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Chapter 1

SODIUM COOLED FAST REACTORS

INTRODUCTION

Fast breeder reactors are considered to be the best future reactor system for simultaneous generation
of electricity from fission energy, for converting fertile material into fissile material and for burning so called
"waste" plutonium from to-day's thermal reactors as high-grade nuclear fuel.

Therefore, their development is a key element in the energy policy of many countries, this policy being
orientated towards diversification and reduced dependence on foreign imports of energy resources.

While research programmes are being pursued in these countries, substantial progress is being made

towards the real industrial application of fast breeders. In this respect, the decision taken by NERSA (Centrale
Nucléaire Européenne ä Neutrons Rapides S.A.) to build the 1200 MW(e) Super-Phénix at Creys Malvillc is a
significant step forward.

In addition, important efforts are being made in Europe to reach multinational agreements, which are
believed to increase the chances for industrial and commercial success.

Apart from the existing collaboration between the DeBeNeLux countries and between France and Italy,
and also the grouping of French, German, Italian, Dutch, English and Belgian utilities (EDF, RWE, ENEL,
SEP, CEGB and SYNATOM) in NERSA and ESK (Europäische Scbnellbrüter Kernkraftwerkgesellschaft
mbH), the agreements signed between Germany and France should also be mentioned in this respect. These
are related to the following:

- CEA, Inleratom and GfK will co-ordinate their research programmes;

• all knowledge of reactor systems will be transferred to a joint patent utilization company from which 1NB
and Novatome will purchase licences;

- Novatome and Intci'ütom will co-ordinate their industrial efforts, try to standardize their products and rationalize
their industrial and commercial methods in view of the creation of a common company.

The final contracts are still under negotiation, including the extension of the agreements on the one hand,
to the Dutch and Belgian partners, and on the other to the Italian partners.

In Belgium, dcelopment work on sodium cooled reactors is integrated into the DeBeNeLux SNR project
which, at present, is focused on:

- construction and operation of the SNR 300 plant at Kalkar;

- design work for the SNR 2 demonstration reactor (1300 MW);

• various general and supporting R & D, including the conversion of the KNK core mainly for fast reactor fuel
element testing.

13LG 520/77 1-1
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The licensing problems for SN'R 300 which are related to the conseauenees of u power excursion and which
have caused significant delays, were solved in 1976. The buildings are scheduled to be completed by the
autumn of 1977.

The preliminary design phase for SNR 2, entrusted to 1NB by ESK, has to be finished by 1978; its purpose
is to clarify most of the major safety and design problems, including the study of a core with a heterogeneous
mixture of fissile and fertile elements in order to improve the safety and the breeding ratio.

General supporting R & D is carried out mainly by the research centres. SCK/CEN's contribution, as
described hereafter, is particularly orientated towards fuel element design and fabrication.

1.1. MIXED OXIDE FUEL

Most of the fast reactors are fuelled with (lICK-PiiO;) fuel clad with austcnitic steel. The first cores
of the SNR 300 will be composed of bundles of this type.

For the industrial fabrication of the fuel for the first core of SNR 300 a fuel fabrication concept has been
worked out according to the Mkla specifications and tested by the SCK/CEN-BELGONUCLEAIRE Fuel Group;
it is based on the use of semi free-flowing powders. The procedure leads to fuel pellets having a small diameter
( 5.09 mm nominal) and a small density (86.6% of the theoretical density).

This has been applied successfully in 1975-1976 for the prototype-fabrication of the KNK 11 experiment
in the laboratories ot the Fuel Group. To this end, a double rotary press installed in a plutonium glove box has
been used for the first time in the world. The press is equipped with a hydraulic compensator which enables
the density of the »reen pellets to be kept sufficiently reproducible. The punches were lubricated according to
a procedure worked out with UOi and for which a patent has been applied for.

The pellets are being sintered in a continuous furnace at a temperature of 1620°C for 4 h and under an
argon-5"ó hydrogen atmosphere with controlled moisture content, with a v'ww to obtaining a low O/M ratio.

In the next step, the pellets are submitted to a severe statistical control, not only with regard to their
dimensions but also concerning their various chemical and metallurgical characteristics. The pellets are then
inserted into the canning tubes on which the first plug is already welded. Finally, the fuel pins are filled with
pure helium and the second plug is welded under helium atmosphere.

A variation on this procedure will be applied by BELGONUCLEAIRE-Dessel for the fabrication, on an
industrial level, of 40% of the fuel which will constitute the first core of the SNR 300 reactor. For this
labricatiun, production scraps and a dry lubricant will be added in a well-determined proportion to the UO2-P11O2
mixture; next, pellctizing will be carried out with a hydraulic press equipped with multiple punches. The
pressure of the punches will be regulated bydraulically in order to reduce green density variations of the pellets
due to weight variations.

The contribution of SCK/CEN to the joint programme with BELGONUCLEA1RE consists of numerous
irradiation experiments such as Rapsodiel, DFR 455 and MOL 715. Similarly to KNK 11, the fuel elements in
these experiments are kept together in the bundle by means of a conventional device with grid spacers. In the
Rapsodiell experiment, which began in 1975, a larger rod diameter (7.6 mm instead of 6 mm) and spiral
wire spacers are being tested. The irradiation proceeds as normal.

At LMA and TU1, detailed post-irradiation examinations have been carried out on the fuel and structural
components of the Rapsodiel, DFR 455 and MOL 7B experiments. The MOL 7D loop, which contains a
bundle with 19 pins spaced by integral fins, has been irradiated in BR2 on behalf of GfK; it was unloaded
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utter TO4 days ot irradiation, having reached a maximum burn-up of /5,000 MWd.t ' without indication of
tuel pin failure.

Additional CFC simulation experiments also confirmed the part played by tellurium in the fuel/cladding
interaction.

1.1.1. Mixed oxide fuel preparation
(A.J.FIipot)

1.1.1.1. Fuel fabrication studies
(A.J.FIipot, R. Lcmairc", A. Smolders, R.
Gilissen, M. Borrcmuns*)

The possibility of recycling sintered scraps has
been evaluated. The first stage of the study, perform-
ed on UOi, has shown that the milling time is the
appropriate parameter to control the sinterability of
the sintered scrap powders and that sieving is neces-
sary in order to eliminate large particles which would
affect the surface quality of the pellets.

The technique was then successfully transposed to
the fabrication of mixed oxide low density pellets.
Due to their increased brittleness. these scraps do not
require precrushing and yield fine powdo:- after 10
minutes of milling in a planetary ball mi'u.

Up to 20\vi.f/ó of these sintered scrap powders
have been admixed without problems to fresh UO2-
PuO; mixtures in a high rotor speed blender. The
maximum green density increases with scrap addition
while the sintered density drops about 2.5% TD for
each 5 \vi.°ó scrap added. The geometrical pellet
characteristics met with the Mk 1 SNR 300 specifica-
tions. Nevertheless, the high tungsten and carbon
contamination caused by wear on the tungsten carbide
milling equipment, may be a limiting factor if large
amounts of scraps have to be recycled.

Some preliminary experiments have also been car-
ried out on the fabrication of high density pellets
which can be completely dissolved in UNO«. The
latter condition requires a very good microhomo-
geneity.

It was first envisaged using coprccipitatcd (U,Pu)O:
powders as a starting material, but the powder avail-
able was sticky and had a very high O/M ratio.
Moreover, the die filling was irregular, the green
pellets were brittle and the sintered pellets were out
of specification.

The coprecipitated powder has therefore been
abandoned and tests were started on non free-flowing
UO> and P11O2 powders. 1 Iowever, these require a
preconipaction-granulation step in order to obtain
a reproducible die filling. Orientation tests on pure
UO: powders manufactured by BNFL gave good
results and work on UO:-PuO: mixtures has started.

' BELGONUCUIA1RE
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Control oi the sintering conditions in the con-
tinuous lurnncc has been improved. As previous
water vapour measurements were often lalsified by
ageing effects of the probes, great care has been taken
to calibrate them regularly. Moreover, the measuring
equipment has been completed with a hydrogen
analyser and a device to control the transport velocity
of the sintering trays. Recent measurements show
that, under certain conditions of gas flow and furnace
load, back ditfusion of water vapour from the re-
duction site towards the hot zone can be very im-
portant.

Moreover, a mathematical model is being developed
in order to forecast the degree of hypostoichiometry
of sintered pellets as a function of furnace load,
plutonium concentration, gas flow rate and moisture
back diffusion.

1.1.1.2. Fuel characterization
(P. Diels, P. Hcnrion, R. Lecocq, A. Smol-
ders, J. Sleurs)

Particle size analysis (MSA technique) has been
refined to make up for the loss of dexterity resulting
from the glove box operation; the sample dispersion
procedure has also been improved. Wet microsieving
(WMS) for powder classification has proved to be
considerably more difficult than expected. Large
quantities of liquid are necessary, making the adapta-
tion of this technique to glove box work very pro-
blematic. Comparison of WMS with MSA and sedi-
mentation balance results on UO> is under way.
Properly operated, WMS has the advantage of giving
absolute results.

The influence of the characteristics of the UO:
powders on the friction coefficient between UO: and
the compaction die is being investigated. This com-
pletes a precccding study on the relation between
compaction die characteristics and the friction coef-
ficient.

X-ray fluorescence is being studied to control Pu
homogeneity of UOi-PuO; powder mixtures as a fast
and non-destructive alternative method to coulometry.
As a first stage, a suitable sample preparation tech-
nique has been developed using free-flowing UO: and
ThO: instead of PuO:.

In addition to raw material characterization, it may
also be important to acquire a more profound know-
ledge of fuel pellet characteristics. Two aspects of
this characterization are being investigated i.e. the
general quality of green pellets and the microhomo-
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geneity of sintered pellets. The green pellets will be
characterized by their external physical aspect and
inner structure; in this respect, optical microscopy on
polished green pellets has given promising results.

Microhomogeneity of sintered pellets should be
evaluated by colour a-autoradiography, which is a
potentially last and semi-quantitative method of de-
termining the Pu-content of Pu rich particles and of
(U.Pu)Oj solid solutions. An appropriate film pro-
cessing technique has been developed and a special
film exposure procedure has been tested successfully
without film contamination.

1.1.1.3. Fuel pin fabrication development
(A.J. Flipot, P. De Boeck, S. de Burbure, R.
Lcmairc*, M. Van de Cruys*)

A new concept of end plug design has been studied
for TIG welding. Particular attention has been paid
to the following requirements:
- large permissible fitting tolerance between tube and

plug;
- small effect of welding current variations on weld

penetration;
- minimum weld stresses to prevent cracking;
- limited diameter increase of weld bead and end

crater.
A patent will be applied for.
TIG welding tests made on a \VN 1.4970 steel

batch showed a low weld penetration even with very
high welding currents. Such ;\ problem has not been
encountered during the KNK 11 and Rapsodie 11
lahrication runs, for which the same type of steel,
but resulting from a different melt, bad been used.
Comparative analyses of the three materials revealed
no significant differences in chemical or structural
composition. However, the new plug concept men-
tioned above is a practical solution to this problem.

The detailed drawings of a resistance welding ma-
chine adapted for the glove box operation have been
completed. The installation is designed for "'elding
Pu bearing fuel pins in a horizontal position. An
identical installation will be built for first end plug
welding and for development and demonstration tests.

In order to determine the influence of the gas
purging procedure on the quality of the filling gas,
6 fuel pins of KNK 11 type have been fabricated,
applying a different number of purging cycles. Punc-
tions were made after a storage period of about 120
days. Analyses of the recovered gas samples showed
that all purging cycles gave more than 99 vol % lie,
but that two short purging cycles offer a better gas
quality than one long purging cycle.

1.1.1.4. Fuel preparation for irradiation experi-
ments
(A.J. Flipot, R. Lemaire*, M. Van de Cruys*,
P. Diels, P. De Boeck)

DFR 455 pins examination

The DFR 455 irradiation experiment was stopped
after the premature failure of some German pins.
Therefore, it was decided to start a thorough investi-
gation on the non-irradiated spare pins: 4 pins are
being examined by the Fuel Group and 4 others by
GfK.

KNK II statistical irradiation

The KNK II fuel preparation campaign, prepared
in 1974 and started in 1975, was completed in 1976.
During 1975, most of the qualifications had been
obtained and the fabrication was started. By the end
of 1975, all the powder mixtures had been prepared;
one mixing batch was not pelletized and two pelletized
batches were under control. Already 122 pins of
WN 1.4981 Manncsmann steel and 22 pins of WN
1.4981 Vallourcc steel had been manufactured. During
1976 the pins with W'N 1.4970 steel cladding, sup-
plied by Mannesmann and Vallourec, were manufac-
tured, together with additional pins with WN 1.4981
cladding tubes supplied by Mannesmann.

The fabrication campaign was subdivided into
mixing batches of about 5 kg each. The homogeneity
of the mixtures was acceptable but the statistical
sampling required as much as 3% of the available
powders, which showed the need for a fast non-
destructive control of the Pu/U + Pu homogeneity.

For the whole campaign, about 25,000 pellets
were accepted.

A suitable unloading procedure allowed the pellets
of rejected pins to be rc-uscd.

All welds were fully qualified by the end of March,
and in July, 1976, the 215 pins were accepted by
TÜV representatives.These are distributed as follows:
- 122 pins with WN 1.4981 Mannesmann cladding;
- 20 pins with WN 1.4981 Vallourec „ ' ;
- 45 pins with WN 1.4970 Mannesmann ., ;
• 28 pins with WN 1.4970 Vallourec „ .

Of these, 19 special pins have been more fully
characterized for post-irradiation examination.

211 pins will be assembled by BELGONUCLE-
AIRE at the Dcsscl plant in 1977. The documentation
of the pins will be submitted to TÜV for acceptance.

* BELGONUCLEAIRE
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1.1.2. Mixed oxide fuel irradiation programme

1 1.2.1. Post-irradiation examination of the Rap-
sodie I experiment
(D.Haas*, D. cie Hccrin» , A.C. Dcmildt, ] .
Van de Velde, C. Van Loon, J. Ketels, R. Bo-
den, D. Huys, P. De Reggc)

Most ot the post-irradiation work on the Rapsodie 1
experinieiv. carried out for testing the SNR ')00 Mkla
fuel concept, was completed during 1976. Particular
intention was paid to the radial Pu/U + Pu distribu-
tion, comparison of the fuel-cladding interaction for
both steel tvpcs tested (i.e. annealed WN 1.4988 and
cold-worked and aged W'N 1.4970) and destructive
burn-up determination. Moreover, cladding samples
have been prepared for swelling and tensile tests.

Examinations demonstrated that the main para-
meter influencing the fuel's behaviour and us chemical
interaction with the cladding was the initial value of
the O/M ratio. The strongly hypostoichiometric fuel
showed important axial and radial migrations as well
as accumulations of fission products. A consequence
ol the cesium axial migration was a strong chemical
interaction with the UO: blanket pellets, leading to
an important chemical reaction with the cladding at
the top of the fuel column and also to localized in-
elasiic deformations of the cladding at the fuel-blanket
interfaces. The depth of chemical interaction between
cladding and fuel outside the blanket-fuel interface
has always been lower than 60 |tm.

The fuel with a higher initial O/M ratio, com-
prising between 1.97 and 2.00, did not show this
large migration anil accumulation of fission products.
The highest plutonium enrichment near the central
hole has, however, been observed in the fuel with
the highest O/M ratio. This plutonium enrichment
probably happened in the first stage of the irradiation.
Another important characteristic of this type of fuel
was its tendency to lead to increased chemical attack
of the cladding (120|im maximum).

For destructive burn-up determinations, 11 samples
were dissolved in a boiling lONHNOi + 0.1 NI1F
solution. After 8 h, the residues were collected and
assayed by gamma-ray spectrometry. Only "^Ru-Rh
could be detected. The Pu content was verified after
complete dissolution of the residue in a KOH-KNO.i
solution but less than 0 .1% of the initial quantities
could be detected.

Uranium, plutonium and neodymium isotopic com-
position and concentrations were determined by mass
spectrometric isoiopic dilution analysis. Excellent
agreement was obtained for burn-up values calculated
from the individual Nd iso'opes except for b0Nd
which yielded systematically low results ( ~ 6 % ) .

However, the correct lission yields in the Rapsodie
reactor are not available and values for E13R 11 have
been used. Within a tew percent, the burn-up values
calculated from l44Ce agree with the Nd values. Con-
siderable migration of IT7Cs was observed from the
reactor mid-plane towards the ends of the fuel rods.
The burn-up values ranged Irom 62,000 up to 101,000
MWd.t'.

1.1.2.2. Post-irradiation work for the DFR 455 ex-
periment
(D. de Heering*, J. Van de Velde)

Non-destructive tests (X-rays and y-scanning) have
been initiated at TU1 (Karlsruhe) on some of the
Belgian pins. First results have shown good behaviour
of the fuel.

The dismantling of the DFR 455 structure was
performed in the hot cells of BR2. Examinations on
spacer grids, filling pieces and tie rods have started
at LMA.

1.1.2.3. Rapsodie II experiment
(D. de Heeling51)

After transportation to Cadarache, both the moni-
tor capsule and the assembly were mounted in the
controlled zone.

The monitor capsule irradiation started during the
43"' campaign (Is1 March, 1976); main assembly
irradiation started one campaign later (24th Mav,
1976). By the end of 1976, the monitor capsule
reached a maximum burn-up of 3.5 at. %, correspon-
ding to 18.7 dpa NRT.

The irradiation will continue in 1977.

1.1.2.4. Post-irradiation examinations of the MOL
7B experiment
(G. Vanmassenliove, A. Verwitnp, J. Van de
Velde, A. Dcmildt, M. Gaube*, D. Haas")

Some preliminary conclusions from destructive post-
irradiation examinations, carried out at TUI-Karlsruhe,
are as follows:
- the internal corrosion of the cladding is only about

35 [im;
- the burn-up determinations, yielding values of 13%

fima for the corner rods, are higher than calculated
from the energy balances during irradiation;

- the O/M ratio decreased during irradiation;
- the exact mechanism of the failure is still being

analysed: loss of ductility by thermal creep caused
by internal gas pressure or fuel swelling or a com-
bination of these effects is taken into account.

" HELGONUCLEAIRE
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1.1 2.5. M0L7D project
( A. Verwiinp, G. Vanmassenhove, R. Oris,
G. Gcboers)

I he MOL 7D irradiation of a bundle of 19 mixed
oxide fuel pins with integral fins, in collaboration
with G1K, was terminated atter reactor cycle OS/76
(October. 1976). The irradiation campaign ran with-
out particular difficulties at the nominal conditions
( 470' v'.:u W.cnv', sodium inlet temperature 335°C.
•«odium flow rate 1.6kg.s'). The total irradiation
time was 304 da\s. The burn-up of the corner pins
at the hot plane'level reached 75,000 MWd.f'. No
pin failure was detected during the campaign.

The loop is now stored in the reactor pool. The
dismantling of the loop will be carried out according
to the procedure applied for the MOL 7B experiment.

1.1.3. Fuel clad compatibility (CFC experiment)
(A. DelbrasMne, A.J.FIipot)

1.1.3.1. Results of the CFC 02 and 03 experiments
(A. Delbmssine, J. Ketels, C. Van Loon)

The main purpose of these experiments is to com-
pare the behaviour of UO:-30%> PiiO; pellets with
an O/M ratio ranging from 1.94 to 2.00 clad with
W'N 1.4981 steel irradiated at 650°C (CFC 02) and
700°C (CFC 03).

Dimensional measurements and y-scanning showed
no increase in the outer diameter of the cladding and
Cs migration to the colder upper and lower blanket
pellets. This migration is independent of the initial
O/M ratio. No diflerence in migration was recorded
between the doping n4Cs and the n7Cs generated by
fission, which confirms that the doping simulation is
reliable.

Destructive examinations, more particularly metal-

lography and microprobe analyses, gave the following
results:
- no significant attack has been noticed on the Cs

doped fuel pin;
- in the pins containing Cs and Te with a Cs/Te

ratio of 4, a slight corrosion was observed. No inner
corrosion can be seen in the fuel pin containing
pellets with an O/M ratio of 1.94.
Intergranular corrosion of only 20 to 40 |im has

been measured on the pin with stoichiometric fuel,
irradiated at 700°C. The intergranular corrosion was
even less in the similar pin irradiated at 650°C. In
the hottest fuel pin region, at the fuel side, a U-Cs-O
compound has been formed, containing only a small
quantity of Pu. On the inner surface of the cladding,
a layer containing Fe and Ni has been detected. This
layer is followed by an oxide layer containing Te and
Cs. This Cs is often combined with Cr and Mn.
No cladding attack at the blanket pellet level has been
observed in spite of the higher Cs and Te concentra-
tion.

1.1.3.2. Results of the CFC 05 experiment
(A. Delbrassine, J. Ketels, C. Van Loon)

The non-destructive examination of the 3 Belgian
pins confirmed the observations made on the CFC 02
and 03 pins. The destructive examination has been
started.

1.1.3.3. CFC 06 experiment
(P. DeBoeck, P. Diels)

The purpose of this experiment is to study the
corrosion on different cladding materials. Preliminary
welding tests on 4 different potential cladding ma-
terials have been made. The 4 materials involved arc
AIS1 310, S7 ferritic steel, AGR steel and WN 1.4970
steel.

1.2. CARBIDE FUEL
(J. Proost)

The objectives pursued by the SCK/CEN programme on carbides for fast reactors are, on the one hand,
a better understanding of the basic properties which might influence the preparation aiïtl irradiation behaviour
of carbides, and on the other hand development of technical skill to manufacture (U,Pu) mixed carbides.

Basic studies on uranium carbides were mainly devoted to the fabrication of various fuel types for the
POM-STUC 4 irradiation experiment, set up to investigate the influence of mechanical properties on the
irradiation behaviour. On the other hand, continued tensile and compressive flow stress measurements as well
as stress relaxation experiments on these fuel types indicated that work hardening of UC is much more effective
in solid solution hardened material than in precipitation hardened carbides.

1-6 BLG 520/77



Por increasing the capacity of the (U,Pu) mixed carbide fuel preparation laboratory, new equipment is
being installed such as a carboreduction furnace, a hydraulic press and a unit for loading and welding long
tuel pins.

With regard to irradiation experiments, one should mention the results obtained from post-irradiation
examinations on the MFBS 7 experiment with 3 pins in an integrated sodium loop, irradiated in BR2 up to
50,000 MW'd.t'. These indicated peculiar differences between the behaviour of the "sphere-pac" fuel delivered
by KIR and the pelletized fuel: they show that particular attention should be paid to specifications for the gap
in helium bonded carbide pins.

The DPR 527 experiment has reached about 50,000 MWd.f' and is being continued for the last ÜFR cycle.

The in-pile measurement of volumetric fuel pin swelling and fission gas pressure for the CIRCE 2S
irradiation also indicated anomalies at about 50,000 MWd.f'. These anomalies are bein« analysed at present.

1.2.1. Studies on uranium carbides

1.2.1.1 Uranium carbide fuel fabrication
(F. Gorlê, D. De Vooght, R. De Batist)

The enriched fuel for the POM-STUC 4 irradiation
experiment, aimed at investigating the correlation
between microscopic swelling behaviour and mecha-
nical properties, has been fabricated.

1.2.1.2. Irradiation experiments with uranium car-
bides
(A. Delbrassine)

Destructive post-irradiation work has started on
POM-STUC 3 at TUI and on CIRCE 4 at E1R, but
no lirtn conclusions can yet be drawn.

1.2.1.3. Physical properties of uranium carbides
(D.DeVooght, R. De Batist, P.De Meester',
\ \ ' . Lamvaet*)

The investigation of the influence of alloying ad-
ditives on the mechanical properties of various ura-
nium carbides has been continued. Tensile and com-
pressive flow stress measurements have been complet-
ed with stress relaxation experiments. Prom the latter
it is possible to obtain information on the dynamic
and structural behaviour of the material.

Analysis of the stress relaxation data has been
carried out according to the formalism proposed by
Li. Por the time dependence of the load P, required
for maintaining constant strain, he suggested the fol-
lowing equation:

P — P i = K (t + a)""
1 lere. Pi corresponds to the initial internal stress

so that P can never become smaller than Pi. K and n

4 K.U.Luuvcn
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are material constants, determined by temperature
and defect structure and a is a time constant related
to the initial deformation rate used for loading before
relaxation. Results of stress relaxation experiments,
correlated with compressive yield stress measure-
ments on UC material containing between 0 and 0.7
mol % VC, lead to the following conclusions:
- the parameter K varies with the degree of work

hardening, remaining constant in the absence of
plastic deformation;

- the strongest hardening effect has been obtained
with the smallest amount of VC added (0.1 mol %);

- work hardening is particularly effective in solid
solution hardened material; it is drastically reduced
in precipitation hardened material (containing up to
0.7 mol % VC).

1.2.2. (U,Pu) mixed carbides

1.2.2.1. Mixed (U,Pu) carbide fuel preparation
(A.J.Flipot, G. Wouters, A. Smolders)

Adaptation of the mixed carbide fuel prepara-
tion laboratories

The adaptation work, which was started in Septem-
ber, 1975, should be finished by the end of 1977.
During 1976, the work mainly concerned the evacua-
tion of old glove boxes, the rearrangement of existing
working units and the installation of new «love boxes
in the carbide preparation laboratory.

The new graphite heater tube furnace for the
carbothennic reduction of the compacted UO1-P11O2-C
mixtures has been mounted in the glove box and the
non-active test programme has been concluded satis-
factorily. Before initiating tests on uranium carbides,
the temperature contnl equipment, some structural
parts of the furnace and the glove box should be
modified. Furthermore, a quadrupole mass spectro-
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meter will be mounted in the glove box in order to
complete the analytical instrumentation.

The hydraulic press, designed for the pelletizing of
carbide powders in a glove box, has been mounted
in the fuel preparation laboratory. The design of a
new loading and welding unit is almost finished.
Various components have been ordered and the con-
struction of the glove boxes and the welding chamber
has been started.

Supporting technological studies on uranium

Three ditlerent batch mixers were tested with
free-flowing UO; and Kropfmühl graphite powder in
order to select the most appropriate apparatus for
mixing UCvPuCvC.

A low speed propeller mixer was eliminated be-
cause of inherent mixture heterogeneities. On the
other hand, a high speed propeller mixer as well as
the thumbling ball-mixer gave adequate and com-
parable mixing performances. Ultimately, the ball-mill
was selected for the improved reactivity of the mix-
ture obtained by the combined milling and mixing
actions of the balls.

1.2.2.2. (U,Pu) mixed carbide irradiation pro-
gramme
( A. Delbrassine, M. Socncn, G. Blondeel, G.
Geboers)

DFR 527

This experiment contains two SCK/CEN pins with
(U.Pu)VC fuel and one E1R pin with sphere pack
(U,Pu)C fuel. The SCK/CEN pins are irradiated in
a duplex rig while the E1R pin is irradiated separately
in a single rig. The second cycle (DFR run 79) started

on 4"' December, 1975, and ended on 26"' February,
1976. The third one (DFR run 80) started on IS"1

June and ended on 22m* September, 1976.
The irradiation conditions for the SCK/CEN1 duplex

rig during DFR runs 79 and 80 are «iven in Table
1.2.1.

MFBS 7

The MFBS 7 experiment is a joint SCK/CEN-E1R
irradiation in the BR2 reactor. The two E1R pins
coniain sphere pack (U,Pu)C while the four SCK/
CEN pins contain three different pelletized fuel types
e.g. (U,Pu)CO, (U.Pu)C.x and (U.Pu)VC. After
fission gas detection in the loop cover gas, the loop
was unloaded from BR2 alter cycle 7/75.

Dismantling was carried out in the BR2 hot cells
from 18'" March to 16"' April, 1976, as follows:
- the lower part of the loop was cut and the sodium

was drained from the loop into a storage tank;
- the bundle in its wrapper tube was cut from the

loop and cleaned in an alcohol circuit;
- the wrapper tube was removed, the length of each

pin was measured and the neutron flux monitors
fixed to the tie-rods were recovered;

- by cutting through the lower end plugs, it was
possible to remove the three individual pins from
the bundle without difficulty;

- visual examination and dry-sipping tests on each
pin did not reveal any abnormality;

- linally, dimensional measurements were made and
gamma scanning carried out. The fuel pins were
then prepared for loading in the transport container
and sent to EIR Wiirenlingen for the destructive
post-irradiation examinations;

- the loop itself has been temporarily stored in the
hot cells after welding an end plug to the lower end.

TABLE 1.2.1.
Irradiation conditions oj tbc DFR 527 experiment

Irradiation cycle 2

Reactor operation <
DPR reactor run 1 79
Equivalent days at full power > 67.2
Mean reactor power (MW) ; 60

l
Irradiation conditions f

Mean linear power (W'.cnv') ! 624
Max. linear power (W'.cnv1) | 712
Outer cladding temp. (°C) \ 262-612
Inner cladding temp. (°C) 1 31S-654
Mean burn-up (MWd.f') i 14,240

(at. 9b) j 1.61
Max. burn-up (MWd.f1) | 16,260

(at. 9b) | 1.84
Total neutron dose (nvi) i 1.38 X 10-
Neutron dose (U>3.68 MeV) (nvt) \ 0.04X10-

3

80
59.6
60

613
69S

262-605
317-647
12,390

1.40
14,110
1.59

1.12x10-
0.03x10-

Accunniiaied
values after
third cycle

193.0

40,930
4.62

46,750
5.28

3.95x10-
0.11 X 10-
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From the dimensional measurements carried out on
the dismantled fuel pins, the following conclusions
can be drawn:
- as volumetric swelling depends on initial geometrical

iuel characteristics (gap. density), no firm conclu-
sion on the macroscopic swelling behaviour of the
three iuel types can be drawn;

- no significant differences in mean cladding diameter
increase have been observed;

- smear density variations during irradiation are al-
most proportional to initial smear density; the same
relation was observed for all fuel types;

- the diameter profiles of the stabilized (U,Pu)VC
fuel pins were characterized by pronounced peaks
and abrupt slope changes. These slope changes can
he related to fuel cracking and pellet fragments
which give rise to cladding strain.
Total Y-scanning did not reveal important axial

lission product or fuel material relocations. Only an
unexpected cesium migration in the (U,Pu)CO pin
has been observed.

First results irom the destructive examinations are
as follows:
- the S5 pin, containing (U,Pu)VC fuel, displayed

some microcracks confirming the conclusions based
on lag gas analyses of the loop cover gas;

- all fuel pins showed fuel restructuring and axial
hole formation;

- the pins containing chemically stabilized (U,Pu)VC
fuel reveal more pronounced fuel restructuring with
long columnar grains in the cold outer region;

- the cladding of the other fuel pins containing
(U,Pu)CO and (U,Pu)Ci.x was also found to be
carburized and displayed inner microcracks.

CIRCE 2S

The CIRCE 2S experiment is being set up foi the
in-pile measurement of macroscopic swelling and fis-
sion gas release of a (U,Pu)VC fuel pin. In addition,
at regular time intervals, a neutron radiograph of the
fuel pin is taken for calibration purposes.

The irradiation of the rig in the BR2 reactor started
in reactor cycle 1/76. At the end of reactor cycle
11/76, the fuel had reached a maximum burn-up of
about 65,000 MWd.t1.

In-pile measurements gave the following results:
- at 5,000 MWd.t ' , the gap between pellets and

cladding was not completely filled;
- after 14,500 MWd.t"1, restrained fuel pin swelling

was initiated as indicated by the swelling transducer;
- macroscopic fuel pin swelling increased gradually

with burn-up;
- fission gas pressure increased progressively with

bum-up. It has been observed that fission gases
are mainly released during start-up and shut-down
operations and by power transients.
As a result of anomalies observed during cycle

11/76 in the in-pile measurements, it was decided to
temporarily unload the experiment until it becomes
clear whether these anomalies are due to a failure of
the measurement system or due to cladding rupture.

1.3. FUEL ASSEMBLIES
(M. Soenen, J. Dekeyser, F. Mathieu*)

No tests have been carried out on fuel assemblies in the Na3 loop. Further experimental work on
coolant mixing in rod bundles has been postponed until 1977.

1.4. MATERIALS DEVELOPMENT
(J.J.Huet)

The pins and grids of the C4 dummy core assembly exposed in the Na3 loop during the 3,000 h endurance
test have been examined. It has been found that under test conditions no corrosion problem is to be expected,
neither for \VN 1.4970 nor for WN 1.4981 steels.

Fcrritic steels were studied further as advanced material for fast breeder reactors. In the fabrication process,
a significant improvement in the quality of the metal was obtained after processing and milling the powders in an

* EURATOM
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inert atmosphere: the large inclusions iound -erlier disappeaieu aii.wst compietely. Another improvement in the
fabrication process was brought about by the application of ultrasonic tube drawing: 15% and 20?b cold
reduction per pass could be given to the tubes as compared to the earlier 5 to l°b. The problem of resistance
welding of the end caps to the tube can now be considered as being solved on a laboratory scale.

The high temperature creep properties were further studied under more realistic internal pressure conditions:
only a slight decrease in rupture time was found. Much effort was devoted to the preparation of the RIPCEX 2
irradiation in Rapsodie (Cadarache). scheduled to start mid 1977. This irradiation will contain commercial
and dispersion-strengthened ferritic steel and several austenitic steels (the latter by request of the SNR project).
It will allow the measurement of swelling and irradiation creep up to a dose of at least 10 : ' n.cni".

1.4.1. Testing of SNR materials

1.4.1.1. Post endurance analysis on fuel assem-
bly components tested in Na3
(A. De Bremaecker, S. De Burburc, L. Knac-
pen)

Analysis of W'N 1.4981 grids and of \VN 1.4970
and \VN 1.4981 canning tubes of the C4 dummy fuel
assembly in 1975, endurance tested in the Na3 loop
as described in the 1975 annual scientific report,
revealed the following leatures:
- formation of a continuous ferrite layer was found

in both steel types, but the average lerrite layer is
thicker for grids (6-7 urn) than for tubes (3-4 um
for W'N 1.4981 steel and 2-3 |im for W'N 1.4970
steel);

- the ferrite depth is independent of the degree of
cold work, but depends more on the sodium velo-
city,

- there is a good correlation between average ferrite
depth and average depth of voids;

- the ferrite layer is much thinner after Na exposure
at 600T. than at 650°C (a layer of 10-20 urn was
found in the C3 assembly tested at 650°C);

- no intergranular ferrite was found;
- in the W'N 1.4981 steel, there was precipitation of

an intermetallic phase throughout the wall thickness;
- the spot welds between grid plates and between tie

rod and spacer rings were unaffected;
- the surface appearance as revealed by scanning

microscopy was typical of sodium corrosion. Many
small Mo rich corrosion products were found to be
present, especially on the W'N 1.4981 steel.
Among the canning tubes of the B4 assembly

(AISI 316 steel) also exposed to dynamic sodium at
60irC for 3000 h and submitted to an internal argon
pressure of 70 kg.cnv2 (which corresponds to a stress
ol 24 kg.mm'2 and to a timc-to-rupturc of about
870 h) , several ruptured at an early stage of the
experiment. There is good compatibility between
helicoida! wires and tubes. When comparing the top
and bottom welds of the tubes tested in Na and the
parallel proof tube, it can be concluded that no

important dilferences exist, neither between upstream
and downstream areas nor for different wire tensions.

1.4.2. Dispersion-strengthened ferritic steels

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

Powder preparation
(L. Coheur)

It has been shown that the large oxide inclusions
found in the end product originate from the titanium
metal powder which partly oxidizes during the me-
chanical alloying treatment.

The advantage of mechanical alloying has been
demonstrated on a Fe-TiO; mixture, where no side
elfects could be expected. The efiiciency of different
kinds of mills was also studied on that mixture and
it was found that the "cake-pan", developed some
years ago to avoid agglomeration of the ceramic
powder, was the most efficient mill but hard to extra-
polate to an industrial unit. The vibratory ball-mill is
the only one of the industrial mills tested, which can
deform the powders and hence produce mechanical
alloying to the same extent as the "cake-pan" does.

In order to avoid oxidation of titanium metal,
mechanical alloying under pure argon atmosphere has
been examined. It was found that the tensile strength
(at room temperature and at 700=C) of the DYOO5
alloy was continuously increasing with the milling
time, at least up to 72 h in the cake-pan. In these
experiments, the oxygen content remains at the con-
stant level determined by the amount of added oxide
and the oxygen content of the starting powders. This
could not be achieved previously when the powders
were processed in air because of the decrease of free
titanium and of /-phase content due to oxidation.
A single test carried out up to now indicates a similar
trend for the DTO2 alloys. Fig. 1.4.1. shows the
striking difference in microstructure of alloys pro-
cessed in air (a) or in argon (b) .
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Tube fabrication
(L. LX-Wilde, J. Gedopt)

Much effort was devoted to the fabrication of the
tubes lor the R1 PCliX irradiation. All the ferritic
steels selected for the irradiation have been cold
drawn to the final dimensions without any particular
difficulties, except for the F53 alloy (1 3Cr - 2.7Ti -
2"óMo without dispersion) where solution annealing
was I omul to produce an excessive grain growth. A
slightly lower thermal treatment temperature resulted
in an alloy which, through still hard, could be cold
drawn.

The "SON'ODRAW" equipment became operation-
al and ultrasonic drawing tests have been performed.
The method consists of activating the fixed drawing
plug by longitudinal ultrasonic vibrations with a fre-
quency of about 15kllz and a maximum amplitude
of 1 |im. Up to now, only limited series of specially

designed drawing plugs have been available. In con-
ventional cold drawing, a drawing scheme with 5%
reduction per pass had to be used for the dispersion
strengthened ferritic steels; in the SONOÜRAW
tests, it was found that it was possible to have
reductions of 15 to 20°b per pass. The drawing force
is reduced by application of ultrasonic power and the
seizing of drawing plugs and dies is drastically re-
duced, thus improving the inner and outer surface
quality of the tubes.

Material made from argon processed powders, al-
though cleaner, was found to give rise to difficulties
during cold drawing; the reason for this is that the
amount of titanium metal added is now completely
available for the y,-phase iormation, whereas it was
partially oxidized in the air processed alloys. After
the normal solution annealing treatment, a consider-
able amount of /-phase is now left undissolved. A
modification of the drawing scheme is necessary if the
nominal composition of the alloy is not to be changed.

Joining
(S. de Burbare)

The fact that the resistance welding process is
basically independent of the ambiant pressure led to
the development of a system capable of directly weld-
ing capsules submitted to high internal pressures. This
system, which does not need capillary pressurizing
tubes, is particularly advantageous for in-pile creep
experiments where space is of prime importance. Tn
the case of the R1PCEX2 experiment, the combina-
tion of resistance welding of pressurized capsules with
electron beam welding of the finished capsules end
to end, allows an exceptionally compact rig to be
assembled, in which the number of capsules per rod
could be increased from 9 to 12.

A full length prototype for a single rod has been
made in austenilic steel and was approved in Cada-
rachc. Up to now, more than 600 resistance welds
have been made on ferritic as well as on austenitic
steels. No single incident has occurred and all the
capsules submitted to the leak test were found to be
tight, showing the excellent reliability of the process.

1.4.2.2. Mechanical properties
(W. Vanclermeulcn, W. Hendrix)

Creep tests at 700°C on annealed imaged samples
revealed that ageing treatment resulted in decreasing
the rupture time. Although this ageing has to be
applied for fuel canning in order to avoid non uniform
properties due to the temperature gradient along the
tube, these tests showed that the final thermo-
mechanical treatments on ferritic steels can be further
optimized to obtain improved mechanical properties.

New equipment permitted creep testing under in-
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lernal pressure and hence in conditions which are
more representative for the stresses in fuel cannings
than the axial creep tests. Compared to the results
given for axial creep tests, a slight decrease in the
rupture life has been observed for DT02 and in
particular for DYOO5 alloys. This tends to indicate
that D Y 0 0 5 is more anisotropic than DTO2; it also
means that the advantage of ÜYOO5 over DTO2,
which was shown by the axial creep tests, decreases
in internal pressure tests. The anisotropy may originate
Irom the oxide stringers which have been shown to
unbound irom the matrix in rupture tests. This
stresses the advantage of the new fabrication method
described above, which eliminates the formation of
these large oxide stringers.

1.4.2.3. Behaviour of ferritic steels
(Ph. Van Asbrocck)

Oxidation and carburization of DT02
(F. Casteels, G. Verdyck*)

During creep tests in souium or thermal treatments
in various atmospheres, carbon, nitrogen and oxygen
contamination occurs, leading to a partial depletion
of the x-phase which is thought to be advantageous
for the good mechanical behaviour of the alloy.

Thin foils of DT02 and B13 (alloy without oxide
dispersion) have been carburized and/or oxidized in
gas atmospheres with well-known oxygen and carbon
potentials. The depth of the X"Pnase depleted zone
increases with the oxygen potential; it is larger when
the initial X'phase volume percent of the alloy is
smaller (26°o and 11 °b respectively for B13 and
DTO2). A high carbon activity of the gas has a
negligible influence in oxidizing atmosphere; it has
been found that the formation of complex Cr Ti Fe
oxides with spinel structures acts as an anti-diffusion
barrier for carbon.

Irradiations
(Ph. Van Asbrocck, W. Vandcrmculcn)

The DISP4 irradiation experiment was unloaded
on 6'1' August, after having received an estimated fast
dose of more than 1 X 1022 n.cnV2 in the temperature
range between 250 and 550°C. The CFC 4D c.xpcri-
meni (UO> fuel with DTO2 canning) was unloaded
on 6"1 August after fission product detection in the
cover gas. The estimated burn-up at the end of life
was about 120.000 MWd.f'.

The CIRCE 6D (UC fuel types with DTO2 can-
ning) was unloaded when fission products were de-
tected during the 02/76 shut-down; the burn-up was
calculated to be 32,800 MWd.t ' . The failure was

detected in the pin containing U:Ci fuel; the crack
extends from one plug along about 2 / 3 of the active
length. In the three other pins the swelling measured
was very low and the bowing less than 0.1 mm.

The R1PCEX 1 experiment will be further irra-
diated in Rapsodie in 1977, thus delaying represen-
tative swelling results on fcrriiic steels for about one
year. The fluence will however reach 1.3X 1023 n.cm"2.
The R1PCEX2 irradiation has been actively prepared.
This experiment of pressurized capsules will contain
7 ropes of 12 samples each. Three ropes are prepared
byGfK-lnteratom-BELGONUCLEAIRE and will con-
tain austcnitic and nickel alloys. Half a rope will
contain A1S1 316 samples provided by 11EDL (USA).
The remaining three and a half ropes contain different
ferritic steels, commercial and non-commercial.

Simulation experiments
(M. Snijkers)

Heavy ion simulation

The E-ÜEP-1 computer code has been modified
and used for c.;!culating the distribution of implanted
ions and their elastic energy loss as a function of
depth. Also the number of displaced atoms (dpa) is
obtained as a function of depth. Fig. 1.4.2. shows
the energy loss profile of 20 i\leV iron ion bombard-
ment of 10'sFe'.cnV : on an iron target. These cal-
culations allow the selection of a depth where primary
knock-on atoms are similar to those resulting from
fast neutrons.

* K.U.Leuven
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Fig 1.4.2. — Energy deposition distribution Su and Sn as a
function of the penetration depth x for 20 MeV
iron ions.

High voltage electron microscopy

In order to prepare 1IVEM simulations on ferritic
steels, various parameters influencing the swelling
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have been calibrated as a function of specimen thick-
ness i specimen heating by the electron beam, ther-
mal contact, absorbed beam intensity). A first series
of swelling tests at 530 C on austenitic stainless steel
'A1SI 316 1 doped with helium show a void size and
distribution different from those observed in non-
doped austenitic steel.

Hubble formation

electron microscopy observations have beïn made
on DTO: doped with 200 ppm He. The doping was
carried out with the cyclotron of UCL at Louvain-la-
Neuve. The material was in the following condition:
15 min I050XI -f 2 d 800X1 A rocking specimen
stage was used in order to increase die width of the
doped region. Alter doping, the specimen was anneal-
ed at 700'C for 2 h in order to compare the results
with data Irom tensile tests.

Observuions by 'neans of a 100 keV electron
microscope have shown the existence of small bubbles.
Their sizes varv from 2 - 6 nm. Most of the bubbles

were pinned at dislocations (Fig. I.4.3.). These ob-
servations show that bubbles may form in ÜTO:
doped with 200 ppm lie without stressing the spe-
cimen.

R. 14 3. — Small helium bubbles, attached to dislocations,
observed in DT02 doped with 201) ppw lie after
a beat transfer lor 2 b at 700°C.

1.5. FAST REACTOR PHYSICS
(J.Debrue)

The fast reactor physics activities are piimaiily orientated towards the fuels and materials development
piogrammcs which require irradiations in testing reactors. The availability of appropriate techniques and related
nuclear data for characterizing the neutron environment, relies upon an interlaboratory effort which comprises
experiments in dosimetry benchmarks and assessment of analysis methods. Present dosimetry applications concern
irradiation experiments in BR2, Rapsodie and PFR.

In the framework of the SNR 300 characterization programme, a proposal for low power measurements at
start-up is being worked out. Extensive experience in this field is a result of the continuing collaboration with
I l.inford Engineering Development Laboratory which includes participation in the start-up programme for the
Fast Flux Test Facility.

SCK/CEN was associated with the discussion between G1K and UKAEA on common experiments in
the ZEBRA low power reactor at Winlrith (BIZET programme), in support of the computation methods and
core development for the SNR 2 reactor. The experiments started in November 1976. Control rod worth
measurements by SCK/CEN required calculations and preliminary tests on the equipment. On the other hand,
both nuclear data testing and improvement on large breeder reactors are being pursued through one-material
experiments on structural materials in the BR1 fast neutron facilities.

1.5.1. Reactor codes
(G. Minsart)

The computer code development work has been
carried out mainly in order to extend the capability
ol and confidence in calculating the neutronic per-
fot mances of fast irradiation devices in BR2. Close
co-operation has been maintained with GfK and BEL-

GONUCLEA1RE in view of avoiding duplication of
work.

MULCOS

The one-dimensional transport + burn-up pro-
gramme BURNlD is currently in use for BR2 studies;
the user's guide has been made available. The prc-
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processing and group-collapsing routines have been
duplicated and adapted tor use as a cross-section pre-
paration phase in the dynamics code CASSANDRE
I see § 1.6.1.

1 he size of SIGMN cross-section files which can
he handled by the DTF-1V lias been made consider-
ably larger. Additional changes have been introduced
in this programme, mainly in view ot a more general
neutron balance computation.

Ancillary programmes have been written, such as
M1CREFF which computes effective (self-shielded)
microscopic cross-sections.

Other programmes

- The last version of EXTERMINATOR (2D diffu-
sion in rectangular co-ordinates) has been made
operational on the local computer in Mol. It has
been iwed in the framework of the BIZET pro-
gramme.

- The GfK programme SNOW (2D transport, rec-
tangular co-ordinates) and DIXY (2D diffusion +
perturbation, rectangular co-ordinates) have been
recompiled using the U extended optimizing com-
piler.

• The last version of SAND 2 has been implemented
and connected lo the large activation cross-section
library received from the USA; SAND 2 is an un-
lolding code used in dosimetry applications.

• The Monte-Carlo programme MORSE CG has been
transferred from CPL lspra.

1.5.2. Experimental programmes in low power
facilities

1.5.2.1. BIZET programme
(G. Minsart, P. Vandeplas)

An agreement has been reached between UKAEA
and CïfK to perform common experiments which
would support the design studies of CFR (UK) and
of SNR2; GfK has involved its partners of the
DhBENE project in these experiments, whicv. will
he performed in ZEBRA, a critical facility at W/infrith,
making use of 1.5 t fissile plutonium from GfK
(SNEAK fuel) and AEE Winfrith (ZEBRA fuel).

'I he aim of the programme is to provide experimen-
tal results for tesiing calculation methods to be applied
in the future to large fast reactors.

The experimental programme started in November,
1976, and will continue till the end of 1978.

The participation of SCK/CEN has been arranged
with GtK and UK representatives. For the phase
I5ZA, it has been agreed that SCK/CEN will con-
tribute to control rod worth measurements using the
pulsed neutron technique {217}.The equipment (neu-

tron tubes and generator) was tested and shipped to
W'intrith in December, 1976.

The analysis of the measurements will be perform-
ed on line, by means of the ARGUS computer, which
is a part ot the ZEBRA equipment. The necessary
computer programme has been written. For the va-
rious control rod configurations, SNAP (X, Y diftu-
sion code) calculations have also been made to pre-
determine the optimal radial detector locations. These
calculations show that the insertion of the control
rods does not change the shape of the radial modes
very much. Therefore, the radial positions of the
detectors are independent of the control rod pattern.

The participation ot SCK/CEN in the experiments
during phases BZB and BZC will probably be related
to intercalibration work of reaction rates, and will
be defined in 1977.

1.5.2.2. Benchmark neutron fields
(A.Fabry, G.DeLeeuw-Gierts, S. De Leeuw)

Benchmark neutron facilities serve the following
different interrelated objectives in the framework of
reactor development (this section focuses on fast
breeder reactors, but most of its content and all the
concepts are also relevant for LWR and CTR tech-
nology ):
- validate nuclear data needed for reactor design,

operation and safety;
- calibrate and/or improve experimental techniques

used to characterize reactor performance or the
radiation environment, in particular dosimetry tech-
niques applied for materials damage analysis and
for fuel fission rate and burn-up measurements;

- validate and standardize nuclear data necessary to
interprete the responses of in-pile passive and active
sensors and instruments;

- check and improve analytical methods of reactor
physics prediction.
Benchmark neutron fields have been classified { 350}

into three main categories: standard, reference and
controlled environment facilities, differing mostly by
the accuracy level of flux spectral characterization and
by their intended principal applications.

Recent trends have been to emphasize the impor-
tance of standard and reference facilities for the first
three types of applications. Comprehensive surveys of
most benchmark dosimetry neutron fields around the
world, of the status of their spectral characterization
{350} and a critical review of interlabonuory reaction
rate data {348} have recently been published. The
testing {348} {276} and future improvement of the
ENDF/B IV dosimetry cross section file, internation-
ally accepted as reference set and widely used, essen-
tially rely on the measurements performed in these
benchmarks by the Interlaboratory LMFBR Reaction
Rate (ILRR) programme. This programme, in which
SCK/CEN is a formal and active participant, contri-
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bine, to the development o) the base metrology tech-
niques being implemented lor the start-up of FFTF
:md SXR 3lH) (see § 1.5.5.).

In relation to the objectives of type 1 above, it
may lie mentioned that the fission spectrum work,
and particularly the accurate MOL-XBS fission rate
ratio measurements, have contributed to throw de-
cisive light on the long-standing inconsistencies be-
tween differential and integral nuclear data in fission
neutron spectra. For the first time, fission spectrum
avenge cross-sections have also been obtained for
:41l'u [ 347}. -"U {347}, -*'Pu and -""Am (to be
published I and provide significant integral testing
data tor the differential-energy cross-sections of these
nudides.

