
N.V. Samenweikende Electriciteits-Productiebedrijven, Arnhem (The Netherlands)
Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek (The Netherlands)
Europaisches Institut fur Transurane, Karlsruhe (Federal Republic of Germany)
Technischer Ueberwachungs-Verein, Baden (Federal Republic of Germany)
Universite Catholique de Louvain (Belgium)
United Kingdom Atomic Energy Authority (United Kingdom)
Universite Libre de Bruxelles (Belgium)
Vulcain Experimental Nuclear System
Vrije Universiteit Brüssel (Belgium)
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