Table 1.5.1. shows the encouraging results of a
recent UK-BELGIUM intercomparison of dosimetry
reaction rate data for MOL-Ü—. High power long
duration irradiations in XI and the :!~U fission spec-
trum in the 1LRR Iramework are still under analysis;
they encompass lission yield measurements for key
fission product fuel rating indicators in : v U, "wPu
and " "U. dosimetry reaction rate measurements and
helium generation rate measurements in "'B and ''Li,
which are useful lor the 1ZNDF/B gas generation
cross-section file and the development of helium ac-
cumulation fluence monitors.

The rapid calibration of 10 miniature fission cham-
bers to accuracies in the range l-2?ó by exposure in

~ {5-47} hss demonstrated how useful this field can
be for instrument standardization; among all its ap-
plications, this could be a most convincing one in
terms of the Nuclear Energy Agency Committee on
Reactor Physics (NCACRP) endorsement of the idea
of a standard neutron field, which is cheaply and
easily available. Along such lines. Table 1.5.2. shows
that the X- fundamental fission rate ratios measured
with the same instrument, the NBS double-absolute
fission chamber arc; truly the same, within tincertain-
ties, in Belgium, England {3-49} and Roumania
{140b}.

Besides reaction rate measurements, improved spec-
tral characterization of the benchmark neutron fields
through direct, differential neutron spectrometry{345}
{350} is the subject of a continuous effort. The neu-
tron spectrum in M0L-~~ has been measured by
means of the ''Li technique, with improved spectro-
meter housing, electronics and multi-channel analyser
system, thus reproducing the experimental measuring
conditions adopted previously in the CFRMF (Idaho)
and in Bi« Ten (Los Alamos). The ratio between the
neutron spectra measured in these benchmarks, and
the corresponding theoretical spectra calculated with
the ENDF/B 111 library, are given in Fig. 1.5.1.

The systematic underestimation between 200 and
300l<eV'by about 15% as in MOL-IÏ and Big Ten
is probably partly due to the c(n.a) and do-/dS2 data
at the 245 kcV resonance ol "Li and the finitie rc-

TAISLE 1.5.1.
Comparison ol independent microscopic mteyxal cross-section measurements

at the centre uj the AlO/l-SE facility

Rciiction

1"7Aitln,y)'"IiAu

Cross-section (milliharn)
SCK/CEN ULRC-

Difference

,v)
:7AI(n.oc):JNa

401 ± 1 0
237 ±9
56.0 ±1.4
26.5 + 0.8

0.260 ±0.008
0.173 ±0.005

404 ± 13
243 ±8
56.0+1.4
26.2 ±0.9

0.261 ±0.010
0.153 ±0.005

4- 0.7°»
+ 2.5"?)

0
— 1.1 "<
4- 0.4%
— 12.3"«

* University ol London Reactor Centre

TABLE 1.5.2.
Fission cross-section ratios (SHS-lype jissinn chiwiber results)

in ^.S-type benchmark neutron fields

Fission ratio

»>Pu/="U

-'7Np/a 'U

MOL-vS'"

1.173 (±2.1°;»)
0.0564 (±2.5%)
0.381 (±2.8°6)

NISUS1"

1.175 (±2.3"ó)
0.0568 (±2.7%)
0.383 ( ± 3.0%)

ITN-SE •••>

1.169 ( ± 2 . 3 % )
0.0566 ( + 2 . 5 % )
0.380 ( + 3 . 0 % )

a) SCK/CHN
b) University of London Reactor Centre
c) Institute for Nuclear Technology, Buehiiresi
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t 1.1 — ''/-' experimental neutron spectra compared with
corresponding, calculated spectra lor three bench-
mark neutron jieUh.

5 cm Uiut -f 5 cm Fe configuration and for different
counter fillings. All data are reported to show the
róle of the resolution function, which differs from
one filling to another. Some measurements, distribut-
ed over a long period of time and using refilled
counters, have been repeated in order to detect pos-
sible systematic errors; they are presented here to
illustrate the realistic error band.

The "Li measurements were started in the con-
figurations using the 3 and 6 cm Um« drivers. In
Fig. 1.5.3., a typical 1 h measurement of MOL-S2 is
compared to a 1 h measurement in the 3 cm U -t-
5 cm Fe configuration.

The corresponding theoretical spectra are also re-
ported to quantify the neutron spectrum part in the
epithermal region, producing the important cpithennal
triton peak.

To avoid pile-up effects, due to the gamma back-
ground on this important epithermal peak, which
would increase the lower neutron energy validity
limit, the measurements have to be made at a power
level 4 times lower than the MOL-SE ones.

For the 3 cm and 1 cm U,,.,, driver measurements
faster electronics is mandatory to cover the 10 to
100 keV neutron energy region, because of the in-
creasing importance of the gamma background.

solution function. Indeed, in any measurement pre-
senting fine structures in the ff(E„) O(E„) data,
tl>(E„) cannot be deduced without a distortion in the
fine structure region, whose amount depends primarily
on the resolution function of the measuring method.

1.5.2.3. One-material experiments
(G. De Lceuw-Gicrts, S. De Leeuw)

The one-material experiments, performed in the
1 in spherical cavity of the vertical thermal column
of BRl, to study the group cross-sections of U,,;,i
and Fe, as used in reactor calculations, have been
pursued.

The configurations centred in the 1 m cavity con-
sist of spherical shells of U,,.,,, 1-3 anct 6 cm thick,
with and without inner iron shells of thicknesses
ranging from 2 to 7 cm.

The validation and/or improvement of the group
cross-sections are deduced from the comparative study
of computed spectra, using several libraries, and ex-
perimental spectra measured in the centre of the shells
with two differentiei neutron spectrometry techniques
i.e. (n.p) and "Li(n,a)t.

The (n,p) technique has been applied in 10 con-
figurations; all data are at present interpreted (SPEC
Code). Fig. 1.5.2. shows the results obtained for the

•-

»
j

i'

1

r 1 .1 *,

0 - .- '

Fig,. 1.5.2. — Test of re prod liability and investigation of sys-
tematic errors in neutron spectra measurements
with proton recoil counters.
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1.5.3. Neutron dosimetry applications in fast
reactors
( H. Tourwé, A. Fabry)

Neutron dosimetry is applied in fast reactors in
order to characterize the neutron environmental para-
meters such as neutron spectrum, neutron I lux and
neutron fluence and in order to establish correlations
between these parameters and the behaviour of reac-
tor materials under irradiation.

The multiple foil method, developed by US labo-
ratories with the support ot SCK/CEN and already
applied in several US fast reactors, is also being used
in BR2, Rapsodie and PFR. This work is accomplished
in collaboration with the llanford Engineering De-
velopment Laboratory (I1EDL) and Atomics Inter-
national in the framework of the USERDA/Belgium

LMFBR Exchange Agreement.
The multiple foil method and its application to the

MOL 7D experiment in BR2 has already been des-
cribed in the Annual Scientific Report 1975.

Miniaturized dosimeters have since been prepared
for the R1PCEX1I experiment of fcrritic steel clad-
ding specimens in Rapsodie. The dosimeters will be
measured and the results analysed using the SAND-] I
technique both by SCK/CEN"and by ÏJEDL.

Similarly, joint measurements and interpretations
will be carried out in mid 1977 on multiple foil
dosimeters instrumenting an irradiation of Belgian
fcrritic steel swelling specimens in EBRII . It is
anticipated that damage functions for this steel will
be developed as part of this co-operation.

A dosimetry loading scheme for the monitor ex-
periment of the SNRiVlkll fuel irradiation in PFR
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was worked out in collaboration with INTERATOM.
New Ge(Li) gamma spectrometry equipment in-

volving a large sixe collimator tunnel is under con-
struction lor the measurement of dosimeters irradiated
up to neutron fluences of lO^n.cm'2. The first results
obtained with prototype Ge(Li) gamma spectrometry
equipment arc quite satisfactory.

1.5.4. Analysis of fast reactor fuel irradiations
in BR2
(Cli. Dc Racdt, L. Lcenders, N. Macnc, H.
Tourwc)

The purpose of this work is to obtain correlations
between the various experimental data resulting from
fast reactor fuel irradiations in BR2, in order to
assess the validity of the experimental techniques and
oi the neutronic calculation codes, including nuclear

data. The numerous data which are being accumulated,
more particularly from 13RO2 measurements, follow-up
of irradiation and post-irradiation examinations for
MFBS 6, MOL 713 and MOL 7D sodium loops, indeed
allow most of the objectives assigned to "controlled
environments" to be realized (§ 1.5.2.2.).

The overall consistency of these data can be appre-
ciated by comparing them with the corresponding
quantities as predicted by means of the DTF-1V neu-
tron transport code, associated with the 40 group
cross-section library currently used for the BR2 cad-
mium-screened irradiation device calculations. Table
1.5.3. shows typical results obtained for the MFBS 6
and MOL 7B irradiation devices. The MOL 7B data
are only preliminary, as the post-irradiation examina-
tions are still underway. Of particular interest is the
experimental confirmation that helium production in
12R7211V (or WN4970) steel cladding is as high
inside a BR2 cadmium-screened device as it will be

TABU: 1.5.3.
Aiuilysis of last reactor I ml irradiations in BA'2. -

Experimental data compared with calculations for the M F IIS 6 and MOL "B sodium loops

AU'HSf,

Energy production in the miter pins
(MWcl.t')
Variation of fuc-1 isotopic 2<4U/2'5U
ccunpositinn (beginning/end ?*U/-"U
of irr.Klh.iion) 2.WU/*>'U
Fast neutron fluence on
pin cladding (1021 n.cnr2) outer pins

inner pin
Helium production in steel W'N 4981
pin cladding (ppm) steel 12R721IV

Results from
pos'-irradiation
examination1"

(I 'll-)

Calculated/
Experimental '3I Remarks

MOL 711
Power distribution in inner/side outer/
corner outer pin

Power level
Reference data:
MFBS 6 thermal balance

Reletence data:
ncution flux results at low power in
BR2 (sodium loop mock-up)
Fast neutron flux on pin cladding/
fission density in comer pins

86.8X10'
0.96

24.6
1.21

9.3
9.2
9.2

5S.2

BK02
PIE

Calculated

1 (Norm.)
1.01
1.09
0.9S

0.93
1.01
1.17
1.05

0.88/1.02/1.10
0.91/0.98/1.11
0.88/1.03/1.09

1 Burn-up deduced from '-"Nd concentra-
I tion

Fission neutron flucncc deduced from
•!4Fe( n,p)wMn activation
Contribution of l 0B(n,a) reaction
amounts to 33°ó and 89% respectively
in W'N 4981 und 12R7211V

- Normalised to 1.00 as average over
the IS pins

- 2D neutron transport calculation with
DIAMANT

BR02/P1I:

BR02/PIF.

Calc./BR02

1.04

0.94

1.02 - Fission flux from l l 5 In ( . . in BR02
and calculation

- Absolute value in the MOL 7B irra-
diation was 1.0X 10— n.cnv2, measur-
ed with Fe monitors

( 1) All values were obtained in the vicinity of the hot plane.
(2) BR2 40 gr cross-section library is used except for dosimetry und helium production cross-sections which are taken from the

BNDF/B-1V cross-section file.'
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in SN'R 300; the helium content in chickling specimens
was measured at Atomics International.

1.5.5. Preparation of the SNR 300 and FFTF start-
up programmes
(A. Fabry, G. Do Leeuw-Gierts, S. De Leeuw,
L. Lcenders)

A proposal for relative power distribution, absolute
reactor power calibration and initial breeding ratio
measurements in the core and blanket of SNR 300
during the zero-power phase of the start-up of the
Afk la reactor core has been worked out.

SCK/CEN also participated in the preparation of
the start-up programme for the Fast Flux Test Facility
( FFTF) at llanford.

It is mainlv because of the fuels and materials test-

ing emphasis in FFTF that the start-up programme,
scheduled for the end of 1978, is much more extensive
than for SNR 300. For example, it involves neutron
and gamma active spectrometry measurements at the
core centre, in the inconel reflector and in the axial
shield using a special in-reactor thimble at very low
power, in hot conditions; the application of the SCK/
CEN pLi(n,a) neutron spectrometer for this phase
has been considered; detailed information has there-
fore been exchanged. Many aspects of the SNR 300
and FFTF characterization programmes are similar,
however. The experience gained as a result of this
will thus lead to some standardization of reactor
characterization parameters relevant to fuels and ma-
terials property change correlations in LMFBR irra-
diations; this is actually one of the objectives of the
Umbrella Agreement existing between DeBeNe and
LJSERÜA.

1.6. FAST REACTOR SAFETY

In the framework of the development of CASSANDRE, a multidimensional dynamics code for accident
analysis to be inserted in a European fast reactor safety code system, a joint ULB-SCK/CEN report concerning
the development of new numerical methods for space dependent nuclear reactor dynamics has been issued.
These methods have been applied to various ncutronic modules which are being written and tested. The heat
transfer and coolant dynamics module is completed but needs to be revised because of unacceptable computation
time requirements.

For the MOL 7C project of in-pile sodium flow perturbance tests in a fuel bundle, carried out in
collaboration with GfK, the first in-pile section was ready for sodium filling by the end of the year. Assembly
of the second in-pile section is well advanced so that the first irradiation campaign is scheduled for the first
half of 1977 and the second experiment for the end of 1977. Particular development work or studies has been
devoted to the sodium degassing, the flow blockage valves, flow regulating devices, the sodium-helium heat
exchanger, the pressure transducers, the high temperature transducers, the delayed neutron detectors, the BR2
reactor core configuration, post-irradiation examination by neutron radiography and gamma spectrometry.

R & Ü on fast reactor and sodium loop instrumentation consisted of the investigation of the behaviour
of sheated thermocouples, the study of problems specific to the MOL 7C experiment and the construction of
early failure detection test equipment.

1.6.1. Fast reactor safety evaluation
(A. Siebertz)

1.6.1.1. Principles and standards of fast reactor
safety

During 1976, SCK/CEN participated in the ac-
tivities of various working groups organized by the
Commission of the European Communities. The work
undertaken by the Saluy Working Group (SWG) is

particularly valuable: on the basis of a survey of the
safety strategies applied to specific LMFBR projects
in Europe, SCK/CEN and other organizations of the
member countries have prepared preliminary proposals
for some LMFBR safety principles, which are assessed
in the SWG (the mandate of the SWG stresses the
interest of preparing the harmonization of LMFBR
safety principles in the EEC).

Up to now, the proposed safety principles concern-
ing the primary reactivity insertion accidents have
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been discussed by the representatives of licensing
authorities, manufacturers, utilities and research cen-
tres of various member countries. These fruitful dis-
cussions revealed some common viewpoints and led
to a good understanding of the different stand points
so that a proposal of generally agreed safety guide
lines will probably lie possible in the course of 1977.

1.6.1.2. CASSANDRE, a multidimensional dynam-
ics code for accident analysis

As pointed out in the 1975 Annual Scientific Re-
port and in collaboration with ULB in the neutronic
iicld and with support from 1VK in the thermo-
hydraulic field, SCK/CEN is elaborating the pre-
disassembly phase code "CASSANDRE" which will
be integrated into the common European core accident
code system.

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

A final report covering the period August 1975 -
September 1976 has been published (ULB-SCK/CEN,
Development of new numerical methods for space
dependent nuclear reactor dynamics).

i) The multidimensional space energy kinetics
module
(J. Dcvooght*, E. Mund"", I. Saragossi', R. Stan-
kiewicz"1*, J. Daniels, P. Dugnoille, A. Siebertz)

Theoretical developments

The following problems have been studied:
- by the WE1NSTE1N-ARONSZAJN technique, the

nature of the spectrum of the multigroup diffusion
operator with delayed neutrons;

- evolution operator factorization which is optimized
from the point of view of accuracy;

- use of the MAGNUS and FUR algorithm when re-
activities are time dependent;

- better approximations, in the Chebyshev sense, of
exponentials with interpolation constraints;

- adaptation of BURLISH-STOER type extrapolation
methods to point kinetics equations;

- generalization of the quasi-static formalism and in-
terative methods for the shape function computa-
tion.

4 U.L.B.
** N.F.W'.O./F.N.R.S.

*** U.L.B., on leave from Swicrk Research Centre, Poland,
under the nuclear co-operation agreement between Poland
and Belgium.

Multigroup point kinetics module

This module has been written and is being tested.

Initial steady state module

The 2D X/Y or R/Z finite element computer pro-
gramme solving the steady state multigroup diffusion
neutronic equations, has been improved in order to
make it fully operational, with the addition of the
following capabilities:
- acceleration of the convergence of the fission source

iteration scheme by a Chebyshev algorithm with
automatic choice of the computational strategy;

- use ol compact storage of the finite element ma-
trices in both fast and mass computer memories;

- adjoint flux calculation: the initial steady state ad-
joint flux will be used as a weighting function in
point kinetics coefficient calculation;

- preparation of lile interfaces to link this so-called
steady state module with other modules (thermo-
hydraulics module, spatial kinetics module, cross-
section module, power module);

- one fission spectrum is allowed for prompt neutrons
and another i"or ilcia\u.l neutrons.
This steady st.ice module has been used for intensive

numerical tests on the convergence of the finite ele-
ment method especially in the presence of internal
singularities; in this case a method has been proposed
to reduce convergence decrease.

The results of these tests have been fully reported
in the above mentioned joint ULB-SCK/CEN report.

Power distribution module

The module for the calculation of the axial distri-
bution of the average radial power in a channel has
been written and successfully tested: it has been
introduced in the thermohydraulics module but this
implementation has not yet been tested.

Spatial kinetics module: shape functions

We have started to write this module. Its link with
the steady state module has been fully tested and the
set of routines computing point kinetics coefficients
is fully operational.

Nuclear cross-section module

This module is operational.

ii) The heat transfer and coolant dynamics
module
(J. Daniels, M. Goldwasser)

This module has been completed but the com-
putation time is too long to be acceptable. The
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compulation method (GEAR. AC Hind - March,
1974) used, must be carefully reviewed with par-
ticular emphasis on convergence acceleration and time
step adaptation.

iii) Prognunmation standards
(G. Van Roosbroeck)

The computer experts subgroup of the Whole Core
Accident Code (WAC) group of EEC has clearly
defined the specifications of the "File Independent
("alls" technique and of the "System Independent
Sequencing Calls" technique concerning the file han-
dling mechanism and the computation mechanism to
be used in the setting-up of a common European
Code system for potential accident analysis in order
to facilitate module interchangeability.

The File Independent Calls technique has also be-
come reasonably operational.

1.6.1.3. FRAX, a UKAEA simple parametric code
for LMFBR accident analysis up to the
possible disassembly phase
(P. Dugnoille, M. Gcldwasser, J.Daniels)

In order --r -isscss the importance and the magni-
tude of the vs physical phenomena involved in
a LMH3R ? •.. the UKAEA Code FRAX was
implement'.» a parametric code based on simple
physical ano • nmcrical approximations which will
therefore be useful for a first "validation" of the
C.ASSANDRE Code. After its debugging on the
SCK/CEN computer, the code now runs on the faster
CIV/CTI machine. Finally a first draft of the user's
guide has been written.

1.6.1.4. Quantification of occurrence probabilities
of potential accidental event sequences
(A. Sichert?.)

The first objective is to form a team for the
evaluation of the reliability and failure probability
ol engineered .systems.

Reliability assessment methods have been reviewed
as well as their suitability for nuclear reactors.

1.6.2. MOL 7C project (in-pile sodium flow per-
turbance test in a fuel bundle)
(G. Vanmasscnhovc, A. Verwimp, P. Vander-
straeten, R.Meier*, R. Oris, G. Gehoers, Ch.
De Raeilt, L. Foiiarge)

Objectives

After having made a feasibility studv, the decision

••'• EURATOM
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has been taken to carry out 3 experiments with a 37
rod bundle with 30 fresh or low irradiated UO; fuel
pins and 7 dummy rods, in collaboration with GfK.
Results of the experimental programme should give
better understanding of the following problems:
- subchannel temperature distribution within and

downstream of local blockages;
- detection ol boiling noise and possible flow pulsa-

tions;
- fission gas release;
- influence of failed pins on adjacent pins (failure

propagation);
- fuel particle sweep-out and final deposit;
- formation of secondary subchannel disturbances by

molten clad and/or fuel freezing;
- occurrence of pressure peaks during local fuel cool-

ant interactions (FC1);
- fragmentation of molten fuel ;
- status and behaviour of partially damaged rod bun-

dles.

In-pile sections

Construction of the first in-pile section, starting
with the assembly of pumps, heat exchanger and flow
meter, has been completed. The assembly continues
by insertion of the fuel bundle with the local blockage
in the niobium wrapper tube. The flow meters at
the bundle inlet and outlet are installed as well as the
pressure transducers, thermocouples and the local and
total blocking valves. The flow divider is put into
place and the instrumentation and heating wires are
spot welded onto it. The high temperature brazed
penetrations are made. The lower and upper part of
the loop are connected. All penetrations on the ex-
pansion tank cover are made. Pressure transducers
and high temperature thermocouples are connected
to the selected fuel pins, after which the expansion
tank and the sodium containment tube arc put into
place.

At this point, the assembly of the first test section
is finished up to the sodium filling stage.

Fig. 1.6.1. shows the assembled fuel bundle, in
particular the lower end of the pins. The central
dummy rod, the rods equipped with a high temper-
ature thermocouple (3) and the rods with a capillary
tube for the inner pressure monitoring can be seen.
Finally it is possible to distinguish the corner rods;
on some of them, a thermocouple for monitoring the
central blockage in the bundle is located.

Fig. 1.6.2. shows the top of the assembled loop,
where all instrumentation of the sodium circuit pene-
trates the flange of the second containment (the
second containment tube has not yet been installed).

The second in-pile section is piactically identical
to the first. Minor modifications are: the lower part
will include permanent magnet flow meters at the
bundle inlet and outlet instead of the eddy current
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ƒ /£ 16.1. — Ijucer end. with instrumentation le.uls. <>l the fuel bundle for the MO1.7C1 experiment.

type used in the lirst in-pile section, as well as a new
type of degassing system. All components that had
to be mollified are under assembly. The assembly of
the upper pan has been completed.

Reactor core configuration and neutronic stu-
dies

Two alternatives, namely loading cither an alu-
minium plug in reactor channel 111 or a driver fuel
element with 6 luel plates, were investigated with
the DTI7-IV muhigroup neutron transport code. The
driver luel loading in 111 was finally adopted as
the reference design to obtain a linear power of
380 W.cnV1 in the MOL 7C pins; the maximum heat
HUN on the BR2 fuel plates is about 2Q°b lower than
with the aluminium plug.

Other points examined were:
- the reactivity of the MOL 7C loop with respect to

MOL 7B surrounded by six Il ls fuel elements is
3.6 dollars negative when MOL 7C is introduced in
an aluminium plug. When this plug is replaced by
a driver mel element, the reactivity gain is 3.6
dollars. The power density distribution over the
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30 fuel pin bundle is flat in both cases;
- the maximum power density in the driver fuel ele-

ment plates is lower than in the BR2 fuel element
plates in the A and 15 channels and hence will not
limit the admissible power;

- the cadmium screen lifetime has been calculated as
well as the n.y reaction rates in various zones of
the loop;

- during the blocL'ge experiment, the reactivity in-
crease resulting fro.n the evaporation of the sodium
between the fuel pins is not significant, whereas
the reactivity increase resulting lroni the meltdown
of the fuel pins with fuel accumulation near the
reactor hot spot plane can be controlled with the
existing equipment.
An analysis has also been made of the various con-

tributions to the gamma heating in the loop.

Development work
Sodium degassing

Tests in water on the degassing rate for the first
in-pile section demonstrated that 15??; of the gas
injected could be removed by its first passage. Alter-
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native solutions with a model very similar to the
system designed tor the second in-pile section yielded,
alter some optimization, the desired degassing of 95
to UWu.

Local blockage valve

A prototype of the local blockage valve is con-
structed. The characteristics of travel as a function
ol actuating gas pressure are lound satisfactory.

Total blockage valve

The original design of a single seated valve is
modified to a double seated valve for reasons of valve
position stability. The hydraulic characteristics for
different positions of the valve plug are tested in a
water circuit and the results of these tests are satis-
lactory.

Throttle device at the bundle inlet

The exact dimensions and the clearances are deter-
mined by a hydraulic test in water and calculated for
sodium.

Flow distribution between bundle and by-pass

A hydraulic mock-up ol the complete test section
has been made to test all devices together. Results
of these tests are satisfactory and arc incorporated in
the construction of the in-pile section.

Piston seals

The compatibility of the piston ring in Inconel
X-750 and the chromium plated cylinder has been
tested under sodium at maximum 500°C.

After more than 100 movements over 22 mm, dis-
assembly and inspection did not reveal any damage.

Sodium-helium heat exchanger

The amount of helium by-pass has been measured
experimentally for different tubes and combinations.
A by-pass of 2 tubes of 12 mm inner diameter and
iif 4 lubes of 14 mm inner diameter gives a flow
distribution ol 8 1 % in the heat exchanger and of
I9f'ó in the by-pass of the total helium flow.

Pressure transducers

For the penetration of the sheathed cables through
the expansion lank, numerous tests with Nicrobraz 50
tlid not give satisfactory results. Finally, a welding
technique with the use of an intermediate bushing,
welded in two steps, gave good results and the possi-
bility of controlling the weld quality.

The technique of connecting 5 fuel pins provided
with a capillary tube to another capillary tube con-

nected to the pressure transducer has been tested and
results were satisfactory.

High temperature thermocouples - internal
connection

The 3 high temperature thermocouples in the fuel
pins have a junction in the extension wires located
in the sodium system. The 2 wires were brazed
individually with Nicrobraz and insulated. The pro-
tean e sleeve was brazed to the cladding of the 2
wires. The junction was leak tested and subjected to
numerous temperature cycles with satisfactory results.
Some difficulties have been experienced due to severe
embrittlement of the wires by the assembly of test
section 1. The problem was finally solved by anneal-
ing the extension wires at 900°C.

Delayed neutron detector

The container for the delayed neutron monitors
has been finished and filled with cadmium and lead.
The monitors are tested by using a neutron and
gamma source and the final assembly is now under-
way, together with the support for the delayed neu-
tron container above the BR2 reactor vessel.

At GfK, different test programmes have also been
carried out. They are related to the thermohydraulics
inside the fuel bundle and especially the local block-
age. As a result of tests in sodium, the local blockage
has been modified to ensure that local dry-out will
occur when the additional cooling of this region is
interrupted during the final test phase.

Instrumentation

The in-pile sodium loop (Fig. 1.6.2.) is equipped
with a process control and protection system (essen-
tially steady state operation) and with data acquisition
instrumentation.

The process control and protection instrumentation
is designed for monitoring the general behaviour of
the loop during steady state operation (temperature,
flow, pressure, ...) and to provide a protection system
for safe operation of the loop.

The data acquisition instrumentation permits the
storage of the parameters which have to be measured
in the specific test (boiling, FCI, . . .). In particular,
4 magnetic tape recorders arc used for this purpose
with two high speed paper recorders, all with multiple
recording channels.

Post-irradiation examination

Neutron radiography

To carry out a neutron radiography of the lower
part of the in-pile section, a new envelope has been
designed and constructed. Some tests are done on a
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mock-up, simulating the structural materials and the
fuel pins. The fuel pins are clearly visible if they
are properly arranged. No individual pin details are
distinguished, but gross failure of several pins and
fuel deposit outside the fuel pin region can be distin-
guished.

G a m m a spectrometry

To complete the picture of fuel redistribution in-
side the bundle and fuel particle location in the loop
itself, gamma spectrometry will be carried out over
the complete length of the loop. This operation is to
be done in the BR2 storage canal with the loop itself
in its transfer cage.

Dismantling in the BR2 hot cells and transport
of the bundle to GfK

The objective of this operation is to separate the
test section irom the loop, so that the fuel bundle
can he shipped to GfK while the other parts can be
examined in the BR2 cells.

The design of the transport container ol the loop
has been completed and has been submitted for
approval.

Status and time schedule

The first in-pile section is ready for sodium filling
and the irradiation campaign is scheduled for the first
half of 1977.

The upper part of the second in-pile section has
been completed and the lower part is under assembly.
The irradiation campaign is scheduled for the end of
1977.

The third in-pile section will be irradiated during
the second half of 1978.

1.6.3. Instrumentation
(R.Meier", F. Mathieu;)

The first MOL 7C in-pile test section, comprising
a total of 78 transducers, has been assembled.

Dilficultics were encountered mainly with the cali-
bration of the miniature sodium pressure transducers.

The analogue data acquisition system, implemented
for the recording of 44 in-pile and 6 out-of-pile tran-
sient signals has been installed on the second and fifth
floor of the BR2 containment building; it has been
completely wired, tested and calibrated.

The main components are:
- signal conditioning equipment;
- 4 magnetic tape recorders;
- 2 multichannel high speed paper recorders;
- 9 single or multipoint recorders for current visual

reference and survey;
- computer operated low speed digital data acquisition

terminal, serving reference purposes during steady
state operation of the loop.
Fig. 1.6.3. gives a partial view of the recording

instrumentation.

Fig. 1.6 2. — Instrumentation timiii&ement of the in-pile section oj the M0L7C1 experiment.

* EURATOM
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1.6.4. Early warning of reactor malfunctioning
(F. Mathieu , R.Meier1)

'1 he activities in this area have been concentrated
on the construction of experimental equipment related
to the problem ol boiling detection and flow reduction
in sodium cooled luel assemblies, namely:
- a test section to be operated on the 114 water loop,

comprising two parallel channels with electrical
heaters anil a preheater in the common inlet liner
for controlled thermal perturbations; a variable
speed pump has been added to the water loop
which allows the creation ol controlled How per-
turbations;

• a mechanical resonance boiling detector with the
necessary accessory equipment in a version com-
patible with the operation on the 114 water loop;

• test equipment necessary for the investigation of
the propagation ol thermal perturbations on the
Na2 loop.
Drawings lor an electrically heated Na boiling test

lX'KATOM

section to be operated on the Na3 loop have been
completed.

1.6.5. Fuel pin failure detection by gas tagging
(P.DcRegBe)

The cover gas of the CFC 4D irradiation rig was
sampled at the end of each irradiation cycle. Fission
gas activity was detected in the samples on 7"' July,
1976. liven without flushing, a quantity of fission
gas, exceeding by a factor of 40 the quantity needed
for analysis, was released into the charcoal trap. The
fission gases were collected on the trap and clutcd
afterwards by sweeping helium gas. l?y heating the
charcoal trap at 35O°C, the heavier noble gases were
released into a ZnS scintillation counter. The counter
was evacuated again and flushed to remove any
gaseous radioisotopes. The presence of a-radiating
~Rn daughter products deposited on the counter
walls was then ascertained both by a-spectrometrv
and by observing their characteristic decay period.
As a conclusion, failure of at least the fuel pin
equipped with the radon tag gas can be postulated.
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1.7. SODIUM COOLANT STUDIES
(M. Soenen)

The main instruments for sodium coolant studies are the sodium loops Na2, Nn3 and ASL-1.

The sodium loop N'a2 was operated for uniaxial creep tests on dispersion strengthened ferritic steels and
auMenitic steels under dynamic sodium.

The sodium loop Na3 was operated to investigate its thermal characteristics in more detail, especially of
the large heat recuperator, and to perform some exploratory studies related to heat transfer in concentric tubes
and to magnetohydrodynamics (MUD). The Analytical Sodium Loop (ASL 1) was operated in its first working
period at a maximum temperature of 400°C to test analytical methods, to characterize the sodium and to define
the operating parameters of the loop. In a second period with maximum operating temperatures of 700°C, leaks
developed at various times at the "conoseal" couplings of the sampler taker. Therefore, all these couplings were
replaced by but welds. Meanwhile, work with the vanadium equilibration method for oxygen and the monitor
labs lor carbon activity to calibrate the on-line carbon meters has continued. Also, preparatory actions have
been taken to install three carbon on-line monitors [Flame lonization Detector (PID), mass spectrometer and
electrochemical cell], to compare their relative merits and to install one hydrogen and one oxygen monitor to
investigate possible interactions by hydrogen and oxygen on the carbon measurements.

The laboratory for sodium-tritium studies became operational.

1.7.1. Operation of the sodium loops
(M. Soenen, G. Geboers, J.Dekeyscr, G. Van-
massenliove)

1.7.1.1. The Na2 sodium loop

During 1976, 3 campaigns for uniaxial creep tests
under dynamic sodium (700°C, 4.5 m.s'1) were per-
formed in the Na2 loop as follows.

First lest run on austenitic steel (WN 1.4970):
- load: 20 kg.mm"2;
- time taken for rupture of sample 1: 605 h;
• time taken for rupture of sample 2: 527 h.

Second test run on fcrritic steel Fc - 13 Cr - 1.5 Mo
- 3.5 Ti - 2 1'iO^
- load: 6 kg.mm";
- time taken lor rupture of sample 1: 207 h;
- time taken for rupture of sample 2: 250 h.

Third test run on ferritic steel (DTO2 prepared
according to the latest techniques):
- load: 7 kg.mm'2;
- time taken for rupture of sample 1: 7202 h;
- time taken for rupture of sample 2: weld rupture

after 2,345 h.
The UNC carbonmeter on the loop has been operat-

ed at probe temperatures between 650 and 700°C.
With the cold trap running at 160°C, the gaschromo-
tograph indicated a CI lj concentration of about 0.8
vpm. The ARM CO membrane has failed and a probe
with a better inner support for the membrane has
been fabricated. Statistics relating to the operation
of the Na2 loop during 1976 are shown in Table 1.7.1.

1.7.1.2. The Na3 sodium loop

During 1976, tests on the concentric tube heat
exchanger, investigations on the thermal behaviour of
the loop, especially the large sodium to sodium re-
cuperator, and some exploratory tests relating to
magnetohydrodynamics (MIID) were performed.

The tests on the concentric tube heat exchanger
simulating the sodium to sodium heat exchanger used
in all in-pile sodium loops have been continued and
finished. The results indicate that the relative radial
positions in the circular tube and in the annulus, at
which the bulk mean temperature corresponds to the
local temperature, are found to be almost constant
and independent of the Reynolds number in the
range of 3X104 to 4 . 5 x l 0 \ '

The investigations on the thermal behaviour of
the loop indicate reasonable agreement between the
results and calculations for large sodium flows above
100 m\h ' .

Below this flow rate, the correspondence is not as
good. A more reliable operation is possible for the
drives of the air fans of the sodium-air cooler by
using three speed electric motors instead of the con-
tinuous variable speed drives of mechanical design.

The test section with the concentric tube heat
exchanger is replaced by a new section with an annular
induction pump to perform some exploratory studies
related to MUD (in collaboration with UCL). Because
of the very high pressure drop, the sodium velocity
obtained is only in the region of the electrical field
velocity. For a more detailed examination of the
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electrical field developed by the pump and to adapt
it better to the testing conditions, a mock-up of the
pump has been sent to the UCL.

1 able 1.7.2. gives the operation statistics of the
\'a> loop for 1976.

1.7.1.3. The ASL1 loop

During 1976, the ASL 1 loop has been operated

with hot test section temperatures ranging from 400
to 675°C and with cold trap settings from 120 to
200"C. The test sections contained crucibles for sam-
pling, vanadium wires for oxygen equilibration or
equilibrium strips for carbon activity measurements.

Working at high temperatures gives rise to diffi-
culties in the hot sections because of sodium leaks
at the "conoseal" flanges of these sections.

To minimize flange deformation, conoseals with

TABLE 1.7.1.

Month

l.muarv
February
March
April
M.iv

lime
July
August
September
October
November
December

WORKING

Working li

0-599 00-699

" * ! 5
151 17
46 i 3
— , —

— 1 —

—
—

—
—

— —
3 1

Total working hours 1976:
Total working hours at the end of 1976:

11OUHS LOOP Na2 - 1976

ours at temperatures (°C)

700 ! 750

615
240 —
6S1
720

—
—

744 ! —
720
744
744
720
744
720
706

—
—
—
—
—
—

—

Total ner

800 month (h)

662
— 40S
— 730
— 720
— i 744
— 720
— 744
- 744
— : 720

744
— 720
— 710

8,366
74,770

TABLE 1.7.2.

Month

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

WORKING HOURS

Working hours at

0-399

43
—
123
263

—
44
—
—
—
—

—

Total working hours 1976:

400-499

190
562

33
128

—
—
—
—
—

—

Total working hours at the end of 1976:

> LOOP Na3 - 1976

temperatures (°C)

500-599

' I

3
146

—
—
—
—
—

—

600-699

—
12
—

—
—
—
—
—
—

—

Total per
month (h)

244
562
171
537

—
44

—
—
—
—

—

1,558
23,372

BLG 520/77 1-27



much thicker Hange* have been installed but this
modification «.lid not solve the problem. Therefore,
all "conoseal" couplings have been replaced by but
welds. It is intended to use this technique of welding
while further studies are being made on the develop-
ment ol a dip sampler with only one cold "conoseal"
coupling to the loop and which will allow a reduction
ol air contamination of the loop during disassembly
ol the sampler.

The difficulties encountered due to oxide formation
in the sodium drain lines ol the test sections could be
solved by cleaning the lines with sodium from the
main loop at frequent intervals.

For one operation campaign, a temperature dilfer-
ence of 35O°C between the hot leg at 675:C and the
cold leg could be achieved with all test sections in
series or in parallel, by a flow rate of 0.2 l.s'1 and
D. 17 l.s' respectively.

Dilferent campaigns with equilibrium strips have
been carried out, aimed at investigating the correla-
tion between:
- the cold trap temperature (120 to 180=C);
- the maximum loop temperature (600 and 650°C);
- ihe exposure time of the strips (200 h at 650°C

and 166 and 880 h at 600°C;
- the thickness of the strips (75 |un for the homo-

geneous Fe-Ni alloy and 25 or 50 |im for the two
phase Fc-lSCr-SNi'alloy);

- the carbon activity ( 2 X 1 0 ' to 10'2).
The oxygen determination using the vanadium equi-

libration method needs further testing, since some of
the runs were hampered by "conoseal" leaks and
because the maximum equilibration temperature al-

lowed in ASL is 675CC, which limits the concentration
range to 3.8 ppm. The carbon meter with the F l u
monitor is installed on a sidelcop of the hot test
section "11S-2".

For interpretation or the carbon meter readings,
strip material will be installed in "HS-3" and cru-
cibles for chemical analyses in "HS-4".

Preparatory work for the installation of the carbon
monitor with detection by mass spectrometer, the
electro-chemical carbon meter and the hydrogen meter
has continued.

Statistics for the operation of the ASL 1 loop
during 1976 are shown in Table 1.7.3.

1.7.2. Sodium chemistry and mass transfer stu-
dies
(F. Lievens, C.Parmentier, F.Casteels, H.Tas)

The chemical characterization of the sodium during
the operation of ASL 1 gave the following informa-
tion.
- Plugging meter indications are not selective for oxy-

gen, and at the start-up of a new loop they are
more likely to be related to hydrogen then to oxygen.
The plugging meter is used to survey the cold trap
efficiency, and as a general safety device to detect
any plug forming impurity.

- The cold trap efficiently removes oxygen, hydrogen
and calcium. It is not efficient for the removal of
carbon and chloride, which are supposed to be
present as particulatcs or as inactive forms at levels
above solubilttv.

TABLE 1.7.3.

Month

January
I'ohruarv
March
April [
Min-
imie \
July ;
August <
September !
October j
November |
December >

Total working
Total working

WORKING HOURS

0-399

2
—
20

452
270
67
52

280
537
33

—

hours 1976:
hours nt th«.

Working hours at

400-499

738
262
—

222
153
391
355

7
19
89
68

374

end of 1976:

LOOP ASL 1 -

temperatures

500-599

6
191

10
42
36
7
6
7
3
5

304
8

1976

°C)

600-699

241
—
253
103
52

166
678
216

26
—
83

Total per
month (h)

744
696

10
537
744
720
594
744
518
657
405
465

6,834
11,297
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- Purification ut a static containment is possible by
cyclic filling with sodium at 125:C and dumpin» at
temperatures above 55l):!C or at least above the
highest temperature to be used later.

• Carbon as an impurity may be present at levels ex-
ceeding its solubility, and may remain at these levels
tor months when the sodium temperature is kept
below 400 C. At temperatures above 550t'C, the
carbon is probably transformed into an active form,
and is quickly eliminated either in the colder parts
or by reacting with the containment material.
Most ol the analytical chemical methods developed

previously have been used without modifications. De-
velopment work lias been carried out for the deter-
mination of nitrogen, of oxygen by the vanadium
equilibration method, of hydrogen, of chloride, and
ol traces of metals.

The hydrogen (in-line meter has been built using
a nickel ditfusion membrane and an ion getter pump.
This meter is intended to provide the necessary back-
ground information on hydrogen levels present in the
ASL 1 for a good understanding of the carbon activity
meter response.

Development work has been continued on an e.m.f.
carbon activity meter, on a carbon activity meter using
vacuum extraction, and on a hydrogen free carbon
activity meter. This R &: D work aims at comparing
dillerent on-line techniques for characterizing the car-
bon activity in sodium cooling circuits. The conceptual
study of the e.m.f. carbon activity meter led to several
proposals; one of them is designed to verify the me-
chanical and technological compatibility with sodium.
Two others were used for off-line studies of the meter
iespouse to carbon activity as a function of several
parameters, such as temperature, reference electrode,
membrane quality and cover gas purity.

The vacuum extraction carbon activity meter was
designed when it was found that carbon may be
extracted from the ARMCO iron membrane under
vacuum. With the help of a mass spectrometer, the
nature of the extracted gases will be studied as a
function of the sodium quality and carbon activity.

Design and construction of the membrane have al-
ready been carried out.

For the hydrogen free carbon activity meter, the
0.25 mm thick ARMCO iron sensor (surface about
10 enr) has been installed on ASL 1 and connected
to the gas analysis circuit. The background of the
complete activity meter is 0.05 vpm ClI-i. A wiistite
layer has been formed on the inner side of the
ARMCO iron sensor by passing a well known quantity
of oxygen (as argon-5^o oxygen or air) over the iron
sensor located in the 600°C hot sodium.

Carbon activities have been determined in ASL 1
as a function of maximum temperature in the loop
and temperature of the cold trap, by equilibration of
thin foils of Fe-8Ni (70 | im) , Fe-12Mn (70| im) and
Fe-lSCr-lSNi (25 and 50 um) alloys.

The activities have been determined after equilibra-
tion at 650 and 600°C and cold trap temperatures in
the range between 120°C and 180°C. The exposure
time was 206 h at 650°C and 166 h or 882 h at
600"C. It has been found that, at 600^C, equilibrium
is not achieved after 166 h exposure. In the range of
the experimental conditions and in equilibrium con-
ditions, only slight variations in carbon activity could
be measured. All measured values are in the range
between 2.5X10'3 and 5.2XlO"\ The activity in-
creases with decreasing maximum temperature in the
loop and increasing cold trap temperature.

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

Equipment of the laboratories for tritium studies
has been completed. The double walled glove boxes
have been connected to the argon purification unit
and control desks and piping has been installed and
tested. After a few weeks of degassing the installation,
the humidity content fell below 1 vpm, and a sodium
mirror remains untarnished for about 8 h. The tritium
monitor and the test vessel for studies of the monitor
response in static sodium have been constructed.
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Chapter 2

GAS COOLED REACTORS

INTRODUCTION

Reactors cooled by helium, i.e. high temperature gas cooled reactors (HTR) and gas cooled fast breeder
reactors (GCFR), have certain features which are particularly advantageous; these types of reactors are therefore
likely to play an important part in nuclear electricity generation. Their advantages are notably:
- high primary coolant temperatures permitting high energy conversion efficiency, as well as high temperatures

applications for industrial processes;
- a high conversion rate of fertile material in fissile isotopes in a reactor using ^'U/thorium or in a gas cooled

fast breeder.

However, it will probably be some time before these reactors are available for commercial purposes.

The agreement concerning the DRAGON reactor project (OECD project) has not been extended, mainly
because of difficulties experienced by the United Kingdom, as host country, in maintaining sufficient financial
support for a reactor type which is no longer of any interest in its nuclear programme.

In the U.S.A., several orders for high temperature gas cooled reactors from an important company have
been cancelled and this has delayed development of this type of reactor in the German Federal Republic to some
extent.

The research and development programme of gas cooled fast breeder reactors, carried out under the Nuclear
Energy Agency, is continuing normally: it is expected that in a year or two the decision will be taken to build a
demonstration power station.

Taking into account the above-mentioned problems and the interest of Belgian industry, it can be seen
(hat the SCK/CEN programme for developing gas cooled reactors is rather limited: it concentrates on helium
cooling and irradiation technology.

During 1976, preparatory work continued on GSB irradiation in BR2. This project is being carried out
in conjunction wilh KFA and German and Belgian industries and consists of irradiating a helium loop in order to
study the behaviour of fuel bundles, pins and components under irradiation, including the fuel pin venting system
as designed for gas cooled fast breeders. Loading for tests was carried out in July, 1977.

In addition, the main components of the He 1 loop were tested for more than 8,000 h in 1976 at a
pressure of 50 kg.cm'2, 0.8 g.s' helium flow in the main circuit and low impurity levels (gaseous and steam)
in the gas. A furnace lias been designed for this loop in order to study the technological problems presented
at high and very high temperatures, both for the GCFR type and the HTR type.
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2.1. The "GSB" experiment
(G. Vanmassenliove, A. Verwimp, P. Vander-
straeten, R. Meier", R. Oris, G. Geboers, Ch. De
Raudt, L. Fouarge, N. Macnc, R. Menil)

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

The in-pile section will be loaded into the peri-
pheral J14 channel ol 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 UO-PuO: fissile length of
600 mm and a total length of 1218 mm. Irradiation
specifications are: 450 W.cnv' linear power, 700°C
cladding temperature. 61 aim helium coolant pressure,
60.000to 100,000 MW'd.t' bum-up.

In 1976, SCK/CEN contributions concentrated on
the following.

In co-operation with KFA. the installation of the
out-of-pile equipment has been completed and opera-
tion ol the equipment has been intensively tested.
Details are as follows.
- The main loop consists ol the in-pile section, a

helium/water heat exchanger, three blowers with
gas bearings and a heater. The instrumentation and
the electrical equipment have been installed and
tested. The main loop has been operated for a few
months to check:
- the characteristics of the blowers, heat exchanger

anil beater over a wide range ol operating con-
ditions;

- the flow, temperature and pressure control;
- the sali'ty instrumentation.
For the optimalixation of the loop operation, a
number of modifications have been carried out.

- The lission gas separator system (SPAGS) designed
lor the adsorption of the lission gases, is connected
to the ventsystem of the fuel bundle.
The required operations for the regeneration of the
adsorption traps and lor measurements on the fis-
sion gases will be carried out automatically by means
of a programmer.
The separator system unit has been connected to
the. main loop an<i the operation has been tested.
These tests have revealed that a number of modifi-
cations are required.

- The purification system contains different traps to
remove water, hydrogen and oxygen from the main
loop coolant. Tests have been carried out to check
the operation and regeneration of the ».raps.

• EURATOM

- The gas injection system should maintain the re-
quired relation of hydrogen to water content in the
coolant. Operation tests have been carried out to
check the characteristics of the injection system.

- The pneumatic air system for the operation of the
pneumatic valves, has been installed and has been
tested.

- The leak-off system, foreseen for tightness control
on all the gas valves, has been installed and tested.
The system will be equipped with a helium detec-
tion system instead ol a pressure build-up detection
system.

- The tritium sampler has been installed and tested.
- Reception and operation tests have been performed

on the discharge system, iodine filter, water cooling
circuits and ventilation circuit.

- The cubicle concrete wall (second containment) has
been constructed.

- A circuit for the cooling of the lower reactor vessel
penetration has been installed and tested.
For unloading the central tube of the in-pile section

with the fuel transfer device, a procedure has been
elaborated together with the design of the operation
tools required for unloading. The support at the reac-
tor pool wall, required for the installation of the luel
transfer device on the in-pile section, has been in-
stalled.

An analysis has been made with regard to the
radiation control of the "GSB" experiment. Rules
have been given for the determination of the maxi-
mum permissible contamination of iodine and inert
gases in the main loop.

The final results on the neutronic calibration of the
loop were obtained on the basis of calculations and
gamma dose measurements performed in BR02. Mea-
surements performed with 7LiF detectors in particular
showed reasonable agreement with estimates derived
by calculations.

BR2 configuration studies were carried out both by
calculations (TR1BU code) and in BR02 to examine
the optimum rci'ctor loadings for the irradiation of
GSB and of MOL 7C (see §7.5.2.). In order to
reduce the power in the GSB loop during the MOL 7C
experiments, GSB will be shielded by a special plug.
Calculations indicated that this reduces the power by
more than a factor 3.3.

The in-pile section and the three test fuel bundles
have arrived at SCK/CEN at the end of 1976. After
tests, the in-pile section has been stored in the BR2
reactor building.

According to the present programme, the experi-
ments in BR2 will start in April-May, 1977, in fol-
lowing sequence:
- a first irradiation durin« two BR2 cycles with a

dummy fuel bundle for loop testing;
- a second irradiation campaign during two BR2

cycles with a UO: fuel bundle followed by a cooling
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period of one cycle, to calibrate neutronic features
and to test ;!ie fission gas venting system;

- the long-term experiment with a UOj-PuO: bundle.

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

As described in the 1974 Annual Report, the helium
loop I le 1 was designed for out-of-pile creep, heat
and mass transfer tests on materials and components
in the scope of the R & D programmes of the helium
cooled reactors (high temperature graphite moderated
reactor - 11TR - and the gas breeder reactor - GBR)
and the utilization of hot helium coolant as a heat
source for industrial processes.

The loop includes the following major components
(see simplified flow diagram Fig. 2.I . ) :
- the gas circulator and vacuum unit;
- the purification unit;
- the impurity measuring instruments and gas chroma-

tograph console;
- the impurity make-up and level control;
• the high temperature (up to 1100°C) high pressure

(VOkg.cnr2) test oven.
In 1976. the first three units were successively put

into operation for reliability tests. An automatic im-
purity level control has been developed and design
of the test oven has been started.

In July, 1976. the loop reached the lowest mea-
surable impurity levels:
G\ Nj. CO, CO2. CÜ4 < 0.1 vpm
11:O < 0.3 vpm
II: < I vpm

Afterwards, the possibility of automatically con-
trolling the impurity levels was investigated and led
to the design of an impurity control system which
will be constructed and tested in 1977.

After 300 operating hours, the metal membranes
of the compressors (gas circulators) showed severe
seizing traces. The application of an ami-seize lubri-
cant between the membranes allowed an increase in
operation time between two examinations of up to
3000 h.

By the end of 1976, the operation time of loop
He 1 had reached 7900 h and, for most of the time,

it has been operated under the following conditions:
- main helium flow : 0.8 g.s'1

- pressure at circulator outlet: 50 kg.cm"
- helium purification rate : 0 to 0.1 g.s'

Contacts with Belgian firms for the design and
construction of the 1100cC test oven with a useful
diameter of 200 mm and a 2000 mm heated length,
did not result in a satisfactory bid for the design and
construction of the oven.

Therefore it lias been decided that the thermal and
mechanical design would be evaluated by SCK/CEN
while ihc detailed drawings and the construction
would be carried out by an outer firm.

A test programme has been proposed in the scope
of the vented fuel pin assembly for the gas breeder
reactor based on the GBR4 concept (issued by the
GBR Association). The programme mainly includes
the study oi the surlace behaviour of structural ma-
terials and components (fretting, friction and seize)
of the GBR fuel assembly in controlled helium en-
vironment at 65 kg.cm"2 and 700 to S00°C.

It should start at the end of 1977.

2.3. Destructive burn-up determination on DRA-
GON/MetV samples
(R. Boden, D. Huys, P. De Rcgge)

Excellent agreement was obtained among burn-up
values calculated from the different Nd isotopes in
spite of the very high burn-ups reached. Reasonable
agreement was found with the values calculated from
M4Ce if the necessary corrections for the irradiation
history were made. The presence of a large proportion
of the 137Cs activity in the undissolvcd SiC coating
excluded any burn-up determination based on this
isotope. The results are given in Table 2.1.

TABLli 2.1.
Biini-np results joy the DRACOS/Mct V samples (nt.Tu)

Sample

152-11/3
B3- 6/4
B3-11/-;
B3-11/7
133-11/13

• • » • N d

44.1
58.4
64.9
70.1

6.13

all Nd

44.0
58.3
64.6
69.9

5.95

'44Ce

43.4
56.3
60.6
65.6
6.26
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Chapter 3

LIGHT WATER REACTORS

3.1. THE BR3 REACTOR
(F. Motte)

The first half of 1976 was devoted to the continuation of the maintenance and inspection works in the
plant and to the reactor refuelling operations for the BR3/4A campaign. The fuel ordered for Core 4 from
BELGONUCLEAIRE is designed for three successive operation campaigns A, B and C, scheduled to last up to
the end of 1980.

As for the preceding core, BR3/3, the main objective pursued by the operation of the fourth core is the
qualification of advanced fuel designed for PWR nuclear power plants.

The BR3/Core 4A was loaded at the beginning of April and made critical for the first time on 4th July;
the plant was reconnected to the grid on 15"' July.

Operation of the BR3 plant is supervised by F. MOTTE, A. BASTOGNE, P. BOON EN, P. GUBEL,
M.11ANQUET, L. TEUNCKENS, A. BARRO, E. 13OSSCIIAERT, M. DONEUX, W. ENGELEN, L. HUS,
R. KETELERS, G. LEGRAIN, Y. M1C1IAUX, J. PETRE, V. RAVOET, J. REMACLE, A. SENC1E, L. TOM-
SIN, R.VAN LANGENDONCK; it forms part of the SCK/CEN Reactor and Energy Production Division
which is under the direction of G.ST1ENNON.

3.1.1. BR3/Core4

The BR3/Core 4A consists of 31 fuel assemblies
reshuffled from Core 3B and 42 fresh fuel assemblies.

Among the 42 new assemblies, 40 are of a new
"go" tyix:, i.e. assembly g "open" without shroud.
They are designed to be dismantled under water in
the plant fuel storage well in order to make inter-
mediate examination of the fuel pins during plant
shut-downs easier. If necessary, this design will enable
defective fuel rods to be replaced. These assemblies
contain 28 fuel rods arranged in a square 17X17
PWR type lattice and 3 Zircaloy spacer grids with
mixing vanes.

Fig. 3.1. shows the loading scheme of the BR3/
Core 4A; the different types of fuel assemblies can be
divided into four main categories:
19 "G" type fuel assemblies containing 20 fuel rods

with a 14X14 Doel type lattice;

8 "Z" type fuel assemblies containing 36 fuel rods
with a triangular lattice;

6 "g" type fuel assemblies with a shroud contain-
ing 28 fuel rods with a 17X17 PWR type
lattice;

40 "go" type fuel assemblies without shroud also
containing 28 fuel rods with a 17X17 PWR
type lattice.

As apparent in Fig. 3.I., a large number of fuel
assemblies (43 out of 73) contain U-Pu mixed oxide
fuel rods; the initial plutonium content of the 630
Pu enriched fuel rods (32 .1% of the total of 1963
fuel rods) is about 25 kg. About 40% of the fission
rate for the whole of the core is generated in pluto-
nium.

Fig. 3.2. shows 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
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/>£ 3.; — Scbai/ti/ic ricic uj the HR 11 Core 4 A lotiJiiis,.

86. 73. 56. 46, 36, 19, 6 on Fig. 3.I.; the new fuel
assemblies stand out by the brilliance of their struc-
tural components.

1'he cycle length of Core 4A is estimated at
10.000 h lull power; the high reactivity investment
necessary to reach this cycle length is compensated

for by burnable poison at start of life: 116 fuel rods,
representing 6.3"ö of the total number ol fuel rods
in the core, contain Gd;O-,-UO; mixed oxide.

Twenty fuel assemblies of Core 4A have been
delivered by foreign experimenters: 12 by CEA. 7
by Westinghouse Electric Corporation and 1 by the
ÜKA1ZA. '

3.1.2. Plant operation

The first half of the year was devoted to the con-
tinuation of maintenance and inspection works started
in July 1975, and to plant refuelling operations.
Among the former, the following can be mentioned:
- inspection of the primary loop equipment subject

to the code ASME XI;
- conditioning ol the radioactive liquid residues (220

m') resulting from the primary loop decontamina-
tion prior to their evacuation from the plant;

- repair ol the control-rod drive mechanisms: all the
eccentric drive-shalt actuator rods were replaced by
new ones;

- renewal ol all electrical penetrations through the
wall of the plant container;

- leak testing of the plant container;
- probolog control of the condensor;
- testing of the turbo-generator group after repair of

the steam valves and valve scats;
- improvement in the radiation monitoring measure-

ment system;
- development of a multi-purpose monitoring system

to be used lor primary and secondary measurement
channels (temperature, pressure, flow, level, etc.).
Delivery of the new luel assemblies to be loaded

in Core 4A was spread over the period from the
middle of January to the beginning of April.

Core loading took place from 7"1 to 9"' April. The
placing of the reactor vessel upper internals, the
nositioniim of the reactor head and the tichicnina

TABU- 3.1.
History oj ibe core UR3/4A from stiirl-tip to 31.12.IV7b

I

© First Man-up ol core BR3/4A and power taken up to 5O°6 PN.

© Group trip due to a turbine lube oil low pressure signal

© Scram di'e to peruirhnnces on the pressurixer pressure control system

@ Co'd shut-down lor iiemraluaiion of control rods AI and A12

© Start-up ami power laken up to %)""(> 1\

© Power increase up to ~H)"v PN

© Power increase up lo S0?i P x

1





TABLE 3.2.
BR3/corc 4A - ]')7(> operation rcsulti

From first coupling
(15.07.76)
to 31.12.76

Total gross generation (MWh)
Net plant output (MWh )
Time connected to the grid (h)
Number of stops and starts
Equivalent Full Power Days [Full Power = -»0.9MW(ih)]

number of hours on the grid
Availability ( ) °b

total number of hours in the period

25,273
21,681

3,596
7

97.88

88.38*

The availability of the plant is 99.81 "6 if tiie September-October shut-down for rods Al and
A12 neutralization is considered as planned plant shut-down.

down ol the reactor vessel studs was finished on 4"1 August, a second control rod, A1, was fullv inserted
29"' April.

During the whole of the month of May, welding
operations, welding control and finally the thermal
isolation of some piping and tanks were carried out.

At the beginning of June, whilst putting the pri-
mary loop into service, an abnormal vibration profile
was noticed on one of the two main coolant pumps:
it was decided to inspect it internally; damage was
found on the lower radial and axial bearings, including
the graphite rings. Observation of the damaged com-
ponents led to the conclusion that the damage was
most likely the result of insufficient venting of the
pump during the primary loop decontamination pro-
cess.

The primary loop was operational at the end of
June.

The first criticality level was reached on 4'h July
and was followed by the first physics test campaign
which lasted until II1'1 July.

During these tests it was noticed that control rod
A12 had become unlatched and was disconnected
from its drive-shaft, which therefore meant that it
could not be withdrawn from the core.

From 15'1' July to 25"1 September, the reactor was
operated at 50?6 of the nominal power level and from

into the core to improve the symmetry of the flux
distribution.

During this period, a study was made of various
possible strategies to eliminate the perturbation caused
by the disconnection of control rod A12. It was finally
decided to take rods Al and A12 out of service by
removing their drive-shafts and maintaining the two
absorbant parts in a fixed position out ot the core
in the vessel upper internals. It was thought that,
according to this solution, the two rods Al and A12
could be neutralized during a relatively short shut-
down; rod Al was treated in the same way as the
defective rod A12 because the drive mechanisms of
the two rods are of the same type and could eventually
be susceptible to the same fault. A large margin of
uncertainty exists as to the exact nature of this fault.

On 25"' September, a cold shut-down was initiated
to neutralize the two control rods Al and A12. After
a four-day physics test campaign to verify experimen-
tally that the shut-down margin was not unduly lower-
ed by the reduced number of available control rods,
operation of the reactor was resumed on 14"' October
and the power level stabilized on 22'"' October at
80% of the nominal power. It remained like this
until the end of the vear.

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 the
improvement of the IAVR fuel cycle from the point of view of economy, reliability and safety. It supports ihe

* BELGONUCLEA1RE
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development of improved nuclear tuel design including plutonium recycling, use of Zircaloy clad and use of
gadolinium poisoned luel.

For this programme, considerable use was made of the SCK/CEN installations, namely:
- the HR2 reactor for irradiation tests under special conditions;
• the BR2 neutron radiography installation and the ATHA hot cells for the non-destructive fuel examination;
• the LMA and Radiochemistry laboratories lor the destructive, rxaminations.

In 1976, great attention was paid to the development of non-destructive examination methods for
irradiated fuels. In addition to the measurements carried out in the lramework of the LWR programme, this
development el fort allowed services to be rendered to other programmes or organizations.

3.2.1. Gamma spectrometry development For the measurements under water, the design and
(L. Leenders, V.Willekens) construction of the BATI1YSCAN device has been

continued. The lead protection, complete with its
The development of experimental devices, optimiz- removable colliiruuors and handling tools, has been

ed lor the examination ol irradiated fuel, has been delivered. The translation mechanism has been ordered
pursued in several ways. and design of the lifting system has started.

For the BR2 hot cells, parts of a new y-scanning For each installation, ihe y-spectrometry chain,
installation have been designed. These parts, outside based on a H1STOMAT multichannel analyser with
the hot cell proper, will improve the experimental its peripheral equipment, is placed in a mobile rack
precision and will reduce the interference between (SPHCTROMOBlLli). The first installation has been
ihe y-scanning devices and the loading tools of the made operational at the BR2 hot cells, where it is
hot cell. now in quasi-permanent use (Fig. 3.4.). For the second



installation I BAT11VSCAN ). all the instrumental de-
vices and the mechanical parts have been ordered.
Finally, a second-hand H1ST0MAT multichannel ana-
lyser has been bought from the Dragon project; this
spare device ensures a high degree of utilization for
the Y-scanning installations and allows parametric stu-
dies to be carried out in parallel with Y-spcctrometry
for routine services (§ 3.2.2.).

The collection ol well-known burn-up fuel samples
for the "BURNOTHEQUE" has been continued as
well as their preparation in welded capsules, allowing
the precise location of these samples on any SCK/
CEN' scanning system.

3.2.2. Gamma spectrometry services
(L. Leenders, V. Willekens)

Taking advantage of the Y-SCil|ining device develop-
ed in the framework of the LWR programme, several
measurement campaigns have been carried out as
services for other programmes or organizations; they
are summarized in Table 3.3.

1 his service activity was also advantageous for the
further development of the techniques. As an example,
the Z1RLO experiment allowed the use of Y-scanning
to be extended to the non-destructive dimensional
examination of fuel columns, with the following pre-
cisions:
±0 .5 mm on the length of the fuel column;
±0.1 mm on gaps bef, -en the pellets.

3.2.3. Fuel densification
(G.Deprez*, M.Gaube**, J. Hermans, L.Leen-
ders, N.Maene, P.Vanmcchelcn, V.Willekens)

Densification of fresh fuel can occur during the
initial irradiation period, i.e. for burn-ups lower than
5000 MWd.f1. This densification produces a fuel co-
lumn shortening which can be evaluated by neutron
radiography.

Three scries of irradiations are planned in BR2 to
investigate the in-pile sintering of mixed oxide fuel
pellets:
- the PI7 programme, for typical BWR plutonium

fuel;
- the P20 programme, for typical PW'R plutonium

fuel;
- the PI8 programme, planned in the framework of

a collaboration with EPR1 in order to correlate
results obtained in Belgium and in the USA.
By the end of 1976. 5 capsules bad been irradiated

for the P17 scries and 5 for the P20 series. The PI8
programme could start after completion of the P17
experiments.

The neutron radiography data obtained for the fuel
dimension changes seem to be reliable. 1 lowever,
destructive examination, including detailed dimensio-
nal measurements and density determinations, will be
required to complete the information given by neutron
radiography on fuel densification.

Moreover, these data h.ive to be correlated with
the actual burn-up reached by the rods. This norma-
lization is based on BR02, BR2 low and high flux
calibrations, Y-spectrometry measurements and activa-
tion measurements of flux monitors.

As an example, such a calibration led to the con-
clusion that P17/2 and P17/3 were irradiated at a
higher power rate than expected.

The experimental data obtained so far indicate that
the densification is higher for low density fuels; never-
theless, the apparent density increases observed are
very low: less than 2A°b for P i7 and 1.1 °b for P20.

3.2.4. Burnable poisons
(G.Deprez*, P. Dirvcn, M. Gaube'*, J. Her-
mans, L. Lcenders)

3.2.4.1. Thermal behaviour of gadolinium fuel

Irradiations were carried out with the BR2 hydrau-
lic conveyors to investigate the interface of UO; and
UOrGdiOj pellets. For this purpose, 4 fuel capsules

TABLE 3.3.
ipi'ctramvtry services

Programme or organization

Wcsiingliousc

Fast reactors - SCK/CEN-E1R

BR2ieactor-SCK/CEN

Past reactors - SCK/CEN

M.uerinl

LW'R fuel

Mixed carbide fuel

Beryllium

Mixed osii.lv fuel

Experiment

ZIRLO

MFBS7

—

CFC 05

Purpose

Zircaloy dad evaluation

Carbide fuel evaluation

BR2 matrix evaluation

Fuel-clad compatibility

Measurement period

March-June 76

April 76

August 76

October 76

* EURATOM
** BELGONUCLEAIRE

EURATOM
BELGONUCLEAIRE
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were loaded with 2.5'o : ' 'U enriched UO; pellets
separated by UO;Gd;Oi pellets containing 2wt.°oGd.

The HR50 experiment comprised 2 capsules irra-
diated in 1974.

The non-destructive (y-scanning and neutron radio-
graphy ) and destructive examinations were completed
by the ami of 1976.

Tor the 11R31 experiment, one capsule was irra-
diated in 1975 and the other one in 1976; the non-
destructive examinations (Y-scanning and neutron ra-
diography) were completed by the end of 1976.

Conclusions on ibis programme will be drawn after
completion of the last destructive examinations, plan-
ned lor early 1977.

3 2.4.2. Physical behaviour of gadolinium fuel

A programme for gadolinium fuel irradiation in BR2
is being prepared, in order to follow the evolution
ol the gadolinium burn-up. The measurements are
carried oui by destructive and non-destructive tech-
niques.

Improvement of the BR2 neutron radiography
technique

Preliminary checks on neutron radiographs oi a Gd
rod revealed that quantitative results could not be
obtained with the present BR2 neutron radiography
installation. Indeed, it was experimentally demonstrat-
ed that about 20f;o of the neutrons activating the Dy
converter came from directions other than that of the
beam.

A new design has been studied to eliminate the
inlluence of the parasitic neutrons. It also includes
other •improvements such as a fission chamber to
monitor the irradiations and the possibility of exa-
mininu fuel rods ol various lengths (such as T111AN-
GII rods).

Mock-ups of the present device and ol the new
design were used in order to check the irradiation
conditions. They gave the following results:
- parasitic neutrons, counting for about 20% in the

present system, are reduced to 2-A9o depending on
the energv range;

- some gadolinium filters allowed the spectrum of the

incident neutrons to be shifted into an energy range
suitable for gadolinium content measurements;

- a first neutron radiography has been obtained which
shows thai pellets with 0, 1 and 2tro Gd;O-, are
clearly different.

Improvement of the image analysis

For the quantitative analysis of neutron radiographs,
improvements in the QUANT1MET system have also
been prepared. They concern the following:
- a more accurate lighting system has been ordered

and supplied;
- an x-y table, allowing a complete photoplate to be

scanned, has been studied and ordered;
- a chamber with temperature stabilization has been

designed and ordered; it will enable more accurate
dimensional measurements.

3.2.5. Irradiation tests in BR2
(M. Gaube*, W. HebeP*, J.Hermans, B. van
Outryvc d'Yde\valle\ A. Demildt, J. Van de
Velde, C. Van Loon, J. Ketels, R. Boden, D.
Huys, P. De Re««e)

Irradiation tests on LWR fuels are being continued
in BR2 in order to check their performances under
extreme irradiation conditions and to carry out several
parametric studies.

P, CEB and PWC rigs are used for that purpose
as well as the hydraulic rabbit of BR2. Table 3.4.
summarizes the status of these experiments by the
end of 1976.

Post-irradiation work was carried out for the fol-
lowing experiments.
CEB 7: - puncture tests and fission gas analyses;

- preparation and examination of samples for
ceramographic analyses of the pelletized and
vibrocompacted fuel;

- preparation of samples and destructive
burn-up analyses and determination of U
and Pu isotopic composition;

P3 : - puncture tests and fission gas analyses;
- preparation of various samples.

* KELGONUCLEAIRE
••" EURATOM
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3.3. DEMONSTRATION PROGRAMME
ON LIGHT WATER REACTOR FUELS

(H.Bairiot", P. Dcramaix*, L. Leenders)

The objective of the fuel irradiations carried out in power reactors such as BR3, SENA and DODEWAARD,
is to demonstrate the performances of advanced fuel assemblies with regard to plutonium recycling, utilization of
burnable poisons incorporated in the fuel and of Zircaloy as cladding and structural material. The demonstration
programme, set up by BELGONUCLEA1RE and supported by SCK/CEN. includes follow-up calculations and
post-irradiation examinations in order to improve the design, fabrication and follow-up methods on a semi-
industrial scale.

3.3.1. BR3
(M. Gaubc*, A. Geoffroy, L. Leenders, C. Van-
denberg', C. Van Loon, J.Van de Velde, R. Bo-
den, P. De Re»«e, H. Tourwe, E. Pelckmans*,
E. Trauwacrt*", B. van Outryve d'Ydewalle )

3.3.1.1. Core4A

The BR3/core4A consists of 31 assemblies re-

shutlled from core 3B and 42 fresh assemblies. Among
these 42 assemblies, 6 are experimental assemblies
supplied by tine French CEA and 3 are supplied by
WENESE.'

The other ones, designed by BELGONUCLEA1RE
as part of the PW'R demonstration programme, are
without shroud am! easily dismountable in order to
allow intermediate examination and, if necessary, the
replacement of delect rods during shut-down periods.

TABLE 3.4.

irniJialhn oj LWR Inch in BR2

Releience

BRVII-

HK3/ZO

BRVG
Doel 1,2
Tihange 1

SI'.NA

Dodcwaard

(iarigliano

PW'R 15x15

BR3/4 g

type

l'u

Pu

I ' l l

I ' l l

U 4-U-Gd

U-Gd

Pu
Pu

Pu

Pu

U
(high a s U

Cadd, , ,

stainless steel

Zircaloy 4

Zircaloy -1

stainless steel

Zircaloy 2

Zircaloy 2

Zircaloy 4

Zircaloy 4

Irradiation
rig

P7

PS

P3
CEB 9

P5

CEB 12

P2
Clil! 7

UK 30
MR 31

'6, P10,.. PI6

CEB 13

P4
CEB 10

P20

PWC/1

Num-
ber ol
roils

1

t

to
 t

o

2

2

2

3

2
2
4

3
1

3
3

16

20

1

Purpose

1 power cycling of fuel during
(further irradiation from 40,000
1 to 60,000 MWd.f'

\ confirm.it ion experiments

I effects of humidity content

' at 600 W.cnv1

' confirmation experiments

' thermal interaction between
) U and U-Gd pellets

Gd burn-up

power cycling
power cycling

i effect of pellet surface defects

densification

densification

power cycling

Position at the end o' ' )76

irradiation carried out without failure

post-irradiation examination continued
unloaded, wailing for post-irradiation
examination

unloaded for intermediate examination

irradiation continued

irradiation continued
post-irradiation examination continued

post-irradiation examination completed
post-irradiation examination continued

improvements in neutron radiography
technique continued
irradialion comimied
irradiation started

irradiation continued

irradiation and examinations continued

irradiation and examinations continued

irradiation in preparation

- BELGONUCLEA1RE
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I lie->e assemblies contain 28 fuel rods arranged in a
square 17X17 PW'R type lattice and 3 Zircaloy spacer
grids.

The initial core loading includes plutonium in 32?b
of the fuel rods and gadolinium in 5% of them.

The design analysis of the core was supported by
moik-up studies carried out in VENUS and reported
in the 1975 Annual Report.

The non-destructive quality control of the pluto-
nium fuel pins, to be loaded in the BELGONUCLE-
A1RE fresh assemblies, has been carried out using the
BR1 neutron radiography installation [139].

The operation of this BR3/core 4A started on 15"'
July. 1976.

3.3.1.2. Post-irradiation examination and follow-
up

Assembly IF 70/4

This was the first complete plutonium assembly to
be irradiated in the BR3. The rods were clad with
stainless steel. The objective of the programme was
to demonstrate the feasibility of plutonium recycling
in LWR.

The assembly was unloaded from the BR3 core in
December 1970 with an average burn-up of 46.400
MW'd.i' and a peak pellet burn-up of 46.730 MWd.t1.

Post-unloading examination indicated that the as-
sembly was still sound. A complete follow-up was
carried out on the basis of detailed non-destructive
and destructive examinations carried out at SCK/
CEN. to check BELGONUCLEAIRE's design me-
thods.

Moreover, two fuel rods, having attained an average
burn-up of about 20,000 MWd.t"1, have been selected
for further irradiation in BR2, including power cy-
clings and intermediate inspections, up to a target
burn-i.p of 60.000 MWd.f1. These rods, irradiated in
P7 -".nd P8 experiments (see Table 3.4.), reached
59,650 and 56.000 MWd.r1 respectively by the end
of 1976.

Assemblies ZO9 and ZO60

The ZO9 and ZO60 Zircaloy clad assemblies are
of the plutonium island type without shroud. They
were irradiated successively in the BR3/2bis and the
BR3/3A cores, and reached an average burn-up of
about 34,500 MWd.f1.

The non-destructive examination of ZO9 has been
postponed until January 1977, because of the occu-
pation of the BR2 hot cells by other experiments. The
assembly ZO60 is being stored as a spare assembly.

Assembly G54

The behaviour of the G54 assembly, with Zircaloy 4

as structural material for the rod claddings as well as
for the spacer grids, has been specially followed during
irradiation and will be submitted to detailed post-
irradiation examination in support of the design and
delivery of assemblies for the DOEL 1, 2 and Tl-
1IANGE 1 PWR power plants.

This assembly was irradiated successfully in the 3A
and 315 cores and has been reloaded in core 4A, with
the aim of reaching a burn-up of 40.000 MWd.t1.

Post-irradiation examinations carried out at the end
of campaign 3 indicate a good behaviour of Zircaloy 4
as fuel clad and as spacer grid material.

3.3.2. SENA
(J. Basselier'', P. Dc Rcggc, L. Lcendcrs, J. Van
de Velde)

Since 18'1' December, 1974, four plutonium assem-
blies have been under irradiation for demonstration
purposes. Their average burn-up was about 14,500
MWd.t1 at the end of cycle 6 on 6"' September, 1976,
and they were reloaded in the core on 19lh December,
1976, for an additional cycle.

The design of these assemblies by BELGONU-
CLEA1RE, was supported by mock-up experiments
in VENUS, previously repotted. The follow-up of
their irradiation in the SENA core is in progress;
the corresponding methods, developed by BELGO-
NUCLEA1RE for this purpose, were first calibrated
by post-irradiation examinations of three SENA as-
semblies as reported in the 1975 annual report; fur-
ther checks are being carried out by means of other
calculation methods and on the basis of experimental
results obtained on the power plant site.

12 burn-up samples with a burn-up ranging from
13,000 to 29,000 MWd.t1, have been prepared for
the "Burnotheque" and 20 samples were sent to the
Radiochemistry laboratory for absolute burn-up deter-
mination and isotope analysis. These samples will
enable a cross-check between data obtained by the
French C.E.A. and the SCK/CEN laboratories and
will ulso form a solid basis for any future non-
destructive analvsis of SENA rods.

3.3.3. DODEWAARD
(P. Deramaix*, M. Gaube*, L. Lccnders)

Seven assemblies have been or are being irradiated
in the DODEWAARD power plant as part of
BELGONUCLEAIRE's demonstration programme for
BWR's.

Their main characteristics arc summarized in Table
3.5.

* BELGONUCLEA1RE
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TABLE 3.5.
Dc'iionsiration programme in DODl:WAARD

B2Ü0

B201

15501

B5O2

15303

15304

C65S

Fuel

U and l'ii rods

U .ind Pu rods

U and Pu rods

U iuui Pu rods

U, Pu and Gd rods

U, Pu and Gd tods

U, Pit and Gd rods

Structure

stainless steel spacer grids

U spacer capturing rod

stainless sieel spacer grids

U spacer capturing rod

Zircaloy spacer grids
1 \2O filled spacer
capturing rod

Zircaloy spacer grids
U / P u spacer
capturing rod

Zircaloy spacer grids
H 2 O filled spacer
capturing rod

Zircaloy spacer grids
U/Pu spacer
capturing rod .

Zircaloy spacer grids
112O filled spacer
capturing rod

Irradiation

April 71 to April 74

April 71 to April 74

May 7 3 to April 74
September 75 to ...

May 73 to April 74
September 75 to . . .

May 73 to ...

May 73 to ...

August 74 to ...

Burn-up
end 1976

(MWd.t-M

20,500

20,500

14,000

15,500

21,100

22.600

17,300

Among them, 13200 and 13201 were designed, irra-
diated and have to he analysed in the framework of
an agreement between GKN, EURATOM and BEL-
GONUCLEAIRE.

After on-site examination, 36 rods (4 from B200,
32 from 13201 ) were shipped to SCK/CEN during

1975, together with 3 rods from assembly 13301, for
detailed post-irradiation examination.

The non-destructive examinations have been post-
poned until 1977 because of the extensive occupation
of the BR2 hot cells for other programmes.

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

(A.Falla, J. Parent)

The "Environmental Test Loop" (ETL) has been
acquired by I3ELGONUCLEA1RE for its programme
on PWR and BW'R fuel assembly development. The
loop had been previously operated for a similar pro-
gramme in the U.S.A. It has been rebuilt by SCK/
CEN and pie-operational tests were underway by the
end of 1976.

The loop was described in the 1974 annual report.
The main characteristics of the high pressure demine-
ralized water testing circuits are as follows:
- pressure : design 175 kg.cm'2

operation max. 160 kg.cm'2

temperature: design 343°C
operation max. 330°C

primary circulating pump performances at 3000 rpm
and 310°C
pressure head:
3.5 kg.cm'2 at the max. flow rate of 570 m'.h1;
5.3 kg.cm'2 at the min. flow rate of 60rn3.h"';
dimensions of the 16 in. test section:
inner diameter : 344 mm
length of stabilized flow: 5400 mm

A simplified flow diagram is shown in Fig. 3.5.
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Reassembly of die loop was carted early 1976 and ai 160 kg.cnV:). It was decided to recondition the
completed J I the end of Septemher 1976. The work mechanical seal of the circulation pump in January
included the complete rewiring of the instrument cir- 1977. by means of the recently delivered spare parts.
cuitN and control panels according to the American During the pre-operational tests, various modifica-
wiring diagrams. The latter had been previously check- tions of the safety devices were decided on and a
ed and compared with the actual wiring. characteristic pressure head versus flow curve of the

A Belgian commissioning organization was desig- circulation pump was established at a water temper-
nated by SCK/CEN to carry out the quality insurance ature of 40°C.
tests to obtain the official operating licence from the Many contacts with BELGONUCLEA1RE have
Ministry of Labour. The certificate ol conformity to been continued in 1976 to define the future prog-
ihe Belgian labour protection instructions was deliver- ramme of qualification tests on PW'R rod cluster
ed mid-November 1976, and the final hydraulic pres- controlled fuel assemblies ku the Belgian nuclear
Mire test (at 1.33 X design pressure) took place in power stations. This test programme will start mid-
December 1976. in the presence of the official labo'jr 1977 with a 2000 h test run on a 14X14 dummy
inspectors. The operating licence is expected for eaily fuel assembly in actual environmental conditions
1977. (oxygen and boron acid concentrations, pi IK Pressure

Meanwhile, low temperature pre-openuional tests heads between five levels in the fuel assembly will be
took place in November and December 1976, and measured too. In view of this first test campaign,
showed that the original mechanical seal of the pri- a square housing for the lest section has been ordered
maty circulation pump was unable to maintain the from an external firm,
controlled leakage rate at the specified value (3 l.min1



From the hydraulic characterises of the primary Thereiore the decision concerning the acquisition of
circulating pump obtained at 3000 rpm and 40°C, it a new pumping group i pump + motor) has been
can be concluded that the required performances for posrponed until an operation test of 1000 h has
the first three-year test programme can be reached. been carried out in 1977.

3.5. VIBRATION OF REACTOR INTERNALS
(A. Jaumotte'% E. Taymans*, J. Szwarcensztajn*, J.Planquartj F. Matliieu"'*)

The safe design of reactor internals requires the model which consists of a tubular shell surrounded
predetermination of the resonance frequencies of the externally by a thick-walled sleeve and internally by
individual components. In the specific case of rods a central plug - this arrangement simulates the situa-
or shells vibrating in confined spaces, the results given tion of a PWR thermal shield - has been pursued,
by the conventional formulae do not agree with the the attention being focused in this second test series
experimental data. on the relative movement of the boundaries (vibration

The experimental programme on the reduced scale amplitudes and phase relationships).

* U.L.B.
** EURATOM
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Chapter 4

APPLIED NUCLEAR RESEARCH

4.1. REPROCESSING
(L.H. Bactsle, J. Brootliaerts)

Research and development studies in the fields of head-end processing and fission gas release control,
considered as key problems in LWR and LA;~*">r. fuel reprocessing, have been continued.

Present studies include laboratory investigation of voloxidaiion and dissolving with gram-scale samples of
high burn-up UO2-P11O: fuels, and testing of off-gas cleaning and fission gas trapping techniques in simulated
conditions.

As follow-up of these studies, the construction of a hot semi-pilot facility has been planned: it will allow
testing of the head-end process steps on an engineering scale, and the demonstration of highly efficient fission
gas cleaning techniques in realistic conditions.

Conceptual lay-out and preliminary design of the a,y hot-cell facility and equipment have been started
in collaboration with BELGONUCLEA1RE and EN1.

4.1.1. Head-end studies
(J. Vandcrstccnc)

4.1.1.1. Solubility of UOrPuO: fuel in nitric acid

Dissolving tests with fuel samples from the Rap-
sod ie 1 experiment were continued. This mechanically
blended UO2 - 30 wt. % P11O: fuel has been irradiated
up to burn-ups in the range of 85,000 to 95,000
MWd.f1.

The samples were dissolved in standardized con-
ditions using a large excess of 10 N nitric acid, boiling
under reflux. After a predetermined reaction time the
solution was cooled down and filtered through a
0.S |tm millipore filter. The residue was subsequently
washed with dcmincralized water, dried at S0°C and
weighed to determine the proportion of fuel which
remained undissolved.

In the first series ol tests, 0.5 g samples, pulverized
10 a grain size ol 0.5 to 1.5 mm were used. In these
conditions, 98% of the material was dissolved after
6 to S b. The residue, however, contained 0.9% of
the initial Pu in the sample.

Tbe effect of the longer time taken for the material
to dissolve was investigated in a series of experiments
with 5 g samples, mechanically extracted from the
hulls and crushed into fragments which were coarser
than in the first tests. From these experiments it can
be concluded that the particle size of the crushed fuel
has no sizable influence: after 8 h, the samples; were
dissolved to the same extent as in the first scries.
These tests showed, however, that Pu is leached from
the residues during the longer reaction times: after
14 to IS h the residue was about 1.596 but contained
only 0.3To of the amount of Pu in the initial samples.
The rate at which the fuel samples with cladding dis-
solved was studied by soaking 8g samples, as 10 mm
long chops, into boiling 10NHNO.t. About 97.6%
dissolved after 14 h of leaching.

4.1.1.2. Oxidation of UO:-PuO2 fuels

Tests on UO2-309o PuOj fuel in the temperature
range of 450 to 640°C resulted in a maximum weight
increase ol 1.92?6, whereas complete conversion
would correspond to 2.96 wt.% increase. These re-

BLC 520/77 4-1



Milts confirm the data obtained in previous runs. The
samples initially contained 4.5 (iCi tritium per gram
of iucl. After oxidation at 650~C. more than 95"o
of the tritium had been released. Samples oxidized at
650~C were submitted to the standard dissolving test.
More than 9Sf'ö was dissolved after 6 h in boiling
10 N UNO-., so that it can be concluded that this
treatment has no adverse effect on the solubility of
UO:-PuO: fuel.

4.1.1.3. Design of a head-end facility for repro-
cessing studies on mock-up engineering
scale (HERMES)
(L.M. Baetslc, J. Brootkacrts, R. de Bcukc-
laer\ R. Gilbert*, R.deConinck\ M. Pos-
kin")

A pilol scale hot laboratory facility with a capacity
for treating fuel batches up to 10 kg is being designed
in order to obtain operational experience with irradi-
ated PWR oxide fuel and. at a later stage, with highly
irradiated LMFBR fuel.

The HERMES facility will be installed in the Labo-
ratory for High Activity (LT1A) which is at present
under construction and will consist of four hot caves
in which equipment for chopping, oxidation, crushing
and dissolving will he installed. The plan also includes
a series of peripheral installations for the capture of
fission gases and for the transportation of fissile mat-
terial solution.

The first conceptual design of the facility has been
made and should be completed by mid-1977. The
construction and the installation of the equipment is
scheduled for 1978-1979.

4.1.2. Purification of reprocessing off-gases
(W.R.A. Goossens, A. Bruggcman, G. Collard,
I. Vacscn, P. Meynendonckx, A. Zahlen", R.
Glihert*)

The effort being made to develop off-gas treatment
facilities for reprocessing nuclear fuel continued to be
concentrated on the integration of various gas purifi-
cation stages in the 25 nrUv' demonstration loop.
Some of the processing steps were investigated se-
paratelv on a laboratory scale, while parametric ex-
periments were performed in the different sections
of the demonstration loop.

4.1.2.1. Laboratory studies on gas purification
stages

- The trapping of tritium from gaseous effluents was
investigated by using hydrogen as a simulator and

* I3ELGONUCL1-AIRE

at carrier gas flow rates of 1 m\h ' . This experimen-
tal data obtained in 1975 for the oxidation of hydro-
gen on copper oxide catalysts were found to follow
lirst order kinetics under the assumption of plug
How conditions for the gas stream through the
catalyst bed. The kinetic constant appeared to be
proportional to the CuO weight fraction and to the
specific surface area of the solid material. Systematic
analysis of the potential impact of internal and ex-
ternal mass transport phenomena revealed the pre-
sence of a non-negligible concentration gradient
within the C54-S catalysts, resulting in an efficiency
factor of only 54°'o at 200"C. Taking these internal
elfects into account, the real activation energy for
the catalytic hydrogen oxidation was lound to be
7.28 X 104 l.mol'. These results have been applied
to design a tritium oxidation unit whose construc-
tion is in progress.

- A biblio»raphic study of the tritium removal lrom
liquid effluents indicated that only ihe distillation
of tritiated water is now ready for immediate in-
dustrial application. 01 the alternative detritiation
methods available, electrolysis connected to cata-
lytic 1 Ii-I I;O exchange has been chosen as a research
and development subject.

- The trapping of iodine compounds on solid sorbents
was studied further in the 1 m'.lv1 loop built for
this purpose. The studv was restricted to those sor-
bents listed by the European Community inter-
laboratory comparison programme. The severe hu-
midity control necessary for these runs required the
development of a specific humidifier anil the setting-
up of a test bank for moisture sensors.

- The selective removal of nitrous vapours was in-
vestigated in the test loop built earlier. The catalytic
reaction of NO with Nil? was studied using Na-
mordenites and H-mordenites with air as carrier
gas. The Na-mordenites gave unsatisfactory reaction
rates. The 11-mordcnites show a high selective reac-
tion rate between NO and NII3, but excess catalytic
material is needed to destroy the excess ammonia
by oxidation when working at about 400°C. Long
duration runs are still to be made to determine the
deterioration of various catalysis.

4.1.2.2. Parametric experiments in the sections
of GAS-TON

In the wet section, an experimental investigation
of the methyl iodide scrubbing bv acid solutions of
mercuric nitrate was performed. The countercurrent
contact between the scrub solution and air as carrier
gas was studied in packed columns with an internal
diameter of 15 and 29 cm. The data already partly
obtained in 1975 could be analysed assuming a gaseous
and a liquid resistance to mass transfer. The parameter
values of the resulting mathematical description could
be determined on the basis of the following experi-
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menial conditions: a packing height of 1.7 m; a gas amhiani pressure and at 3.92X104 Pa (4ata). After
I low rale ol 6 to 24 m'.h1; a liquid How rale of 2 to a lew modifications of the automatic valve system and
9ni ' .h ' ; a methyl iodide gas inlet concentration ol various adaptations ol the cycle time ol the three
10 to 40 mg-m '; a scrub solution containing 0.01 to columns, the gas outlet dew point in the dryer could
0.2 M !lg(N'O<); in 0.2 to 3.2 M nitric acid. Within he reduced to -80°C. The outlet conditions obtainable
these operating conditions, it was possible to achieve in the oxygen removal unit are about 10 vpm oxygen
a decontamination lactor higher than 400 for the in the presence ol 100 vpm excess hydrogen,
methyl iodide present in the carrier gas. The commissioning tests ol the cryogenic unit show-

The silver zeolite columns backing-up the wet sec- ed that numerous modifications were necessary. In
lion have been tested lor their performance. Dilficul- this way, time was very limited for experimental runs
ties encountered stress the necessity for a severe and only a few tests have been carried out. Despite
control ol the operating conditions, in particular the improper working conditions, decontamination
the temperature of these beds. At a bed temper- factors higher than 20 for krypton anil higher than
.mire ol 190"C and with a 4 kg load in series with a 100 for .xenon were achieved. The tests were carried
mercurex scrubber, over-all decontamination factors out with pure nitrogen as carrier gas at a flow rate
higher than 1000 lor methyl iodide were obtained. of 25 m'.h"1 anil loaded with 1000 vpm xenon and
The methyl iodide gas inlet conceniration was 10 100 vpm krypton respectively,
mg.nv' and the gas How rate 24 m'.lv1. Runs ol long
duration are necessary to gain information on the 4.1.2.3. The demonstration loop GAS-TON
reliability ol these connected systems.

In die conditioning section, the performance of the The purification of the GAS-eous effluents from a
dryer and the oxygen removal unit was checked at reprocessing plant with a capacity of 1 TON per day
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is being investigated wiili the help of tracer techni- water. It has been decided to transform this unit into
ques in a demonstration loop called GAS-TON. a set-up for selective destruction of NOX.

I is nominal gas throughput is 25 m\lv'. Three main The cryogenic section has been mounted. Fig. 4.2.
sections are planned: a wet section to trap all iodine = l , o w s ^ control panel and the valve pan of this
compounds, a conditioning section to remove disturb- cryogenic section. The commissioning tests have re-
ing impurities such as water vapour and nitrous oxi- Vca!ed the necessity for mechanical adaptations and
des, a cryogenic section lor noble gas trapping. improvement of the measuring and control devices.

Construction of the wet section was largely com- These adaptations have been made together with the
pleted in 1975; it consists of various gas feed con- addition ol an emergency loop which provides enough
ditioning devices, a 15 cm and a 29 cm packed scrub- buffer volume for the retention of the expensive noble
her. a venturi scrubber, a high elliciency demiste?1 and gases (Xe and Kr) being used.
a lew packed bed columns. This section has been i- i • • i i

i l l . -i • H • c • i- i I'inal reception tests are in progress and the ex-extended this vear with an installation lor iodine and • , i i i i V i r-,- i it- penmental runs arc scheduled lor the lirst quartermercurv recoverv Irom the mercurex scrub solution. t .,,
, 'i !•" • • • i ol 1 9 / / .
In the conditioning section, an oxygen removal

unit has been added to the gas dryer already in opera- The integration of these three sections into one
tion. Its ultimate purpose was to avoid any ozone demonstration loop GAS-TON has been prepared,
lormation in the cryogenic stage. As illustrated in Runs with all sections linked together will be possible
Fig. 4.I., use is made of a recycling loop in order to at the end of 1977 in order to demonstrate the fcasi-
prevent excessive temperatures in the reactor where bilitv of such a gas purification scheme in mock-up
oxygen is catalytically combined with hydrogen to conditions.
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4.2. WASTE CONDITIONING AND DISPOSAL

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

CKC contracts 013-76-1 W'ASB and 01 -1-7 5-7 W'ASB

4.2.1.1. Geochemical and engineering assess-
ment work
( R. Hercmans, J.Willocx, M. Put, M.Man-
froy)

Most of the analytical work and determination of
properties of the "Boom clay" core samples taken in
Mol, were completed during 1976. An extensive labo-
ratory investigation of the ion exchange capacity for
Cs, Sr, 1'u and En was started on soil and clay sam-
ples, including the study of thermal and y irradiation
effects on the distribution coefficients. Special atten-
tion has been paid to the behaviour of Pu in the
geospherc, taking into account its high toxicity and
long radioactive half-life.

The hydrogeological survey programme was extend-
ed and routine measurements in the different aquifers
are now being taken. A geotechnical drilling was car-
ried out as far as the lower level of the Boom clay
at Mol up to a depth of 250 m. The objective was to
take a number of undisturbed samples for mechanical
testing. The laboratory work on these samples is now
underway and the results will permit detailed en-

gineering calculations for digging tunnels in this geo-
logical iormaiion. Primary technical feasibility studies
and environmental risk analysis evaluation tor ,i hypo-
thetical subsoil radioactive waste repository have been
undertaken. Special attention is being given to ma-
thematical modelling for ion migration and heat dis-
sipation patterns in the gcosphere. At present, the
experimental results available confirm the initial as-
sumption that the clay formation of Boom in the Mol
area still possesses favourable characteristics for the
burial of some types of radioactive waste. Meanwhile,
and in close collaboration with the Geological Service
of Belgium, a more detailed national inventory of
other potentially attractive geological sites for radio-
active waste disposal is also being carried out.

4.2.1.2. Radiochemical analyses
(D. Huys, P. DcRegge)

The adsorption capacity and distribution coefficients
of the "Boom clay" were determined for Sr and Cs
as a function of depth. Straightforward interpretation
of the results by the law of mass action was possible
taking into account the interaction of the different
ions: present in the groundwater. Preliminary results
have been obiained for the distribution and adsorption
capacity for plutonium and rare earths. The simul-
taneous existence of various oxidation states and
hydrolysed or complexcd forms in the groundwater
results in considerable difficulty in interpreting the

TABLE 4.1.
Inns leached from the clay layers (in clay)

so-4

a-
tv-

NU' 4

i W

K+

MR--1-

Ca-~

Upper sand layer
between

-160 and-170m

8,10U±2,000

20+13

I2±7

16±10

690 ±250

320±140

690±210

1,320 + 570

Clay layer
between

-190 and-240 m

8,91)0 ± 2,900

48 + 21

S±6

32 + 12

1,780 + 320

370 ±120

660 + 330

900 ±580

Lower sand layer
between

•260 and -300 m

4,310 + 2,300

30+17

2.5+1.2

9±7

700 + 370

220 ±90

200 ±160

700 ±550
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data. The ei I eel ot preliminary temperature excursions
up to 500C and of irradiation doses up to 3XlO'°
Rad on the adsorption of Cs, Sr and Eu lias been
evaluated.

4 2.1.3. Chemical analysis of clay samples
( L. Vundcvcldc, I. Delespaul, J.Remy-De-
f raigne, F. Lievens)

Several hundred samples resulting from the geo-
technical drilling have been analysed by X-ray fluor-
escence for the main elements and by emission spec-
trography and atomic absorption for tracer elements.

Special attention was devoted to the composition
ol interstitial water. Therefore soluble ions were ex-
tracted using several approaches in order to investi-
gate the possible long term corrosion on the contain-
ment of stored radioactive waste. Table 4.1. gives the
mean amount of leached ions from the clay layer and
Irom the upper and lower sand boundary layers.

4.2.2. High temperature incineration
(N.VandeVoorde*, J.Vangccl, A.Taeymans")

4.2.2.1. FLK 60 - High temperature incinerator

The lest runs with non-radioactive waste have been
continued in 1976. The increase in the height of the
waste column with 25 cm between the outer static
and the inner rotating cylinder has proved to be
successful. No more tunnelling in the shredded ma-
terial has been observed.

Former tests showed that the existing combustion
chamber was too small for a fuel burner with a direct
injection in this chamber. The replacement of such a
burner by a type with an internal burning chamber
has been completely satisfactory.

After these improvements, a series of tests were
performed on a rather "heavy" simulated waste com-
position giving rise to granules with the following
characteristics:
- melting point: 136O±1O°C;
- residual carbon content: 0.42% at the beginning of

the tests and 0.05% at the end;
- "air" density: 3.4;
- tap density: ~ 1.7.

Characteristic surface structures of the granules ob-
tained are given in Fig. 4.3.

Lixiviation tests have been started on granules
which have been irradiated in the BR2.

4.2.2.2. Characterization of granules

Laboratory tests have been made on small simulated

* BI-LGON'UCLDURP.
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1:IR. 4.3. — Scanning, electron microscopy o\ the surface struc-
ture of granules obtained by high temperature
incineration oj simulated radioactive waste.

samples with different compositions. All the samples
used in the experiments are small cylindrical pellets
( 0 7 X 1 0 mm) prepared by pressing a mixed powder
of ash (originating lrom the combustion of paper,
plastics, cotton . . . ) . stainless steel, glass, sand, dried
sludges and other additives such as TiO:. B:Oj, Al;Ch
and carbon.

Some of the simulated waste pellets were doped
by lu''Ru and "7Cs and heated for 15 minutes in a pre-
heated furnace at 1400°C and their residual '""Ru and
157Cs activity was measured.

The results indicate that volatilization of Cs de-
creases as a function of the (SiOj4-Fc:O.0 content in
the waste, but that the acid (SiO: + Al2Cm-B:O0
and the alkaline (Fe:0., + CaO4-Mg0 + i\a:O) com-
ponents give rise to a maximum.

A trend with a maximum has been found for the
volatility of Ru as a function of the acid components,
and a minimum as function of the (SiO:-f Fe:Oj)
concentration.

Melting points

A series of simulated waste pellets was made and
tests were carried out to determine the incineration
and melting points. The latter were found to decrease
with increasing CaO (2-5°b) and StO: (8-32%) con-
tent. The Fc-iOj content (7-2O?c) increased the mel-
ting point. The correlation for the other components
was not indicative.

4.2.2.3. Adaptation of FLK 60 plant for the treat-
ment of a. bearing waste

The pre-study for the adaptation of the FLK 60
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plant to the treatment of a bearing waste has been
carried out.

4.2.3. Conditioning of cladding waste
(J. Broothaeris, L. De Wilde, F. Casteels, H.
Tas, J. Vanderstcenc)

In view of a conditioning process for cladding waste
generated by the reprocessing of spent LWR fuel, a
contract has been signed with the Commission of the
Huropcan Communities. It covers the period 1M No-
vember, 1976, to 31"' December, 1979. The process
proposed is based on compaction and embedding in
low melting alloys and primarily aims at volume re-
duction ol this low density waste material and at
long term immobilization ol transuranium elements
and tission products. The programme includes ex-
perimental investigations and conceptual studies.

In preparation of the programme, the characteristics
ol this type ol waste (composition, dimensions, acti-
vation products and expected level ol total activity)
have been defined.

4.2.4. Conditioning of krypton for storage
(P.Henrion, W. Claes)

It has been proposed that the feasibility of storing
krypton on adsorbents under pressure be investigat-
ed. The introduction of, for instance, an appropriate
charcoal in a gas bottle is likely to decrease the pres-
sure developed by a given amount of krypton in that
bottle. The potentially corrosive influence of decay
products such as Rb would be reduced by retention
in the charcoal bed. According to literature data, dif-
fusion ol the gas into the carbon lattice is to be
expected, ensuring a very effective means of trapping
at least part of the active material. These hopes are
based on actual measurements of the adsorption of
krypton on NORIT RBL3 charcoal at -10. 0, 25 and
50=C. Computer calculations have shown that decay
heat would be released at a satisfactory rate, provided
that charcoal beds with sufficient thermal conductivity
could be prepared. Therelore, thermal conductivity
measurements of packed charcoal are being planned.

lnbedding of the charcoal granules in expoxy resins
had to be abandoned, at least for krypton 85, because
of poor thermal conductivity ol the resin and radio-
lytic decomposition.

4.3. GAS CLEANING TECHNOLOGY
(W.R.A. Goossens)

4.3.1. LWR off-gas cleaning
(G. Collard, W.R.A. Gocssens, R.Gubel)

Recent Belgian experience with PWR reactors in-
dicated a poor reliability for some iodine filters in
the actual gas cleaning facilities According to litera-
ture, this indication might be caused by harmful elfccts
Irom industrial pollutants. However, even with the
help ol process engineering calculations on these lil-
ters, no clear-cut explanation could be given. There-
lore an in-situ experimental programme is being plan-
ned.

In view of a technical and economical comparison
between delay-beds and delay-tanks, a pilot delay-bed
unit has been installed in the off-gas circuit of BR3.
This unit consists of two columns (5 m high, 0.5 m
diameter) interconnected lor a separate, parallel or
in series operation. The load is activated carbon type
RBL3. The design has been based on earlier data
obtained in a laboratory under tracer conditions. The
experimental results obtained fit the Van Dcemter
equation quite well, the parameter values of which
were determined lor the sorbent used. The results
obtained at BR3 will be examined in detail in order
to obtain information on the reliabilitv and on the

ageing phenomena
conditions.

of a delay bed under real PWR

4.3.2. Gas purification system for incinerator off-
gases
(W.R.A. Goossens, A. Franccsconi, F. Harnie)

An important el fort on gas-cleaning technology was
m.-ide on the development of a gas purification system
for the FLK 60 waste incinerator. Some additional
experimental runs in "MISTRAL" were performed to
obtain a more reliable definition of the technological
working conditions of the Uill-seale panel bed and the
air-lift.

Furthermore, during the construction and assem-
bling of the various parts of the incineration gas puri-
fication system, assistance was given to the commis-
sioning tests of the incinerator itself. The average dust
content of the outlet gas was measured to be about
300 mg.m'\ with a maximum of 520 mg.m"\ The SO:
concentration fluctuated around 250 ppm. The CO;
and O; content was 8 and 9% respectively. The
commissioning tests for the whole gas purification
were prepared.
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4.4. FUSION RESEARCH AND LITHIUM TECHNOLOGY

4.4.1. Lithium technology - forcing the lithium at 200!C from tlic fill-dump tank
(M. Soenen, J.Dekeyser, G.Gcbocrs) ' n t « l ' i e 'OOP through a porous sintered stainless

steel filter;
With no experimental data at hand, a stainless steel - heating up and circulating the lithium in the loop

Li 1 loop of the same design as t'ie loops built and at 400;C for at least one hour;
operated lor sodium work at SL.K/CIIN has been - emptying the loop at a high temperature through
assembled to gain experience with Li technology and the filter by-pass followed by a complete solidifica-
Li publication systems. It is believed that the develop- tion of the lithium in the fill-dump tank;
men; of publication methods is particularly important - a remelt at 200"C.
to assess the corrosion in lithium of structural mate- T h c , w a s o p c r a l c d i n 1 9 7 6 foi. ., l o l a l o f

nals I-ig. 4.4 shows the loop during assembly with U 5 O h u n d c r , h c f o l k w i n s t e . l J v s t a l c c o n d i t i o n s .
the lilling tank in Iront. . . . , - . ' , , ',

Lithium was circulated for the first time in du- Li 1 " m a i n c l r a m . l o w : ° ° s :
loop on 15'" October. 1976. To purify the loop, a " test section How : 0.1)1.*-
special lilling cycle was applied twice prior to final " purification circuit (low: 0.1 l.s"'
filling of the loop. The special filling cycles consist - maximum temperature : 400cC
ol the lollowing s'.qis: - plugging circuit I low : 0.01 l.s'



Typical loading occupying the test sections of the Methods for the determination of nitrides and car-
loop with titanium getter, sampling crucibles or stain- bides in lithium metal have been evaluated. Lithium
less steel strips are shown on Fiji. 4.5. is sampled in stainless steel crucibles and hydrolysed.

Future work with the loop will be concentrated on Nitride is converted to ammonia, which is collected
techniques lor controlling and monitoring impurity with helium carrier gas in diluted sulphuric acid. The
concentration levels in lithium, especially for nitrogen. quantitative determination is carried out with a spec-
This work will provide data on corrosion rates, mass trophotometer using Nessler's reagent. Carbides are
transfer and chemical control of the lithium stainless converted to acetylene by hydrolysis. The acetylene
sieel containment system with the aim of establishing is collected with helium, purified by freezing out the
its operating limitations. interfering elements and measured nianometrically.

Metallic impurities have been determined by X-ray
tluorescence spectrometry. Direct examination of the

4.4.2. Lithium chemistry sample was unsuccessful, but a wet chemical separa-
(F. Lievens, C. Parmentier) tion yielded acceptable results. With the use of tanta-

lum crucibles for sample collection and distillation.
Analytical chemical methods to characterize the li- it is expected that lower detection limits will be ob-

ihium from Li I loop, have been developed using the mined.
equipment and know-bow gained during previous Vacuum distillation is a preferred preconccntration
years ot sodium chemistry. and separation technique for many impurities in so-

Thc sampling system is identical to the system used dium. Direct application to lithium was impossible,
for sodium. However, it quickly became evident that because its vapour tension is much lower, and also
the solidified lithium hampers the removal ol the because lithium in the molten state reacts with nickel
crucibles. The choice of crucible material is also more and glass ware. Distillation of lithium was performed
restricted for lithium. Up to now, acceptable results at 10 ' torr and 950 K in a stainless steel vessel,
have only been obtained with stainless steel A1S1 316. Analyses of Li samples taken from the Li 1 loop
Materials such as nickel, alumina and zirconium oxide indicated about 1000 ppm nitrogen, lOOppm carbide
had to be eliminated; tantalum was used only with and 10 ppm carbonyl, as well as metallic impurities
moderate success. (Fe, Ni, Cr, Mn and Cu).

Fin 4.5. — Typical loadings occupying the lest sections of the Li I loop.
a. 77 lettering sponge especially jor nitrogen;
b. crucibles jor sampling;
c. stainless it eel strips for corrosion indicators.



4.5. SAFEGUARDS PROJECT

Radiochemical analysis support
Safeguards Analytical Laboratory Evaluation
(SALE)

( R. Boden, D. Huys, P. Dc Regge)

Participation in the SALE programme is continuing
in order to assess the current analytical capabilities of
the radiochemical service. Uranium analyses by the
New Brunswick's modified Davies and Gray method
and mass spectromctric isotopic dilution have been
carried out and submitted to the programme com-
mittee.

Alpha-ray spectrometry, coulometry and mass spec-
trometric isotopic dilution arc being used for pluto-
nium samples. Current systematic and random errors
are less than 0.1 °o for titrtmetric determination of
uranium in nitrate solution. Mass spectrometric iso-

topic dilution analysis of plutonium or uranium in
solutions are accurate within 0.05?b with a standard
deviation of about 0.1 °b. Analysis of powder samples
still yields low results by all methods, because of
ambiguities in the procedure for the sample pretreat-
ment. Isotopic content of "^U is usually within 0 .1%
of the certified value and within 0.04% for :vlPu.
Although better results on 24lPu are now obtained by
a modification of the measuring procedure, unexpect-
ed errors of about 0.5°ö occurred in some samples.
Alpha counting yields results with an accuracy within
l'ro and a random error of about 2%.

A meeting of all European SALE participants was
organized by SCK/CEN on 6"' May, 1976, to ex-
change ideas and to adopt a common approacli towards
the SALE organization.
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Chapter 5

BASIC AND EXPLORATORY RESEARCH

5.1. MATERIALS SCIENCE

"Hie programme in the field of materials science has been continued with studies on structures
and structural defects and their relation to physical properties. The main research items are given below according
to ilie type of material.

- Metals and alloys: radiation damage and swelling studies, more particularly on the influence of gases (lie, A)
in metals (Mo, W, Re, Cu, Be ...) and their interaction with radiation-induced defects; structure investigations
of domains and grain boundaries (Ta-N); relaxation effect experiments in martensitic alloys (Cu-Zn-Al);
crystal field transitions and phonon dispersion studies in cerium hydrides by neutron inelastic scattering.

- Semiconductors: study of electrical transport properties in semiconducting glasses (based on Tl, As, Te, Se or
transition metal oxides); investigation of layer structures of superstructures by means of electron microscopy
and neutron diffraction (GaS, GaSe, inSe, NüTe;, Cu:S . . . ) ; study of topotactic reactions (hematite-magnetite).

- Polymers: study of electrical properties of polyacene quinone radical polymers and of relaxation effects in
gamma-irradiated polyvinylidene fluoride; neutron inelastic experiments on molecular rotations in plastic and
crystalline silane.

- Ceramics: besides basic research on uranium carbides, structure investigations have been performed on other
types of ceramics such as spinels (FeMn;Oj) and so-called chimney ladder structures (MnSi:x, MoGe;.v).
Molecular rotations were further studied by neutron scattering in ethylene-oxide clathrates.

- Superconducting materials: a new programme has been started on superconductors. Preliminary magnetization
measurements have been performed on lead nnd vanadium. Some one-dimensional (KCP) and two-dimensional
(TaS:) systems have been investigated.

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

Nearly all Belgian universities participated in one or more topics of this programme. Pan of it was supported
by UKAV/l'lSN and IW0NL/1RS1A.

The programmes of basic materials science were supervised by J. Nihoul, J. Cornells, R. De Batist,
P. Delavignette, E. Legrand, P. Nagels, M. Snykers, A. Van den Bosch, F. Biermans, M. Denayer and L. Eersels,
professional staff members of the Materials Science Department. Scientific support was given by S. Amelinckx,
Director General, and by R. Covers (RUCA), J.Devreese (RUCA-UIA), L. Stals (LUC) and J. Van Landuyt
(RUCA-U1A), consultants. Most programmes were carried OI:I in close collaboration with research workers from
Belgian laboratories or universities in particular R.U.C Antwerpen (F. Broscns, A. Callens, M. Callens-Raad-
schelders, R. Colson. M.David, A. De Ridder, J. De Sitter, L. Lemmens, P. Tambuyser, P. Van Camp, V. Van
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Doren. D. Van Dyck. G. Van Tciulcloo). K.b. Lcuve.i ( Y. Bi-uynseraede. W. Dejonghe, L. Delaev. \Y. Greven-
donk, J. Roggen. S. Ruymbeek, J. Vanderhaeghen. L. Van Gerven), U.L. Bruxcllcs (A. Art, T. Bcatsc, M. Hon.
M. Yandendungen), R.U. Gent (A. Deruytter, D. Schecrlinck, R. Vandenberghe), U.E. Liege (R. Evrard,
D.C. Wallace I. U.I. Antwerpen (L. Papadopoulos, J. Thomchick), L.U.C. Diepenbeck (R.Semeels) and
H.O.R.T.O.K. Mol (J. Van Guysse). Joint projects were also elaborated with scientists from abroad,
namely from Fiance (D. ColaTtis, C. Dragon, Huy-Hung Nouyen, G. Nouet, J.C. Mutin. J.Vicens), die
Netherlands (V.A.M. Brabers, L.M. Caspers, J.C.J.M. Terhell, A.A. Van Gorkum, A. Van Veen), the United
States (E.Johnson, R.L.Ngai), Greece (T. Karakostas, C. Manolikas), Germany (W.Press), Tunisia (C.Bou-
lesteix) and Japan (F.Waiari). Thanks are due to'.he HKW/11SN and 1WONL/1RS1A for their financial
support of part of the programme.

5.1.1. Metals and alloys

5.1.1.1. Defects in metals

A programme was started on low-energy helium
implantations in metals. Subsequent helium release
measurements and resistomctric recovery experiments
can be used to investigate the behaviour of point
defects. A marked effect has been detected in stage
111 recovery (about 200°C) in cold-worked molyb-
denum after helium doping (Fig. 5.1.1.). A quanti-
tative analysis of the recovery kinetics indicates a
mechanism in which the stage III point defect (vacan-
cy or interstitial) is trapped at room temperature by
freely migrating helium from which it is freed again
at temperatures about 30°C higher than the normal
peak temperature for stage I I I .

A systematic investigation of the annealing kinetics
of plastically deformed tungsten and rhenium has
been performed. The activation energy associated with
stage 111 in tungsten (about 700 K) appears to in-
crease gradually from 1.6 to 2.0 eV. It has been
observed that the recovery spectrum for rhenium is
extremely sensitive to impurities.

Argon implantations have been made in copper and
subsequently studied in the electron microscope. Spe-
cial attention has been paid to the detection of im-
planted argon by X-ray emission analysis.

Observations of beryllium specimens after neutron
irradiation to a high dose in BR2 have revealed the
presence of a high density of irradiation-induced dis-
location loops. The detection of possible voids was
hindered by this high dislocation density.

5.1.1.2. Structure of domains and grain bounda-
ries

A new phase has been detected in the tantalum-
nitrogen system having the possible composition TaoN,
which is tetragonal and has been labelled a'. More
particularly, the domain structure formed by micro-
twinning of the nitride in the metallic matrix has been
studied and analysed (Fig. 5.I.2.).

A programme has been started on the detailed

5-2

analysis of grain boundaries in bec and hep metals as
observed in the electron microscope. A mathematical
model has been developed for determining the crystal-
lographic orientation relationships between grains "on
line".

l:ig. 5 . ; j . — A: Recovery spectra oj cold-worked molybdenum
in the stage III range with (O) '""' without
(9) low-energy helium implantation.
Ii: Corresponding activation energies.
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5.1 1.3 Relaxation effects in inartensitic alloys interlaces has a very strong influence on the damping
behaviour ol ihcrmoelaslic martensites.

Copper-zinc-aluminium alloys show a thermoelasrc
manensitie iranslorniaiion at a temperature deter-
mineJ bv the alloy composition. In the martensitic 5.1.2. Semiconductors
phase, the internal triction is considerably higher than
in the high-temperature cubic phase; at the phase 5.1.2.1. Electrical transport in amorphous semi-
transition, a m.'viimim clamping is observed which, conductors
under laumrable conditions, can reach extremely high
\.lines. Bv studying the effects of thermal cycling and Detailed measurements ol dc conductivity, thermo-
ch.inges in frequency and strain amplitude in sped- power and I lall coeflicient were made on glasses in
mens with different structural characteristics (mono- the TIAsTo and T i A s T e ; ^ \ systems, piepnred bv
or polycrvhtalline), ii has been possible to pinpoint quenching line melt or by splat cooling. The Hall
some of the important parameters determining the eflect measurements show that, although the values
damping behaviour of this material. of the Hall mobility remain nearly unaltered, the sign

It has been shown in particular that the mobility of the Hall coefficient may change from p- to n-type
ol both m.uriN-martensite and martensite-inartcnsite depending on the Tl-As-Te ratio or when tellurium
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iig. 5 /.5. — Four different contrasts nj the same area:
- (tl), (b) tin,! (c): three different contrasts nf

the type {1120} allowing, determination of the
Burners' vectors of the partial dislocations,
the dtmhle arrow marked h indicates the Bur-
ners' vectors of the dislocations that are out
oj contrast m the corresponding micrograph;

- (d), Hacking fault contrast, partial dislocations
revealing, two different slacking fault energies
are visible.

the crystal, or by the fact that, due to the fairlv
lar»e absorption cross-section of indium for thermal
neutrons, different parts of the crystal diffract suc-
cessively. Nevertheless as a preliminary conclusion, it
can be said that the compound crystallizes in the
gamma phase. Other samples will be studied to con-
firm this conclusion.

A detailed electron microscopic study of the irra-
tional superlattice reflections in NuTe;, possibly re-
lated to displacement or composition waves, has shown
that an alternative solution may also be the formation
oi partially ordered superstructures.

An analysis of the one-dimensional and three-
dimensional superstructure in Cu.-:S has revealed the
presence of different superstructures related to differ-
ent compositions such as C117S4 and Cu& {39}.



The topotactic reaction hematite into magnetite has two copolymers ol die PAQR type, synthesized from
been studied on powders prepared for magnetic re- mixtures of anthrnquinonephtalic anhydride and un-
cording. These two phases are intermediate between thraquinone-pyromelliric dianhydride in the ratio 1:1.
the starting product goethitc, and the final product Belore studying the electrical properties, a series of
maghemite. Special attention has been paid to the characterization experiments, including X-ray diffrac-
nucleation and growth mechanism. tion. 111 spectroscopy and DTA, was made on these

A high resolution study has been undertaken on the polymers. The X-ray diagrams showed one broad peak,
transformation of goethite into hematite. It is thought clearly indicating that the material is amorphous. The
that the intermediate superstructure already observed dc conductivity was markedly different when meas-
iictunlly reveals a mean distance between two nuclca- tired in nitrogen atmosphere or in vacuum after pro-
tion sites ol hematite in the goethitc matrix (Fig. longed heating at 250=C. The ac measurements did
5.1.4.). not show any appreciable frequency dependence over

the range 10: - lOMlz. The thcrmopowcr was small
5.1.2.3. Ion implantation ün'^ "early temperature independent. Hall effect meas-

urements, carried out in the temperature range from
Along with the experiments on argon implantation 100 to 2S0oC, yielded low values for the Hall mobility

in copper (see §5.1.1.1.), similar experiments and <!in = l.SX 10"2 cnv.V'.s' at 100°C). The Hall mo-
subseqtient investigations have also been performed bility is thermally activated, its activation energy being
on silicon. about half that of the conductivity. The results were

analysed on the basis of inter- and intramolecular
transport.

5.1.3. Polymers
5.1.3.2. Relaxation effects

5.1.3.1. Electrical properties
The study of the effect of gamma-irradiation on the

Among the conductive polymeric solids an interest- moiecular-chain mobility in polyvinylidenc fluoride as
ing group is formed by the polyacene quinone radical observed in mechanical and electrical relaxation e.x-
( PAQR) polymers, which consist of networks ol periments has been concentrated on the analysis of
aromatic rings. Measurements of dc and ?.c conduc- thermally stimulated depolarization measurements in
livitv, thermopowcr and I lall effect were made on specimens irradiated up to 1 Grad. The observed TSD



spectrum between 170 K and 270 K has been com-
puter-analysed in a number of relaxation components.
A typical decomposition is shown in Fig. 5.1.5. From
.his computer fit. the effective activation parameters
for each process can be derived. In general, the re-
laxation strengths are found to decrease with increas-
ing gamma dose, although above a certain dose level,
two peaks are generated which are not present in the
unirradiated material. From the variations of the peak
intensities as a function of dose, estimates are obtained
lor the parameters describing the chain length dis-
tribution function, thus giving information about the
irradiation induced cross linking and scission densities
and about the critical chain ler.gth below which no
contribution to the relaxation process is possible.

ponding branch, measured with the time of flight
instrument, on a sample with an inversion of e — 22°b.
The measurements on the compound x = 0.3 showed
results similar to those obtained with the time of tlight
instruments for the acoustic branches. The magnon
peaks have a larger width than in the compound with
x = 1. Due to the limited neutron intensities and
resolution of the spectrometer, no relevant results
could be obtained for the optical branches.

The MnSi^ and MoGej-x chimney ladder structures
were found by electron microscopic techniques to
possess structures based on two incommensurable sub-
lattices. The incommensurability in spacing as well
as in orientation could be revealed in image and
diffraction mode, and interpreted by the proposed
model {3} ) .

170.00 130.00 210.00 230.00

TEMPERATURE
SSO.00 270.00

/•/£. 5.i.5. — Low temperature TSD. spectrum of polyvinyl-
tdenc fluoride, irradiated with y-rays up to a
dose of 300 Mrad. The experimental current
values are given by J , the current contributions
oj the various components by *, and the sum
oj the jilted components by a continuous line.

5.1.4. Ceramics

Inelastic neutron scattering experiments have been
performed on manganese-iron spinels with the triple
axis spectrometer installed at the BR2 reactor in order
to investigate the magnon and phonon dispersion re-
lations. For the spinels Fci.,Mii2.xO.4 with x = 1 and
X = 0.3, the acoustic branches have been measured
in the (400) Brillouin zone for the [001] directions
up to q values of 0.3 A'1. The compound with x = 1
had a degree of inversion E = 8%. The measured
magnon branch has lower energies than the corres-

5.1.5. Superconducting materials

Magnetization measurements on thin toils of pure
lead have been carried out according to the Faraday
method. The analysis of the data made on the basis
of a simple model gives a minimum current density
ol about 1.4 X 10' A. cm'2 which agrees with values
quoted in the literature. The same method is being
applied to pure vanadium.

The one-dimensionally conducting materials such
as (TFF) (TCNQ) and K2Pt(CN).,Br,,mlI:O(KCP)
have been the subject of intensive research in recent
years in view of a characteristic conductivity that was
once ascribed, in contrast to present ideas, to super-
conducting fluctuations. In the light of this interest,
the static susceptibilities of single crystals of KCP
have been measured using the Faraday method. Precise
measurements in the temperature region between 4
and 300 K at field strengths between 6 and 20 kOe
allowed for differentiation of effects. In the simplest
case, the apparent susceptibility at 78.8 K, of a sample
for which n = 3.1 ( ±0.1 ), is plotted versus <l>, the
angle between the magnetic field vector and the c
axis of the tetragonal crystal (Fig. 5.I.6.). The values
fit the equation:
Xa.l07(emu.g') =
—3.S42 + 0.121cos(2*)+0.042cos(*-90)
with a standard deviation of 0.009 and a variation
coefficient < 0.24%. The third term on the right
hand side of this equation is attributed to a parasitic
effect due to an excentricity of the sample-holder
position and the non-cylindrical symmetry of the field
values around the centre-axis of the turnable magnet.
The first term is the mean diamagnetism of the com-
pound. The second term indicates that the suscepti-
bility can be represented by an ellipsoid, with one
semi-axis slightly different from the others, as ex-
pected from the symmetry of the crystal structure.
The 6.3 percent anisotropy of the susceptibility is
attributed mainlv to the intrinsic effect of the ~2-bond
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/•"/!;. 1.1.6. — The apparent susceptibility at 7S.S K of
K,Pt(CN)ABr03 3.1112O versus O, the angle
between the magnetic field vector ami the
C-axis of the tetragonal crystal.

5.1.6. Theoretical studies

5.1.6.1. Diffraction physics

The theoretical study of the linear critical accelerat-
ing voltage effect for crystals in electron transmission
in the electron microscope has been continued. The
effect of absorption has been included in further
developments of the theory. The influence of non-
systematic reflections has also been examined and a
very satisfactory explanation proposed for the very
important shift of the critical voltage. The method
used consists of developing a particular form of de-

generated perturbation theory, adapted to the specific
problem under discussion. The result will be used
eventually for the exact determination of the extinc-
tion distances, i.e. the parameters which, together
with the exact crystal orientation, determine the in-
tensities of the transmitted and differently diffracted
beams {27,28}.

A theoretical model based on the distribution and
occurrence of particular geometrical configurations of
atoms (clusters) has been used to describe the transi-
tion state between short range order and long range
order. The cluster model permits the interpretation
of diffuse intensity patterns observed in electron dif-
fraction {34} and vice versa, to predict atom distribu-
tions from the diffraction patterns.

5.1.6.2. Quantum theory and electronic structure
of solids

In order to obtain a better insight into the forma-
tion, migration and interaction properties of point
defects, a method to derive interatomic potentials in
metals from experimental phonon spectra has been
developed. The interatomic potential for Na is shown
in Fig. 5.1.7.

in the CN groups. This interpretation implies that the . 2
anisotropy of the CN groups in KCP amounts to
5.5xlO""emu.mol' (CN).

The two dimensional systems such as the transition
metal dichalcogenidcs (TaSi) have been analysed in
more detail in particular with regard to the structural
relation between the different phases {52}.

Metal ions (Cu, Fe) have been intercalated in these
materials (TaS>, NbS:) and the various phase transi-
tions have been characterized by electron-microscopy
and diffraction. It was shown that the intercalated
ions-vacancies system almost behaves like a two-
dimensional liquid within its associated solid liquid
transition {35,53}.

O

X

e

.5

0

-.5

- 1 . -

Fig. 5.1.7. — 77«' interatomic potential of Na derived from
the phonon spectrum as function of distance.
The dots indicate the radii of the shells of the
nearest neighbours (atomic units are used).

The dielectric function and the phonon dispersion
curves of diamond in a covalent bonding model have
been calculated {44}. In Fig. 5.I.8., the band struc-
ture of diamond, arising from the molecular bonding
llamiltonian, is shown.

The influence of an external electric field on the
distribution of polarons has been calculated from the
Boltzmann transport equation {36}. The scale-laws
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I:ig. 5 1.8 — The calculated band structure of diamond, using,
a molecular bonding, Ihimiltoiiian.

magneto-optic resonances in the two-phonon region
was investigated for inSb {37}. The temperature
dependence of the magneto optic spectrum is also
being studied.

The feasibility of applying the path-integral forma-
lism for solving the Dime equation has been investi-
gated {41}. The influence of the exchange interaction
on the dielectric function of jellium has been treated
for all wave vectors and frequencies of the external
probe {25}. The influence of exchange on the static-
dielectric function has been analysed. The anisotropy
of the plasmon spectrum of the polymer (Snk has
been investigated; the anomalous behaviour of this
spectrum has been explained.

and the ground-state relations for piezo-electric pola-
rons have been studied {43}. The f-sum rule for
optical absorption has been investigated; it has been
found that this sum rule relates the effective mass
to the zeroth moment of the optical absorption. The
influence of non-parabolicity and impurities on the

5.1.7. Instrumentation

The problems of the application of elemental ana-
lysis to transmission microscopy have been studied.
Programmes of concentration calculations have been
investigated in detail.

5.2. NUCLEAR PHYSICS

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 C15NM (IRC Euratom, Geel) and foreign
scientists were maintained.

The neutron cross-section programme was mainly concerned with the analysis of the data on HSU, obtained
in the two previous years using the Gcel Linac as a neutron source. I t has progressed very satisfactorily and is
almost completed. To reach the accuracy and reliability required at present for reactor physics calculations, such
an analysis implies an extremely large computing effort. In addition, data on 37Np and "Mb were also further
analysed and the measuring equipment was extended and modernized, so as to be ready to start new measurements
after completion of the reconstruction of the Geel Linac.

The fission programme has included various measurements taken at the BR2, the cyclotron of Louvain-la-
Neuve, the Geel Linac and the High Flux Reactor at ILL in Grenoble.

The nuclear spectroscopy programme was mainly devoted to neutron capture gamma spectrometry (com-
pletion of the BR2 bent crystal diffractometer and further analysis of t51Sm), to the study of HY and 90Nb'"
using the cyclotron of Louvain-la-Neuve, and to the further theoretical study of some light nuclei.

As for the laser isotope separation programme, various gaseous compounds absorbing the 10-micron
radiation from our TEA-CO2 laser were studied, so as to check their potentialities for the separation of the
isotopes of light elements such as nitrogen or chlorins, which have large practical interest.

5-8 BLG 520/77



5.2.1. Experimental nuclear physics

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

Resonance parameters of 2VsU
(E. Cornells"'", L. Mewissen, F. Poortmans, G. Rohr*,
R. Shelley*, T. van der Veen", G.Vanpract*', H.Weig-
inann')
(Contract SCK/CEN-IAEA No. 1636/RB)

The transmission, scattering, capture and sell-indi-
cation experiments on 1VU performed in 1975 were
analysed.

The analysis of the transmission data is complete
lor all sample thicknesses in the energy range between
9 eV and 4262 eV. The analysis of the capture meas-
urements has been finished for the three thinnest
samples in the same energy range. The scattering
measurements were performed up to 1.2 keV. The
analysis of these data is nearly complete.

Up to now, the neutron width has been determined
for 286 levels below -1262 cY and the capture width
for 62 levels up to 3.9 keV. Taking into account the
1-assignments ol ;'"U resonances by Corvi et al., we
have deduced the following results for the average
properties ol s-wave neutron resonance parameters
(energy range 0 - 4260 eV ):
s-wave strength function:
S,,= (1.06±0.11) 10'4 (number of resonances: 174);
mean s-wave level spacing:
D., = 21.S2±O.S5eV:
mean s-wave capture width:

I\ = 23.-43 | ±0.11 meV ( la-statistical error)
:0.70 meV (systematic error).

The distribution of the FY values around the mean
value is very narrow, the dispersion being only
0.852meV. No correlation between Fv and r°n has
been found.

The results mentioned above are to be considered
as preliminary; minor changes could be necessary after
completion of the analysis of all the data. The analysis
of the capture experiments with the two thickest
samples is in progress. An analysis of the scattering
data was started by initially taking only the effect of
sell-screening and absorption of the scattered neutrons
into account. Meanwhile, an area analysis code has
been written which contains Monte-Carlo methods to
correct multiple scattering effects.

Resonance parameters of 237Np
(A. Angeletti*, E. Cornells**, L. Mewissen, F. Poort-
mans, G. Rohr*, T. van der Veen*, G. Vanpraet*4,
H. W'eigmann*)

The analysis of our -'7Np data in the energy range
from 8 eV to 204 eV has been completed. A shape
and area analysis of the transmission measurements
was performed using the Atta-llarvey code. The cap-
ture and scattering cross-section data were analysed
with the area method.

The neutron widths were determined for 213 re-
sonances up to 204 eV. The following value was ob-
tained for the s-wave strength function:
S,, = (0.95±0.09)10-4

By fitting the reduced neutron width distribution
to a Porter-Thomas distribution above a bias of
Fv = 0.02 meV, we obtained the following result for
the s-wave mean level spacing:
U, = 0.74 ±0.03 cV.

The total capture width was deduced from a shape
analysis of the transmission data with various sample
thicknesses, of capture and of scattering data up to
50 eV. As a result of this analysis the capture width
was obtained for 27 resonances. The mean value is:
Fv = -41.2±0.5 meV (la-statistical error).

The fluctuations of 1\ around this mean value are
small (standard deviation = 3 meV) except for three
resonances at 38.3 eV, 39.0 eV and 40.0 cV respec-
tively, for which l\ is about 50% larger.

Resonance parameters of 93Nb
(L. Mewissen, F. Poortmans, G. Rohr", T. van der
Veen*, J. Winter*)

The low energy y-ray spectrum from the
""Nb(n,Y)'4Nb reaction has been measured in indivi-
dual resonances up to a neutron energy of 2.6 keV
with a Ge( Li)-detector.

The 100 keV, 114 keV and 293 keV -y-rays de-
populate the low lying level with J = 2", 5+ and 2'
respectively. As expected, the intensity ratios fall into
groups which allow a resonance spin classification.

From these data, spin values for a further 24
resonances could be determined. Most of the parity
assignments are known from the transmission data.

The analysis of the total and capture cross-section
measurements on MNb performed in 1975, has been
finished. The analysis of scattering cross-section data
is in progress {86}.

•* CBN'M ('.eel
;>- K.U ('..Antwerpen

CBNM Gcel
K.U.C. Antwerpen
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Bidimensional data handling system for capture
measurements
(L. Mcwisscn)

A HP 2112 A processor with 56 K memory has
been prepared for two-parameter capture measure-
ments, recording simultaneously neutron time-ot-flight
and energy of the prompt y-rays. A prototype of the
2 ns CBNM timecoder is coupled, via a Camac crate
controller, to the processor.

A HP-Assembler programme has been developed
to build up die frequency distribution with 8 differ-
ent pulseheight groups, each consisting of 6144 time
channels. The final histogram is written, in an IBM
compatible format, on a coupled magnetic tape unit.

5.2.1.2. Fission physics and chemistry

Heavy ion interaction barrier
(P. del Marmol, M. Berlanger4*, F. Hanappe4', J. Pe-
ter", C. Ngo'*> B. Tamain5*)

To measure the nuclear part of the interaction
barrier and owing to the low beam intensities given
previously by the cyclotron at Louvain-la-Neuve, the
experiment has been repeated by bombarding li:!Sn
and l24Sn targets with Ar ions of various energies and
measuring their Rutherford scattering.

From a simple paramctrization of the barrier value
and assuming no dynamic deformation during the
reaction, one should expect that for a given incident
ion (Ne or Ar), the difference AB = BIM—Bu: will
be negative. This was observed in the present work,
contradicting the results from experiments by other
groups working on "fSn and 124Sn targets.

Joint SCK/CEN-CBNM-R.U.Gent studies on fis-
sion physics and standards
(Contract EUR/C/4146/670

Scattering of fission fragments
(G. Coddens*, C. Wagemans2*)

With an improved experimental set-up, allowing
the simultaneous recording of 8 pulse-height spectra
taken under different scattering angles, the scattering
of fission fragments on gold has been studied. The
results are under analysis.

Neutron induced fission cross-section of 2hU in
the energy region from 0.008 eV to 30 keV
(C. Wagemans2*, A.J. Deruytter3*)

The results of these measurements were published

in {82} with the following abstract: "The neutron
induced fission cross-section of "^U was measured up
to 30 keV at a 30 m flight-path of the CBNM Linac.
The fission reaction rate and the neutron flux were de-
termined simultaneously with surface barrier detectors
placed on each side of back-to-back :^U and '"B layers.
The fission cross-section was calculated assuming a
1/v-behaviour of the '"B(n.a)7Li cross-section and

normalized to I <Tt(E)dE = 240 barn.eV. The

J
average fission cross-section was calculated in several
energy regions and compared with other results. Also

the fission integral I eri(E)dE was calculated
I 1 eV

yielding 16.16 barn.keV; for the cpicadmium resonan-
ce integral we obtained li = 2 8 0 ± 7 barn".

Fission fragment kinetic energy and mass-distri-
butions for the neutron induced fission of :3:>U
(C. Wagemans1', G. Wegener-Penning2*, H.Weig-
mann3"')

All data available before the Linac was stopped
have been analysed. The results indicate that new
measurements covering other neutron energies are
required in order to allow a clear conclusion to be
drawn.

To improve the experimental conditions for these
further measurements, a detector cooling system was
installed, resulting in a better energy resolution.

Determination of some characteristics of the
thermal neutron induced sub-barrier fission of
B1Pa, M2Th and B7Np
(C. Wagemans*, M. Ashgar4', P. D'Hondt5*, A. De-
ruytter'*, A. Emsallem4*)

Collaboration with R.U.Gent and I.LL.-Grenoble
on thermal neutron induced reactions

The results of these measurements will be publish-
ed with the following abstract: "Some characteristics
of the thermal neutron induced fission of ^'Pa, a 2Th
and M'Np were studied using a highly pure thermal
neutron beam of the Grenoble High Flux Reactor.
For the thermal neutron induced fission cross-section
we obtained ( 2 0 ± 4 ) m b for " 'Np, (19±4)mb for
23lPa and smaller than 2.5 u,b for M2Th, in agreement
with calculations based on a double humped fission

* 1WONL/1RSIA bursar, R.U.Gent and SCK/CEN
=* NFWO/FNRS, R.U.Gent and SCK/CEN
j * i \ u c ] c a r Physics Laboratory, R.U.Gent
4* I1K\V/1ISN. U.L.Hruxelles
5* Institut de Chimie Nucleaire, Orsay

* NFW'O/FNRS, R.U.Gent and SCK/CEN
2* SCK/CEN trainee
•'* CBNM. Geel
4* 1.L.L.Grenoble
5* R.U.Gent
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barrier. We also determined a mean total fission
fragment kinetic energy of (172.8±2.5 MeV) for
; i N p . which fits into the semi-empirical sysicmatics
of l£k versus Z~/A' \ Finally, we determined LKA/B
ratios of (1.94±0.17 ).H>"' for r ' :Np and (1 .67±
0.11 1.10' for -"Pa, in disagreement with the theore-
tical predictions of Feather, but consistent with the
M.'ini-empirical systematic ol Halpern".

Thermal neutron induced (n,a (-reactions in
heavy nuclei
(C. Wa»emans\ P. D'Hondt**, A. Deruyttcr**, M.
Asgliar** \ A. Emsallenr **)

Preliminary measurements on the reactions ;'NBi-
(n.a) , l u Th(n,a) and ^'Npfn.a) were carried out,
giving an upper-limit of a few [US for the (n,a)
cross-sections. A AE-E telescope detector system is
being tested so that a-particles may be detected with-
out ambiguity.

5.2.1.3. Nuclear spectroscopy

Neutron capture gamma-ray studies with
Gc( Li) detectors
Joint KUL-SCK/CEN programme
(J.C. Deliaes4*, P. Fettweis)

An apparatus lor the study of thermal and average
resonance neutron capture is under construction at
ilie Rl beam hole of the BR2 reactor. Besides direct
spectra, the measurement of y-y coincidences and
angular correlations both lor the determination of
transition multipolarities and the study of the hyper-
line interaction between excited nuclear levels and
their host lattice is scheduled.

The following items have been installed:
1. A Bi-monocrystaline filter for obtaining a thermal

neutron beam. Its actual length of 50 cm has still
to be adjusted in order to optimize neutron flux
and gamma background. Flux values of up to 107

n.cm-.s' are expected.
2. A polycrystaline filter consisting of 25 cm Fe. 30

cm Al and 5 cm S giving rise to a beam of 24 keV
neutrons due to the Fe resonance interference
minimum at this energy level. The neutron energy
distribution has been measured with the help of
a proton recoil spectrometer. As expected, weak
neutrons can be seen at 357, 279. 133 and 72 keV
besides the 24 keV neutrons. The flux of the latter
is about I(V n.cnv'.s '.

3. The angular correlation table is being assembled,
together with the sample holder and a final shiel-
ding against the room background, which is almost
exclusively due to tiic capture of scattered neutrons
in Fe, Cu and Ba. elcrrcnts which are found in the
vicinity of the Ge( Li (-detector.

Search for S2Y
(P. del Marmol, P. Fettweis, F. Hanappe*~'\ J.Van-
liorenbeeck4*)

Contradictory results have been published concern-
ing the half-life of KY. A preliminary experiment at
the cyclotron of Louvain-la-Ncuve was attempted. By
bombarding Zn with aiNe ions, it was hoped that the
decay of known transitions from excited states in 's:Sr
could be followed.

Some of these y-rays were masked by other rays
of similar energy belonging to neighbouring isotopes.
One of these could belong to the decay of e Y but
owing to low statistics the results are still incon-
clusive and further experiments are in progress.

Joint KUL-SCK/CEN programme

Nuclear structure of transitional b'Sm nucleus
(P. Van Asschc, G. Vandenput*, L.Jacobs*, J.-M.
Vanden Cruyce*'")

A series of nuclear structure calculations aimed at
a detailed reproduction of the low energy spectro-
scopic characteristics of blSm has been concluded.
Initially, these calculations only included a diagonali-
zation of the rotation-particle coupling in a limited
basis ol quasi-partide configurations. Although most
of the levels below 500 keV were fairly well accounted
lor, serious discrepancies remained at somewhat higher
energies and for some transition rates. It was believed
that at least some of these differences could be due
to the influence of collective vibrations. Moreover,
the model space was extended by the inclusion of
quadrupole vibrations of ß- and "|" lvPc around an
axially symmetric equilibrium shape. The interaction
I lamiltonian, in addition to Coriolis coupling, also
contained quasi-particle-phonon and rotation-vibration
couplings. The interaction matrix was diagonalized for
the negative parity case in a space spanned by 24
basic states. The mixed wave functions wore used to
calculate absolute transition probabilities. However,
most ol the discrepancies resulting Irom the first
series of calculations could not be eliminated in a
satisfactory wav.

• XFWO/i'XRS. U.U.Gcnt ami SCK/CliN
K U.C'.c-ni

• I.LL.Grenohlc
-> • U.L.IiiwIl«

IIKW/11SN, K.U.Lcuvcn
r K.U.Lcuvcn

HKW/IISN, U.L.Bruxcllcs
NFWO/FNRS
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Bent crystal spectrometer at BR2
( L. Jacobs", P. Van Asschc)

After assembling a new source holder mechanism
in soft-iron, the bent crystal diffractometer at BR2
was turther improved. Based on measurements on an
indium (ruy) source of 0.05 mm thickness, the line-
width was determined as 2.9 sec of arc, corresponding
to an energy resolution of AE = 4.3 10" E : (E, AE
in keV). The total reflectivity of the Si-crystal was
measured and showed, as expected, a higher absolute
value and a smaller decrease at higher gamma energies.

The use of a GeLi detector instead of a Nal
scintillator to detect the diffracted y-rays, has been
investigated.

Decay of wNb"'
(P. Fettweis, A. Mcykens*" , M. Neve de Mevergnies)

Some additional measurements were carried out to
check and complete the previous results. The final
analysis is underway.

5.2.2. Theoretical nuclear physics

Triaxial shapes in A = 10 nuclei
(M. Boiiten*", M.-C. Boutcn, E. Flerackers' ": )

Projected llartree-Fock (PI IF) calculations for
nuclei in the p shell have been found to be very
successful, as was described in previous reports. A
serious discrepancy, however, was observed in the
A = 10 nuelides. A PI IF calculation for '"B yields a
good energy spectrum for the low-lying stales but
calculating the B(l£2)'s from the lower two 2 +
states to the ground state shows an inversion ol the
2 + levels. Whereas experimentally, a strong H(E2)

from the lowest 2 + level to the ground state is found,
the PI IF functions show a strong B(E2) from the
second 2 + level and a weak B(E2) from the first
2 + level to the ground state.

Several attempts have been made during the last
few years to solve these difficulties including the
consideration ol triaxial deformations. A more general
computer programme has been written to carry out
PI IF calculations for non-axially symmetric nuclei.

In the case of "'Be, an increase in binding energy
of about 1.0 to 1.5 MeV is obtained as compared to
previous (axially symmetric) calculations. This indi-
cates that "'Be must be considered as a triaxially de-
formed nucleus in its low-lying states. The largest
energy gain is obtained for the K = O L = 2 state,
the smallest gain for the K = 2 L = 2 state so that
the separation between these two states has become
much smaller and a reasonable spin-orbit strength E
will cause the crossing of the two levels. The B( E2 )'s
from the lower 2 + levels to the ground state are
given in Table 5.2.1. for three values of c. For com-
parison, we also show the corresponding values lor
the axial calculation. Satisfactory quantitative agree-
ment with experiment is obtained in the triaxial case
for c = 5 MeV.

Short range correlations in light nuclei
(M. Bornen', M.-C. Bouten, P. Van Leuven**)

In the description of light nuclei by the projected
llartree-Fock method, some discrepancies also remain-
ed in the form factors for electron scattering at large
momentum transfers. In order to remedy this, we
tried to introduce correlation functions of the Jastrow
type in the wave functions of the p-shell nuclei. Such
correlation functions prevent the particles from coming
too close to each other when repulsive nudeon-nucleon

TABU". 5.2.1.
R(ll2) values in units c2 Im*

Bl H2

B( E2

2-»0)

z "~^0)

1

4.25 ;

1

7.68

Axial

- i *z — -t '

5.76 ;

6.06

. - 5

7.00

4.71

1 = 3

5.76

5.77

Triaxial

i

! 1 = 4
j
1 7.42

! 3.98

H ̂ = 5

8.42

2.87

L\p

10.4±!

2 ' means ilie scann! state with I = 2.

* IIKW'/HSN, K.U.Leuven
"••- K.U.Leuven

•••••- L.U.C.I l a ssch

* L.U.C.IIassch
'•'• •'•' R.U.C.Antwerpen
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interactions are used. On the other hand, they scon
become equal to unity when the distance between the
particles is greater than the range of the repulsive core.

We use correlation functions of the form

T = T. [1 - f / . exp { — ( — )=}]
i < i = 2 n

with r, = r, — r, .

X is the number ol particles; /. and |i are parameters
which should be chosen in such a way that the binding
energy is reduced to a minimum.

As calculations with correlation functions are very
complicated even in the case of few-nudeon systems,
approximation methods have to be developed. In or-
der to test these methods by comparison with exact
calculations, we must first study J l le.

As a first approach, we have ignored all terms
containing powers oi /. greater than 4. We consider
well known soft-core interactions such as Yulkov and
Brink-Boeker's lorces and we calculate the binding
energy lor various values of the parameters

(0.1 < |i < 0.9) and (—0.05 < \ < —0.8) .
We find that in the Brink-Boeker case where the

repulsive core is more pronounced, the energies are
very sensitive to the introduction of the short range
correlations and can be lowered by several MeV. As
the method seems to be promising, the next step
comprises an exact calculation in which all powers
of }. are taken into account.

TheSp(2,R)-model
(P. Arickx*, M. Boutcn \ P. Van Leuven*)

The results on the group theoretical structure of
the ""Be spectrum have been published. An analysis
of the particle density revealed a strong a-cluster
structure of the Sp(2,R)-wavc functions. Hence, a
comparison with the a-particle model was required.
This comparison showed that the Sp( 2,11)-model des-
cribes the global structure of the spectrum better but
is not as good for the ground state band.

Generator co-ordinates
( L. Liithouwcrs*, M. Boutcn"", P. Van Lcuvcn*)

Various mathematical methods for solution of the
Hill-Wheeler equation have been worked out and
published. A double perturbation theory where the
1 lamiltonian- as well as the Overlap-kernels are per-
turbed, has been established and tested on the Lipkin
Model. This method can be useful for the study of
anharmonic effects.

'* R.U.C.Antwerpen
" L.U.C.II.1SM-U

5.2.3. Laser isotope separation
(P. del Marmol, P. Fettweis, M. Neve «*; Me-
vergnies)

Various gaseous compounds absorbing the 10 jim
radiation from our TEA-CO: laser were studied, to
check the possibilities of separating the isotopes of
some light elements.

SF,

The study of the relationship between the -VS iso-
tope enrichment 1 actor and the focal distance of the
lens used to concentrate the laser beam was finalised.
From these data, a treshold power of 26 M\\'.cm": for
photodissociation, a mean absorption of 100 photons
of 10.59 (im wavelength per ''SF,, dissociation, and a
dependence of the enrichment factor on the 3/2 power
of the laser pulse energy are derived.

A report has been prepared for publication.

N2F4

Tetrafluorohydrazine of a good purity level was
prepared in the laboratory. Some evidence was also
obtained for photodissociation and for the chemical
reaction of N:F4 with NO under CO: laser pulses.
However, it was not possible to obtain quantitative
results due to the parasitic reaction of N:Fj with the
glass walls of the irradiation cell. A new cell is being
prepared for further experimentation.

BClj

Some tests on boron trichloride indicated parasitic
reactions between BCK and the halocarbon grease of
the stopcocks of the irradiation cell. A new cell is
being prepared for further experimentation.

H2Se

Hydrogen selenide was prepared with adequate
purity in the laboratory. Photodissociation under CO>
laser pulses was found to occur, but no isotopic selec-
tivity was detected, even at fairly low pressures (0.5
Torr). This is probably due to the fact that the
isotopic shift of II:Sc in the 10|lm absorption band
is too small (less than 0.5 cm'1).

CIi3NO2

A study of the reaction between nitromethane and
H: has been started. It was found that under proper
pressure conditions interaction occurs under focused
CO: laser pulses. Mass-spcctrometric analysis of the
irradiated gas shows that the main products are HCN,
11:0, I1:CO and N;O, thus two different reaction
channels seem to be open, one preserving the C-N
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Kind, and the other one breaking ihis bond. Spectro-
graphic recordings of the light emitted by the reaction
products were obtained and analysed.

Further work will be carried out to increase the
reaction probability for IlCN-lormation, and to check
whether this reaction channel has some isotopic selec-
tivity.

5.2.4. Neutron inelastic scattering by condensed
matter

Cerium hydrides
(P. Vorderwisch*, S. Hautecler, J.B.Suck"!, W.D.
Toucher!*"', II. Dachs'", G.G. Libowitz"")

The crystal field splitting of the ground state
;F*: of Ce'~ in fee cerium hydride has been investigat-
ed using deuterated samples CelX with x varying be-
tween 1.94 and 2.75. For all samples investigated,
three crystal field transitions are observed which can-
not be explained without taking into account a non-
cubic surrounding of some of the Ce ions.

The phonon dispersion curves in cerium dihydride
have been obtained using a single crystalline sample
of composition CeD: u. The experimental acoustic
branches agree reasonably well with predicted curves
obtained from a simple central force model using
parameters derived from our previous analysis of neu-
tron incoherent scattering experiments on polycrystal-
line samples. However, with regard to the optical
branches, the deviations between experimental and
calculated curves are more important which means
that the D-D interactions are not adequately described
by the simple model.

Molecular rotations studied by neutron inelas-
tic scattering
(W. Wcgener, J. Vanderhaeghen4*, S. Hautecler, L.
VanGerven51)

Previously measured quasi-clastic neutron spectra
of ethylenc-oxide clathrate have been corrected for
multiple-scattering effects. Model fits to the new data
showed much more clearly the consistency of the
model assumed for the guest molecule reorientations
(instantaneous rotational jumps). The resulting values
for residence times and activation energy were essen-
tially the same as those from uncorrccted data. The
low temperature inelastic spectra were interpreted in
terms of transitions belonging to liberations around
principal molecular axes. Wall heights for a model
hindering potential were derived; they agree very well

with results from other experimental methods. At
higher temperatures, the inelastic spectra could be
described using rotational correlation functions.

Analogue experiments have been performed with
silane (S i lD in the solid (plastic and crystalline)
phases. The results for the plastic phase are being
analysed in the same manner as those of the claihrate
measurements, i.e. the quasi-elastic region is described
in terms of rotational jumps, the inelastic region in
terms of librations or correlation functions.

5.2.5. Instrumentation
(P. D'Hooghc, E.Mies, L. Vansteelandt)

Nuclear physics

The new apparatus for yy-angular correlation meas-
urements on neutron capture gamma rays is almost
assembled. Several improvements have been made on
the Rl beam equipment of I3R2: the fore-collimator
has been checked; the collimator drum has been equip-
ped with an automatic remote control and loaded with
a Bi and an Fe-Al-S neutron filter; an adequate shiel-
ding has been mounted in the beam-port for attenua-
tion of the radiation background.

The Linac apparatus for cross-section measurements
was improved with new collimation equipment. The
collimator near the Linac target room has been in-
stalled; the construction ol the other parts has been
started.

Interfaces were built to link the fast FAC1T reader
to the microprocessor HP 2112 A; a magnetic tape
system model 7970 A was also coupled to this micro-
processor.

A study was made to connect a 2ns timecorder to a
Caniac Crate Controller model N504.

A multiple-input mixer counting system has been
tested; it now operates together with a HP 2115 A
computer and a Northern 8K ADC.
Laser isotope separation

A quadrupole mass-spectrometer (from Vacuum
Generators, U.K., Mod. Q7 13) was received and test-
ed. It can be connected "on-line" with the cell con-
taining the gas irradiated by the laser beam, thus in
principle its chemical and isotopic composition can be
followed during or immediately after irradiation.

A high vacuum pumping system, needed for the
operation of the mass spectrometer, has been assem-
bled and mounted near the irradiation cell of the CO:
laser. A vacuum of lower than 5.10'8Torr is normally
obtained.

* 1 Ialin-Meitner-Institut, Berlin
** Institut Lsiuc-Laniicvin, Grenoble

*** Allied Chemical Corporation, Morristown, USA
« 11KW/11SN bursar, K.U.Lcuvcn
M K.U.Lcuvcn
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5.3. RADIOBIOLOGY

During the \ear 1^76. the Radiohiology department paid particular attention to the lollowing six lines ol
research.

- Studies on the acute effects of radiation, namely studies on biochemical indicators of radiation damage, on
cellular dilleremiaiion and on metabolism of protein, DNA and RNA.

- Studies on the late ellects ol radiation. Thanks to an increase in national and international financial support,
iliis pan til the programme has been greatly developed. The most important goals o! this programme are:
the characterization of the preleukemic stage of radio-induced leukemia; the pathogenesis ol radio-induced lite
shortening and the pathogenesis of the late changes occurring in the brain and the lungs during radio-thcrapic
treatment lor cancer. Radioleukemia is studied irom a biological, cytogenelical, biochemical, immunologic.il and
virological point of view.

- Studies on the genetic ellects of ionizing radiation and chemical mutagens on mammals and particularly the
riuliosensiiivity ol premeioiic male germ cells of mice ol dillerent ages and the induction of translocation in
the mouse oocytes by ionizing radiation.

- Studies on the integration, the replication and the biological effects of foreign 1WA administered to different
organisms I micro-organisms, plants, cells in culture and mammals) by means of ultracentrilugation in CsCl
gradients and autoradiography.

- Studies on the radioactive pollution ol the environment, especially on radioactive contamination of grass and
mill: by tritium: the metabolism of heavy alkaline metals in mammals and the physico-chemical studies on the
biological availability of heavy metals.

- Studies on the non-radioactive pollution of the environment namely on the toxicity of lead and cadmium
poisoning.

All the research programmes ol the department are studied in a polydisciplinary way, whenever meaningful.

Tor the realization of its scientilic programme, the Radiobiology department received financial support,
mainly Irom the Ministry of Education and from the Ministry of Economic Affairs. In addition, the department
received some financial aid Irom the Ministry of Public Health and irom certain national and international
organizations such as ASLK/CGER, the National Foundation for Scientific Medical Research, the R.I.T.
(Recherche et Industrie Thcrapcutique, Genval), EURATOM, the European Communities, NATO and the
Deutsche Schutzkommission of the German Federal Republic. The programme is being carried out in close
collaboration with Belgian and foreign laboratories.

5.3.1. Acute effects of radiation

5.3.1.1. Biochemical indicators
G.B. Gerber*, J.P. Decoek, J.Deroo, J.
Macs"*)

EURATOM contract No. (»5-72-1-BIO B

During the past year, we continued our studies on
biochemical indicators in the blood of whole and
partial body-exposed rats. Several enzymes appear to
be altered after irradiation, but, in general, studies
on blood so far seem to be less promising than studies
on urine.

5.3.1.2. Gastro-intestinal tract
(G.B. Gerber'1', R. Timmermans, J.Dcroo,
J.Maes1*, A. Becciolini"")

Contract Deutsche Schutzkommission

The investigations on acute effects of high level
irradiation dealt with the absorption of different ami-
no acids by the intestine as well as with the changes
in blood pressure and blood flow after high level
irradiation and with the action of drugs (noradrena-
line dopamine).

•• EURATOM
•*•* U C.Louv.iin

* EURATOM
** U.C.Lmivnin

-•••••• EURATOM fellow
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5.3.1.3. Effects of X-radiation and hormones on
the nucleocytoplasmic transport of ribo-
somal and messenger RNP's in normal
and neoplastic tissues
(W. Bacycns, R. Goutier)

EURATOM contract No. 095-72-1-B10 ß

1. In previous work, we analysed the influence of
whole-body irradiation on the transport, in vitro,
of labelled ribonucleoproteins (RNP's) from the
nuclei to the incubation medium, containing cytosol
derived from non-irradiated animals. If the nuclei
were derived from irradiated animals, we could
show a time anil dose dependence ot the in vitro
transport activity.
We have now studied the influence of previous
irradiation on the cytosol components, the nuclei
being derived from non-irradiated controls. Serum
I rum previously irradiated animals was also exa-
mined. 3 h atter a whole-body dose of 2000 R, we
were unable to show any alteration in nucleocyto-
plasmic transport oi messenger-type RNP. The in-
hibitory effect, which we demonstrated previously
when the nuclei were derived from animals irra-
diated in the same conditions, indicates that the
nuclear membranes are the most sensitive com-
ponent of this system.
Also later on, 12 h and 24 h after 2000 R, the
transport ol rtbosomal-type RNP's was not signitic-
antly altered in the presence ol the cytosols derived
Irom irradiated animals when the incubation con-
tained non-irradiated nuclei.

2. The selective nucleocytoplasmic transfer of ribo-
nuclcoproteins is not only perturbed in the irra-
diated animal but also in some human and animal
tumors. We continued our study of a transplant-
able hepatoma in collaboration with the University
of Liege. We have clearly shown an important
decrease in the nuclear restriction of RNP's when
normal liver nuclei are incubated in the presence
of hepatoma cytosol. The transport is increased
soon ifter the induction of the hepaloma ( 3 to 8
days).
Our a tempts to obtain purified hepatoma nuclei
with Siilficienily labelled RNA were hampered by
seven I technical difficulties. The incorporation, in
vivo, of the labelled precursor was 400 times lower
in hepatoma nuclei than in liver nuclei.
The in vitro labelling of hepatoma cells was also
attempted but considerable difficulties were ex-
perienced owing to the high viscosity of the dis-
sociated tissue and the very low labelling efficiency
in the presence of 'Il-uridine. In contrast with the
results obtained with hepatoma cytosol, the serum
of hepatoma bearing animals did not appreciably
modify the transport activity.This hepatoma is very
poorly differentiated and for that reason probably

of the "retaining type" in contrast with the minimal
deviation hepatomas which secrete factors into the
blood circulation and which can i.iodify the nuclear
activity. Human sera derived Irom normal and
cancerous patients were analysed for nuclear trans-
port altering activity. In some types of patients,
an increase in transport stimulating activity was
shown, e.g. when the sera were derived Irom pa-
tients with lung cancer. On the contrary, sera
derived from patients with mammary carcinoma
were less active than the controls in stimulating
nuclear transport activity. This research will be
continued in order to see il there is some correla-
tion between the presence of important tumoral
masses and the micleocytoplasrnic transport regu-
latory system. The ellect of radiotherapy upon this
parameter will also be studied. A study of altered
nuclear transport activity in normal and leukemic
animals was started.

3. The influence ol Trijodothyronine, in vivo ad-
ministered to normal and hypothyroid animals, on
the nuclear transport activity is now being studied.

5.3.1.4. Research on Acetabularia
(S. Bonotto, A. Bossus, M.A. D'Emilio',
E. Dujardin2'1, B. Fellu«a3\ D. Hoursiungou-
Neubrun4 , R. Kirclnr.ann, A. Mazza3'', G.
Nuyts, M. Paqucs2*, S. Puiseux-Dao4", C. Si-
ronvaP)

Three species, belonging to the Dasycladaceae
lamily, were investigated: Acetabularia peniculus,
Acetabuliiria mediterranen (Fig. 5.3.1.) and Batophora

I'IR. 5 . 3 . 1 . — Cup mnrpbolngy of A c e I o h i l l a r i a p e n i -
c i l l u s ( l e i I) and A c e l a b t i l a r i a in c J i -
I e r r a n c i i (right).

* SCK/CEN fellow
2" Departement de Hotanic|uc, Uniyersile de Liege
"' lntemaiion.il Institute of Genetics and Biophysics, Naples
4* Laboratoirc de Biologic Cellulaire Vegcuilc, Universitc de

Paris
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oersu'dit. Examination of the 77 K fluorescence emis-
sion spectra ( FES) provides a good tool for distin-
guishing cliloroplasts extracted from the apical, middle
and basal region of the stalk of A. meditcrranea,
A. pcniculus and B. oerstedii at stage 4. Differences
exist between the three species. In A. peniculus. the
lluorescence emission at 700-720 nm is dominant even
in basal chloroplasts. The results suggest the existence
of a IKS apico-basal gradient in these three algae.
Moreover, it was found that in A. meditcrrunca. the
IKS ot extracted chloroplasts changes during the
developmental cycle of the cell (Fig. 5.3.2.). Thus, in
Acetabularia, chloroplasr heterogeneity does not only
depend on the position in the cell (spatial differentia-
tion), but also on cell ontogenesis (temporal differen-
tiation). For the lirst time, band formation has been
studied in whole and anucleate Acetabularia cells.
Hand formation is due to chloroplast accumulation
anil can be detected by scanning frozen cells at 77 K
with a pencil of blue light (436 nm ).

Particular attention has been paid to the radiation
elfects on the reproductive phase of Acctabularia.
The capability of the plant, irradiated at stage 8, of
torming cysts decreases rapidly with increasing radia-
tion dose.

5.3.2. Long-term effects of ionizing radiation

5.3.2.1. Radioleukemias

5.3.2.1.1. Assay of immunostimulation in immune
depressed mice
(A. Sassen, M. Janowski)

ASLK/CGER contract

Mice injected with the Radiation Leukemia Virus
(strain Ü) , vaccinated against the Rauscher Leukemia
or irradiated in various conditions were subjected to
Tetramisolc [2,3,5,6-tetrahydro-6-phenylimido (2,1-b)
thiazole] treatment in order to demonstrate a possible
increase of their imniunological potential. Doses be-
tween 0.4 jig up to 250 jig j">er injection and various
schemes of administration were tested. Survival, spleen
weight, immunoglobulin level, humoral immune res-
ponse, antibodies against a viral glycoprotein, leuco-
cyte migration test and phagocytosis were used to
investigate various jiarametcrs of the immune system.
The results obtained with these tests did not show a
clear adjuvant effect of Tetramisole.

\ APICAL REGION

25 mm cells
(Slage 4, Sj5 ,W,)

whole \

ce l ls ^ ^

(Slage 3,5,)

fo5 700 715
nm

E X T R A C T E D C H L O R O P L A S T S
I:IR. V5.2. — Schematic lepresentation of the evolution of 77 K fluorescence emission spectra of Accta bularia

chloroplasts, during the development cycle of the plant.
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5.3.2.1.2. Determination by radioimmunoassay of
leukemic antigens during the evolution
of several murine leukemias
(A. Sassen, M. Janowski)

ASLK/CGER contract

Large scale in vitro production ot the Rauscher
leukemia virus was used to fractionate the viral pro-
teins by exclusion chromatography in the presence of
6 M guanidine hydrochloride. The main fractions, p 30
and gp 30, were further purified by ion exchange
chromatography. After verification of the purity, these
proteins were labelled with l : ' l and used in competi-
tion reactions with various tissues from normal and
leukemic animals. The p 30 level is very low in normal
tissues of mice anJ tats. During the development of the
radiation leukemia in C57B1 induced either by direct
irradiation or by injection of the virus, low levels
of p 30 were observed. On the contrary, the Rauscher
leukemia in Balb/c* mice and the spontaneous Gross
leukemia in AKR mice were accompanied by very
high amounts of this protein. The RadLV induced
leukemia of the rat showed an intermediate pattern
with high value in the thymus. With respect to the
glycoprotein gp 70, very high levels were observed
in mice bearing the Rauscher or the Gross leukemias
and surprisingly, moderate to high levels were also
observed in the RadLV leukemias. This indicated
independant synthesis of these two viral proteins.

5.3.2.1.3. Biological and morphological properties
of a rat lymphoid leukemia produced by
a murine radiation leukemia virus
(J.R. Maisin, J. Boniver", B.P. Eyden**, L.
Baugnet-Mahieu, M. Janowski)

ASLK/CGER contract

Inoculation of C57B1 mice with RadLV-D causes
a reticulum cell sarcoma of the spleen and lymph
nodes. After many serial passages of an acellular crude
extract in rats, 2 sublines were stabilized to the extent
that the great majority of treated rats developed a
generalized lymphosarcoma within 6 weeks. Numer-
ous free and budding C particles were observed in
these rats by electron microscopy. The same acellular
viral extract, inoculated back into 4 week old C57B1
mice, induced a reticulum cell sarcoma, indicating that
the virus present in the rat tumor tissue is still a
murine oncornavirus. The injection of a purified viral
extract prepared from rat plasma induced in the same
strain of rat a high incidence of thymic lymphoma,
the evolution of which is indistinguishable from that
induced by RadLV-K in C57B1 mice. The observation
that an acellular viral extract is able to induce two

Univcr-sitc do Liege
EURATOM trainee

5-IS

types of lymphosarcomas in rats suggests the involve-
ment of a viral complex.

5.3.2.1.4. Characterization of two viral popula-
tions derived from a murine radio-
induced leukemogenic virus (Duplan
isolate): a study by molecular hybridi-
zation
(M. Janowski, J.M. Nuytcn, G. Nijs, P.
Goelen)

ASLK/CGER contract

Work performed in collaboration with the Unite
1NSERM N" 117, Fondation Bcrgonie, Bordeaux

Two viral populations were derived from a radio-
induced leukemogenic virus of the C57B1 mouse. The
first (Fu) was obtained by serial passages in new-born
rats. The second (13-3-c) was produced in vitro by
a permanent cell line, established from spleen cells of
leukemogenic virus-infected mice.

Their physico-chemical properties are those of
retraviruses: equilibrium density of 1.145 «.cm3 in
sucrose gradients, presence of 70 S RNA and of reverse
transcriptase (RNA-dependent DNA polymerase), ty-
pical polypeptide profile on SMS-polyacrylamide gel
electrophoresis.

Molecular hybridization experiments showed that
FB and 13-3-c genomes display high homology with
that of Gross leukemia virus, GLV (endogenous virus
control, transmitted genetically), and low homology
with Rauscher Leukemia Virus, RLV (exogenous virus
control, not genetically transmitted). Fu and 13-3-c
genomes display 50?5 homology with each other.

As in the case of GLV, the F» and 13-3-c 3H-DNA's
synthesized in vitro by the virions, completely hy-
bridize to apparently normal mouse spleen DNA. This
phenomenon contrasts with that observed in the case
of RLV, whose complete sequences appear after viral
infection in the DNA of the splenic tissues. These
results argue strongly in favour of the murine, en-
dogenous nature of the investigated viral populations.

Moreover, it was important to show that Fu does
not contain nucleotide sequences detectable in normal
rat tissues, showing therefore that a murine virus can
be propagated in rats without causing the activation
of an endogenous virus. The infection of the rat
results in the appearance of about 30 Fu-specific nu-
cleotide sequences, covalently linked to the spleen
DNA.

5.3.1.2.5. Purification of reverse transcriptase
from mouse spleens infected by the
Rauscher Leukemia Virus
(G.Nijs, M. Janowski)

ASLK/CGER contract

A methodology has been worked out for the purifi-
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cation of reverse transcriptase from Balb/c mouse
spleens infected by the Rauscher Leukemia Virus.
The different purification stages jre summarized as
follows.

Starting from 20 g spleen tissue, the microsomial
fraction is isolated by differential ccntrifugation. After
a first wash, the enzyme is eluted and solubilized from
the microsomial fraction in the presence of high salt
and detergent concentrations. The microsomes are
eliminated by centrifugation and the solubilized en-
zyme fraction is further purilied by chromatography
on phosphocellulose, DEAE-cellulose and Scphadex
G150 in the sequence indicated. Elution from the
phosphoccllulose column by a continuous KC1 gradient
gives an elution peak at 0.20 M KC1. The enzymatic
activity is eluted from DEAE-cellulose at 50 mM
KG. Sephadex G 150 gel filtration gives an elution
peak which corresponds to a molecular weight of
70.000. The Sephadex G 150 eluate shows a maximal
enzymatic activity in the presence of 125 mM KC1
and 0.5 mM MnCb. It is inhibited in a reversible
way by low concentrations of inorganic phosphate.
These findings agree with the characteristics of RLV-
reverse transcriptasc reported in the literature.

5.3.2.1.6. Control mechanisms of gene expres-
sion in normal and leukemic tissues
(L.Bnugnct-Maliieu, J.Gilles, A.Michaux*)

FRSM contract 20,286

At the level of transcription, the non-histone chro-
mosomal proteins (NllP) play a major role in the
positive regulation of gene expression. In spleen cell
suspensions, originating from mice bearing an erythro-
leukemia (Rauscher), the incorporation in vitro of
'11-tiyptopbanc in the NllP is 3-4 times higher than
in normal splcnocytcs. In vivo, the synthesis of NllP,
measured 2 h after injection of 'I I-leucinc, is 2 to 3
times higher in the leukemic than in the normal
spleen. The analysis of NllP by SDS-polyacrylamide
gel elecirophoresis reveals a very complex mixture of
polypeptides, the distribution of which as a function
of the molecular weight depends on the tissue of
origin. As was observed for the thymic lymphoma
induced in the RadLV/FJ, the densitometric patterns
as well as the distribution of the radioactivity indicate,
for the Rnuscher-infected mice, an increased NHP
synthesis at the level of the high molecular weight
polypeptides. The turnover of non-histone chromo-
somal proteins is measured by a double labelling
technique. The isotopic nuios 311/'4C are respectively
8.5 for the leukcmic tissue and 4.3 for the controls:
the turnover of NllP is thus significantly higher in
leukemic than in normal tissues. Ilowevcr, only small
variations of the isotopic ratio were detected by poly-

i University de Licjjc
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acrylamide gel electrophoresis as a function of the
molecular weight and of the tissue of origin. The
injection of complete Freund adjuvant (CFA) strong-
ly enhances the erythroblastosis induced by the Rau-
scher virus, as demonstrated by the increase in spleen
weight and in the percentage of reticulocytes 14 days
after inoculation.

Further experiments are being conducted in order
to determine whether this stimulation of erythro-
poiesis can be correlated with .1 synthesis and turnover
of Nl lP higher than in Rauscher mice not treated by
CFA.

Another experimental model of erythroid develop-
ment of the spleen is obtained in response to a
phenylhydrazine-induced hemolytic anemia.

Following repeated injections of phenylhydrazine
(P1IZ), an enlargement of the spleen is observed,
initially due to damaged red cells, and subsequently
to an increasing concentration of crythroblasts. The
hematocrit decreases until the third day after the
initial injection of P11Z and the percentage of reti-
culocytcs reaches its maximum on the fifth day,
returning to normal by the eighth day.

The synthesis, distribution and turnover of non-
histonc chromosomal proteins are being studied during
the prc-anemic phase, and during the early and late
crythroid phase.

The results of this series of experiments will be
compared with those obtained with Rauschcr-induced
erythroblastosis.

5.3.2.1.7. Chromosome analysis of ascites tu-
mours induced artificially
(A.Leonard, J.M. Jadin, G. Mattelin)

FRSM contract

Some ascitc tumours have been induced in rats by
intrapcriioncal injection of RadLV and in mice by
intraperitoneal injection of RadLV, or of protozoa
such as Trypanosoma brucei and Toxoplasma gondii.
Cytological examination of the resulting ascite tumours
has shown that chromosome aberrations arc associated
with the presence of C and A viral particles (Tables
5.3.1. and 5.3.2.).

5.3.2.2. Late effects in irradiated lung and brain

5.3.2.2.1. The fine structure of the irradiated rat
cerebral cortex
(H. Reyners*, E. Gianfelici de Reyncrs*1',
L. Regniers", J.R. Mais:n)

Contract with EULEP and "Fondation Interuniversi-
taire" at Monti«nies-le-Tilleul

Cerebri.l cortices from young adult rats were irra-

* U.C.Louvain
** SCK/CEN trainee
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TABLE 5.3.1.
Chromosome aberration on rats injected with RadLV

Number ol translation

0
10
20
30

Control

40

1
1
1

1

4!

•)

2
2

—

1

Number of chromosomes (°b)

42

30
38
30
45

98

43

2

5
9
S

—

44

25
26
52
37

—

45

3
1
1
8

—

46

2

1
—

2

—

±84

35
26

5
—

—

TABLE 5.3.2.
Observations in mice

Origin of ascite tumor

Landschiitz
RiidLV
Trypanosomc
Toxoplasme

Control

38

—

1

1

39

1
5

2

40

98
93

97

Number of chromosomes (%)

41

1

—

42

4

—

43

5

—

44

89
46

—

45

2
2

—

46

16

—

48

6

—

±80

4
16

1

—

diated with increasing doses of X-rays (from 2,200
to 13,200 R). Microscopical examination of the cor-
tices revealed a slight increase in the capillary density,
about 18 months after irradiation even with "mo-
derate" doses (2,200 and 3,300 R) . Later* (e.g. in
27 month-old animals) this phenomenon disappears.
It seems to represent a kind of proliferative repair in
a tissue characterized by a low cellular turnover, as
the cerebral capillary endothelium probably is. Parallel
to this research work, an electron microscopic study
was carried out to reveal, in the older rat, the con-
sequences or late effects of irradiation realized when
the rat is young. The irradiation activated aging hypo-
thesis tan be studied in this way.

5.3.2.2.2. Biochemical late effects in irradiated
lung and brain
(G. Gerber*, J. Deroo)

EURATOM/EULEP contract No. 095-72-1-BIO C

The experiments on biochemical changes in irra-

* EURATOM

5-20

diated lungs were continued and covered a range of
1 day to 11 months after 1 kR local exposure of the
rat. Studies on lungs from mice sent by Dr. Lindop
(England) confirmed the observations on rats and
indicated that mice may be more sensitive than rats
to late effects of radiation on the lung. In the case
of the brain, the biochemical late effects were studied
1-2 years after 3-6 krad of local exposure. Moreover,
a new technique based on the capture of microsphercs
and subsequent autoradiography was developed in
order to follow regional blood flow in the rats brain.

5.3.3. Genetic effects of radiations in mammals

5.3.3.1. Studies on the interactions between
ionizing radiations and chemicals in the
production of chromosome anomalies
(A. Leonard, E.D. Leonard)

EURATOM contract No. 095-72-1-B10 B

Mitomycin C which fails to produce chromosome
rearrangements in pre-meiotic male germ cells, can

BLG 520/77
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produce chromosome breaks resulting in the killing
ol spermatogonia as shown by the induction of a
temporary sterile period. The synergetic effects of
mitomycin C and exposure to ionizing radiations have
been tested on spermatogonia by analysing dividing
spermatocytes 100 days after the administration of
mitomycin C given at different intervals of time be-
fore X-ray exposure.

Halb/ ' male mice were given 3 mg of mitomycin
per kg of body weight. 0.5, 1, 2 or 24 h after intra-
peritoneal injection, the animals were whole-body irra-
diated with 400 R of X-irradiation (250 kV, 15 mA.
70 R.min'.). 100 d after treatment, the animals were
killed and cytological preparations made from the
testes in order to detect the presence of reciprocal
iransloeaiions in dividing spermatocytes. The results
show that there is a clear relation between the in-
cidence of spermatocytes bearing reciprocal trans-
locations and the interval of time between injection
ol mitomycin and the exposure to X-irradiation. the
incidence of translocations/100 cells increasing from
1.5 to 6.60 when the interval of time varies from
0.5 li to 24 h. In order to be able to interpret these
results in terms ol selective elimination, some animals
have been irradiated with 400 R of X-irradiation and
were given 3 nig ol mitomycin per kg of body weight
at different intervals of time after X-ray exposure.
It is expected that the experiments with mitomycin
will be finished within a lew months.

5 3.3.2. Studies on the factors influencing the
chromosome aberrations in mammals
(A. Leonard, G. Decat, E.D. Leonard)

EURATOM contract No. 095-72-1-B10 B

The data reported up to now for several primate
species (marmoset, rhesus monkey, cynomolgus mon-
kev and the slow loris) are not consistent with the

arm number hypothesis proposed by Brewen in 1973.
In order to confirm these findings, some observa-

tions have been made on chimpanzees (Pan troglody-
tes). This species has 48 chromosomes and 81 chro-
mosome arms.

Blood samples from two sexually mature male
adults have been submitted to 50, 100, 200, 300 or
400 rads of X-irradiation. The conditions of exposure
delivered by a Philips RT 250 X-ray machine were
250 kV, 15 mA, 2.2. mm Cu. Blood cultures were
fixed afier 24, 40, 44 and 48 h in order to determine
the onset of the first niitotic division. It was found
that 48 h of culture were necessary to obtain a suffi-
cient number of analysable mitoses.

Different models were used to describe the dose
effect curves for chromosome abnormalities: the po-
wer law Y = kD", the quadratic law Y = aD + ßD2

and the square law Y = ßü : . The best fit, diccntrics
and chromosome rings was found for the quadratic
law with Y = 5.96 i 2.80 X 10JD + 8.27 ± 0.819
X 10""D\ These results will be statistically analysed
and compared with the results of cytological observa-
tion made on human lymphocytes cultivated under
similar conditions.

5.3.3.3. Heritable chromosome rearrangements
induced in rat spermatids by X-irradiation
(FJ.S. Medina', A.Leonard, E.D. Leonard,
Gli.Deknudt)

EURATOM contract No. 095-72-1-BIO B

The induction of reciprocal translocations by the
exposure of rat spermatids to X-irradiation has been
studied by cytological examination of dividing spcr-
matocytes of Fi sons. The incidence of Pi translocated
males was found to vary from 2.89% after exposure
to 125 R to 22.44% after exposure to 500 K.

TABLE 5.3.3.
Analysis of the Vx males

Observations

Number of 1:; males examined

Number of translocated F, males

Exposure given to the sire

125 R

38

3

7.89

250 R

52

6

11.53

500 R

49

II

22.44

EURATOM
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5.3.3.4. Virological and bacteriological screening
of laboratory animals
(R. Van Brabant)

The results of experiments curried out on laboratory
animals, are also determined by the general healthy
state oi these animals. Many experiments which are
carried out at SCK/CHN are long-term experiments
and therefore the animals must stay alive as long as
possible. If the animals become ill and die for reasons
other than experimental manipulations, the value of
the experiment is greatly reduced. Short term experi-
ments must also be carried out on healthy animals.

To meet these requirements, the breeding of labo-
ratory animals will be slightly reorganised in the
future. The animals will be bred in the animal house
bioanimal II , because this is well appointed for the
purpose of breeding specific pathogen free animals.
The breeding unit will be made up of animals which
have been hysterectomily derived and that are there-
fore free from those organisms incapable of trans-
placental passage. The animals must be free from a
wide range ol pathogens. The building has sophis-
ticated barrier conditions which allow die breeding
unit to be kept in perfect condition. But a continuous
control and a high standard of management are in-
dispensable. It is therefore necessary to examine the
animals virologically and bacteriologically and to take
certain measures when necessary.

It is because of these considerations that methods
lor the detection of the presence of pathogens have
been set up.

5.3.4. Study of integration, replication and bio-
logical expression of foreign DNA ad-
ministered to different organisms

5.3.4.1. Correction of thiamineless mutants of
Arabidopsis thaliana by bacterial DNA's
(L. Ledoux, R. Huart, R. Matagne*, J.P.
Schlosser, M.Jacobs")

Treatment of 9,159 plants led to 27 corrected
plants, 4 of these were variegated and the others
were green. One "corrcctant" clearly corresponds to
a mechanical contamination, probably selected during
subcultures in the greenhouse. All the corrected plants
are gli and all corrected py mutants are gl ^ as are
their respective parents. Among the 5 corrected tzjgb,
a gradation is observed in the expression of the gl;
character (pilosity appearing in different ecological
conditions).

The corrected variegated plants were crossed with
the variegated th2 viable mutants of Redei. Fi off-

* Universitc de Lieut1

** V.U.Brusse!

springs are variegated suggesting allclism (Rcdei).
However, controls produced by crossing th.2 with py"
and tz" also lead to variegated progenies, indicating
that th.2 might be a regulatory gene and that no con-
clusion for allelism can lie drawn from the results
reproduced by crossing. The response of all corrected
plants to low and high temperatures to glucose and
thiamine metabolites shows striking differences. About
150 crosses have been made and their progenies are
being studied.

New correctants have recently been obtained with
py mutants having 2 or 3 side markers. The presence
ol these markers rules out any possibility of mechan-
ical contamination and allows a finer genetic analysis.

5.3.4.2. Fate of bacterial DNA in barley
(L. Ledoux, R. Iluart, M.Janowski, J.M.
Nuytcn)

Seeds were sterilized by Panogen and sodium hypo-
chlorite. They were treated with M. lysodeikticus
'11 DNA ( M l . ) (d = 1.731 g.cnv3) then with M.L.
DNA and 14C ihymidine.

From the differentiating zone of the roots, 2 distinct
populations of labelled DNA were recovered in CsCl
gradients and purified by 3 successive runs in CsCl
gradients. Clean populations have densities equal to
1.702, 1.714 and 1.728 g.cm'3 respectively. The first
two contain both '11 and MC. Their specific radio-
activity is of the same order of magnitude (excluding
bacterial contamination).

The third one only contains '11 and has the specific
radioactivity of the donor DNA. Rcproducibility was
improved by controlling humidity and thus root differ-
entiation. Similar results were obtained, in 10 out "of
17 experiments. The UC thymidine treated controls
always showed a single peak at 1.702 g.cm"\ The
DNA with 1.714 g.cnv3 can be denatured in alkaline
CsCl gradients into a single band at 1.778 g.cnv3.
Sonication produces 'II components with 1.702 and
1.730 g.cnv' and I4C components with 1.705 and
1.727 g.cnv'.

Due to losses during purification it has not yet
been possible to collect enough material to run a
complete analysis of all compounds by reassociation
kinetics.

Preliminary results obtained so far indicate that
the '11 DNA with 1.728 g.cm"-' rcnaturcs with ML
DNA. The 1.702 g.cm"3 'H DNA also contains some
ML sequences. Experiments are in progress with the
1.714 g.cm"3 DNA recovered.

5.3.4.3. Integration of bacterial DNA in A.thaliana
(M. Tiiiry, P. Charles)

Radioactive molecules arc observed in the DNA of
15 day-old plants originating from AraWdopsis tlialia-
na germinating seeds incubated in a medium contain-
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ing [Ml] E. coli DNA. These radioactive molecules
have the density of the bacterial DMA used.

5.3.4.4. Characterization of DNA
(F. Charles, J. Remy, C Houba*)

1. 12 bacterial strains isolated from decantation tanks
containing industrially contaminated waters have
been characterized by their sedimentation behav-
iour in CsCl gradients.
Densities were found to range between 1 719 and
1.726 g.cm' for 10 strains (characteristic of the
genus Pseudomonas) and 1.698 g.cnV3 for the two
other strains (characteristic of the genus Acineto-
bactcr).

2. Scorsonera DNA has been characterized in CsCl
gradients. Its density was found to be 1.694 g.cm''
and no distinct satellite peak was detected.

5.3.4.5. Assay on barley
(P. Charles, J.Remy)

Barley DNA has been characterized by studying its
sedimentation behaviour in neutral and alkaline CsCl
gradients, in neutral CsnSCU gradients, in CS2SO4
gradients containing Ag ions and by studying its
melting properties and its kinetics of reassociation.

The native barley DNA form gives a symmetrical
band in neutral and alkaline CsCl gradients as well
as in neutral Cs;SO4 gradients and no distinct satellite
peak is detected.

In AgVCsjSO.! gradients, a second broad band is
observed on the heavier side of the main band.

The Tin value of barley UNA was found to be:
74°C in 0.01 M NaCl;
93°C in denaturing medium without formamide;
62°C in denaturing medium containing 50% purified

formamide.
5.3% reassociation was found at Cof 0.07 and

20.5% at Cot 0.14 (when bacterial DNA starts to
renature). Barley DNA contains repo'cd sequences
which reassociate rapidly.

5.3.4.6. Cloning of A. tumefaciens plasmid genes
in E. Coli
(P.F. Lurquin", C.I. Kado"*)

The plant tumour inducing genes are located on a
large plasmid harboured by the inciting bacterium
A. tumefaclens. It is of interest to clone these genes
in a much more flexible system such as E. coli in
order to study plasmid gene expression. Therefore we
generated restriction digestion fragments of this plas-
mid (pCK 135) with the restriction enzymes Bam I

and Hind 111. These fragments were then ligated in
vitro with restricted pBR313 coding for resistance
ro tetracycline and ampicillin.

Bam 1 and Hind 111 each cleave pBR313 at only
one site located in the Tc gene so that insertion of
foreign DNA is expected to inactivate this function.
Ligated fragments were introduced by transformation
into E. coli RR1 and the E. coli minicell producing
strain x 1488. Transformants were selected on the
basis of ampicillin resistance and tctracycline sensitiv-
ity. Twenty eight clones were isolated and their
plasmids designated pLK 1 to 28. Most rccombinant
plasmids did not display molecular weights significant-
ly larger than pBR 313 and must contain A. tumc-
faciens plasmid sequences smaller than ca. 0.5 M dal.
Surprisingly, pLK 1, pLK 8, pLK 11 and pLK 26 have
lost chloramphenicol induced amplification upon re-
combination. More interesting were pLK7 and pLK27
which still possessed the amplification gene and were
found to migrate more slowly than control pBR313
upon 0.7% agarose gel electrophoresis. The calculated
molecular weights indicate the presence of a 1-2 M
dal. extra piece of DNA. The definitive proof that
this sequence corresponds to pLK 135 DNA could
not be obtained following the moratorium imposed
by the NIH on molecular cloning of plant pathogen
genes in the U.S.A. The recombinant clones were
destroyed.

(This work was performed in the Department of
Plant Pathology, University of California, Davis.)

5.3.4.7. Characterization of the cloning vehicle
pBR313
(P.F. Lurquin*, S. Sheikohlesham"', C.I. Ka-
d o " )

This plasmid was constructed in the laboratory of
II. Boyer (University of California, San Francisco)
and contains the tetracyline resistance gene from
pSC 101, the transposon A and the origin of replica-
tion from Col El . We determined its buoyant density
by analytical and preparative CsCl equilibrium density
gradient ccntrifugation and found it to be identical to
that of E. coli chromosomal DNA (d = 1.710 g.cm"3)
(Fig. 5.3.3. A and C). Its molecular weight was de-
termined by agarose gel electrophoresis and electron
microscopy and was found to be 5.8 M dal. (Fig.
5.3.3. F). This plasmid dimerizes easily as seen in
alkaline and neutral sucrose gradients (Fig. 5.3.3. D
and E) and most probably contains a piece of alkali-
sensitive primer RNA like Col El . Electron micro-
scopy study of replicative forms suggests that dimeri-
zation might occur as a result of the existence of two
or more points of replication on the plasmid.

* University tie Liege
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5 3.4.8. Further characterization of DNA extract-
ed from Arabidopsis thaliana callus tis-
sue
(P.F. Lurquin)

It was found that the previously described satellite
band of CsCI buoyant density 1.706 g.cnV1 became
labelled after incubation of the callus cells in the
presence ol ('11 )-thymidine whereas the satellite band
of buoyant density 1.712 g.cnv3 did not. Thus, the
latter may represent a non-BNA contaminant of our
preparations. Arabidopsis main band DNA ( d = 1.696
«.cm ' in CsCI I had the same buoyant density in
("s;SÜ4 as Vicia faba DNA and had a melting temper-
ature (Tm) in 1 x SSC in good agreement with a
CiXC content ul 36°o as previously determined by
CsCI density gradient centrifugation. These observa-
tions indicate that Arabidopsis UNA contains signifi-
cantly lower amounts of methylated bases as com-
pared with tobacco DNA that displays the same
buoyant density in CsCI but has a higher T,,, in
1 x'SSC.

5.3.4.9. Fate of bacterial DNA in soya-bean cells
(N. Luyindula', P.F. Lurquin, L. Lcdoux)

Previous results obtained with (Ml) DNA from
A. tunicfaciens were confirmed by using (MI) DNA
M. lysodcikticus. In brief, exogenous UNA persisting
after treatment of the plant parts with DNusc 1 was
lotind in the roots ol seedlings and in the stems of
older plants both incubated with ( 'II) DNA. How-
ever, as demonstrated by chase experiments, and by
autoradiographic studies, this DNA is closely associat-
ed with cell walls, is not found inside the cells and
is degraded with time into low molecular weight
compounds. In agreement with these findings, no
svnthesis of loreign DNA could be detected in the
DNA-treated plants by solution hybridization followed
by melting of the hybrids on hydroxylapaiite. Never-
theless, foreign DNA was able to persist for at least
12 days in regenerating roots and in the cotyledons
of sectioned seeds.

It is thus concluded that bacterial DNA is not
integrated nor replicated to any detectable extent in
all the soya-bean tissues so far examined.

5.3.4.10. Effects of bacterial transposons on plant
tissues
(O. Schiedet1**, P.F. Lurquin, T. Mojica-a***,
M. Mergeay)

Diploid mesophyll protoplasts from Datura innoxia
were incubated with ca. 100 PI phag? particles per
protoplast. The phage preparations contained either

the kanamycin resistance transposon (PI KM) or the
chloramphenicol resistance transposon (Pi CM). The
treated protoplasts were then allowed to regenerate
their cell walls and to divide on agar-kanamycin or
agar chloramphenicol medium containing these drugs
at a lethal concentration. No cell division was ob-
served in control cultures treated vith phage PI
devoid of the KM and CM resistance transposons.
Similarly, no callus formation occurred with proto-
plasts treated with PI KM and plated on kanamycin-
agar. However, four calluses developed and grew
slowly on chloramphenicol-agar after treatment with
PI Ci\l. Attempts are being made to regenerate whole
plants from these resistant calluses in order to check
whether or not drug resistance is the rcsii't of the
transposition of the bacterial genes to the plant
genome.

5.3.4.11. Uptake of plasmid DNA by plant cells
(F.C. Cannon*, P.F. Lurquin, L. Marton")

Covalemly closed circular RSF 1030 plasmid (14C)
DNA (5.5M daltons) was incubated for 2 h with
a suspension of carrot cells. The suspension was then
diluted and incubation allowed for another 16 h. After
this, partial protoplasts were prepared from these
cells and ONase I was added to remove loosely bound
donor DNA. Cleared lysates were then obtained and
analysed by CsCl-ethidium bromide gradient centri-
fugation and by band sedimentation velocity in 5-
20°t> neutral sucrose gradients. It was found that
about 75% of the radioactivity bound to the cells
consisted of intact plasmid DNA provided poly-L-
ornithine was present during the incubation period.
It is not known whether these plasmid molecules are
located inside or outside the cell membrane.

5.3.4.12. Plasmid detection in Streptomyces vir-
ginae
(V. Konvalinkova)

As covalcntly closed circular DNA was discovered
in Streptomyces coelicolor, it was interesting to look
for 'he presence of similar structures in Streptoinyccs
virginiae.

For this purpose, gradients of cesium chloride-
ethidium bromide were used to separate cleared lysates
of Ml labelled cells of Streptomyces virginiuc. Mycclia
of S. virginiae ATCC/3161 were grown in minimal
medium supplemented with 10% glycerol, harvested,
washed, lysed and exposed to sodium dodecyl sulphate.
Sodiu'ti chloride was added to resulting lysates to
prcci »hate the bulk of chromosomal DNA. Super-
natants were centrifuged in CsCl-ethidium bromide
gradients. Concentration of cthid'um bromide was
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1 mg.ml'. A narrow peak appeared in these gradients
clearly distinguishable from the residual chromosomal
DNA at the expected position of candidates for plas-
mid DNA.

5.3.4.13. Expression of DNA taken up in Strepto-
tomyces virginiae
(V.Konvalinkova, P. Roelants, M.Mergeay)

Previously, Strcptomyces virginiae was found to
exhibit a competence phase towards exogenous DNA
at the beginning of the stationary phase.

A transfecdon assay with the DNA of phage Si
was proposed . n order to see the biological expression
of DNA uptake.

Phage Si is a virulent phage specific for Strepto-
myces virginiae and does not lyse other Actinomycetes
( 15 Streptomycetes and 6 Nocardiae). Phage infection
requires calcium ions. The total growth cycle of the
phage lasted about 5 h.

For the preparation of DNA, phages were concen-
trated and purified on cushions of CsCl. DNA extrac-
tion involved exposure to sodium dodecyl sulphate
and a double phenol extraction. After extensive dia-
lysis in saline a phosphate buffers, DNA is examined
for molecular weight by viscosimetry. Maximum values
of molecular weight are about 30 M dal. This DNA
is free from plaque forming units (p.f.u.) and is ready
for a transfection assay using the same procedure as
for the determination of radioactive DNA uptake.

Cell samples at different moments of the culture
were exposed to phage Si DNA for 30 min, filtrated,
diluted in AC broth and were allowed to grow again.
After 24 h, the cultures were titrated for plaque form-
ing units which would indicate the biological expres-
sion of the DNA taken up,

A peak of DNA expression (with a maximum of
10'" p.f.u.) was found at the beginning of the station-
ary phase.

It strongly suggests an identity with the peak of the
labelled DNA uptake obtained previously and with a
competence phase in the usual sense of the word.
Action of deoxyribonuclease destroyed the transfecting
activity.

Streptomyces virginiae, which is an industrial micro-
organism, is the first actinomycete where such a DNA
mediated transfection has been discovered. Phage
DNA could be used for cloning genetic information
to be expressed in Strcptomyces virginiae as antibiotic
resistances, biosynthesis of antibiotics or aminoacids,
etc... Such an achievement would make Streptomyces
virginae an alternative choice material for genetical
engineering.

5.3.4.14. Episomic transfer from Escherichia coli
to Pseudomonas fluorescence 6.2
(M. Mergeay)

The strain 6.2 reclassilied as a fluorescent Pseudo-

monas was extensively studied from the taxonamic
point of view. 125 different tests were involved in-
cluding the use of a large number «.- carbon sources,
denitrification, buoyant density of DNA, gelatinase
and pigment production, etc...

Although it shares characteristics with Pseudomonas
putida, the 6.2 strain was found to be better identified
as a Pseudomonas fluorescence and the biotype IV.
DNA density was most probably 1.719 g.cnr3. Com-
plementation of i<e\v mutations of P. fluorescence 6.2
was continued using E. coli episomes. One arginine
mutant (arg-122) \v».s complemented exclusively bv
the F 110 and F 105 episomes containing arg EiQB
and II genes. The growth responses to intermediary
metabolites indicated that the mutant would be an
arg G or 11 mutant. As the complementation was
performed by episomes F105 and Fl 10, and not
by F102 and F122 which contain arg G, the mutant
arg-122 was called arg H 122 and must be affected
in the gene coding for arginosuccinate lyase.

The episome F 110 also contains the gene control-
ling the ß submit of RNA polymerase. This subunit
is sensitive to rifampicin. In the crosses between
rifampicin-resistant mutants of P. fluorescence 6.2 and
F 110 (carrying the E. coli wild-type rifampicine sen-
sitive allele), it was found that the E. coli rifampicinc
sensitivity was dominant on the pseudomonas rifam-
picine resistance. This unexpected observation would
implv an association of the 8 subunit of E. coli with
pseudomonas subunits of RNA polymerase to pre-
sumably reconstitute the equivalent of ßß'a2 <7 com-
plex (genes coding for a and o" E. coli subunits are
not carried by Fl 10. Among other E. coli gene pro-
ducts easily expressed in pseudomonas, RNA poly-
merase and argininosuccinate lyase are thus good
materials for studying regulation interactions between
E. coli and pseudomonas genes in the pseudomonas
cells.

5.3.4.15. Cadmium resistant bacteria
(M.Mergeay, C. Houba*)

In a factory treating zinc end other non-ferrous
metals, water containing high concentrations of zinc,
cadmium and lead ions was analysed for the presence
of bacteria. The sample studied contained 104 bac-
teria/ml. From these, about 50% were able to grow
on plates in the presence of 2 niM/L of cadmium
chosen as an indicator. This concentration is strongly
inhibitory for most of the bacteria. These cadmium
resistant bacteria seemed taxonomically linked and to
belong to aerobic pseudomonas (in one of the non-
fluorescent groups).

An interesting feature is that thev not only show
resistance to cadmium but also to cobalt, zinc, nickel,

* Universite de Liege
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copper and mercury ions, as well as to antibiotics such
as kanamycin. tetramycin. tetracycline, streptomycin,
gentamycin, chloramplienicol (but not to carbenicil-
lin). This could suggest the presence of extrachromo-
somal elements (plasmids) controlling these multiple
resistances. Arguments which could support the hypo-
thesis of plastnid linked resistances, are .g. the transfer
of one of these resistances to a taxonomically unlinked
sensitive bacteria and the elimination of these resis-
tances after exposure to dyes or detergents.

The bacteria C113I1 was chiefly used for experi-
ments concerning transfer and curing; E. coli was
choosen as a transfer recipient and became resistant to
kanamycin and gentamycin after crossing with CH3H.
Genetic determinants for kanamycin and gentamycin
in C1I311 thus seem to be plasmidian.

Curing attempts include growth in the presence of
0.1 °b SÜS and at a non-permissive temperature
(37°C): clones surviving to SDS or at a high temper-
ature were tested for changes in resistance to anti-
biotics or heavy metals.

Chloraniplienicol sensitive clones were easily found
and were often cadmium sensitive as well, which in-
dicates a genetic linkage between cadmium and chlo-
ramphenicol resistance. Curing was also effective for
cobalt resistance, kanamycin and gentamycin resistan-
ce. The extrachromosomal character is thus stronglv
suggested for at least 5 resistances found in CI13H.
It will be of great interest to see if cadmium resistance
involves an active process including biochemical trans-
formation of cadmium salts and to isolate the genetic
determinant responsible for the resistance.

5.3.5. Radioactive contamination of the environ-
ment

5.3.5.1. Transfer studies of 3H in the food chain
(R. Rirclimann, J.Delmas*, A. Grauby*,
V.V. Athalye", R. Van Bruwarne, G. Koch)

I AHA contract 1305/R3/CF

Experimental studies concerning the tritium trans-
fer in irrigation water to various plants suitable for
eating by man or for use as fodder foi farm animals,
have permitted the calculation of dose factors due
to a single deposit of tritiatcd water.

The values of dose factors for an annual ingestion
of l kg food, are between 1.2 mrem/ycar/nCi/ml
(potato tuberculcs) and 3.1 X 10'3 mrem/ycar/nCi/
ml (wine).

5C-.5.2. Radiological study of the river Meuse
(R.Kirchmann, G.Fieuw, J.Colard, P.Pi-
cat', G.Debeuns*, A. Grauby*)

Contract with the Ministry of Public Health

The study of the vertical radioactive distribution in
the river Meuse and the Albert caivl, has revealed
that the thickness of the sediment layer is relatively
small for the Meuse (20 to 70 cm). This contamina-
tion is due to n7Cs, "^Cs, wlCo in decreasing order of
activity.

5.3.5.3. Biological indicators of radioactive pol-
lution of continental environment
(R. Kirchmann, J. Lambinon**, J.Colard)

FRFC contract 10242

The interpretation of the data supplied by a large
sampling of aquatic animals and plants has shown
particularly that aquatic mosses are the most suitable
indicators for a routine surveillance of the variation
of the radioactive contamination in such an ecosystem.

In addition, the decrease in activity released led to
a similar decrease in the main compartments of the
ecosystem considered, of which none could thus con-
st.'tute a radioactive storage.

5.3.5.4. Distribution studies of Cd in Zea Mays
as a function of time
(J.Dupont*', R.Kirchmann, J.Colard, J.Re-
my-Def raigne)

Two direct injection methods of a solution of
""CdCh into th; stem have been compared. The Cd
is distributed in all plants during the first .24 h after
injection, but half of the Cd remained at the injection
spot. The method of separation of different parts of
the plant has also been applied on the non-radioactive
plants coming from SCK/CEN's experimental fields;
the atomic emission spectiomctty method gave rise to
the following results: stem < 0.7 ppm, leaves 1.9 ppm,
cob 0.8 ppm.

The high concentrations of traces in the leaves are
related to the air pollution by Cd in the Mol area.

5.3.5.5. Radiobiological survey of the nuclear
power plant siting (1975)
(R. Kirchmann, G. Cantillon4*)

Whole-body doses to individuals due to radioactive
waste from SENA, range from 54 |irem dowti to
3.5 |j.rcm. The former refers to drinking water and
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the lauer io ingestion of milk from animals which
have drunk from the Mouse.

5.3.5.6. Impact of nuclear releases into the ma-
rine environment
(S. Bonotto, A. Bossus, G. Cantilion, R. De-
clerck", R. Kirchmann, I.O. Ndoite "'*, G.
Nuyts)

The investigations on the impact of nuclear releases
into the marine environment were continued by study-
ins; the biological ellects of low radiation doses on the
unicellular marine alga Dunaliella bioculata. Moreover,
the radioactive contamination by '11, ""Co and "4Cs,
of several marine organisms has been studied. An
experimental trophic chain was used to follow the
transfer of H1Co.

5.3.5.7. Metabolism of alginate
(S. Van BarneveliT", O. Vanderborght, S.
Van Puymbrocck)

An earlier working hypothesis proposed that algi-
nate exerts its specific mobilizing action on skeletal
"Sr through the intermediary role of some of its
metabolites. A series of biochemical analyses on serum
of mice treated with sodium alginate could not reveal
the existence of a product resulting from the assimila-
tion ol alginates.

5.3.5.8. Mobilization of radioactive Sr from the
skeleton
(S. Van Barneveld**", S. Van Puymbroeck,
O. Vandcrborght)

The conclusions of a whole series of experiments
indicate that the action of alginates on skeletal s!Sr
is due to the possible changes of the Ca- and Sr
equilibria between skeleton, plasma, urinary and in-
testinal excretion and intestinal uptake. Further eluci-
dation of the mechanisms involved will require more
research.

5.3.5.9. Radioprotective effects of decorporation
of heavy earthalkaline metals
(O. Vandcrborght, S. Van Puymbroeck, L.
Tessens4'", G. Schoeters5*)

It remains a debatable question whether the chronic
decorporation of osteotropic radioelemcnts such as Pu
has any long-term beneficial effect, especially in the
case of older radiocontaminations. The same contro-
versy holds for the removal of s"Sr and 2>Ra for which
it was possible to more or less double the excretion

•' SCK/CXN fellow
"•••' Rijkssiaiion vour Zeevisserij, Oosti'iuli*

'••'•" Technische Ilogesdiool Deltt
Jv SCK'/CEN trainee
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by alginate treatment. We hope to give a partial ans-
wer to this problem, taking into account the means
at our disposal. As a first attempt, some of the
responses of the blood-forming organs (bone marrow
and spleen) are being followed in a 3 month experi-
ment in which mice previously contaminated with
~"Ra are being treated with alginate-diets and several
other control diets. The results of this preliminary
research are to be expected mid-1977.

A Eun.tom grant for the period 1977-1980 has
been olv.ained lor this and the previous project
(=5.5.5.7.).

5.3.5.10. Cytogenetic investigations on mammals
exposed to high natural radiation
(A.Leonard, M. Delpoux, G. Decat, E.D.
Leonard)

EURATOM contract No. 238-76-1-151013

A survey has been undertaken in the Pyrennean
region lying between Limoges (NW) and Beziers
(SE) which shows a high natural radioactivity. Using
a Geiger counter, an area showing an average dose
of 100 rad/year has been chosen in the proximity of
Lodeve and a small building has been constructed.

Rabbits carrying individual dosimeters have been
placed in individual cages in the building. It is ex-
pected that the different animals will receive between
50 and 200 rad/year. Blood samples have been taken
from each rabbit and whole-blood microcultures per-
formed. Further observations will be made three times
a year and the results correlated with the doses re-
ceived by the animals.

In order to obtain reference dose-effect curves,
blood samples from control rabbits have been sub-
mitted to either 50, 100, 200, 300 or 400 rails of
X-rays (25()kV, 15 mA, 2.2 mm Cu) or y rays
(M'Co). Whole-blood microcultures were made using
the same technique and the rest Its will be compared
with the data reported in the literature.

5.3.6. Non-radioactive contamination of the en-
vironment

5.3.6.1. Studies on lead toxicology
(G.B.Gerber*, P.Jacquct, J.Maes'", A.Leo-
nard )

Contract with the Commission of the European Com-
munities No. 038-74-7 Env.B.

The studies on lead toxicology dealt with the me-
chanism of the action of lead on implantation and em-
bryonic growth. It was found that during the early

KURATOM
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Mages dl pregnancy, a lowered progesterone level in
conjunction with involution of the copora lutea could
he a tactor responsible for the failure of the embryos
to implant. The lower weight of the embryos during
the second part of pregnancy is parallelled by a lower-
ed hem synthesis. Nevertheless, total hem concentra-
tion as well as pkcental blood flow and substrate
uptake apparently remain, normal. Brain development
in newborn animals fed with lead is delayed but the
blood supply to the cortex is not reduced.

5.3 6.2. The action of heavy metals in the brain:
a micro-morphometric approach to lead-
induced encephalopathy
( E. Gianfelici de Reyners", H. Reyncrs*'', L.
Regnicrs *, J .R. Maisin)

Contract with the Commission ol the European Com-
munities N'o. 038-74-7 Env.B.

The cerebral cortex capillary density increases sig-
nificantly during saturnism in the growing young rat.
The same occurs with respect to the convolution rate
of the small vessels. This phenomenon seems to be
caused by a lead-induced degeneration of the neuropil
in the cerebral cortex; the vascular tissue would be
le*s sensitive to this effect. Indeed, the thickness of
the cortex avpears to diminish significantly during the
treatment ( I . 2 or 3 months) but the total number
of cerebral capillaries remains stationary.

Electron microscopic studies seem to conlirm this
hypothesis: all the cellular types are altered by lead
treatment, even the neurones. To this end. a morpho-
metric study has nearly been completed at the level
ol endoplasmic reticulum.

5.3.6.3. Long-term effects of dietary lead acetate
on survival, body weight and seminal
cytology in mice
(B.P. Eyden*'*, J.R. Maisin, G.Mattelin)

Contract with the Commission of the European Com-
munities N'o. 038-74-7 Env.B.

The importance o! lead as an environmental pollu-
tant has led to descriptions ol pathological conditions
alfecting renal, haematopoietic, nervous and female
reproductive systems. The main aim of this study
was to investigate the el I eels ol orally administered
lead acetate (PbAc) in 3 month (m.) old Balb/c1"
male mice on spermatozoan abnormality levels (SAL),
but also included observations on mean survival time
(MST) and body weight. MST for control males was
745 ± 17.2 days; at 0.5"b PbAc MST was 115.1 ±
1.6 days, and with doses increasing to A('b MST de-

creased progressively to 11.3 zt 1.6 days. At 1,2 and
2.7 m.. the animals were weighed and SAL in the
cauda epididymidis evaluated. After 1 m. at 0.1 °b
PbAc. the animals weighed 22.0 ± 0.-* g; at 2 m.
15.8 ± 0.6 g; and at 2.7 m. 15.1 ± 0.9 g (against
control values throughout between 30.4 .and 31.2 g).
SAL was unaffected at 1 m. but at 2 and 2.7 tn SAL
was significantly raised to 58.5% (control 31.5°o)
and 63.4f'ö (control 35.3% ) respectively. The sig-
nificance of these observations was analysed in relation
to environmental toxicity and compared with literature
results.

5.3.6.4. Chromosomal analysis of workers pro-
fessionally exposed to lead in two differ-
ent factories
(Gh. Deknuclt, G.B. Gerber)

EURATOM contract No. 095-72-1-BIO B

Chromosome analysis has been performed on 16
workers from a melting plant for storage batteries
and on 7 people from a factory manufacturing tin
dishes. The workers have been chosen either according
to the amount ol lead in their blood -or according to
their urinary excretion of 8-aminolevulinic acid. In the
first case, the people were nged fror.i 22 to 58 years
and had been exposed to lead for a period of
time ranging from 15 months to 29 years. The 7
workers from the second factory were aged between
18 and 28 years and had been exposed to lead from
6 to 49 months. A higher rate of severe aberrations
(exchange, centric ring and dicentric) compared to
people not exposed to lead was found in the workers
I nun the first plant, while negative results were
recc-ded for those from the second factory.

5.3.6.5. Action of lead on early divisions of the
mouse embryo
(P.Jacquet**, A. Leonard, G.B. Gerber*)

Contract with the Commission of the European Com-
munities No. 038-74-7 Env.B.

The number of cells in mouse embryos 48 h after
matin» was studied in normal and lead-treated females
(0.125, 0.25, 0.5, 1% of lead in the diet). The
percentage of embryos in the 4-ccll suige compared to
those in the 8-ceIl stage increased after 0.125, and
0.5% of dietary lead. After the highest dose, an
increase in non-divided eggs was also seen which
occurred at the expense of -4-ccll embryos. The fact
that the percentage of eggs not undergoing any divi-
sion at all increases slightly at the highest dose of
lead suggests a particular influence of lead in this
division.

SCK/CKN tr.iiiu-.
U CLouvain
IX'RATOM trainee

EURATOM
SCK/CUN trainee
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TABLE 5.3.4.
Sti7)ibcr of cells in normal and lead treated embryos 4S h after insertion of the vaginal plug

Treatment

( ° b )

0

0.125

0.250

0.50O

1

Embrvos

examined

115

119

108

124

154

i

One-cell
i

| 60(5206)

60 (50%)

i 50(46.3%)

i 64(51.6%)

] 99(64.29°6)

Stapes

Two-cell

2 (1.7%)

1 (0.8°6)

2(1.85%)

1 (0.8%)

1 (0.65%)

reached

i
1 Four-cell

6 ( 5.3%)

; 26(21.8%)

25(23.15%)

34(27.4%)

j 11 ( 7.14%)

! Eight-cell

; 47(41%)

! 32(27.4%)

31 (28.7%)

, 25(20.2%)

43 (27.92%)

The x2 values for the comparison of divided embryos of controls with lead treated embryos are 15.56, 14.8.
24.5, 1.98 for 0.125, 0.25, 0.5 and 1% of lend respectively. Comparison of divided with non-divided embryos
(lives x2 = "1-0U f"r the 1% proup.

5.3.6.6. Mutagenicity tests with Hycanthone in
the mouse
(A. Leonard, E.D. Leonard)

EURATOM contract No. 095-72-1-BIO 13

Male mice from the C57B1 strain were given
150 mg.kg1 of hycanthone, an antischistosomial drug.
Spermatocytes derived from the treated spermatogonia
as well as the spermatocytes from the Fl male off-
spring sired the first three weeks after treatment
were examined for the presence of chromosome re-
arrangements. Since no reciprocal tra'islocation was
recorded, it is concluded that treatment with hycan-
thone is not likely to produce transmissible chromo-
some anomalies in male mammalian germ cells.

5.3.6.7. Metabolism of lead
(O. Vanderborght, S. Van Puymbroeck)

Previous experiments led to the conclusion that
tracer :'"Pb could be mobilized from the skeleton by
treatment with alginate. These experiments were con-
tinued to see whether this behaviour could be con-
firmed for stable lead. A first analvsis (with atomic
absorption in graphite furnace) indeed indicated an
increase in the concentration of stable lead in the
blond of the treated mice. As this retrieval of Pb
from what was considered as being a biologically
relatively inert and safe "sink" for Pb-mctabolism is
an original finding with special interest for the physio-
logy of heavy metals and as it could have some prac-
tical consequences, a second series of analyses will
be carried out by anodic stripping voltametry in colla-
boration with the U.I.Antwerpen.

5.3.6.8. Mineral metabolism of freshwater animals
(J. Vangenechten*, M. Dewitte**, S. Van
Puymbroeck, O. Vanderborght, J. Vanbeeck**,
F. Bosmans)

1. Acidity as an environmental factor in surface wa-
ters
Acidification of the environment by energy pro-
duction is of major concern in environmental pro-
tection and an evaluation of its biological con-
sequences will become important.
The physico-chemical inventory of a series of about
50 natural lakes in the Kempen region (in which
Mol is situated) indicated that these surface wa-
ters show a substantial acid character. This can be
important as acidity is considered as being a major
parameter in determining the biological availability,
and thus the eventual entiancc into the biological
cycle of heavy metals and some radioisotopes. The
inventory was completed and updated and will be
available for statistics, comparisons etc. with the
help of the SCK/CEN mathematics department.

2. Influence of acidity on the physiology of fresh-
water animals
Experiments were carried out in controlled condi-
tions to study the influence of the environmental
acidity on the exchanges of some biologically im-
portant ions (Na and CI) in an aquatic insect spe-
cies that seems quite resistant against this acidity.
Preliminary results indicate that even in this spe-
cies, the uptake velocity of Na and Cl is influenced
by the environmental pi I. The availability of a
pll-stat will be essential for refining these ex-
periments.

••• 1WONL/IRS1A and U.I.Antwerpen
*•• SCK/CEN trainee

5-30 BLG 520/77



5 3.6.9. Transfer of cadmium in ruminant
(R.Van Bruwaene, R. Kirchmann, J.Colard)

Programme Cl PS-Air

The excretion in urine, the endogen secretion and
the secretion in milk were followed after intravenous
injection of 42.45 \xd ""Cd^Cl: in two cows. The
animals wore a device which permitted the collection
of urine and laeces separately. Daily sampling of urine,
laeces and milk was carried out and these samples
were measured with y-spectrometry.

The excretion values we obtained over a period of
4.8 and 13 days after injection are summarized in
Table 5.3.5.

We can deduce from the table that the endogen
secretion is the main Way that Cd is eliminated from
animal organisms after intravenous injection.

The excretion in urine and milk is very low and
is determined with considerable inaccuracy because
the activity in these samples was close to the detection
limit ol "~Cd"' in y-spectromctry. The values obtained,
however, agree well with those obtained by Miller
and al. e.g. 5.(i°h of the injected dose over a period
of 5 days for the endogen secretion and 0.031% of
the injected dose over a period of 7 days excreted
in the urine.

Production of animals by the Department
(J.VandeWiele)

1. Population by

Breeding
In experiment

the end of 1976

Mice
9,493
4,655

14,148

Rats
3,218
1,760

4,978
Total:

Rabbits

13

13
19,139

2. Production in 1976

Rats R
Rats ]013
Rats Fl

Mice AKR
Mice CBA
Mice Balb/c
Mice C57B1
Mice Fl

b,311
2,354

594

1,322
138

14,970
5,821

170

Total: 9,259

Total: 22,421

TABLE 5.3.5.
Urinary and faecal excretion ant! secretion in the milk of "''(.'</'" after intravenous injection of

42.15 \iCi 115C</raC7, (in % of injected dose)

4d i 8(

Cow 39 j Cow 36 | Cow 39

' j
Faecal excretion j 4.22 ' 3.56 ; 5.9

Urinary excretion , <0.64 j <0.35 j <1.12

Secretion into milk 0.34 j <0.39 j <0.57

J

Cow 36

-1.86

13d

Cow 39

<7.92

Cow 36

<5.8S

5.4. EXPLORATORY RESEARCH PROGRAMMES

5.4.1. Exploratory research in chemistry
(R. Boden, P. DeRcggc)

Palladium, silver and cadmium have been separated
from MFRS fa (El fuel irradiated to a burn-up of
~ 85,000 MW'd.t'1, The isotopic composition and con-
centration of palladium have been determined by mass
spectrometry. The amount ol silver (8 | ig) collected
from the sample was too low for reliable mass spec-

trometric analysis. The fission yields relative to MSNd
were calculated for the palladium isotopes. An un-
expected amount of "HPd was found in the fission
products which is probably formed from ""Ru (n,y)
"HRu -> 104Pil. The results are given in Table 5.4.1.
They confirm the observation made from the neody-
miuin isotopic ratios with respect to the small fraction
of fast fissions in the fuel. Similar measurements will
be made on Rapsodie 1 fuel. Determination of fission
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TABLE 5.4.1.
/•"»i/o« yichls jor Vd isotopes in MFBS6(H) fuel, normalized to J.6i>?o for t4sX</

Isotope

'»I'd

•'"Pel
inspj

tiupd

Fission yield in
MFBS6(E)

1.13

0.414

0.191

0.094

0.036

% thermal
fission viclds

0.9

0.399

0.19

0.070

0.0 IS

°b fast
fission yields

1.50

0.97

0.36

0.24

0.11

yields for the cadmium isotopes is pending. A loading
procedure for cadmium on single filament beads has
acid to prevent early evaporation. Stable ion beams
been developed, using sodium silicate and phosphoric
bmveen 10"l4A and 10"l:A were obtained on 10|ig
samples.

5.4.2. Exploratory research in technology

5.4.2.1. Investigations on critical heat flux
(W. Hebe]*, W. Dctavernicr, C. Joly, G.
Blondecl)

The study of the phenomena related to DNB (De-
parture from Nucleate Boiling) at a heater surface
cooled by liquid water was continued and extended
from the case of stagnant water to that of forced
convection.

The experimental results obtained in the first case
led to a better understanding of the physical mecha-
nism that produces DNB or "burn-out" respectively.
These results have been applied to the design of
the BK2 irradiation device called "Pressurized Water
Capsule" (PWC).

The investigations were continued for exploring the
whole pressure range from atmospheric pressure to
the critical pressure of water (221 bar.).

A theoretical study was undertaken on DNB in
forced convection water cooling, in order to correlate
the results of the tests in stagnant water with the
conditions of a flowing coolant. Experimental results
reported in literature were examined and compared
with a correlation deduced faom our own stagnant
water tests. Different equations given in literature for
calculating the DNB heat flux were also compared
with this correlation.

It appeared that consistently good predictions were
obtained for the critical heat transfer rate in all the
cases examined, and that the proposed correlation
represents a lower (conservative) limit for DNB.

Fig. 3.4.3.1. shows a comparison of this correlation
with the " \ \ ' 3 " correlation proposed by L.S. Tong.

5.4.2.2. Neutron flux measurement by self-power-
ed neutron detectors
(W. Hebel", P. Dirven, J. Parent, J.Dekey-
ser)

The use of self-powered neutron (SPN) detectors
for measuring the instantaneous neutron flux in BR2
irradiation devices started in 1975. The first experi-
ment, called INF 1, was especially designed for testing
these measuring probes. It was loaded into the reactor
in May 1975. and continued to be irradiated through
1976."

The three SPN detectors located in the rig accumu-
lated in this way a total thermal neutron fluencc of
0.85 X 10" n.cni"2 and they still behave satisfactorily.

The signal response of the beta emitters decreased
as a function of burn-up of the activated atoms. By
using vanadium and rhodium emitters with different
neutron cross-sections, it was possible to evaluate
directly the accumulated burn-up at a given core
position and to distinguish a decrease in signal res-
ponse due to a lower neutron flux from that clue to
burn-up effect (Cf. Table 5.4.2.).

In early 1976, the use of SPN detectors was started
for piloting the new Pressurized Water Capsule
(PWC) for INT, Bucharest. Exposed to an environ-
ment of boiling water (70 bar, 2S6°C), the probes
behaved well and could be used as a reliable means
of fuel rod power control.

However, when using SPN detectors in an irradia-
tion rig, inside a matrix of metallic copper, no satis-
factory results could be obtained. Investigations are
being carried out to find out the reason for this
malfunctioning.

Construction was started on a second device called
INF 2, designed for absolute calibration of SPN de-
tector signals.

EURATOM EURATOM
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TABLE 5.4.2.
Strinitivity ol SI'S detectors per cni L-itgth ( .•b.«.» JJ

l-miiiiT
0 (1.1 mini

Rhodium

V:tn.klium

New detectors

11.3x10-

0.65x10-

0.75 X 1(V-

After thcnnal
neutron flucnce of

4xlO--'n.cnr-

6.60x10-

0.65x10--

0.75x10»

rhforctical values
for

new detectors

1 2 x 1 0 -

0.5x10-- to0.77XI0-

5.4.2.3. Thermocouple behaviour
(F.MathieiT, R. Meier*, W. Hebel*, F.
Moons, G.Pott**)

Rccalibration tests

Recalibration icsis on tungsten/rhenium thermo-
couples were carried out after irradiation in the BR2
reactor. Dilferent high temperature thermocouples ex-
posed to different irradiation environments were exa-
mined in an electrical lurnace in order to compare
their thermoelectric force after irradiation with the
original calibration values before irradiation. A parti-
cular objective ol the recalibration tests was to in-
vestigate the inlluence of the temperature gradient
along the thermocouple wires with respect to the
neutron dose received.

The results demonstrate that the drift of tungsten/
rhenium thermocouples may be very important.

Irradiation induced thermocouple drift

The TTR (thermocouple test rig), designed to eva-
luate the in-pile drift of sheathed chromel/alumel ther-
mocouples, has been irradiated up to a thermal neutron
Ikience of 1.00 X 10~ nvt and a fast neutron fluence
of 1.75 X 10- nvt.

At the end of the irradiation, the 3 thermocouples
were found to be in a good condition. The rccalibra-
tion is scheduled lor the second half of 1977.

Influence of the steepness of temperature gra-
dients

In earlier experiments it appeared that under the
inlluence of steep temperature gradients, measurement
errors, which are attributed to selective diffusion of
alloy components under the driving force dT/dx,
developed progressively in the sensitive wires.

In order to obtain a better insight into the error
evolution with exposure time, a set of wires was
prepared in a modified experimental arrangement and

checked for drift. The results indicate that the phe-
nomenon is rather intricate and difficult to elucidate
<.]iiantitativcly.

A third and final test series is scheduled in which
the active gradient will be positioned at higher temper-
ature levels.

Long-term behaviour of chromel/alumel ther-
mocouples

The long-term exposure of 4 sheathed, MgO in-
sulated, chromel/alumel thermocouples on the Na2
loop was stopped after 5000 h at a nominal temper-
ature of 700°C. The recorded error progressively
reached a maximum of 3.3°C after 2000 h of exposure,
then decreased to a minimum of about 0°C after
4000 h of exposure ami slowly increased again up
to the end of the test.

Recalibration of the wires will allow the separation
ol the respective contributions of permanent drill and
of short-range ordering.
Insulation resistance measurements

In order to obtain some basic information on the
behaviour of the insulation resistance of sheathed
thermocouples as a function of temperature and tem-
perature-time history, a scries of measurements was
started.

With these tests, it is intended to evaluate the
magnitude of the errors caused by leakage currents
in die case where the negative input terminal of the
amplifving circuits is connected to the ground. A
secondary target is to see how and to what degree
a temperature signal can be extracted from an inter-
rupted thermocouple.

Compilation of in-pile thermocouple life-times

The BR2 thermocouple failure registration work
has bi_en slopped. The file has been completed with
the b-ickground information necessary for statistical
treatment of the data.

" LURATOM
•'•• KlvV.liiiich
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5.4.3. Exploratory research in reactor physics

Development of neutron radiography at the
BRl reactor
(H. Tourwe)

The neutron beam homogeneity of the neutron
radiography installation at channel DX 25 of the BRl
reactor was improved by a new collimator, which also
reduced the influence of the gamma radiation on the
film by more than 209b.

The installation is mainly used for the non-destruc-
tive quality control of mixed fuel for thermal reactors

(§ 3.3.1.2.). Papers giving a survey of neutron radio-
graphy applications and a description of the BRl
neutron radiography installation were presented at the
information meeting, organized by SCK/CEN in Jan-
uary 1976, and at the information meeting on BR2
neutron beams, organized by SCK/CEN in November
1976.

The study to compare the use of thermal and epi-
thermal neutrons for the non-destructive quality con-
trol of highly enriched fuel pins for fast reactors was
concluded and showed that the best results were
obtained bv thermal neutrons.
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Chapter 6

NON-NUCLEAR RESEARCH AND DEVELOPMENT

INTRODUCTION

Air pollution measurement programmes have been pursued in the framework of contracts with several
governmental departments: the Ministry of Public Health (network for the determination of heavy metals and
automated networks for measuring air quality in urban or industrial areas), the Staatssccretariaat voor Vlaamse
Streekeconomie (exploratory campaigns for air pollution measurements in the regions of Tessendcrlo, Vilvoorde,
Gcnk, Overpelt) and the ICWB/C1PS (data-bank and mathematical models).

Technological development in the non-nuclear field at SCK/CEN is also mainly related to problems
concerning the general welfare of society:
- in pollution abatement, work was continued on gas cleaning systems and on solid waste;
- the energy field in general is represented by hydrogen production, fuel cells and assistance to committees on

energy use;
- a study on models for waste recycling turned out to be linked to both energy and pollution;
- :i small but growing effort is being devoted to aspects of water purification and production.

6.1. AIR POLLUTION MEASUREMENT PROGRAMMES

6.1.1. The Belgian network for the determination
of heavy metals
(F.Bosnians, G. De Baere, I. Delespaul, J.G.
Krctzschmar, F. Lievens, M.Put, J.Vasidcrvee)

This programme, started in 1972 under contract
with the Ministry ol Public Health, continued during
1976. The analysis and interpretation of the daily
levels of Ph, Zn, Cd, Ba, V, Ni, Mn, Cu, Cr and Fe
in fifteen monitoring stations during the period May
1974 - May 1975 were summarized in the yearly
report. The results for the period May 1972 - May
1975 were analysed in a separate study and compared
with similar data obtained by other Belgian or foreign
organizations.

BUI 520/77

6.1.2. Automated networks for measuring air
quality in urban or industrial areas
(H. Bultynck, H. Depuydt, J.G. Kretzschmar,
M. Loos, H. Peperstraete, G. Van Roosbroeck)

The regional network in Brussels became operatio-
nal at the end of 1976. The SCK/CEN played an
important role in the logical and functional design
of the software for the data acquisition, data valida-
tion and data reduction in the Remote Terminal Units
(RTU), as well as in the data handling procedures for
the Regional Data Reduction Centre (RDRC). Fur-
ther co-operation with the Ministry of Public Health
and the Royal Meteorological Institute will be requi-
red to start the other regional networks in 1977.
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6.1.3. Exploratory campaigns for air pollution
measurement in industrial and urban areas
( G. De Biiere, J.G. Kretzschmar, F. Lievens,
M. Loos, K. Pcpcrstraetc, T. Rymcn)

Under contract with the Staatssecretariaat voor
Vlaamse Streekeeonomie, and in close collaboration
with the Ministry of Labour and various local author-
ities, the lollowing projects were carried out.

6.1.3.1. Region of Tessenderlo

The results of two years ol continuous operation of
the local measuring station "llet llof" for monitoring
SO;, MVC. ethylcne and EDC, showed an improve-
ment in the local air quality. An even better survey
of the local situation will be obtained by means of an
SO; network with three measuring stations, starting
operation in 1977.

6.1.3.2. Region of Vilvoorde

The final results for the SO;, hydrocarbons, NO;
and dustlall situation in Vilvoorde were discussed
with the different authorities. SO; and specific hydro-
carbons also give rise to problems which require lur-
ther investigations.

6.1.3.3. Region of Genk

No SO; or NO» problem has been detected. Specific
Milvents and hexachlorocyclopcntadiene, will be stu-
died in 1977.

6.1.3.4. Region of Overpelt

Pb, Cu. Zn and Cd concentrations remain under
reasonahle levels in that region. A systematic campaign
for the SO; problem will start in 1977.

6.1.4. The pilot network of SCK/CEN
(11. Bultynck, H. Dcpuydt, J.G. Krctzschmar,
F. Licvcns, M. Loos, H. Peperstraete, J. Van-
dcrvee)

Ihe acquisition, validation, reduction and interpre-
tation ol the data from the local meteorological tower
continued.

SO; and NO^ monitors, used in other air pollution
projects, were regularly calibrated.

A complete CAMAC system for the on-line radio-
logical control of the environment around the in-
stallations of SCK/CEN is under construction.

6.1.5. Mathematical models
(F.Bosnians, H.Bultynck, G.Gosemans, G.De
Biicrc, L. De Corte, J.G. Kretzschmar, I.Mcr-
tens, G. Spauwen, J. Vandervec)

The impact of the N.V. Kooksfabriek Zcebrugge

and the N.V. Petrochim Antwerpen, has been studied
by means of the 1FDM (Immission Frequency Dis-
tribution Model).

The "SCK/CEN DATA BANK AIR" has been up-
dated and described in an 1CWB/C1PS document.
A first validation of the 1FDM has been carried out
by means of the data for the region of Antwerpen.
Although the results were quite satisfactory some
specific problems need further investigation. Emis-
sions, especially from area sources (space healing) are
being studied in detail.

Some theoretical studies on thermal releases and
cooling tower problems were started. Some practical
tests will be carried out in the near future.

A programme on Ion» range transport of radioactive
releases has been initiated for the Commission of the
Economic Communities.

The 1FDM was used in the NATO/CCMS com-
parative study on Frankfurt.

6.1.6. Particulates
(J.P.Deworm, J.G.Kretzschmar, J.B.Pauwels)

- Gravimetric and nephclometric determination of the
TSP-levels in Mol continued in order to correlate
both monitoring systems. The correlation with the
heavy metal levels was studied in the framework
of the operation of the heavy metals network
(§6.1.1.).

- The size distribution of dioctylphtalate (DOP) test
aerosol was measured lor ' in situ" I1EPA tiller
tests. Tritium labelled DOP was prepared for this
purpose, and the aerosol fractionation was perform-
ed with a spiral centrifuge in co-operation with
E.C.N. Petten. Measurements were also made to
determine the size distributions of DOP aerosol
generated by a Collison atomizer (used for testing
respiratory cartridges), and of a uranine aerosol
generated according to the French norm X44-011-
"(1970).
Al! measured DOP size distributions are bimodal
log-normal. The mass median aerodynamic diameters
with their corresponding geometric standard devia-
tions were calculated from the experimental cumul-
ative mass distributions (Table 6.1.).

TABLE 6.1.

Generator

TDA-4A
TDA-5A
Collison
Uruninc

MMAD(|iml

.5

.85

.70

.24

l.S
1.8
1.7
1.7
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6.2. POLLUTION ABATEMENT AND WASTE HANDLING
(G. Spaepen)

6.2.1. The organization of the solid waste han-
dling sector
(W.R.A.Goossens, H. Hoeyberghs, W. Schie-
tccatte, G.Spacpen, J.Willox, G.Peperstraete)

The study on a "Provincial Waste Management
Authority" in the province of Antwerp was com-
pleted. The final report was edited by ERA, with
the agreement of the Ministry of Public Health.

SCK/CEN was mainly involved in the technical
and economic aspects, more specifically, the study of
the localization and capacities of treatment plants
which has been ol great interest to the industrial and
public authorities concerned.

Further studies under contract with the Ministry
of Public Health and concerning the evaluation in
depth of particular areas, namely for the region "Land
van Aalst" and the "Province of Limburg" have been
completed. Two other contracts for detailed examina-
tion of the regions "Vlaams Brabant" and "Gentsc
Kanaalzone" are under negotiation with the same
Ministry. Preliminary work has started.

taking into account the different aspects, e.g. trans-
portation, geological situation as to the risks of
ground-water pollution, the population density in the
area and the storage capacity. The Secretary of State
also asked that it be kept in mind that later on, more
advanced techniques and recycling will be needed.

6.2.3. National R&D programme for economizing
energy and recovering materials from was-
tes
(H.Depuydt, H.Hoeyberghs, G.Peperstraete)

In this national programme sponsored by the Se-
cretary of State for Science Policy, SCK/CEN is con-
tracted for a period of three years to elaborate differ-
ent mathematical schemes, and to apply them to the
waste data obtained so far.

Other bodies involved are: ORI (Office Regional
d'lnformation), SDRW (Societe de Developpement
Regional Wallonne) and GOM (Gcwestelijkc Ont-
wikkelingsmaatschappij) of Antwerp.

6.2.2. A centre for storing difficult industrial
waste
(V. Corthouts, A. Joosten, G. Spaepen)

The site proposed earlier for this centre, namely
an abandoned clay pit in Schelle, has not been accepted
by the "Staatssccretariaat voor Leefmilieu". The Se-
cretary of State asked ERA, SCK/CEN and the City
ol Antwerp to re-examine the other possible sites,

6.2.4. Anti-pollution consortium (Ecotecnic)
(F. Decamps, G. Spaepen)

The first three-year period of collaboration between
the partners should have ended in 1976. The partners
decided to look for a concept, which would be better
adapted to the present Belgian ecology market. Hence
a prolongation of a few months was agreed on in
order to conclude the negotiations.

6.3. WATER PURIFICATION AND PRODUCTION
(G. Spaepen, H. Hoeyberghs, G. Van Roosbroeck, A. Joosten, V. Corthouts, T. Van Elsen)

The experimental work on industrial waste water
was postponed, pending decisions by the Ministry with
regard to the Collector for the Kempen Region. The
laboratory for specific analyses on waste water was
operated largely lor solid waste projects.

In desalting, routine quality control was continued
for water samples from SVW (Studiesyndicaat voor
Waterontzilting) pilot plants. Also under contract
with SVW, SCK/CEN started a study on the possi-
bilities of freezing techniques for water desalting.

6.4. HYDROGEN PROGRAMME
(L.H. Baetsle)

Connecting a specific and highly efficient cycle of chemical reactions to an efficient nuclear heat source
(e.g. an IITR), is expected to allow hydrogen production with a better overall yield than the yield given by
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making a detour through electricity. However, investigation of the thermochemical cycles available at present and
in particular of those studied by JRC lspra, indicated that none of these thermochemical cycles will be
competitive with advanced electrolysis. Mark 9 and 16 cycles of JCR lspra have been assessed in detail.

One of the most adequate means of temporarily storing off-peak electricity (weekends, summer) seems to
be electrolysis yielding hydrogen of chemical feedstock grade. Therefore, an R & D programme on the improvement
of electrolysis using inorganic membrane techniques has been initiated. The major goal is to increase the current
density, coupled with an improvement in the yield for the conversion of electricity into hydrogen.

6.4.1. Thermochemical hydrogen production
(M. Klein,' A. Francesconi, W.R.A. Goossens,
A. Leurs)

The thermocliemical production of hydrogen relies
on the splitting of water into its components using a
closed cycle of chemical reactions. 73 thermocliemical
cycles described in literature have been analysed thcr-
modynamically. The thermodynamical information can
only he considered to be complete for 44 of these
cycles. 23 cycles can be quoted to be unrealistic
since they make use of a reaction which is thermo-
dynainically impossible between room temperature and
IOO0rC. 3 cycles were hybrid, miking use of an
electrolysis step; the other cycles make use of either
corrosive, hazardeous or rare compounds.

In the framework of a contract with the Commis-
sion of the European Communities, chemical engineer-
ing assessments were made of the Mark-9, Mark-14
and Mark-16 cycles. These are:

Mark-9

5FtCI, + 411,O ;= Fc,O4 + 611C1 + 11, 650°C

3 1
IV,O4 + —Cl, + 611C1-» 31\C1, + 311,O + — O, 150°C

•> •>

3R-C1,-* 3FcCl, + — Cl, 400°C
2

Mark-14: identical to Mark-9 but
1 4 ]

FcjO4 + - C l , - * —FcO, + —FL-CI, 23()°C
2 " 3 3

4 8
—Fe,O, + SI I d - * — FtCI_, + 411,0 230°C
3 3

1
311,0 + Cl,-» 21IC1 + — O , 800°C

2

Mark-16

2111-* 11, + 1, 600°C

1, + SO, + 21I,O-> I1,SO4 + 2111 25°C

1
1I,SO4-> 11,0 + SO, + — O , SOO°C

2

These assessments indicate that the potential ther-
mal efficiencies of the cycles considered are rather
low under realistic conditions where the product se-
paration and purification steps were taken into ac-
count. The hydrolysis reaction of ferrous chloride with
its limited water conversion degree (0.26), puts an
insuperable burden on the Mark-9 and Mark-14 cycles.
In the Mark-16 cycle, the III decomposition step with
its conversion degree of 0.26 has a disadvantageous
influence on the thermal efficiency of the cycle. When
HI is separated by extractive distillation, the overall
yield of the cycle is 30%.

Experimental work was concentrated on the kinetic
study of both critical reaction steps. The hydrolysis
of PeCb was investigated on a thcrmobalance and in
a 10 cm column. A shrinking core model was applied
to fit the thcrmobalance data. During tests in the
10 cm column with batches of 100 g, the decomposi-
tion of 111 was investigated in a 65cm long quartz
tubs in the temperature range between 600 and
730°C. It was shown that the water vapour present
in the azeotropic or diluted azeotropic feed mixture
played the role of inert dilutant gas. An atom-chain
mechanism had to be introduced to explain all data.
The results were used to design the reactor for the
III decomposition step of the Mark-16 cycle.

6.4.2. Electrolytic hydrogen production
(H. Vandenborre, L.H. Bactsle)

An R & D programme on hydrogen production by
water electrolysis has been initiated at SCK/CEN
under contract with the European Communities in
the framework of their Indirect Energy Programme.
The research programme aims at improving water
electrolysis primarily for electricity storage purposes.
To be competitive with the conventional methods of
hydrogen production, it is necessary to operate the
electrolysis cells at current densities of about lOkA.m'2

and at voltages as close as possible to the thermo-
neutral potential of 1.47 V.
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The Elccuolysis Unit Cell (EUC). which will be
developed during the contract period, is essentially
composed of a solid electrolyte in the form of a sheet,
having the dual function ot an ionic conductor and a
pas separator. Two porous gas evolving electrodes are
attached on both sides of the solid electrolyte.
To obtain the highest electricity-hydrogen conversion
yield, it will be necessary to suppress the activation
overvoltage losses and the ohinic drop in the cell.

6.4.2.1. Electrodes for water electrolysis
(H. Vandenborre, G.Spaepen, A. Blanchart,
R. Leysen, Ph. Vermeiren)

Major emphasis will be put on the electrode pre-
paration techniques and on the understanding of the
overvoltage ol the oxygen evolution reaction as a
function of composition and structure of the electrode.
The electrochemical and physico-chemical performance
ot the electrodes will be tested under high temper-
ature (up to 150°C) and high pressure (up to 20 bar)
working conditions. Using catalytically active mate-
rials, it is hoped that the overvoltage of the oxygen
evolution reaction can be lowered to 0.3 V at a current
density of 10 kA.m"2. For the hydrogen evolution reac-
tion a catalyst has already been developed with an
overvoltage of 0.1 V at 10 kA.m'2. Endurance experi-
ments with this type of electrocatalyst are in progress.

6.4.2.2. Inorganic-membrane electrolyte
(R. Leysen, L.H.Baetsle, A. Blanchart, G.
Spaepcn, H. Vandenborre)

A suitable membrane to be used in water electro-
lysis cells has to resist degradation in the chemical
and thermal environment of the cell, should possess
adequate mechanical strength and predictable dimen-
sional changes. It should provide for the transport
of desired ions and the rejection of undesired ions
and molecules at necessary rates with minimal voltage
drop.

Inorganic ion exchange materials are tested for
their ion conducting and gas separating properties
when incorporated into a binder and manufactured in
sheets with a thickness of about 0.02 cm. Cell resistan-
ces of about 0.7 H.cnr at 75°C ai\_ easily obtained
using polyantimonic acid as ion conducting material.
With this polyantimonic acid as promising starting
material for the inorganic-membrane-clectrolytc, an
EUC has been manufactured.

6.4.2.3. Testing stand for electrodes and EUC's
(W. Adriansens, R. Deknock)

A testing stand is under construction for testing
electrodes and EUC's. The test-bench allows simul-
taneous testing of 4 scries of each 5 electrodes, under

identical conditions of current density, pressure and
temperature. These checks are intended to verify the
reproducibility of the manufacturing technique and its
influence on the electrochemical behaviour. In order
to determine ageing effects on the EUC's, their per-
formance and stability will be tested during endurance
campaigns (up to 40,000 h) .

6.4.2.4. Technological development of advanced
electrolysers
(J.P. Tollenboom, W.Hebel*)

Before assembling the test modules, it is necessary
to optimize the working conditions with regard to
electrochemical characteristics as well as from the
electrical and engineering point of view, in order to
define the most suitable module fitting into an in-
dustrial production facility.

Therefore a 1 kW electrolyser using the lnorganic-
IVlembrane-Electrolyte concept will be constructed and
tested.

6.4.3. Technico-economical assessment of hydro-
gen
(Ph.VanAsbroeck, L.H.Baetsle, W.R.A.Goos-
sens)

A critical risk analysis has been made for under-
taking an R & D programme on hydrogen production.
Application of the muhicriterion analysis method de-
veloped by the Caisse Nationale des Marches d'Etat
(Paris) indicated that R & D on electrolytic hydrogen
presents an acceptable technical risk due to the re-
latively small technical improvements to be achieved.

The introduction of hydrogen in the national econo-
my has been evaluated by assuming a 509b nuclear
electricity share and the installation of electrolysis
off-peak stations. About lOTs'm3 Hj could be pro-
duced per year in this way and sold as chemical feed-
stock if the production costs can be lowered by a
factor of three. The best way of achieving this goal is
to boost the electrolytic current density up to 1 to
1.5A.cm": and to decrease the power input from 5
to 3.5 kWh.Nm"3 Hi. It is postulated that massive use
of hydrogen as an energy carrier will only be achieved
when natural gas reserves are running out or when
the market price of this "nobel" energy source in-
creases faster than the corresponding energy equivalent
resulting from other primary fuels (coal, oil, nuclear
energy).

* EURATOM

BLG 520/77 6-5



6.5. FUEL CELLS AND APPLIED ELECTROCHEMISTRY
(G. Spacpen)

6.5.1. Fuel cells
(H. Van den Broeck, A. Blanchart, G. Van Bo-
gaert, H. Vandenborre, W. Adriansens, C. De-
brandt, C. Vanderpoorten, Ph. Vermeiren)

The activities are being carried out under contract
with ELEN'CO N.V., a company created in lanuary,
1976. by Bekaert. DSM and SCK/CEN lor "fuel cell
development, evaluation and production.

The work done at SCK/CEN is essentially related
to electrode research, and orientated towards increas-
ing the specific power and life and decreasing the
manufacturing costs. To support this programme, the
capacity of the testing facilities was increased; facili-
ties for half-cell, single-cell and cell-stack tests are
now available: tests can be carried out up to temper-
atures of 180°C.

The work has progressed quite satisfactorily during
1976 and has led to interesting results which are
proprietary to ELENCO N.V.

6.5.2. Other electrochemical R & D
(A. Blanchart, G.VanBogaert, H. Vandenborre,
C. Vanderpoorten, Ph. Vermeircn)

In this underlying research, the following progress
should be reported:
- zinc-powder as supplied by industry, was found to

be excellent material lor consumable electrodes in
Zn-air batteries; extremely low overpotentials were
observed, especially in 3D-svstems;

- a patent was applied for concerning the protection
of cathodes in Zn-air batteries against corrosion as
well as carbonate plugging;

- a new impedance, method was devised for distin-
guishing the influence of several parameters in po-
rous electrode behaviour: e.g. mass transport in gas
and liquid phase, ionic and electronic resistances;

- electrochemical corrosion equipment was set up and
calibrated on known systems both of the passivating
type and of the anodic film species;

• catalyst preparation and characterization received
particular attention: the influence of catalyst sup-
port and of catalyst distribution calls for a systematic
examination and highly instrumented equipment.

6.6. ADVICE TO PUBLIC AUTHORITIES
(G. Spaepcn, A. Blanchart, J. Planquart, P. Vandeplas, W.Schietecatte, G. Blondeel, L. De Wilde, E. de Dorlodot,

E. Neeskens)

SCK/CEN staff has already been following the
evolution of energy matters for some time, e.g. in the
framework of the fuel cell work, energy uses in
transportation, the possible role of urban heating in
relation to waste heat and heat from waste handling,
etc.

This kind of information together with a well-
functioning library service proved to be useful for the
several public committees on the rational use of energy
svstcms.
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Chapter 7

THE BR2 MATERIALS TESTING REACTOR
AND ITS ASSOCIATED FACILITIES

INTRODUCTION

During 1976, the BR2 reactor and its associated facilities continued their regular operation.

The reactor was first put into service in 1963, since when it has contributed greatly to tlic 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 by the German research centres on the 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 countries and the
Federal Republic of Germany. Special arrangements are made for experiments which are not covered by this
agreement. On 8"' December, 1976, the contract was prolonged for two years, till the end of 1978.

The reactor has been used for development programmes concerning sodium cooled fast reactors, gas cooled
reactors and light water reactors, as well as for nuclear transmutations, radioisotope production, neutron-radio-
graphy, pilot scale gamma irradiations and basic research in nuclear and solid state physics. In 1976, the reactor
was primarily used for the sodium cooled fast reactor and gas cooled reactor development programmes, which
accounted for S5eri> of the total reactor occupation.

The experimental load occupied on average 77 reactor channels (71 in 1975). Some 242 irradiation devices
were losided, not counting standard isotope production capsules and measuring equipment.

Among the fissile material irradiations carried out in 1976, it should be pointed out that a bundle of
19 UO.-PuO: pins of 6 mm diameter, irradiated under cadmium at 500 W.cm"1 in an in-pile sodium loop, reached
a burn-up of 75,000 MWd.f1, whereas five capsules were in-pile for fuel-cladding compatibility studies. In
addition, two new devices have been loaded for the irradiation of UO2-PUO2 and (U,Pu)C pins respectively
with in-pile swelling measurement. Finally, it should be noted that of the four swept loops in pile for the
irradiation of UO2, UC, ThO> coated particles, one attained a fast fluence (E > 100 keV) of 1 X 10- n.cm'2 and
a burn-up level of 71"r> fima, whereas UO2 pins with dispersion-strengthened ferritic steel canning reached a
burn-up of 107,000 MWd.f1.

The reactor was in operation for a total of 235.8 days (218.8 in 1975). The power level varied between
53.1 MW and 80.9 MW. Operating incidents caused a smaller loss of running time than in the previous year:
24.9 days compared with 31.6 in 1975. Therefore, the operating coefficient attained (63.7%) was higher than
in 1975 (60°o). As in the previous year, some routine shut-downs were extended in order to carry out physics
measurements at low power (check of new variants of the reactor core configuration) and non-routine work, such

BIG 520/77 7-1



as inspection of the beryllium matrix, inspection of the main heat exchangers, 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 in specific fuel consumption. The average apparent burn-up level of the new standard
fuel elements loaded during the year rose from 34.99o in 1974 to 53.2°o in 1975 and to i>2.2°b in 1976.

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 restart of the BR02 reactor after its transfer from the Technology building to the BR2 building, the
commissioning of a gamma irradiation facility for high gamma flux irradiation (5 X 107 rad.h"1) using spent BR2
fuel elements, the loading of pressurized water capsules (70kg.cm"2), the installation in the reactor containment
building of tritium detection equipment, the design of measuring probes for the determination of the power
dissipated in the reactor channels.

The BR2 reactor and its associated facilities are part of the SCK/CEN Reactor Division which is under
the direction of G. Stiennon.

The operating personnel includes both SCK/CEN and EURATOM staff. On 31"' December, 1976, it
totalled 247, of whom 91 were employed in the preparation and operation of the irradiation experiments.

Planning and analysis of reactor utilization, salety analysis of experiments and administration were carried
out by J.M. Baugnet. J.M. Gandolfo*, W. Boeykens, R. De Bie.

Work performed in the Technology department (development, improvement and operation of irradiation
devices) was supervised by J. Planquart, J. Brencz, W. llebel*, F. Mathieu*. G. Vanmassenhove, G. Blondeel,
P. Dirven, A. Falla, J.Dckeyser, C. Joly, F. Moons, J. Parent, R. Penninckx, M. Socnen, J .P. Tollenboom,
P. Yanderstraeten, A. Verwimp, R. Cattceuw, C. De Lloedt, J .De Kcyser, W. Detavernier, G. Geboers,
J. Hermans, J.Leunen, R. Meier, R. Otis, J. Swinnsn, C. Vander Vorst*.

Materials testing and commissioning was carried out by G. Rottenberg. C1.D. Burkholz", S. Clacs, J .De
Clercq.

Work performed 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. 11. Lenders", P. Palenberg*, J.P. Pele*, A. Wouters, G. Angcletti*. A. Beeckmans de West-
Meerheeck, J.Challe, 11. Nosbusch*, J. Archambeau, P. Deckx, M. Dehu, G. Deprez', A. Geoffroy, E. Greiner*,
II. Massage, L. Morlion, M.Noel, J.Schutyser, J. Steylemans, V. Stillens, M. Van Loven.

7.1. DEVELOPMENT, CONSTRUCTION AND OPERATION
OF IRRADIATION DEVICES FOR THE BR2 REACTOR

(W. Hebel*, G. Blondeel, J. Dekeyser, P. Dirven, A. Falla, C. Joly, F Moons, R. Penninckx, J.P. Tollenboom,
W. Detavernier, J. Hermans, J.Swinnen)

The design, construction and operation of irradiation devices and equipment were undertaken and continued
following demand from different experimenters interested in the BR2 material test reactor, including third parties
such as GfK, KFA, KW'U. INTERATOM. SIEMENS, BELGONUCLEAIRE, INT (Roumania) and JAER1
(Japan).

• KURATOM
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Progressively, increased efforts are being shifted from irradiation testing under steady state conditions
towards more sophisticated experiments to investigate the effects of •varying loads and of transient operating
conditions on nuclear fuel elements and structural components. The programme also includes several project
studies on the simulation of possible accidental events for quantitative safety analysis.

Development work was carried out on new irradia-
tion devices such as PCF (Power Cycling in Fast
lluxi. Y1C (Variable Irradiation Conditions loop), a
small liquid metal loop allowing transients of rod
power and coolant flow-rate to be performed and on
a large safety experiment called WRS. For the latter,
a feasibility study was started in collaboration wkh
GiK. KFA and K\YU for experiments simulating
LOCA (Loss Ol Coolant Accident) in the framework
of PWR safety analysis. The construction of a pres-
surized water loop (155 bar) with a test section in
the central channel of BR2 containing a PW'R sub-
assembly of 45 fuel pins is proposed.

Construction work was continued and final assem-
bly started for the "VNS" (Variable Neutron Screen)
equipment. It provides a tubular screen of the gaseous
neutron absorber M Ie around a fuel rod irradiation
experiment, in order to allow programmed power
transients on the pin by varying the 3Ile pressure.
The construction of a second similar device called
"VN'S 2" was started; it is designed to I" connected
simultaneously to three in-pile sections. Besides power
transients it can also be used for fast power ramps.

The recently developed Pressurized Water Capsules
("PWC") started irradiation for the first time in
April 1976, and showed satisfactory behaviour during
the year. Three devices (70 bar) were loaded in BR2
lor I N'T (Roumania) and the construction of supple-
mentary rigs (150 bar) with their corresponding out-
ol-pile control equipment was started on behalf of
BEI.GONUCLEA1RE. They will be put into opera-
tion in the first half of 1977.

Several studies on new irradiation experiments were
carried out on behalf of KFA, Jiilich. They concern
the testing of coated particles in various fuel element

forms and under typical operating conditions for the
development of the HTR line and in particular with
respect to its application for process heat. Amongst
others, these irradiation devices should be capable of
simulating realistically the operation of UTR fuel
elements concerning temperature, performance and
burn-up.

Construction was started on a new multipurpose
irradiation facility at BR2, called DGR (a low pres-
sure water loop), which will allow the loading and
unloading of samples (also instrumented ones) during
reactor operation and to provide them with efficient
cooling in a closed circuit independent of the reactor
primary cooling system. The DGR device is to be used
intensively in future by IRE for the production of
particular radioisotopes.

For the experiments running in BR2 during 1976,
support was granted to the different experimenters
to help conduct and evaluate their testing programmes.
Planning meetings were organized regularly with the
German and Belgian experimenters.

In the framework of an IAEA project for the
development of nuclear technology in Roumania,
SCK/CEN experts on irradiation testing were sent
to Roumania and Roumanian fellows were received
at Mol.

For the nuclear centre CREN in Zaire, construction
work was started to improve the primary cooling
circuit of their TRIG A reactor and to provide it with
a new pneumatic rabbit irradiation facility.

Table 7.1. summarizes the major irradiation experi-
ments that were loaded for the first time into the
BR2 reactor during 1976. No mention is given of
experiments for radioisotope production nor of big
loop experiments.

7.2. TESTING AND COMMISSIONING SERVICE

During 1976, 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/CEN in carrying out their own equipment or maintenance

programmes.

In addition, some time had to be devoted to the improvement of working techniques, so as to keep pace
with the general increase of skill in the experimental field.
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TABLE 7.1.
Major irradiation experiments loaded jor the jirs: time into the BR2 reactor during. 1V76

Experimenter

K\'.\

INT

UN

SCK/CEN

Experiment
code name

MOL 1 F2

MOL 2-44
MOL 2-45
MOL 2-46
MOL 2-47

MOL 10-1

MOL 11 A8

CIKCE UK

MOPSBll

MOPS B12

l'WC-KO-1
PW'C-KO-2
PW'C-RO-3

KPCD

GEH 13

P 17-6

P 20-4
P 20-5

CIRCE2S

CFC 5

i

Specimens

mono-crystals of Ms

cladding tube materials

mixed oxide fuel rod

mixed carbide fuel rod

carbo-nitride fuel rod»

coated fuel particles

natural uranium fuel rods

rod power calibration device

mixed oxide fuel rods

mixed oxide fuel rods

mixed oxide fuel rods

mixed carbide fuel rod

mixed oxide fuel rods

Characteristics

- irradiation damage test at low
temperature (100 ... 200=C)

- creep rupture tests in function
of fast neutron dose, temper-
ature (600 ... 700°C) and in-
ternal pressure

- measurement (in-pile) of fuel
rod swelling

- high performance test in a
cadmium screened rii; (FA-
SOLD device)

- performance test in a calori-
nietric rig

• performance test at high tem-
perature

- measurement of fission product
release

- performance test in pressurized
water capsules (70 bar)

- measurement of cooling water
temperature increase and flow-
rate

• performance test
- cladding temperature control
• later rod power cycling

- reloadable basket
- intermittent inspection

- reloadable basket
- intermittent inspection

- in-pile measurement of fuel rod
swelling and fission gas build-
up

- calorimetric device

- cladding temperature control
- calorimetric device
- simulation of fission product

corrosion of cladding

Start of
irradiation

(reactor cycle)

7/76

2/76
2/76
6/76
6/76

2/76

4/76

3/76

4/76

8/76

3/76
5/76
5/76

5/76

7/76

1/76

2/76
4/76

1/76

1
i

3/76

7.2.1. Commissioning of experimental irradiation
devices

Table 7.2. reviews the main types of new devices
which went through the testing and commissioning
procedure in 1976.

In addition, other devices were commissioned such
as:

1 control panel for instrumented rigs;

1 control panel for pressurized water capsules;

1 rod power calibration rig tor pressurized water
capsules;

1 in-pile section for hydraulic rabbit;

4 reactor channel adaptor plugs;

30 baskets for neutron radiography of fuel pins;

5 suspension tubes for the BR2 reactor;

10 safety tubes for the BR2 reactor;

35 co-extruded cadmium tubes for fuel element
storage in BR2;
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TABL1£ 72.
AI«;/;; neu: devices wfcicb went through Testing ciuj Co'tinmtioning, in 1976

Type of device j

Ill-pile sections, for loops
Fuel element tests in loops
Instrumented fissile material rigs
Xon-insirumented fissile material rigs or
capsules ;
Instrumented rigs for material irradiations j
N'on-instrumented rigs for material irra-
diations
Cobalt capsules (pellets)
Colv.lt in control rods ,
Cobalt capsules (grains) I
1 ritlium capsules
Various isotope capsules
Tissue material capsules in livdraulic rah-,
bit ' ,
Tissue material capsules in reactor pool
Radium capsules
> ransuranium elements production rigs

Total |

SCK/CEN
alone

—
7

1
—

—
23
—
22
—

I

1
—
—
—

55

Manufactured

! Client
| alone

1

i
4

J
, —
1 5

' 1
; —

—

t •

67
1 276
i

66

1

1 —

1 419

by ,

Jointly

— ;
I

—

—

; —

i - i
j — i
i — ,

i !
—
—

] —
' — j

i

Total

—
11

1
5

1
23
—
22
67

277

67
—
—
—

474

- 33 ai-cMruilal cadmium tubes for storage in the
BR02:

- 52 aluminium tubes for storage in the BR02;
- 30 fuel pins for the MOL7C/1 experiment;

radiographic control of welds during assembly of
the out-of-pile piping of the GSB loop.

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, mainly through inspection
and testing 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 was asked
to give assistance to many other projects under
way at SCK/CEN. Besides many minor contributions,
snore important problems were solved, such as:
- chemical cleaning of several 1000 meters of stainless

steel lubes;
- photographic laboratory work (reproduction of X-

ray and photographic films, paper prints);
- chemical cleaning of various new equipment and

tools necessary for the replacement of the beryllium
matrix of the BR2 reactor, and storage of the old
components;

- tightness test on 2 cryostats;
- tightness test on 4 BP? capsules for the Tihange

reactor;
- chemical cleaning of new equipment for the BR02

installation in the 13R2 hvdraulic channel.

7.3. OPERATION AND UTILIZATION OF THE REACTOR

7.3.1. Reactor operation

7.3.1.1. Operation chau.cteristics

The reactor was operated using several variants of
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the core configuration 8. As an example, Fig. 7.1.
shows the distribution of the fuel elements and control
rods in the beryllium matrix for the variant 8 N used
during cycle 4/76. Tables 7.3. and 7.4. give a typical
set of nuclear characteristics for this variant. In the
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other variants, the irradiation conditions were almost shut-down and 21 clays operation, giving a theoretical
identical, since the fuel charge was altered appro- operating coefficient of 75%. The 370 days making
priately. up the operating year 1976 would have permitted

Reactor operation being a series of cycles, the 13 cycles, but only 11 were realized, two being can-
operating year does not coincide with the calendar celled due to extensions of the scheduled shut-downs
year, and the operating year 1976 ran from 31s1 and time lost by the operating incidents, as explained
December, 1975, to 5"1 January, 1977. The nominal in detail in § 7.3.2.
operating cycle was of four weeks duration: 7 days
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TABLE 7.3.
Sticlctir characteristics of the BR2 configuration SS

A. Vuel element channels

I W e r = 78 MW Condition!, at start of cycle 4 /76

Keauor
channel

A 30
A 90
A210
A27O
A 3 Ml

H 0
H 60
H24O

C 19
('. 79
CIOI
C139
0161
C.I 99
C 7 7 1
C2S1
C319

1) 0
0 60
0120
01 SO
1)2-10
1)300

U 30
H33O
I: 14
I7166
P254
P346

GI20
G24O
LI 20

II 1
II 3

Type

6NG
6N G
6N G
6N'G
6N G

61 G
6N G
6N G

6NG
6N G
5N C
6i c;
6N C
6N c;
6N G
61 G
61 G

61 G
6N Ci
6NG
61 G
6N G
6N G

6NG
6N G
6N G
5NC
6N G
6N G

6N G
6N G
6N G

3SG
13S G

Average
burn-up

43
33
36
77
43

31
23
28

5
38
0

20
14
0
0
0
8

0
8
0

11
0
0

0
43
15
20
25
48

45
46
15

0
13

Maximum flux (1)
1014 n.em-2.s-'

Thermal (21 E > 0.1 MeV

3.6 ! 5.S
3.2 6.0
3.2 i 5.7
3 0
3.6

5.7
6.0

3.3 6.4
2.S 6.2
2.8 , 5.7

2.2 6.3
2.S 5.0
2.1 4.3
2.7 5.6
2.5 5.7
1.9 5.2
1.9
1.9

5.3
4.6

2.2 5.5

1.9
1.8
2.0
2.0
1.6
1.7

1.5
2.4
1.8
2.2
1.6
2.4

2.3

" "5.6 "
4.1
5.3
4.8
4.7
4.2

4.8
3.9
4.2
3.4
3.2
3.6

3.6
1.6 ! 2.6
0.9 , 1.9
_
— —

1 I.M

*thm.,al

1.6
1.9
1.8
1.9
1.7

1.9
2.2
2.0

2.9
1.8
2.1
2.1
2.3
2.7
2.8
2.4
2.5

3.0
2.3
2.7
2.4
2.9
2.5

3.2
1.6
2.3
1.6
2.0
1.5

1.6
1.6
2.1

—

Maximum
nuclear (3)

heating
(W.g'Al)

12.9
12.4
12.2
12.5
11.9

14.1
13.3
12.9

14.1
10.5
10.5
12.1
12.1
11.8
12.3
10.7
11.7

12.8
9.5

12.0
10.6
10.8
9.7

9.5
7.2
9.7
8.5
6.7
6.9

7.0
4.9
4.3

8.3
5.6

C Cermet fuel element 330 g -'5U type (50 mg ^ U .
Ci Cermet fuel element 400 g =-'5U type (60 mg ^HJ.
(1) Neutron flux at 50 mm below reactor mid plane.
12) Unperturbed neutron llux on the centre line of the fuel clement (n)o

O5V0 at 2200 m.s-'.
(3) Nuclear heating of an aluminium sample placed on fuel element axis at position of maxi

The overall distribution of the reactor states is as
lollows:
- in operation
- scheduled shut-downs
- extensions of scheduled

shut-downs
- operating incidents

(unscheduled shut-downs)

370.2 days 100 %

235.8
77.0

32.5

24.9

days
days

days

days

63.7%
20.8%

8.8%

6.7%

maximum flux.

Nominal power ranged from 74.5 MW to 79.5 MW,
depending on the variant of the core configuration
used; but during each cycle, the power level was
adjusted in order to give the optimum irradiation
conditions for the entire experimental load, while
still respecting various imposed power limits. Thus
the actual power level varied between 53.1 MW and
80.9 MW. 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 is
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TABLE 7.4.
Sttclciir characteristics of the BR2 confiRitriilititt SS

B. Re/lector cbiimwh

Power = 78 M\V

Reactor 1
channel

A150
15300

F46
F194
F314
G60
G300

1123
1137
11323
11337

112/90
112/210
112/330
114/90
114/210
114/330
115/30
115/150
115/270

Kll
K49
KI09
KI69
K191
K251
K311
K349

L0
L60
LI SO
L24O
L300

N30
N33O
1'19
P41
PIOI
PI61
PI 99
P259
P3I9
P341

Maximinn unperturbed flux
10»n.cm-2s-1

Thermal E > 0.1 MeY

6.9 2.9
6.9 3.5

3.2 1.3 ',
3.1 1.3
3.4 : 1.5
3.0 0.8
3.0 , 0.8

2.3
2.2
2.8
2.3

1.7
3.5

1.0
0.6
0.7
1.0

0.2
0.5

2.8 0.4
3.0 0.5
2.2 0.2
3.0 0.6
2.2 ' 0.3
2.2 0.4
1.6 0.2

0.6
2.3 0.3
3.1 S 1.2
2.5
2.6
2.1
2.3

0.6
0.4
0.9
0.3

2.3 ! 0.6

1.9
1.6
1.8
1.6
1.5

1.4
1.4
1.3

0.3
0.2
0.3
0.4
0.2

0.2
0.2
0.2

1.0 : 0.2
1.4
1.7
1.2

0.2
0.4
0.1

1.2 0.2
1.3
1.3

0.2
0.2

Maximum nuclear lic.itinj;
W.g-' Al

9.0
11.0

5.1
5.0
5.6
3.0
2.9

4.1
3.1
2.7
3.7

0.7
2.6
~> ̂
2.4
0.9
2.6
1.9
2.4
0.7

3.0
1.4
2.S
3.0
1.5
2.6
1.4
2.9

1.5
0.7
0.4
1.6
0.7

0.9
0.9
1.0
0.6
O.S
2.0
0.5
0.6
0.6
0.9

in order to cany out various checks, to choose the
optimum full power level, and to find the best distri-
bution of the control rod heights to suit the various
experiments.

During the year, the total integrated power reached
17,373 MWd "(16,487 in 1975) corresponding to a
consumption of 20.9 kg ^ U . The total number of
fresh standard fuel elements used was 80 compared
with 86 in 1975. In addition, 18 Sills and 1 SXllls

driver elements were used for the sodium loops (in
1975, 6 Sills and 2 SXll ls) . The average apparent
burn-up of the standard elements put into service was
62.2% compared with 53.2% in 1975 and 34.9% in
1974. The highest rated element (a standard cermet
type containing 400 g ^ U ) attained a mean burn-up
value of 60.7%, corresponding to 74% at its hot
plane. All the fuel elements loaded were of the cermet
type with burnable poisons.
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Table 7.5. yives the main operating parameters for
1976.

7.3.1.2. Calculation of the reactor loading

Due to the presence of highly absorbing rigs, the
loading of several sets ol experiments demanding iden-
tical conditions, the routine use of elements contain-
ing burnable poisons, the use of different absorbing
plugs, and the presence of 'lie in the beryllium matrix,
the reactor loading determination has attained such a
complexity that a simple calculation method is no
longer feasible.

For the calculation ol the load and the main char-

acteristics of the core channels, the programme adapt-
ed in 1974 to the SCK/CEN IBM 370-135 computer
and improved in 1975 was routinely used in 1976.

In order to be able to improve the determination
of irradiation conditions in the reflector channels, the
following efforts were made:
- the calculation code DEPS was developed, 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 cycle 2/76;
flux depressions inside absorbing plugs were meas-

TA13LU 7.5.

HR2 - Operating, parameters 1976

Reactor operating characteristics

Power uuing. nominal
Total operating time-
Average operating time per cycle
Total energy dissipated
Average energy dissipated per cycle
Fiisile charge at start of cycle (^'U)

74.5 to 79.5 M\V
235.S davs
21.4 davs

17,373 MWd
1,580 MWd

10.9 to 12.8 kg

Circuit characteristics

Plow (m'.lv1)
Inlet temperature (°C)
Inlet pressute (kg.cnr2)
Ap across pressure vessel (kg.cnv2)
pi I
Resistivity (li.cnrM
Plow in purification line (mMv1)
Activity [3y ((iCLair3)

Primary

6,700 - 7,000
40 - 50

12.5
2.8

5.3-7.0
2-6x10"

20-30
<10>

Secondary

4,000-5,(100
20 - 30

—
—

5.5-6.5
10'
100

•ClO"

Pool

400
35-45

—
—

5.5 - 6.5
10"
20

Fuel elements

Ma\inumi nominal temperature at hot spot (°C)
for inlet temperature of 40°C
1 leat flux maximum (W.cnr2)
Water velocity between plates (m.s'1)

152
470
9.4

Liquid effluent production

Cold < 10-5|iCi.cm-3
Warm 10-5 to 10-2 nCi.cnr3

Hot > 10--nCi.cm-3

4,354 m3

13,127 m3

3,370 m3

Gaseous effluents

Ventilation of containment building
Ventilation of machine hall
Radioactivity at chimnev

38,000 niä.h-1

83,000 m\lv'
5XlOsnCi.cnv3

Consumption

Electricity
Demineralized water
Uranium-235

20.8X10« kWh
436,913 m3

20.9 kg
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ur'.'d. as well as perturbations in the vicinity of
absorbing experiments.

To illustrate the difficulties encountered in reactor
loading calculations, we may cite the following. During
1976, there were 19 start-ups, involving the putting
into service of 536 instrumented rigs (300 in the
core, 236 in the reflector) of which 15 were started
up for the first time. Five times, the irradiation con-
ditions did not satisfy certain experiments; the reac-
tor had to be shut down and the loading was con-
sequently modified according to the observations
made. In addition, to reconcile the often opposing
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 unsche-
duled shut-downs, advantage was taken of the oppor-
tunity 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 7.6. to 7.8. give a general review of
the evolution of the operating parameters since then.
It should be noted that the continued effort to op-
timize the iuel loading according to the needs of the
experiments has led to a remarkable reduction in
specific fuel consumption, which decreased from 8.7
elements per 10'MWd in 1974 to 5.8 in 1975 and
5.1 in 1976.

As to the future, an attempt will be made to adapt
the irradiation capacity and the operating conditions
of 13R2 according to the planned experimental loading.
The various points now being studied, arc:

- the possibilities of irradiating fissile or structural
materials in BR2 intended for reactors of several
types (fission and fusion) in such a way that irradia-
tion effects would correspond to those expected in
these reactors;

- the irradiation conditions which could be obtained
under cadmium or other screens in the central 111
channel or the outer 200 mm channels, whether the
rig is surrounded or not by a driver fuel element;

- the increase in the maximum hot spot specific power
from the present 470 W.cnV2 level to 550 or 600
W'.cm2 and in the total power dissipated to about
100 M\V ( - 8 5 M\V at present);

- the reactor core configuration variants which would
allow the simultaneous irradiation of several large
loops, all requiring high perlormanccs;

- an improved flow distribution of the reactor primary
circuit water coolant in order to avoid difficulties
when more power must be dissipated;

7-10

- measures to enhance the thermal neutron flux in
the beam tubes;

- special campaigns of short duration (less than a
normal cycle of 21 days) in order to carry out some
of the safety experiments planned.

7.3.2. Operating incidents

The difference between the theoretical value of the
operating coefficient, 7 5 % , and the value of 63.7%
reached, was due to the loss of 57.4 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 32.5
days, as follows.

- Physics measurements at low power: 31.8%
- check of new variants of the core con-

figuration;
- thermal neutron flux distribution;
- fuel element reactivity measurements;
- antireactivity effect of experiments and

control rods;
- perturbation factor and self-shielding

effect of absorbers used in the reflector;
- calibration of measuring probes;
- determination of irradiation conditions

for several experiments.

- Inspection of the reactor beryllium matrix: 19.0%

- Works on the neutron beam tubes: 12.8%
- inspection of the internal and external

surface;
- replacement of joints between reactor

pool wall and beam tubes T l , T3, T6,
TS.

- Various operations: 36.4%
- leak test of the reactor containment

building;
- inspection of different parts of the reac-

tor;
- loading tests of new driver fuel elements,

etc.

Advantage was taken of the opportunity created by
the extension of certain routine shut-downs to carry
out several tasks on the main heat exchangers (see
§7.3.3.).

There were 12 unscheduled shut-downs, which in-
volved a loss of running time of 597.8 hours, i.e. 24.9
days (31.6 in 1975). Table 7.9. gives details.

Only one unscheduled shut-down was due to re-
lease of fission products by the BR2 fuel elements.
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TABLE 7.6.
Evolution of the operating, parameters of the BR2 reactor

A. General data since dale of commissioning

Year

1963
1964
1%5
1966
1967
196S
1969
1970
1971
1972
1973
1974
1975
1976

Total

Configuration

5

5 and 6
6
6
6
6
6

6 and 7
i /

i 7

7 and S
8
8

I

', Number of days i
operating j

154.5 ,
226.5

1 189.8 !
219.8 !

1 174.4 ;
213.9 !
229.3

! 218.0
l 203.9

230.4 i
1 248.7 i

217.3
218.8 |

| 235.S |

i 2,981.1 !

Nominal power
(M\V)

17-34
34

34-57
57

57 - 63
58.5 - 67
66.5-71
67 - 70

70
70 - 73.5
70-73.5
70 - 80

74.5-80.5
74.5 - 79.5

Lnergv produced
(MWd)

3,292
7,595
8,599

12.576
10,564
13,168
15,155
15,057
14 478
17,568
20.643
16,320
16,487
17,373

188,875

TABLE 7.7.
Evolution of the operating, parameters oj the BR2 reactor

B. Operating, analysis VJ72-W6

1972

Dnvs

Reactor stale

Operational
Routine shut-downs
Intension of routine shut-downs
Unscheduled shut-downs
Large scale maintenance work

()penning coejjictenls

Theoretical
Actual

230.4
77.0
27.3
21.2

Total i 355.9

1973

64.7
21.6
7.7
6.0

100

75
64.7

Davs

24S.7
77.0
25.0
27.6

65.7
20.4

6.6
7.3

378.3 i 100

75
65.7

1974

Davs

217.3
77.0
41.8
15.8

61.8
21.9
11.8
4.5

351.9 i 100

! 75
61.8

1975

D.ivs

218.8
70.0
44.1
31.6

364.5

1976

Davs ! "b

60.0
19.2
12.1
8.7

235.8 '
77.0 '
32.5 <
24.9 j

63.7
20.8

8.8
6.7

100 j 370.2 I 100

60.0
75
63.7

TABU- 7.8.
Evolution oj the operating parameters oj the BR2 reactor

C. Reactor power and uranium consumption

Core configuration
Power (1)
- nominal (M\V)
- integrated (MW'd)

uranium consumption
• mass of -•>'-}} (2) g
• number ol elements "alloy"

"cermet"

• average apparent burn-up (3) {°b)
- specilic (3) (elements/103 MWd)

1972

7

70 and 73.5
17,568

21,132
11

142+18 Ills

38.0
9.0

1973

7

70 and 73.5
20,643

24,850
12

118 + 30 I l l s

47.6
6.7

1974

7 and 8

70 to 80
16,320

19,630
1

1324-6 Ills
+ 2XIIIs
34.9
8.7

1975

8

74.5 to 80.5
16,487

19,873

86 + 61Ils
+ 2 XI Ils
53.2

5.8

1976

S

74.5 to 79.5
17,373

20,896

80+18 Ills
+ 1X11 Is

62.2
5.1

( I) Read from |flN measuring chain
(2) Thermal balance
(3) Fresh elements loaded in standard channels
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TABLE 7.9.
ß/\2 - Operating incidents (unscheduled shut-downs)

Type of incident

Control rod failures
1 Icat exchanger leaks
Tission products in
the primary circuit '

Other reactor equip-
ment luiluro

Human cnors

Experiments
- Initial irradiation '

conditions not sati1»-
laciorv

• Rig failure

Total |

Num-
ber

1
—

—

2

2
4

14

1972

Duration
(h)

50.4
—

— '

127.5
47.8

: 51.4
227.1

50S.2

Xum-
her

1
—

4

4
2

2
3

16

1973 !

', Duration
, <h)

, °
' 26S.0 !

214.4
0.3

114.9
63.9

, 661.5 i

Num-
ber

1
—

j

6
2

5

5

22

1974

• Duration
(h)

t)
: —

0

120.0
0.5

;
• 202.4

57.4

1 3SO.3

Num-
ber

—

j

1
2

.•>
2

11

1975
1 Duration

(h)

—

281.5

0.3
300.7

: 105.9
• 70.2

75S.6

Num-
ber

1
—

1

3 •

2

5

—

12

1976
1 Duration

(h)

0
—

136.4

129.8
75.7

, 255.9
i

1 597.8

Primary water i'knv-meter failure, elccn >nic failure in the reactor control system, electric power perturbation.

The fuel elements supplied' by the new suppliers
N'UKliM and CERCA are now being used; the first
iNUKIZM fuel elements were loaded for cycle 2/76,
the first CERCA elements for cycle 6/76. With the
use ol these new fuel elements, the release of fission
products in the reactor primary circuit has been very
significantly reduced so that the present activity can
be considered as normal.

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
was concluded that continuation of reactor operation
was possible without undue risk to the health of the
operatois and of the public, and that the reactor
programme was not affected by the cracks observed;
this conclusion was held to be valid as long as
no significant modification appeared. It was decided
t herd ore to continue reactor operation while pro-
ceeding with a surveillance programme and preparing
the replacement of the present BR2 matrix.

Since that time, regular examinations have been
performed. The seventh one was carried out in March,
1976 (cycle 3/76) and the eighth in October, 1976
(cycle 9/76). The observations did not indicate an
abnormal evolution; 52 channels were seen to have
cracks.

In February, 1976, the safctv evaluation was rc-

assessed in detail and the conclusions of the first
evaluation of 1974 have been confirmed. It is en-
visaged that the reactor operation will be continued
till the first half of 1979 if possible, and that the
beryllium matrix will he replaced then.

The main heat exchangers gave no operating diffi-
culties from the point of view of the heat exchange
coefficient and the tightness between primary and
secondary sides.

During the two routine shut-downs, extended for
inspection of the beryllium matrix, the heat exchan-
gers were examined. This examination had to be
carried out in a rather high radiation field (300 to
700 mR.h"1) in the heat exchanger room.

Inspection of the primary side of the North heat
exchanger, carried out during shut-downs 3/76 and
9/76, revealed no damage in the new mattresses pla-
ced around the tube bundles at the inlet end to reduce
tube vibrations. Aluminium samples for decontamina-
tion testing were also installed.

The secondary side of the central heat exchanger
was examined during shut-down 3/76 and no further
corrosion was observed.

Inspection of the primary side of the South heat
exchanger, carried out during shut-down 9/76, indi-
cated no significant increase in the rather limited
damage observed during the preceding examinations
of the old mattresses (still in place since February,
1972).

Various work was 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 of the reactor. The most
important are the following:
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- restart, in December, of the RR02 reactor after its
transfer from the Technology building to the BR2
process hall and complete rewiring of the control
board with modernized instrumentation;

- commissioning of a gamma irradiation facility for
high gamma ilux irradiation ( 5 x 10'rad.h"1) using
spent BR2 fuel elements;

- continuation of the modernization of the reactor
control instrumentation and health physics equip-
ment;

- installation in the reactor containment building, of
tritium detection equipment;

- design oi measuring probes and installation of hy-
draulic circuits for the determination of the power
dissipated in the different reactor channels (""N
activity measurement);

• studies in preparation lor the BR2 hot cell extension.

7.3.4. Reactor utilization

On average. 77 reactor channel were occupied by
experimental equipment, compared with 71 in 1975
(see l7ig. 7.2.). The average distribution of the uses
ol the channels is given in Table 7.10.

Fig. 7.3. shows the relative importance of the va-
rious types of irradiations which took place in the
core and in the reflector, excluding die multipurpose
devices, measuring probes, beryllium matrix samples,
and the dummy FAFN1R rigs necessary to balance
the reactor loading.

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 ( l em 1 ) multiplied by
an integrated dose of fast neutrons (E > 100 keV)
of 10:t' n.cm'3. The fast flux is used because the

I

>3 »96- mi 1966 1967 'S68 1969 197Q 1971 1977 197} 197t. 19TS 1976

".2. — BR2 - Average number of reactor chttnnels
occupied.

TABLE 7.10.
HR2 - Arcra&e distribution oj the uses of the channels

Purpose

1. /;; the pressure vessel
Siudv nf radiation effects
- lui'l and fuel pins
- structural material
Transmutation programmes
- production of actinium

and transplutonium elements
• cobalt-60
- vati'ius radioisotopes
Multi-purpose equipment
(rabbit, self-service thimble)
Measuring probes and mock-ups
Beryllium matrix samples

2. Outside the pressure vessel
Fundamental pbvsics research
(pool tubes, neutriin-radiographv,
gamma it radiation)

Total

1972

28
6

3
13
-»

•>

7
—

/

2

72

Number of channe

1973

23

i 3
12
•1

1 2
10

1
i

1 6
1

2

! 76

: 1974

i 19
! 5
;
i

1
! s

2
i

! 3
i 16
! 6

!
i 6
1

2

| 68

s occupied

; 1975

25
9

™ ~ -

3
3

2
15
5

7

2

71

1976

26
8

—
•1

3

2
18
6

7

3

77
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Fig. 73 — Utilization ol the reactor BR2 in }'J76.

utilization of the reactor is principally directed to-
wards irradiation programmes requiring fast neutron
fluxes: in 1976, irradiations for the sodium cooled
fast reactor programme accounted for 71.59b of
the reactor utilization, and irradiations for the high
temperature gas reactor programme for 13.9°6.

The graphs given in Fig. 7.4. represent the evolu-
tion of reactor use from 1963 to January, 1977, 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 re-

flector (excluding the hydraulic rabbit, the self-
service thimbles DG 36, the measuring probes, the
beryllium samples and the FAFN1R models);

- the annual production in the core and in the re-
flector (on the same basis as the hourly ptoduction).

l:i)i. 7.4 — Evolution of the occupation of the I)R3 reactor from January 1%3 to January l')77.

7.4. HOT LABORATORIES

7.4.1. Very high activity cells (60,000 Ci - 3 MeV)

The utilization factor of the cells was higher than
in 1975. The evolution of the cells occupation is given
in Table 7.11.

The main work carried out in the dismantling cell
consisted of dismantling sodium or NaK filled loops
(such as the MFBS 7 loop) and rigs containing fuel
pins or structural material samples, of swept loops
for the irradiation of coated particles and of irradiated
fuel elements from the BR3 reactor. After examina-

tion, some of the BR3 fuel elements were reassembled
for reloading in the BR3 reactor. Other cell work
consisted of handling aluminium capsules containing
cobalt grains or discs, irradiated in BR2 control rods
or in standard irradiation rigs.

The main work carried out in the observation cell
was related to non-destructive measurements on irra-
diated fuel pins, structural material and BR2 beryllium
samples, e.g. visual inspection with photography, di-
mensional measurements, auto-gammagraphy and leak
test (dry sipping). Most of the auto-gammagraphies
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were performed by means of a Ge-Li detector and
with the help of the Reactor Physics Department.

An extensive non-routine decontamination and
maintenance programme of the cells was started on
S"1 November, 1976, and ended on 1111' January, 1977.

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.

TABLE 7.11.
I hi cell stiitislics

1 1972

- OiMiiantlinj; cell ;
. occupation (h) ! 1666
. utilization factor ( "h ) i SO

1
- Observation cell

. occupation (h) • 950

. uiili/.uiun factor ( "b ) | 46

1973

1500
76

916
46

1974

1223
59

792
3S

1975

1044
50

607
29

1976

1172
5S

7S4
39

7.5. REACTOR PHYSICS STUDIES IN SUPPORT OF THE
IRRADIATION PROGRAMME AND REACTOR OPERATION

(J.Dcbruc, Cli. Dc Racdt, L. Fouargc, J.L. Genicot, N. Macne, R. Menil, P. Vanmechelen, J.Vincent)

As in the past, the reactor physics department contributed to the design and irradiation programme of
experiments by calculating the irradiation characteristics, by examining the compatibility of the specifications
with BR2 operation and by correlating dosimetty data obtained during the irradiation and from the results of
post-irradiation examinations with reactor operating conditions.

The reactor physics work also contributed to the reactor operation by examining new configurations and by
determining operating and safety parameters, namely:
• the over-all (macroscopic) flux distributions leading to the determination of the optimum reactor loading;
- the microscopic flux distributions including the localization of the hot spots;
- core parameters such as void coefficient and neutron lifetime.

Activities carried out for this purpose are:
- experiments in BR02, the zero power mock-up of BR2, which was moved from the technology building to the

storage canal of the BR2 building and rc-started in November;
- 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, 2 ; R,0 or triangular

mesh) geometrical dimensions.

7.5.1. Irradiation devices

The main experimental devices which required
reactor physics work in 1976 are indicated in Table
7.12. More details about the problems investigated
may be found in the paragraphs of this annual report
mentioned in the last column of the table. For the
new irradiation devices WRS (Water Reactor Safety)
and PCF (Power Cycling in Fast flux), further details
now lollow.

The WRS loop is to be designed to simulate LOCA
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(LOss of Coolant Accident) experiments in BR2 in
the framework of the PWR safety analysis. It is a
pressurized water loop with a test section in the
central 111 channel of BR2 containing a PWR sub-
assembly. According to neutronic calculations it is
possible to irradiate bundles of up to 45 and even 69
fuel rods with the same enrichment in such a way
that the linear fission power rate remains the same
for all fuel rods in the bundle. For the bundle
containing 45 rods, an axial flattening of the fission
power over a certain height can be obtained by using
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TABLE 7.12.
Surrey of ike reactor phystc\ work performed in 1976 lor the main Bli.2 irradiation experiments

Irradiation device

MFBS6

MOL 715

MFBS7

MOL 70

MOL 7C

CiSB

WRS

per

Type of work

Analysis v* post-irwdiation result;.:
comparison with calculations

Analysis of post-irradiation results

- Dosimetry
- Gamma scanning

lAisimetry (fission and fluence monitors)

Neutronic calculations concerning the ab-
solute power level in the fuel pins, the
reactivity effect of the loop and various
safety aspects

Neutronic calculations related to the reac-
tor configuration around the loop

NV'iitronic calculations

Neutronic calculations

Paragraph of
this annual report

describing the work

S 1-6.4.

§ L6.4.

§ 1.2.

§ L6.3.

§1.7.2.

§2 1.2. and S 7.5.2.

§7.5.1.

§7.5.1.

a screen with axially varying composition to compen-
sate for the cosine shaped axial reactor flux profile.

Test irradiations are planned in BR02.
For the PCF device, calculations were performed

to determine the range of power variation which can
he obtained in a fuel pin irradiated in a cadmium
screened capsule by introducing an epirhcrmal poison
e.g. boron. Two types of device were considered: one
with helicoidal tubes into which a boric acid solution
can be pumped and one into which four B4C tods
can be lowered. The latter configuration allows the
highest power variation and was studied in more
detail with the help of the two-dimensional multi-
group transport code SNOW. The SNOW calculations
indicated that the power variation which can be ob-
tained in a fuel pin ranges from 2 1 % (for natural
boron in the RjC rods) to 2S°b (when boron with a
'"15 enrichment of 90% is used). The absolute power
densities as calculated for the PCF fuel pin were
compared to those for the FAFN1R, FASOLD and
FFC fuel pins.

Test irradiations will be carried out in BR02 in
1977.

A general survey was made of the neutronic charac-
teristics of BK2 loops with 7, 19, 31 and 55 fuel pins
of the SNR M k l l type in the framework of the
sodium cooled reactor safety programme. The enrich-
ments needed to obtain a radial fission density flatten-
ing throughout the fuel bundle were calculated, as
well as the linear fission powers.

7.5.2. Reactor operation

- Measurements in BR2 at low power were carried

out before the start-up of cycle 2/76. In the re-
1 lector channels, the thermal and epithermal neu-
tron fluxes were measured with cobalt foils. Such
regular checks are needed to update the neutron
flux estimates issued before each reactor cycle.
These values depend very much on local changes
in the reactor loading- In the core, a number of
FAFNIR mock-ups were located to measure the
power level in these channels. In the MOL 7D mock-
up in channel 111, fissile and non-fissile neutron
flux detectors were irradiated for analysis of the
integrating detectors irradiated in the loop itself.

An increasing number of routine measurements of
thermal, epithenrml and fast fluences were taken
during each reactor cycle to cope with the difficulty
of obtaining accurate data especially in some per-
turbed zones of the reflector.

The core configuration calculations and the irradia-
tions performed in 131102 were mainly related to
detailed studies of the reactor core configuration
selected for the irradiation of the GSB helium loop.
This loop will be loaded into the eccentric reactor
channel 114 and will be surrounded by a ten-plate
driver fuel element. The core configuration pro-
posed is derived from the BR02 configuration 17 I
(Fig. 7.5.) in which the calibration of the loop was
made. This configuration is almost a mirror image,
with respect to the axis LO - LI SO, of the BR2
configuration S used in the past for the irradiation
of the MFBS 7 mixed carbide experiment in channel
H3. The fuel loading around channel 114 with the
GSB loop has nevertheless been modified with res-
pect to the fuel loading around F13 (which contained
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MIBS 7 surrounded by a ihirteen-platc driver fuel - The void coefficient of a large BR2 configuration
element) in configuration 8: namely that of cycle 11/73 was calculated with
- to compensate for the difference in reactivity of the one-dimensional multigroup transport DTF-IV

the driver fuel elements; code and of the two-dimensional few group diffu-
• lo obtain the higher power rating desired in the sion TR115U code. The calculations were checked

CiSB pins; for a BR02 configuration for which experimental
- to obtain a good power level control in the GSB results were available. The void coefficient value

pins. finally proposed for the BR2 configuration of cycle
- Neutronic calculations were performed with a view 11/73 (end of the cycle) is

to preparing technical specifications for a new beryl- (Ak..n/kcn,,)/AV/Vi,) = -0.05.
I in m matrix, more particularly as to the impurity - The mean neutron lifetime in the BR2 reactor,
content. Concerning safety aspects of BR2 evalua- averaged over the various regions of the BR2
tion, reactivity effects associated with possible dis- configuration, was found to be 8.6X10"'s. This
placements of pieces of damaged beryllium have value was deduced from a combination of axial
been evaluated. A luel element plug irradiated to and radial one-dimensional neutron transport cal-
a lluence of 1 X 10" n.cm"2 ( > I MeV) was cxa- dilations.
mined by gamma spectrometry; samples arc being - The fast and thermal fluences accumulated by the
analysed at Atomics International for the dctermina- BR2 vessel since the beginning of reactor opera-
lion of the helium content which is responsible for tion were estimated,
the embrittlement of the matrix.

- Several safety parameters were rc-ev.;luated in the
Iramewor!: of the ten-year revision of the BR2 7.5.3. Restart-up of the BR02 reactor
safety file.
- The permissible rate of reactivity addition was The BR02 reactor, which has been transferred with

calculated with respect to the response of the its associated equipment from the Technology building
control system, taking into account limitation on to the BR2 building, was restarted in November,
die heat llux at the hot spot during the transient. 1976. The operational conditions remain basically un-
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changed whereas ihe control system and the handling to estimate the permissible reactivity addition rate,
equipment were improved when the transfer was taking into account the response time of the automatic
made. The operating procedures and the satcty ana- shutdown system. The consequences of the manipula-
lysis were reviewed accordingly. More particularly, tion and start-up accidents were evaluated. Finally,
critical calculation and neutronic tests were carried the operating procedures were updated. A safety re-
om for the storage and manipulation conditions of port was submitted to the Advisory Committee for
fuel elements under water and in the storage room. the Prevention ol Nuclear Accidents. In Fig. 7.6., the
Calibration oi the reactor instrumentation channels reactor under water, the loading bridge and part of
was made and the trip levels were defined in order the control desk can be seen.



Chapter 8

SUPPORTING ACTIVITIES AND SERVICES

8.1. REACTOR PHYSICS AND APPLIED MATHEMATICS

8.1.1. Applied mathematics and computers
(J.F. DeGreef)

1 hese activities and services were mainly concerned
with mathematical support to research and implemen-
tation of computers.

Mathematical support consisted principally of ma-
thematical modelling for simulation and analysis, while
computer hardware and software were implemented
for the following main applications:
- on-line literature searches on bibliographic files

available outside the SCK/CEN;
• use, in a network environment, of the large size

computer system IBM 370/168 of the Ministry
of Economic Affairs to run large computer pro-
grammes;

- o].eration of the SCK/CEN medium size computer
IBM 370/135 for file editing and medium size com-
puter calculation in a conversational access environ-
ment via remote terminals;

- installation and maintenance of real time minicom-
puters on-line with processes and experiments;

- simulation on a hybrid computer system of nuclear
reactor and power plant operation for training pur-
poses and safety studies.

8.1.1.1. Mathematical support

Thermal pollution studies
(L. De Corte, J.F. De Greef, G. Spauwen)

Mathematical modelling has started in order to
arsess the impact on the environment of waste hent
disposal from electrical power stations. One-dimen-
sional models have been set up for the cases of dis-
charges into a river and into a stagnant, linearly strat-
ified water environment. Computer programmes exist.
Model studies of cooling tower plumes have also start-

ed. A one-dimensional model aims to assess the plume
height and length, the diameter of the visible part,
the ground level fog and the artificial precipitation.

Air pollution studies
(G. Cocquyt)

Mathematical models for applying the Wiener fil-
tering theory to the prediction of stochastic signals
have been developed and applied to signals which
can be formed by means of a third order shaping
filter. Simulations on a digital computer have been
performed for such signals in order to tackle the
problem of the air pollution prediction from a sto-
chastic point of view.

Dynamics of nuclear power plants
(G. Cocquyt)

For the study of the dynamics of nuclear power
plants, the mathematical models for multivariable pro-
cesses have been developed. In order to reduce the
degree of complex systems, the Inverse Nyquist Array
Method has been used and Gersgorin factors have
been calculated for specific cases.

Systems analysis
(G. Cocquyt)

Deterministic models have been tried for the ana-
lysis of systems having a high degree of non linearity
such as economic, energy and social systems.

Waste handling and material recycling
(H. Depuydt, G. Pepcrstraete)

A mathematical model has been set up for eco-
nomically optimal location of treatment units for waste
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and a feasibility study has started with a view to
setting up a data-bank for waste.

8.1.1.2. Implementation of computers

1 lardware services

Maintenance, installation, design and operating ser-
vices were provided for several small size on-line
POP 8 and PDP 11 process computers, for their
peripheral equipment and for the several data com-
munication lines of the computer network.

Software services
( F. Bosnians, H.R. Deckers, L. De Corte, H. Dcpuydt,
G. Pcpcrstractc, J. Vandcrvcc, G. Van Roosbroeck)

Software services, including the maintenance and
design of basic software, were provided for several
projects and tests; they are reported in the related
chapters of the present report.

Computing equipment
(U.R. Deckers, J.F. De Grccf, R. Schoonlau)

Disk storage of the IBM 370/135 has been in-
creased from 300 M bytes to 700 M bytes. The in-
crease in core memory I mm 384 K bytes to 512 K
bytes lias been ordered. A data transmission line be-
tween the IBM 370/135 and the IBM 370/168 of
CIV/CTI has been installed.

Software maintenance and design for IBM
370/135
(U.R. Deckers, G. Pcpcrstractc, K. Schoonlau, J. Van-
dervee, G. Van Roosbroeck)

Detailed and general purpose procedures have been
written for the VM 370 users.

Utilization time of the computers

Table 8.1.1. shows the utilization time for the
major groups of tasks.

Nuclear Power Plant Simulator
(G. Cocquyt, J.F. De Greef)

As mentioned in previous annual reports, a pro-
grammable power plant simulator has been set up
and partly assembled during recent years. In its pre-
sent stage, the simulator is composed of a full Applied
Dynamics Five ( AD/5) analogue hybrid computer and
a provisional simulator control panel. The system is
nearly operational for the simulation of a PW'R nu-
clear power plant operating at full power and at zero
power. As a further extension of the simulator, n
PDP 11/34 digital computer and also the necessary
analogue digital interfacing equipment have been or-
dered to constitute a full hybrid system called the
SYSTEM 511 HYBRID. In its final vrsion, the full
equipment will comprise a more industrial version
of the simulator control panel and will be a basic
principle training simulator.

8.1.2. The BR1 reactor
(J. Debrue, R. Menil, J. Van Dyck)

The reactor was operated lor 1173 Ii at power
levels ranging from 50 W to about 4 M\V according
to the neutron flux level required for the different
irradiations. The maximum thermal lluencc reached
1.2X 10'* n.cirr corresponding to a total energy pro-
duction of 858 MW'h. The reactor was started 433
times.

The standard irradiation devices (pneumatic rabbits
and sample irradiation channels) were intensively used
at the request of Belgian universities, Belgian and
Dutch industry and various SCK/CEN departments,
mainly for neutron activation analysis in support of

TABLE 8.1.1.

Group of tasks

Support tasks
Fast reactors
Nuclear R & D
Basic and exploratory research
Non-nuclear projects
Work for third parties
Miscellaneous

Total

^ocal computer
IBM 370/135

hours CPU j °b
i

240
229
22

600
191

2100
36S

3750

6.4
• 6 . 1
i 0.6

16.0
5.1

56.0
| 9.S

; loo.o

CIV/CI
IHM

hours CPU

15
54.5
0.9

39.3
—
13.1

1.9

125

I computer
370/168

! %

12.0
43.6

0.7
31.4

10.8
1.5

100.0

S-2 BLG 520/77



air pollution measurements, industrial quality control,
biological studies In total, 554 samples were
irradiated.

With the neutron radiography equipment installed
on the DX 25 neutron beam, more than 12U mixed
oxide fuel pins, fabricated by BELGONUCLEA1RE
for BRi, were examined. The possibility of perform-
ing quality control tests on fuel pins for fast reactors
was also further examined with thermal and epither-
mal neutrons.

At the request of a Belgian company, 13 kg of
silicon (9 rods of 22 to 95 cm length) were irradiated
in seven experimental channels during a 123 h run
at maximum power to produce phosphorous-doped
silicon. The resistivity measured in each sample after
irradiation agreed well with the requirements.

In connection with the fast reactor physics pro-
gramme, spectrometry measurements on iron-uranium
assemblies were continued in the thermal vertical co-
lumn. Moreover, during the 123 h run at maximum
power, irradiations of ''Li and "'B samples took place
in MOL-——, in order to validate the helium produc-
tion cross-sections for these nuclides, which are used
in reactor dosimctry applications. This calibration
work is carried out in collaboration with Atomics
International.

Siudvik and A1Z1 diode irradiations were also con-
tinued in • r ' hcration with the "Technische Dienst
van de Lai\ hi (NBC lnrichting) - Service Tech-
nique de i.> Terrestre (Etablissement NBC)" to
detiTiniiv ,.s in electrical properties of diodes
alter irradL o..on in a last flux. These diodes are used
in health physics dosimetry.

As to die maintenance and the surveillance of the
reactor, it is worth mentioning:
- the recalibration of the thermocouples used for

temperature measurements in uranium, graphite and
concrete shielding and the verification of the time
response ol each control rod;

• the cutting out of graphite samples from the core
moderator for the determination of the Wigner
energy accumulated up to now;

- the preparation work required for the installation
of new instrumentation channels which will replace
some of the units in use since the reactor was made
critical for the first time on 11"' Mav, 1956.

8.1.3. Services rendered to third parties in the
field of reactor operation

8.1.3.1. The TRIGA Mark II reactor at CREN-
Kinshasa
(M. De Proost, A. Heuse, L. Leenders, J.P.
Tollenboom)

Operation of the TRIGA Mark 11 reactor at CREN-
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Kinshasa started in 1972. Since 1974, it has been
operated at 1 M\V under steady state conditions and
at 1000 M\V maximum in pulse mode. This reactor
is used mainly for activation analyses and development
work on radioisotope production.

In 1976, in addition to the annual maintenance
carried out on the reactor and its control instruments,
progress has been made on the following:

- design work has been carried out at SCK/CEN in
order to replace the primary coolant circuit by a
new one made of stainless steel, and to supply a
second pneumatic rabbit;

- the corresponding mounting conditions as well as
the technical support available at CREN-Kinshasa
have been evaluated;

- a large number of health physics instruments have
been delivered, some by IAEA and some by AGCD/
ABOS, in order to complete the health physics sub-
structure of the reactor according to the evaluation
carried out by CORAPRO in 1974.

The collaboration between CREN-Kinshasa and
SCK/CEN, supported by AGCD/ABOS, is continuing
successfully. The amount of work and necessary equip-
ment have been evaluated in order to prepare the
programme for 1977, which may be summarized as
follows:

- further support for operation and use of the reactor;

- fabrication and installation by SCK/CEN of a new
primary cooling system and the second pneumatic
system;

- mounting of new reactor grids, supplied by SCK/
CEN, and a new irradiation system (Lazy Suzan),
supplied by General Atomic;

- further support for the development of several re-
search departments at CREN-Kinshasa as well as
for the training of CREN-Kinshasa staff members
and technicians in Belgium.

8.1.3.2. The THETIS reactor at the R.U.Gent
(J.Debrue)

A refuelling operation took place in August 1976.
The previous core load had been used since 1971;
it had produced 640 MWh, which corresponds to a
reactivity loss of about 900 pem due to burn-up and
fission product poisoning. After refuelling, an increase
in reactivity of 750 pem was measured. Under the
present operating conditions, with an energy produc-
tion of 150 MWh per year, the reactor will now be
able to operate for at least four years; saturation of the
samarium poisoning in the burnt fuel elements indeed
tends to decrease the rate of reactivity loss.
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8.2. MATERIALS RESEARCH

8.2.1. Metallurgical services
(J. Pclsmackcrs)

X-ray analysis
(J. Drcssclaers, J. Pelsmackeis)

Major X-ray analysis contributions were made to
the programmes of canning materials and carbide fuels.

Investigations on the texture resulting from draw-
ing operations on canning tubes and correlated absorp-
tion corrections have been made.

X-ray crystallography contributed to development
programmes on waste handling, physics and repro-
cessing.

Scanning electron microscopy
(L. Knacpcn)

The laboratory of scanning electron microscopy
contributed to the following studies:
- characterization of UOj powders;
- mechanical properties of U-carbides;
• aqueous corrosion of Al-clad tubes;
- powder preparations for ferritic steels;
- creep and tensile properties of ferritic steels;
- development of electrodes for fuel cells;
- sodium corrosion endurance tests on C4 subassem-

bly.

Electron microprobe
(A. Cools)

The electron microprobe investigations contributed
to the following studies:
- sodium corrosion of steels;
- aqueous corrosion of aluminium;
- corrosion studies on behalf of K.U.Lcuvcn;
- influence of light elements on the chi-phase in ferri-

tic steels.
- quantitative analysis of inclusions in extruded ferri-

tic steels;
- analysis of the dilfcrent phases in Fe-Ti, Fc-Ti-Mo,

Fe-Cr-Mo-Ti alloys;
- diffusion between uranium-plutonium oxides, be-

tween tantalum and thorium oxides and tantalum
and yttrium oxides.

Optical microscopy
(A. De Bremaecker)

The optical microscopy laboratory contributed to

the study of sodium and lithium corrosion of steels
and theoretical study of the optimal composition of
the BR2 fuel elements UAU-A1 and some of their
properties. An appreciable amount of metallography
was carried out for the ferritic steels programme and
for the investigation of fuel pin welds.

8.2.2. Services rendered by the fuel group SCK/
CEN-BELGONUCLEA1RE
(A.J. Flipot, P. Diels)

Fuel fabrication study

The coprecipitated mixed oxide powder tested was
found to be inadequate as a master blend for thermal
reactor fuel fabrication. Indeed, up to 10 wt.^o of the
powder was found to be larger than 160 |un and these
large particles remained almost unaffected by the
sintering and diffusion process.

Fuel pellet control

Additional routine ceramographic and alpha-auto-
radiographic controls have been performed in the
scope of the fabrication campaign for BR3/4. The
same techniques have been applied to investigate some
mixed oxide pellets from the fuel to be irradiated in
BR2 in the framework of the fuel densification pro-
gramme.

8.2.3. Physical characterization of solids
(R. De Batist, F. Gorle, W. Timmermans)

Powder characterization by means of density meas-
urements, porosimetry, sedimentation analysis, shear
stress measurements and Knudsen flow experiments,
his been carried nut for various research programmes.
Furthermore, an investigation of the sintering behav-
iour of UO: powders has brought out the influence
of the presence or absence of open porosity in the
base material on the quality of the final product.
This is illustrated in Fig 8.1., where the sinter index
Is = ( d s - d c ) / ( 1 0 0 - d s ) (d, the relative sinter den-
sitv and d,. the relative green density) is plotted as
a function of S^ (BET specific surface area) for pow-
ders without ojien pores ( • ) and powders with open
pores (O,®) . This distinction in terms of open
porosity is founJ to be irrelevant when d̂  or ds arc
plotted as a funci.'on of SK (Knudscn-flow specific
surface area).
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8.3. SUPPORTING CHEMISTRY SERVICES
(L.H.Bactslc)

8.3.1. Chemical analyses
(F. Lievcns, H. Pcpcrstracte, T. Rymcn, L.
Viindcvcldc, J. Rcmy-Defraignc, I. Dclcspaul)

The analytical chemistry service received 16,390
samples and has forwarded 81,281 results of analytical
determinations, as listed in Table S.3.1. These analyses
were performed as support to the following pro-
grammes: oxide fuels (1,137), carbide fuels (239),
lerritic steels (1,286), reactor and waste waters
( 1.2S6). pollution by SO2 (1,156), pollution by NO2

(5,855), pollution by fluoride and ammonia (1,284),
pollution by organic materials (2,298), pollution by
heavy metals (64,721), underground waste disposal

(S31) and miscellaneous (1,258).
The analytical chemistry service has participated in

interlaboratory comparison campaigns organized for
the certification of reference materials (zirconium with
a carbon content at the 70 ppm level, sodium with low
oxygen and low carbon content, nickel with about
10 ppm oxygen and airborne dust with heavy metals),
as well as for normalization of analytical methods such
as spcctrophotomctric and atomic absorption spectro-
mctry for the accurate determination of pollutants.

An atomic absorption spectrometer equipped with
a heated graphite atomizer has been adapted in order
to obtain better precision in the determination of
impurities in mixed U-Pu fuels. Gas mass-spectro-
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TABLE 8.3.1.

'

Emission specirometrv
X-rav fluorescence spectrometrv
Atomic absorption spectrometrv
Phvsico-chemical methods
Wet chemical methods ;

Plutonium lahoratorv
Pollution: heavv metals

organic materials
inorganic materials '

Samples

244
165
102
744
186
286

5.S51
497

S.2S5

; Determinations

: 1,836
i 861

347
1.058

906
1.274

64.433
2.3S1

; S.285

meiry has been used for the identification and deter-
mination of gases released Irom clay and slag samples.
The reproducihility and accuracy obtainable on iso-
topic ratio determinations has been evaluated using
natural xenon. The possibility of fuel failure identifi-
cation by gas tagging is highly dependent on this
accuracy. Table 8.3.2. gives the isotopic ratio and the
observed standard deviations for Faraday cup and
electron multiplier detector. The latter is less accurate
but has a better detection limit.

Determinations of hydrogen were carried out using
several analytical approaches adapted to the materials
under investigation and to the levels to be determined.
High levels in organic materials were measured by
combustion and gravimetry.

Low levels in metallic sodium were measured by
vacuum extraction on amalgamated samples heated at
the refluxing temperature of mercury. Low and me-
dium levels in iron, titanium, or zirconium alloys arc
vacuum extracted at high temperature. High concen-
trations of hydrogen in gases were determined by gas
chromatography, while low levels were measured
either by gas mass-spectrometry or by using the
general purpose gas handling manifold.

Geological clay samples collected underground in
Mol at depths ranging from 140 to 300 meters were
characterized chemically using several analytical tech-
niques. The major constituents SiO: (6S?6), AhOi
(20"o), Fe:O, {(•>%). K:O (3 r ro), TiO: (\°b), and

CaO were measured with X-ray fluorescence spectro-
rnetry using the borate flux method. Moisture, crystal-
lization water and carbon were measured by gravi-
metry. Traces of manganese, boron, chromium, cop-
per, magnesium, nickel, strontium and vanadium were
determined by emission spectrometry. Bivalent iron
was determined by potentiometry.

Phosphate rocks used in fertilizer industry con-
stitute a potential long-term source of uranium, if
their recovery can be linked to the fertilizer produc-
tion. The study of this subject was started by the
development of a fast and direct analytical method for
the determination ot low uranium levels in the phos-
phate ores and phosphate plant products. Optical
fluorescence using a fluoride-carbonate flux was found
suitable for this purpose, and was used with good
results on several ores and plant phosphates.

8.3.2. Radiochemical analyses

8.3.2.1. Radiochemical services
(D. Huys, R. Monsecour, P. De Regge)

- Pu was determined in more than 80 samples from
the reprocessing "head end" project. Fission pro-
duct concentration was determined in 20 samples.

- 24lAm was determined by high resolution X-ray
spectrometry in 12 samples on behalf of BELGO-

TABL1-: 8.3.2.
RcproJtiabilily of isotopic rtilio determination on natural xenon

Xe isotopes ! Abundance ratio

124/129 0.00366
126/129 | 0.00342
128/129 0.074 IS
130/129 1 0.15592
131/129 i 0.79477
132/129 i 0.99938
134/129 ' 0.3S324
136/129 ! 0.32302

Bias per mass unit
Detection limit in torr
Relative detection limit

C7 tcl. Faraday cup

0.40%
0.22%
0.25%
0.25%
0.29%
0.19%
0.30%
0.44%

—0.24%
1.9 xlO-4

9.5 vpm

3 rel. electron multiplier

0.85%
1.02%
0.53%
0.32%
0.41%
0.57%
0.46%
0.42%

+ 0.46%
8.4x10-*
0.42 vpm
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XUCLEAIRF.
- Ru. Cs and Co have been determined by neu'-on

activation analysis in 29 samples from the FLK-60
incinerator. Strong inter.erence of "'Ba in the meas-
urement of '"'Ru results in a long cooling time (60
days I. Fe, Co. Cr. Mn and Ni are found in the slag.
Cs. Zn and Sb in the fly-ash.

- Sb has been determined in 26 silicon samples on
behalf of the materials research department.

- Counting equipment and a glove box have been
installed and tested in the tritium laboratories.

- The measuring equipment for the xenon delay bed
in the BR3 reactor has been installed and calibrated.

- An "4lAm rare earth separation procedure has been
adopted lor the analysis of rare earth elements in
tresh Pu iuel on behalf of the analytical services,
A decontamination factor between 10' and 104 is
obtained.

- The procedures for burn-up analysis have been
adapted to smaller amounts of N'd. Less hot cell
work is required yielding an increase of 50 to 100°ö
in the number ol burn-up analyses.

- A procedure for the determination of MMn in Zir-
caloy has been adapted to the needs of the Z1RLO
programme.

8.3.2.2. Mass spectrometry of solid samples
(R. Boden, P. DeRegge)

Standard procedures were developed for the meas-
urement of uranium and plutonium samples in order
to obtain a teproducible mass discrimination factor.
The present accuracy (sum of the internal and exter-

nal variances) is 0.075°6 on the ratio r 'U / ; *U for
values between 2°'b and 93 ?o ^ U . The accuracy on
the minor isotope is about 0.2 °b. The accuracy on Pu
isotopic ratios is 0.03°o except for =3sPu/2*'Pu which
is about 0.4°ö. A number of measurements have been
made on NBS standard neodymium. The results are
given in Table 8.3.3.

A number of measurements have been made on
I liBO? reference material.

Possible interference in burn-up analysis has been
studied using various mixtures of rare earths con-
taining isobars of neodymium isotopes. By carclul
temperature control and preheating ol the filaments,
considerable enrichment in Nd can be obtained in less
pure samples.

On behalf of BELGONUCLEAIRE. the isotopic
composition of Pu has been determined in 15 PuO:
samples and 7 mixed UO;,PuO: samples. Uranium
isotopic composition has been determined in 20 mix-
ed UO;,PuOj samples and 9 UO: samples. Further-
more, 12 UC samples, 4 plutonium samples and 1
BjC sample have been analysed for various SCK/CEN
projects.

8.3.2.3. Post-irradiation examination of BR2 fuel
(R. Boden, D. Huys, P. De Regge)

The burn-up of two samples of the P254 element
was determined by destructive analysis and measurem-
ent of '""Ru, "7Cs, 144Ce and the Nd isotopes. Values
of 52.7 and 23.8 at.% were found and good agreement
was obtained between the different fiss;"i indicators.
The final uranium isotopic composition of both sam-
ples is given in Table 8.3.4.

TABLE 8.3.3.
Isotopic iiitios for i\'i/ isotopes iifiriualizcj to J.5X000 for the '•)-.\'<//UI'X</ ratio

Isotopic
ratio

/
'•"Nd/'*Nd

»"Nd/'^Nd
'"»Nd/'^N'd

NI5S

0.70737
1.38-442
0.48249
0.33483
0.32785

U.S. Geological
Survey Denver

0.70722
1.38434
0.4S246

SCK/CEN

0.70729
1.38431
0.48249
0.33487
0.32796

TABLE 8.3.4.
Isotopic con/position of uranium in spent IMK2 fuel (wl.To)

Isotope

»y
2»U
2.V.|j
23S(J

Burn-up 52.796

0.S96
59.962
20.683
18.489

Burn-up 23.8%

0.664
81.321
6.246

11.769
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8.3.3. Automation of analytical methods
(P.DeRegge)

A programme for the IBM 370/135 has been writ-
ten to calculate burn-up values for each of the neo-
dymium isotopes. The contribution of each of the
lission isotopes and its evolution during the irradiation
is accounted for. The programme yields correct results
for all types of fuel and reactors. Separate subroutines

are available to correct for possible contamination of
neodymium by natural neodymium or uncertainties in
the neutron spectrum. The influence of power or flux
variations on the final burn-up calculation has been
estimated.

SCK/CEN has participated in an IAEA intercom-
parison campaign to evaluate the performance of in-
dividual computer programmes for the interpretation
of Ge(Li) y-spectra.

8.4. MEDIUM ACTIVITY LABORATORIES (LMA)
(A.C. Demildt, J. Van de Velde, A. Daniels, A. Gys, A.Hermans, J. Ketels,

F. Lafcre, C. Lambict, J. Vandersteene, C. Van Loon)

8.4.1. Post-irradiation examinations

Apart from services rendered in the framework of
SCK/CEN programmes of fuel development for sod-
ium cooled fast reactors and light water reactors,
LMA carried out post-irradiation work on behalf of
third parties and other departments.

Under contract with Westinghouse, 14 fuel pins
from 2 fuel assemblies irradiated in the third core B
have been submitted to a number of non-destructive
and destructive analyses, according to well-established
procedures agreed with Westinghouse.

Preparatory work was carried out for post-irradia-
tion work for the Institute of Nuclear Technology,
Bucharest, Roumania, on the PWC-RO capsules, irra-
diated in BR2 in the framework of an IAEA contract.

Support was also given to the reactor physics pro-
gramme for conditioning calibrated burn-up samples
and to the preparation of samples for microscopic
analyses and evaluation of radiation damage to the
beryllium matrix of the BR2 reactor.

Finally, a working group was set up and contacts
have been made with utilities and other organizations
in view of a programme for testing control samples
for the surveillance of PWR pressure vessels.

8.4.2. Actinium programme
(A.C. Demildt, A. Daniels)

Alter recovery and purification of the remaining
actinium in the ou cell, the cleaning-up and the de-
contamination of this a-cell has been started. 13 cap-
sules with an actinium content ranging from 10 to

15,000 mCi have been stored in the dry storage cell
of BR1.

A serious effort has been made to dismantle the ai
and the a; boxes in the 1000 Ci cell by using plasma
burners.

The a-ß-y waste formed in this way has been con-
ditioned in 38 containers filled with concrete. In total,
111 interventions were carried out by 259 people in
special air-tight plastic suits.

An acid solution containing about 20 g Ra and
stored in a Cendrillon type container has been dryed
out, using part of the Rn-ventilation equipment. The
Ccndrillon container has been put in a steel storage
drum for further storage at the waste plant.

The Rn-vcntilation unit has now been closed down
so that it can be dismantled later on.

8.4.3. Technical support

Diflercnt a-ß-y-cells have been designed, construct-
ed and installed in the hot laboratory. The equipment
for crud sampling, marking and length measurements
ol fuel pins has also been installed, as well as a pneu-
matic cutting device and an eddy current apparatus.

The biological shielding in lead and DENAL has
been developed for the scanning electronic microscope.

The hot-cells for tensile strength measurements and
the cells for length measurements, eddy current testing
and stereo macroscopy have now been completely
finished.

Follow up was also given to the infrastructure
work for the extension of LMA.
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8.5. PROTECTION
(R. Boulenger*, G. Fieuw)

8.5.1. Health physics
(H. Bultynck, J. Colard, J.P. Deworm, J.Dul-
cino, L. Glioos", P. Govaerts, G. Koch, j.Mar-
Icin, G. Pendle', W.Siegers, Th. Zeevaert)

8.5.1.1. Monitoring of personnel, installations and
transport

External dosimetry

For routine monitoring of about 1500 permanent
workers at SCK/CFN, 43.000 films had to be ana-
lysed; another 5.000 were put at the disposal of
visitors ami occasional workers in controlled areas.

1065 weekly doses exceeded 100 mrem. The maxi-
mum permissible dose was never exceeded.

Comparison with the statistics for previous years
I I able 8.5.1.) shows that the number of persons
exposed to an annual dose of more than 250 mrem
decreased; however, a slight shilling to a higher ex-
posure range bus been recorded. This is mainly due
to ihe completion o! the defuelling and maintenance
operation at BR3 ami to the dismantling of the
actinium installations in LMA. For 76 workers, irra-
diation exposures were temporarily restricted in order
to avoid reaching the maximum permissible dose.

The convenience of TL-dosimeters during risky
operations was further demonstrated. Over-exposure
ol the lingertips was recorded by LiF fingerdosimeters
lor 3 lRIi workers.

Incidents and health physics safety evaluations

Within SCK/CliN 137 incidents of minor impor-
tance were registered; 45 persons were checked and
treated in the decontamination facility.

Transport

There were 747 applications for transport authoriz-
ation tor radioactive materials. An important transport
operation was related to the conditioned waste (5,521
drums) for sea disposal.

Decommissioning of the actinium installations

The decommissioning of the facilities for the Ac-
tinium project was started in 1976. Major problems
were due to the high contamination and radiation
fields. The a-boxes (ai and a.;) were cut with a
plasma-torch inside the 1000Ci-cell. A special survey
programme based on lung counter and nose-blow
measurements was initiated. The most important re-
sults of the campaign are reported in Table 8.5.2.

BR2 and associated facilities

After the first cycle, the contamination of the pri-
mary circuit (maximum concentration in Ci.m"') de-
creased as follows:
isotope '"Xe
from SXH)'2

to 10'

'"1
2X10'3

""Kr
2X10'2

7X10"' 4X10'5

Several interventions in a rather high radiation
lield (inspection of meshings in the primary heat
exchangers, replacement of beamport sealings, inspec-
tion of the pressurize!" system, decontamination and
general maintenance of the hot cells...) were carried
out without radiophysical problems for the personnel.

On 16'1' July, the reactor containment building was
evacuated following an airborne contamination during
the discharge of a basket from a thimble tube. The
contamination was caused by the burn-out of an ac-
cidentlv loaded UO: rod.

TABU- 8.5.1.
Ta/iil dos? distribution

Doses in mrem

250- 1250
1251 -2500
2501 •5000

> 5000

Ma\. tot.il do«.

Period

(in mrem)

1 1971

298
98
60

i 4

5633

1972 j

216 i
54 i
Jl '

5037

1973

175
42
10
1

5405

1974 !
1

279 |
122 !
47 !

i

4736 i

1975

224
77
48
1

9150

1976

132
94
79

4S78

' Coiapro
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TABLE S.5.2.

Doit' distribution

"v less th.ui 500 mrem
1000 mrcm
1500 mrcm
2000 mrem

Mean dose (mrcm)
Maximum dose (mrcm)
Number of persons involved
Dose (man.rem)

Sose-bluw distribution
iro less than 10 dpm

50 dpm
100 dpm

1000 dpm
Maximum '.alue
Number of nose-blows

a, cell '
1 i

i 46
71

' 99.8
1080
2100 i

56
' 61

i

34
73
84
97

10,000
185

a, cell

19
44
77

100
1060
1960

42
45

57
85
91
99

12S0
104

No personal injury or environmental release was
registered during this incident.

Several safety reports for experimental devices were
examined. The start-up of the BR02 facility in the
BR2 process building was granted after analysis of
the safety report and checking of the safety devices.

BR3

further preparation ol reactor operation with core
4A (examination of circuits, refuelling, physical tests,
...) necessitated several interventions in a radiation
environment up to 500 mR.h"1 and hot points up to
several R.h '. The analysis of the safety report for
the BR3/4A core led to authorization being given to
reach criticality and to perform the physical tests.

During these tests, the absorbing pan ol a scram-
med rod could not be recoupled to its positioning
device. After examination of the salety aspects ol
this perturbation on the local power distribution,
authorization was given to operate the reactor at
reduced power for a limited period of time (start-up
on I 5"' juiy).

On 25"' September, the reactor was shut down
again and opened to remove two absorbant rods. The
operations were performed without flooding the re-
tuelling canal.

A leak in the sealing of the manhole of the steam
generator, which caused a slight iodine contamination
of the containment building during the reactor opera-
tion, was repaired. Following another examination to
check safety, permission for operation at nominal
power was granted (start-up: 14"' October).

8-10

The primary coolant ß-y activity reached about
0.5Ci.nv' (1.5Ci.nv' with the core 3B). The leakage
to the secondary coolant remained in the same range
as during the operation with core 3B.

8.5.1.2. Environmental monitoring

Site survey

- Measurements on samples from twenty dilferent
wells and ponds, taken twice a month, revealed sa-
tisfactory results.

- The environmental dosimeters (TLD) placed on
and around the SCK/CEN site and changed every
year, indicated a radiation dose-rate between 12
(above the water of the hike "Miramar") and
770 mR.a"1 (between BR3 and the Waste) except
at PCS 5 near the Eastern Storage field of the Waste-
Disposal Plant, where 1640 mR.a'1 was measured.

- 13 environmental dosimeters placed around the nu-
clear power plant at Tihange revealed dose-rates
between 47 and 62 mR.a'' with a mean value of
54 mR.a"' (which confirms the results of 1975).

- 10 environmental dosimeters placed around the nu-
clear power plant at Docl showed dose-rates of
between 27 and 39 mR.a'1 with a mean value of
34 mR.a'.

- Milk and grass samples were collected off-site in
order to check any significant release.
'"1 activity in milk was always found to be less
than 25 pCi.I'. From the end of October, a routine
radiociiomistry detection method with a wide lower
detection limit of 0.3 pCi.I'1 was applied.
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riii> level \va> signiticantly exceeded from 26"' Oc-
tober up to 15!h November, 1976. to reach a maxi-
mum of 6.3 pCi.l"1. Ihis activity has been ascribed
to the iall-out of a Chinese bomb experiment on
26"' September 1976.
'"Cs> and "Sr activities in the milk were measured
in bulked samples taken over 4 weeks; the n7Cs
activity varied between 3 and HpCi.l"', the "°Sr
activity between 1 and 15 S.U. The '11 activity in
the milk was always less than 1600 pCi.l1.

Meet river basin

- The total weighted radioactivity as determined by
ihe formula 51 total a) -+- (total 3) + 30(""Sr) +
3 ( " ' h + 300( r rRa) + 0.001 (11TO) of the liquid
el fluents released by the Waste Disposal Plant into
the Mol Nect during 1976, reached 42°o of the
maximum permitted value (4500 mCi/month) (Ta-
ble 8.5.3.).

- Analyses performed on those liquid effluents show-
ed the very important contribution of ""Co to the
total PJ activity.
From analyses of the liquid effluents before treat-
ment, it appeared that the decontamination factor
for the a active waste was an order of magnitude
higher than the decontamination factor for the ß
active effluents.

- Continuous sampling at ten stations in the Neet
river basin was continued to check the contribution
ol the liquid effluents from the Waste Disposal
Plant to the total radioactivity of the Neet water.

- Two sediment samplers were used to investigate
the aflinity of the released radioisotopes for the
sediment in the Neet.

The analyses revealed concentration factors (in
pCi.kg"1 or pCi.l"1) of about 104 for 3 emitters Cs,
Ru and especially Mn, about 10' for Sr and about
104 for a emitters Pu and Am.

8.5.1.3. Emergency plan organization

A routine check-up has been made regularly in
order to guarantee the effectiveness of the organiza-
tion.

The necessary updating of the files has been carried
out in view of a general exercise in 1977.

8.5.1.4. Testing of air filters

ln-situ testing of 11EPA filters

The results of the in-situ efficiency tests on 11 EPA
filter banks of the SCK/CEN laboratories arc shown
in Table 8.5.4.

In facilities outside SCK/CEN, 43 11 EPA filter
banks were tested; corrective measures had to be
taken for 4 banks (10%).

Testing of charcoal filters

The chnrcoal filters in the exhaust system of the
radioiodine laboratories were tested about every three
weeks. Efficiencies between 88 and 99.99% were
obtained.

Respiratory cartridges

Checking of a total of 151 respiratory cartridges
yielded only 3 cartridges (2%) with DOP penetra-
tions larger than 0.05%, which were no longer suit-
able for use in air contaminated areas.

TABLE 8.5.3.
Ac/irily discharged in the Keet river (weighted activity in n/Ci)

Year j -"Ka 1 Total a

1974 I 66 902
1975 | 93 ; 1468
1976 1 97 [ 2168

«Sr

13996
5600
8942

1311

2749
3070
505

•HI

2512
523
555

Total [3

12911
13191
10347

Total

33136
23945
22614

TABLE 8.5.4.

v Number of filter banks tested
^ e a r at SCK/CEN

1974 192
1975 170
1976 | 204

Unsatisfactory banks
(penetration >0.1%)

Number

25
28
20

Percentage

13
16
10
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8.5.2. Safety development work and supporting
studies

8.5.2.1. Health physics instrumentation
(M. Lamproye, M. Loos)

- A mobile power source for pollution measuring
equipment was constructed. The capacity of the
battery operated DC-AC converter is 1 kW at 220 V
for 8 h.

• A variable Dead Time Counter for the measurement
of the Pu content of 28 1 waste drums has been
installed in the Pu laboratories. The calibration of
the instrument has been started.

- A device has been developed for automatic testing
and capacity measurements of 6 and 12 V batteries
with a capacity between 5 and 155 Ah.

- For the renewal of the stations for environmental
control around the SCK/CEN, telctransmission and
computer interfacing equipment is being installed
and tested. Programming of the computer in the
RTS-8 operating system has been staited.

8.5.2.2. Dosimetry
(L. Ghoos*, C. Van Bosstraeten"')

- For environmental dosimetry, further use was made
of LiF-chip detectors (TLD700) and CaSO^Dy
powder. The results, which wete very consistent
during the preceding periods, became less con-
vincing during the last quarter.
Experiments have to be set up to explain and
regulate these discrepancies.

- During dismantling operations at LMA, simulta-
neous use was made of thermoluminescent, stylo
and film dosimeters. The results of the different
systems agree within 10% except for very low
X-ray energy levels (due to elecirocutting) where
the film response was about three times higher than
lor the other detectors. This is due to the fact that,
in the case of these very low X-ray levels, the
computer programme calculates the doses the same
way that ß-rays are calculated.

- Our results from analyses carried out with film
dosimeters and thermoluminescent detectors in the
framework of an intercomparison test organized by
EURATOM agreed very well with each other and
were within 10% of the doses given by the EURA-
TOM laboratories. Only at 50 keV did our film
dosimeters give values which were 30% too high.

- Thermoluminescent materials were also used to
determine doses in the hot cells of LMA (to follow
the evolution of radiation damage to the windows)
and to assess energy absorption in some experimen-
tal arrangements in BR02.

- The experiments with the fission track dosimeters
containing ^"Np and 2':Th detectors were continued
at the irradiation facility with a MCf neutron source
in the wooden tower. Due to delays in the delivery
of thin 2 T h sheets, it has not yet been possible to
make the system operational as an alternative to
the actual criticality dosimeters.

- Experiments have also been started on the develop-
ment of an albedo neutron dosimeter, containing LiF
detectors for the determination of personal neutron
dose.

8.6. RADIOACTIVE WASTE PROCESSING
(N. Van de Voorde**, J.Claes, G.Dumont, H. Spriet", K. Peeters"*)

Collection, conveyance, specific processing and storage of radioactive residues are the major assignments
carried out by the SCK/CEN Radioactive Waste Disposal department, industrially operated by BELGO-
NUCLEAIRE.'

The personnel of the department is also entrusted with the decontamination of nuclear equipment,
laboratories, site and work clothing both inside or outside SCK/CEN. The drinking and demineralized water
production facilities of SCK/CEN are also run by the department.

Operational statistics show the following global results:
- Initial stock of processed or stored waste on 1.1.1976: 1,948 m3;

total volume of waste delivered: 196,261 m' (232.6S3 m1 in 1975);
total volume of waste processed: 196,052 m' (233,401 in1 in 1975);

- Final stock of unprocessed or disposable waste on 31.12.1976: 1,975 m\

••' Con ip i ' o
** ISIXGONUCLEAIRIi
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8.6.1. Radioactive liquid waste processing

Operational statistics for 1975 and 1976 are as follows.

Cult! stuped hijutd icastc

- anal volume delivered ( m ' l

- dry sludge production (kg)

• average radioactivity l |iCi.ml-'/

9-Y
""Sr
Ml

Intermediate level lii/uhl inislc

- total volume delivered ( m ' )
- dry sludge production (kg)

- average radioactivity l | iCi .ml ' )
a

*Sr
'11
"M

Arcriige dcamuimimitimi
I "i) initial radioactivity removed)

a

ß.T
""Sr

1975

97,000
9,957

7.66x10«
1.75X10"

11.67x10«
85.89x10*

96,000
33,025

1.38XKH
1.20X10'
5.10X1U5

6.70XI0-*
1.33x10-'

97.50
S6.85
96.00

1976

90,000
7,790

9.4XI08

4.-X10-«
8.8X10«

100.0X10-"

70,000
11,572

2.9 XUV4

1.2X10'
3.8 X lO-5

1.13X10-'
4.3X1O-*

98.29
85.26
88.89

Warm liquid waste

After sufficient decay and monitoring, a volume of
12,500 m' warm liquid waste (15,406 m3 in 1975)
was released into the intermediate level liquid waste
treatment plant.

Radioactive sludges

Dry concentrates of filtered radioactive sludges
amounted to 59,103 kg (41,574kg in 1975) which
were homogeneously dispersed into hot bitumen. The
linal volume of 63.5 m1 stabilized sludge/bitumen mix
thus obtained was finally conditioned in 402 steel
drums of standard size or in concrete lined drums
whenever the specific activity of the sludges required
a supplementary shielding.

Total reduction factor

An average volume of 2,461 m1 cold suspect and
intermediate level liquid waste has been processed per
m' resulting mixture.

River disposal

Processed liquid waste released after monitoring

into the Nethe river amounted to 226,700 m3 (260,903
m' in 1975).

The radioactivity disposed of (22,624 mCi) equals
41.9% of the total weighted activity release per-
mitted in one vear.

8.6.2. Radioactive solid waste processing

Operational statistics for 1975 and 1976 (in m3)
are as follows.

Delivered volume
- combustible waste
- compressible waste
- incompressible/incombustible waste
- oversized incombustible waste
- miscellaneous waste
- high level solid waste
Total volume delivered
Total volume processed
Final volume unprocessed or
disposable waste on 31.12.1976

1975 1976

610
'•32
VI5
171

14
8

1,450
1,384

646
367
91
84
33

6
1,226
1,380

1,268 1,064
Specific processing results arc summarized here-

after.
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Combustible waste

613 m' low level combustible waste were incinera-
ted »vhich gave rise to a final processed volume of
22 m' radioactive ash. Reduction factor: 27.9 (27.7
in 1975).

Compressible waste

440 m1 incombustible and a contaminated com-
pressible waste was baled and conditioned in the
a treatment plant. Reduction factor: 2.1 (1.85 11>
1975).

Incombustible and incompressible waste

151 m1 waste was incorporated in bitumen or con-
crete, and conditioned in steel drums.

Medium and high level storage

Packed in standard tins, plastic boxes or other
containers, a total volume of 6.5 in' medium and high
level radioactivity waste was delivered to the plant,
which brought the global volume waste stored on
31.12.1976 to 125.6m3.

The total amount of stored radioactivity was:
- 74,756 Ci a,ß,y (71,941 Ci in 1975)
- 680.2 g plutonium ( 589.9 g in 1975)

15.2 kg natural uranium (13.2 kg in 197")

Interim storage Site I

On 31.12.1976, 859 steel drums and concrete con-
tainers ( ± 4 0 0 metric tons) of insolubilizcd solid
waste were being stored. The global radioactivity
Mored amounted to 120.7 Ci a,ß,y, 403.8 Ci tritium,
238.7 g plutonium and 7.6 kg natural uranium.

8.6.3. Decontamination - Intervention - Laundry

- Intervention and decontamination teams carried out
the cleaning of warm and hot laboratories, reactor
facilities and equipment as routine or emergency
assignments (total 19,653 h against 18,457 h in
1975).

- Laundry decontamination teams treated 31,701 kg
(32,947 kg in 1975), monitored 21,689 kg (21,647
kg in 1975) and ironed 13,189 k» (13,684 kg in
1975).

8.6.4. Water production and supply

The water production plant treated and supplied
355,500 m1 drinking water (390,500 m3 in 1975) and
442,400 m1 demincralized water (437,600 m' in 1975).

8.6.5. Sea disposal

(Belgian participation in the NEA/OECD combined
operations)

With the assistance of SCK/CEN Health Physics
personnel, the Waste Disposal department safely con-
veyed by road and rail 2,243 metric tons of insolub-
ilizcd solid waste Irom the interim storage at Mol
to the pier of Zeebrugge I larbour.

The Belgian cargo consisted of 5,521 steel drums
and containers with a total gross a,ß,Y activity of
706 Ci and 1,400 Ci tritium. Loaded on the motor
vessel TOPAZ, the cargo was dumped into the At-
lantic Ocean within the limits of a sleeted area
(depth - 4 5 0 0 m).

Waste Disposal personnel and foreign escorting
officers appointed by NEA/OECD supervised the
dumping operations.

8.7. TECHNICAL DIVISION
(R. Vanlwelewyn)

8.7.1. Technical services
(E. dc Dorlodot)

8.7.1.1. Mechanical service
(J. Van der Auwcra, E. Collignon, J. Colsoul,
A. Francart)

During 1976, this service treated 2,551 work or-
ders, divided as follows:

design and drawing office : 68
manufacture by outside firms: 139
main workshop : 946
assembly and maintenance : 610
specialized workshops : 788
The main jobs were:
for BR2: the study of an electric furnace for the
treatment of diamond, an installation for cold weld-
ing of standard capsules, a T.V. camera support, a
working platform and different tools and equipment
for the replacement of the Be matrix;
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- for BR5: the repair of a rotor of the primary pump;
- for Chemistry: the study of a cooling circuit;
- lor LMA: special equipment for evacuation of the

2 boxes from the 1000 Ci cell, modification of the
ventilation of the cells to allow modification of the
main exhaust and a study of an installation to con-
trol the density and homogeneity of the concrete of
the new cells;

- lor Metallurgy: a hydraulic press, welding equip-
ment for carbides; the cooling circuit for the fur-
naces has been put into operation and the adapta-
tion of a drawing bench has been adapted in order
to install ultrasonic apparatus for the ferritic steels
project;

- for Radiobiology: two mobile laboratories for the
biological examination of the water near the nuclear
plants;

- for the Waste plant: the construction, ordering and
assembling of many parts and equipment for the
treatment of radioactive waste by the FLK 60 in-
cinerator.
The main workshop has also fabricated a total of

12 glove-boxes and 33 tons of lead have been used
for shielding.

8.7.1.2 Electrical service
(H. Beckx)

In 1976, the service received 400 orders for work
and was called in for about 1,000 repairs on electrical
and telephone installations.

The most important jobs were:
- the study with BELGONUCLEA1RE and survey

ol the electrical installations for the new laboratories
of the L11A;

- the preparation with BELGONUCLEA1RE for the
implantation of the new liquid waste station;

- the power supply and the electrical installations have
been placed at the entrance of EUROCHEM1C for
the fuel cell laboratories;

- the control panels for central heating in LMA and
GKD have been renewed;

- due to special security rules, the electrical installa-
tions of the conference building have been adapted;

- a inquiry has been undertaken to prepare for the
installation of the new telephone exchange.

8.7.1.3. Civil engineering and general maintenan-
ce
(J.Sclioofs)

In i976, the service treated about 1,150 orders
for work and some 1,000 interventions for maintenan-
ce and small repairs.

The most important jobs were:
- the finishing of the LI1A works and the study of

the new cells;

- for the extension of the Pu laboratories for which
cellars have been constructed;

- a prefab storage building has been placed near the
main workshop;

- some studies have been prepared for the Radiobio-
logy laboratories in Dormitory 3, an extension of
the Pu laboratories and the new liquid waste station.

8.7.1.4. Ventilation and central heating service
(E. Neeskens)

In 1976, the service received 87 orders for work.
During this period, a large effort was made to reduce
the energy consumption for heating. Over two winter
seasons, the gain was more than 10?5.

The main jobs were:
- the study and survey of the construction of the new

LHA;
- the study for the installation of the high temper-

ature incinerator.

8.7.1.5. Printing
(H.J.Frcclrix)

Among the various tasks performed in 1976, the
printing of the reports of the Evaluation Group for
Nuclear Energy should be mentioned.

8.7.2. Electronics and instrumentation
(L. Binard)

8.7.2.1. Studies
(E. Musyck, J. Lauwers, R. De Clerck, J. Ro-

With a view to modernizing the electronic equip-
ment of the radioactivity monitoring stations around
the SCK/CEN, a number of CAMAC modules have
been bought and tested.

A PROM programmer type EL17T2 has been con-
structed. Connected to a 13P983O calculator, this in-
strument can programme any kind of PROM if the
appropriate plug-in card has been installed. Cards and
software have been developed for the MM6330/6331
and the AMI-S6834 PROM's. The latter is a U.V.
erasable PROM for which a PROM Eraser type
EL16T10 has been constructed.

Preparatory studies on the hardware and software
characteristics of the Rockwell PPS 8 microcomputer
system have been started. This includes the develop-
ment of a cross-assembler on the 11P9830 calculator
and the construction of a prototype Micro Processor
Tester type EL17T3.

A programmer type EL193R was developed for
the Metallurgy Department. This apparatus permits
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the programming of industrial processes with up to
96 steps.

An Integrator type EL18M5 was constructed, which
allows accurate measurement of magnetic fields.

A linear rate meter type EL6M4 having a digital
display and an analogue output was developed for
radiation control purposes.

A Display Unit type EL10T3 was studied and
constructed. It permits the remote displaying of the
time given by the "Reference Clock type EL9T3".

Two Dual Timer types EL9M4 and EL9M5 were
made for the measurement of the drop time (0 to
999 ms) of the control rods in BR2 and BR02.

A flow-rate meter type EL6M3 was developed for
the BR2 reactor. It gives a digital display of the
flow-rate in 1/min of the water flowing through a
neutron flux measuring channel.

A stepping motor driver was constructed for a
sweeping measuring instrumentation mounted in a hot
cell of the BR2 complex.

A pi 1 stabilizer type 19N2 was studied for the
Radiobiology department.

A theory has been elaborated concerning random
number generators using shift registers. The theory
permits the evaluation on a mathematical basis of the
random character of such a generator. It has also
permitted a practical method of determining the struc-
ture of a generator with optimum random character
to be established.

8.7.2.2. Quality control
(S. Vandevijvcre, Y. Bonds, F. Geyzen)

Reliability tests were made on 48 instruments or
prototypes builr by SCK/CEN; commissioning of 21
pieces of industrial apparatus delivered by external
companies was carried out.

Characteristics of several components were checked
under different temperature and supply voltage con-
ditions.

A D/A converter type EL20M2 was made. It per-
mits analogue recording of measurements taken with
the Guildline digital Tera-Ohmmcter.

A new converter type EL20M3 was developed and
two were built for the A3 measuring and automatic
power control circuit for the BR2 reactor. This ap-
paratus produces bits at n rate proportional to the
current delivered by an ionisation chamber which
measures the '"N activity of the primary water.

For the Waste plant, a high-stability y spectrometer
has been constructed. It consists of a shielded, temper-
ature-stabilized PM with associated amplifier and a
NIM rack with several commercially available mo-
dules (two SCA's and a linear rate meter), a 11V
power supplv type EL2N1 and a dual sealer type
EL5N1 which drives a small printer.

Software support for the EL17T2 Programmer,

8-16

mentioned before, was given through PROM PAC
MM6630/MM6331 and' PROM PÄC AM1-S6834.
These are two conversational and fully interactive
programmes in 1 IP-basic for the HP9830 calculator.
A user manual was written for each of them. Truth-
tables entered in the memory from the keyboard,
papertape reader, tape cassette or from an existing
PROM can be displayed, printed, stored on cassette,
punched or programmed in a PROM.

An Editor allows truthtables to be erased, changed,
complemented or compared.

Software support for the Rockwell PPS-8 micro-
processor mentioned earlier was provided by writing
a cross assembler in I IP-Basic for the 11P9830 calcul-
ator. Main features include free format source entry,
a very flexible text editor, clear syn^x and program-
ming error diagnostics. Object codes obtained are
punched in the right format for transfer to PROM
through the EL17T2 PROM Programmer.

The electronic stores catalogue has been updated
and completed with price and quantities per item.

8.7.2.3. Non-nuclear instrumentation
(H. Van Trappen, G. De Wilde)

The most important tasks performed in 1976 were
the following.

A creep measuring device with automatic control
of the temperature and recording of the sample dis-
placement has been assembled.

The site heating monitor was extended. It can now
work in a wide range of hot water flow rate. It per-
mits the recording of the accumulated gigacalories
every 15 minutes.

For the uranium-plutonium carbide programme, a
60 kVA (20 V - 6000 A) furnace controller was con-
structed as well as a double water temperature meter.

For the mixed oxide fast reactor fuel programme,
four universal cold junction compensators were con-
structed.

A new fast mechanism for the simulation of the
movement of control rods for the BR3 model was
developed.

8.7.2.4. Construction
(A. Lambert)

76 pieces of apparatus and assemblies were con-
structed for various departments, industrial companies
and public institutions.

6.7.2.5. Repair works
(J. De Pooter)

276 repairs were carried out on pieces of apparatus
of various kinds and origins.
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8.7.2.6. Relations with industry and with public A random pulse generator and several portable
and private institutes dose-ratemeters were delivered to U.C.L.

Three detector probes and other parts were deliver-
A contract was signed with Pakistan for the de- ed to BELG0NUCLEA1RE.

livery by SCK/CEN of a criticaliiy monitor. Various tasks were carried out for the Belgian
A -("-measuring assembly was made for measuring army, the Ministry of Public Health, Union Miniere

the radioactivity of the primary cooling water in the and the Power Plant at Doel.
TRIG A Mark II reactor of CREN-K. '

8.8. UNDERLYING TECHNOLOGY DEVELOPMENT WORK

8.8.1. High temperature brazing struction of irradiation rigs. Fig. 8.2. shows the set-up
( ] . Parent, R. Meier"', F. Miithieu' ) ' n which the instrumentation cable penetrations of the

MOL 7C sodium loop have been brazed.
The MF high temperature brazing installation has Development work was carried out in the following

mainly been used as a support facility for the con- lields:



- preparation of a systematic test series in which the
influence of brazing temperatures and brazing time
on erosion of stainless steel and inconel sheaths will
be investigated;

- dimension optimization studies with the aim of
minimizing the quantity of filler material to be
used;

- feasibility study of the automated operation of the
brazing installation via a computer.

8-8.2. Real time data acquisition system
(R. Meier, F. Mathieu)

The general purpose, computer operated, real-time
data acquisition system was used for data collection
and surveillance of loops and irradiation rigs, in par-
ticuhir:
- N;i2, Na3, Mel and 114 loop in the Technology and

Energy Department;
- MOL 7 type loops and rod power calibration de-

vices in the BR2 reactor.
In 1976, the following hardware has been added

to the system:
- alphanumeric CRT display with integrated 220 k

bytes magnetic tape cartridges in the computer room;
- 300 baud teleprinter at the BR2 terminal operated

via a separate line. This allows simultaneous meas-
uring and printing in the reactor building.
The necessary hardware modifications have been
made to raise the data transfer rate from 110 to
880 bauds.

8.8.3. H4 water loop
(J. Parent, F. Mathieu*)

The 114 water loop has been used without difficulty
in support of various programmes, namely:
- critical heat flux measurements in stagnant water

annuli;
- endurance behaviour and performance tests o[ com-

ponents for the MOL 7C loop;
- thermohydraulic calibration ol irradiation devices.

A new test section in which the propagar-'-. of
small amplitude thermal perturbations will '•; in-
vestigated, has been added to the loop. The flow
cycling required for this programme is carried out
by controlling the pump rotation speed by means of
a computer.

EURATOM - EURATOM
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PUBLICATIONS

APPLIED RESEARCH

[ 1 ] Hydrogen economy in the Belgian context

LH.BAETSLE
KFA report JUL-CONF-23 (1976)

[2 ] Treatment and control of gaseous effluents from light water reactors and reprocessing plants

J. BROOTHAERTS, G. COLLARD. A. BRUGGEMAN, W.RA GOOSSENS, L.H. BAETSLE, R. GLIBERT
Proceedings: Management of radioactive wastes frot i the nuclear fuel cycle. Vienna, 22-26/3/1976, IAEA-SM-207/8,
101-114 (1976)

13] Post-corrosion analyses of a sodium-sodium heat exchanger after 60,000 h sodium exposure

F CASTEELS, H.TAS, J. DRESSELAERS, A. COOLS, L. KNAEPEN
Proceedings of the International conference on liquid metal technology in energy production, Champion (USA).
3-6/5/1976, 577 Ms,' (1976)

[4 ] Devesiculation a {'aide de voiles et de feutres aiguilleies en fibres metalliques
J. CLAES. R. DE BRUYNE
Information Chimie, n° 159, 147-154 (1976)

[5 ] Demisting with metal fibre webs and felts

J CLAES, R. DE BRUYNE
Filtration & Separation, Sept./Oct., 1976, 495-499

[ 6 ] Developpements et production de combustibles plutoniferes

A.J. FLIPOT, JM.LEBLANC, I.LAFONTAINE
Proceedings of the European Nuclear Conference, Paris 1975, 32-65 (1976)

[7 ] Dynamic characteristics of a gas fluidized bed

W R A GOOSSENS
Fluidization Technology ed. D.L. Keairns, 87-93 (1976)

| 8 ] Iniroduction a I'utilisation analytique de l'adsorption des gaz sur les solides

P N HENRION
BLG513

19] Investigations sur la possibility de rejet definitif de dechets radioactifs dans une formation argileuse souterraine
R HEREMANS, P. DEJONGHE, J WILLOCX (CEN/SCK)
M. GULINCK, P LAGA (Service Geologique de Belgique)
Proceedings: Management of radioactive wastes from the nuclear fuel cycle, Vienna, 22-26/3/1976, IAEA-SM-207/8,
295-298 (1976)

[10] Optical metallographic techniques in determining secondary reaction zones in steel samples originating from
compatibility studies

M HEYLEN-GELADI
BLG 507

[11] Chemical engineering assessment of the thermochemical cycle MARK 9

M HOOGSTOEL, A. FRANCESCONI, W.R.A. GOOSSENS, L.H. BAETSLE
1st World hydrogen energy conference, Miami, 1-3/3/1976, Proceedings Vol. I p. 7A1-7A2
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[ 12] Toutes les specifications ont-elles un sens ?

J] HUET
Proceedings of the European Nuclear Conference. Paris 1975. 154-160 (1976)

[13] Status of mixed oxide fuel fabrication

J J HUET, V. SCHNEIDER. E. VANDEN BEMDEN. A.J FL1POT
Atoomenergie. 18, 186-188 (1976)

[14] Sodium characterization during the starting period of a sodium loop

F LIEVENS. C. PARMENTIER, M. SOENEN
Proceedings of the International Conference on liquid metal technology in energy production, Champion (USA),
3-6/5/1976, 105-111 (1976)

[15] Influence of dynamic sodium on the creep properties of stabilized austenitic steels

H TAS, F. CASTEELS, M. SCHIRRA
Proceedings of the International Conference on liquid metal technology in energy production, Champion (USA),
3-6/5/1976. 346-352 (1976)

[16] Oxide dispersion-strengthened ferritic alloys - DTO2 data sheet

Ph. VAN ASBROECK
BLG517

[17] Oxide dispersion-strengthened ferritic alloys • DY data sheet

Ph. VAN ASBROECK
BLG518

BASIC RESEARCH

MATERIALS RESEARCH

[18] Charge density waves

S. AMELINCKX
Phys. Today. 29, n° 5, 11-12 (1976)

[19] Some recent studies on interfaces and domain structures

S. AMELINCKX
in "Developments in Electron Microscopy and Analysis" J. Venables, eds., 417 (1976)

[20] The study of phase transitions and the resulting domain strurVures by means of electron microscopy and electron
diffraction

S AMELINCKX
J. Phys. Colloq. Suppl. n° 10, 37, C4-83/C4-99 (1976)

[21 ] Contrast effects at planar interfaces
S AMELINCKX, J.VAN LANDUYT
in "Electron Microscopy in Mineralogy", H. Wenk et al., eds. 68-112 (1976)

[22] Vlakke kristaldefekten, niet-stoichiometrie en polytypie

S. AMELINCKX, J.VAN LANDUYT
Chem. Weekbl., 26, 313-320 (1976)

[23] Planar interfaces and domain structures: some recent results

S. AMELINCKX. G. VAN TENDELOO, J.VAN LANDUYT
"Electron Microscopy 1976", 1; Physical Sciences (TAL International, Jerusalem 1976) D. Brandon, ed. 227 (1976)

[24] Identification of rotation and reflection twin by diffraction and contrast experiments in the electron microscope

C. BOULESTEIX, J.VAN LANDUYT, S. AMELINCKX
Phys. stat. sol. (a) 33, 595-606 (1976)

[25] Frequency-dependent exchange correction to the dielectric function of the electron gas

F BROSENS, R. DE BATIST, J.T. DEVREESE
Phys. stat. sol. (b), 74, 45-55 (1976)

[26] Relaxational behaviour of polyvinylidene fluoride

A CALLENS, R. DE BATIST, L. EERSELS
Nuovo C im, 33B, 434-446 (1976)
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127" j The critical voltage effect in transmission electron microscopy
VI Renormalized perturbation theory for the treatment of absorption
M DAVID, R GEVERS, R SERNEELS
Phys stat. s r l , (b). 74, 359-373 (1976)

I 28] Structure factor determination in a-ZrO, using the critical voltage effect. A comment
M.DAVID, R, SERNEELS, R. GEVERS
Acta Crystallogr. A32, 1010-1011 (1976)

[29] Internal friction and defects near dislocations
R DE BATIST
in "Defects and their structure in non-metallic solids" B.Henderson and A.E.Hughes, eds., 305-322 (1976)

[30] Thermal diffusivity, thermal conductivity and spectral emissivity of uranium dicarbide at high temperatures
R DE CONINCK. R. DE BATIST, A. GUS
High Temp. - High Pressures, 8, 167-176 (1976)

131] Factors affecting the internal friction peak due to thermo-elastic martensitic transformation
W DEJONGHE, R. DE BATIST, L. DELAEY
Scnpta Met 10, 1125-1128 (1976)

[32] A cluster model for the transition from the short-range order to the long-range order state in FCC based binary systems
and its study by means of electron diffraction
R DE RIDDER, G VAN TENDELOO, S. AMEUNCKX
Acta Crystallogr., A32, 216-224 (1976)

[33] Electron microscopic study of the chimney ladder structures MnSU.x and MoGe;.x
R DE RIDDER. G. VAN TENDELOO. S.AMELINCKX
Phys stat sol (a), 33, 383-393 (1976)

[34] A cluster model for the transition state and its study by means of electron diffraction - I. Theoretical model
R DE RIDDER, G.VAN TENDELOO, D.VAN DYCK, S.AMELINCKX
Phys stat. sol (a) 38. 663-674 (1976)

[35] Microstructural study of copper-intercalated niobium disulphide and tantalum disulphide CuNNbS, and CuvTaS,
Part I: Phase transitions in Cu,, 5NbS2 and Cu05TaS2

R DE RIDDER, G VAN TENDELOO, J. VAN LANDUYT, D.VAN DYCK, S.AMELINCKX
Phys stat sol. (a) 37, 591-606 (1976)

136] On the momentum distribution of electrons in polar semiconductors for high electric field
J T. DEVREESE. R. EVRARD
Phys. stat. sol. (b) 78, 85-92 (1976)

[37] New magneto-optical anomalies of impurity electrons in InSb at the two LO-phonon region: theory and experiment
EJ JOHNSON, I. DE SITTER, J T. DEVREESE, K.L. NGAI
Proc. of the 13th Int. Conf. on the Physics of Semiconductors, Rome (1976)

[38] Neutron diffraction study of solid SiD4

E LEGRAND, W. PRESS
Solid State Commun. 18, 1353-1355 (1976)

[39] Electron microscopy of phases in the Cu,.vS system
C. MANOLIKAS, P. DELAVIGNETTE. S.AMELINCKX
Phys. stat. sol. (a) 33, K77-K79 (1976)

[40] Electronic properties of amorphous semiconductors
P. NAGELS
in "Linear and non-linear electron transport in solids" 435-465 (1976)

[41] Path-integral solutions of the Uirac equation
G J. PAPADOPOULOS, J.T. DEVREESE
Phys Rev.. 13, n° 8, 2227-2234 (1976)

[42] Magnetic interactions in Co3O4

D SCHEERLINCK, S. HAUTECLER
Phys stat sol. (b) 73, 223-228 (1976)

[43] Ground state relation for the piezoelectric polaron
J THOMCHICK, L.F. LEMMENS, J.T. DEVREESE
Phys. Rev. B14, 1777 (1976)
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[44] The dielectric function of diamond in a covalent bonding model
PE VAN CAMP, VE. VAN DOREN. JT. DEVREESE
J Phys, C: Solid State Physics, 9, L79-L82 (1976)

145] Neutron diffraction study of the cation ordering in Cu, sMn, 5O4 and CuMg05Mn, 5Oj
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[46] On the paramagnetism of DPPH
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[47] High-resoluiion electron microscopy of dumortierite
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[50] Gebruik van elektronenmikroskopie bij de Studie van vlakke defekten - Een inleiding en een voorbeeld
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[51 ] The use of lattice imaging for characterizing materials
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[52] Electron diffraction study of inter- and intrapolytypic phase transitions in transition metal dichalcogenides
Part III: Complementary diffraction studies and lattice imaging of the deformaiion waves
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[55] A particular domain configuration observed in a new phase of the Ta-N system
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[56] Domain configurations observed in the Ta-N system
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1195] Direct lattice imaging of polytypism in YSeF
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Societe Beige de Microscopie Elcctronique, ANTWERPEN. 26.3.1976
[197] Le probleme de la formation des blocs de Nissl chez le rat

H REYNERS

March Meeting of the A.P.S., ATLANTA, Ga (U.S.A.), 29.3-1.4.1976
[198] Exchange correction to the static dielectric function of the homogeneous electron gas

J. DEVREESE, F. BROSENS, L.F. LEMMENS
[ 1S9] A relation between effective mass and optical absorption of free polaron derived from the f-sum rule
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AK THEOPHILOU, J. DEVREESE

Lecture - Federatic der Chemische Nijverhcid van Beljie, BRÜSSEL, 30.3.1976
[202] Berekening van schoorsteenhoogten

J G KRETZSCHMAR

Reaktortagung 1976, DUSSELDORF (Germany), 30.3-2.4.1976
[203] Bestimmung der lokalen Neutronendosis auf thermoelektrischem Wege: erste Ergebnisse von Orientierungsversuchen

F. MATHIEU, R.MEIER. J. PARENT, W.SCHUBERT

Societe Royale Beige des Electriciens (SRBE), BRUXELLES, 1.4.1976
[204] Les filieres nucleaires

G. STIENNON

Atomic Energy Establishment, CAIRO (Egypt), 2.4.1976
[205] Fabrication and Applications of Ge(Li) Detectors

P. FETTWEIS

University of Waterloo, ONTARIO (Canada), 2.4.1976
[206] Self-consistent equation of motion for polarons: application to the relaxation of electrons in atoms and solids

J. DEVREESE

University of Texas, AUSTIN (U.S.A.), 6.4.1976
[207] General introduction on polaron physics and recent developments

J. DEVREESE
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University of California, BERKELEY (U.S.A.), 7.4.1976
[208] Self-consistent equation of motion approach for pobrons

J DEVREESE

Lectures in the lramework ot "International Courses", DELFT (The Netherlands), 7.4.1976
1209] Air Pollution Meteorology
[210] Computer assisted Air Pollution Dispersion Modelling
[211] Computer assisted Air Pollution Plume rise Models
[212] Computation and Behaviour of Stochastic Signals
[213] Air Pollution Data Management

G. COCQUYT

University of Stanford. Ca (U.S.A.), 8.4.1976
[214] Note on the static dielectric function in the limits of the homogeneous electron gas and of a covalent bonding model

J DEVREESE

University of Missouri, ST. LOUIS (U.S.A.), 9.4.1976
[215] High electric field mobility and distribution function of polar semiconductors

J. DEVREESE

VVA Conferentie cyclus, ANTWERPEN (Belgium), 20.4.1976
[216] Milieutechnologie, overheidsinitiatief gewenst ?

G.SPAEFEN

NEACRP Specialists meeting on control rod measurement techniques: reactivity worth and power distribution,
CADARACI IE (France), 21-22.4.1976
[217] Control rod measurements by the pulsed neutron technique

P. VANDEPLAS

Meeting on nuclear energy applications other than electricity production, JÜL1C11, 29-30.4.1976
[218] Hydrogen economy in the Belgian context

LH BAETSLE

S'1' ASTM Internationa! Symposium on the Effects of Radiation on Structural Materials, ST. LOUIS (U.S.A.),
3-6.5.1976
[219] Application of advanced irradiation analysis methods to light water reactor pressure vessel test and surveillance

programmes
R ODETTE. N. NUDEY. W N. McELROY, R. WULLAERT, A. FABRY

International conference on liquid metal technology in energy production, CHAMPION (U.S.A.), 3-6.5.1976
1220] Post-corrosion analyses of a sodium-sodium heal exchanger after 60,000 h sodium exposure

F CASTEELS. H.TAS, J. DRESSELAERS. A. COOLS, L. KNAEPEN

[2211 Sodium characterization during the starting period of a sodium loop
F. LIEVENS, C. PARMENTIER, M. SOENEN

[222] Influence of dynamic sodium on the creep properties of stabilized austenitic steels
H.TAS. F. CASTEELS, M. SCHIRRA

Studiedagcn Emissie- en immissievoorwaarden, ECOC1T.MII, BRÜSSEL, 4.5.1976

[223] Kontrole van industriele emissies. Toepassing op de slreek van Tessenderlo
J G. KRETZSCHMAR

Seminar on Inelastic Neutron Scattering, DELFT (Th; Netherlands), 5.5.1976
L224] Crystal Field Splitting in CeD2

S.HAUTECLER, P. VORDERWISCH

12eme Colloque 1RCI1A sur les atmospheres polluecs, PARIS, 5-7.5.1976
[225] L'etalonnage de detecteurs de pollution atmosphe.-ique au moyen d'un miniprocesseur et d'une unite chimique

multicomposante
H BULTYNCK, J. KRETZSCHMAR, M. LOOS, H. PEPERSTRAETE

[226] Statistical approach for the on-line co/itrol of monitors in automatic networks
JG. KRETZSCHMAR, G.VAN ROOSBROECK
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Meeting EULEP/CNS Vascular Group, MOL, 7-8.5.1976
[227] Laie effects of irradiation on the cerebral nervous system: ultrastructural studies

H REYNERS, E GIANFELICI de REYNERS. J.R. MAISIN

Middle East Technical University, ANKARA (Turkey), 10-13.5.1976
1228] Perturbation of Nuclear Decay Rates

M.NEVE de MEVERGNIES
[229] Separation of Isotopes by Means of Lasers

M. NEVE de MEVERGNIES
[2301 The Decay of ^ ' "U

M.NEVE de MEVERGNIES

Nuclear Research Center of Cckmece, ISTAMBUL (Turkey), 1-1.5.1976
[231 ] Separation of Isotopes by means of Lasers

M NEVE de MEVERGNiES

IAEA Meeting, Advisory group meeting on reprocessing of LMFBR fuels, LENINGRAD (U.S.S.R.), 17-21.5.1976
[232] Head-end and nuclear gas purification research on LMFBR fuel reprocessing in Belgium

L H BAETSLE

2emc Colloque Intern, de Pulverisation cathodique, NICE (France), 18-21.5.1976
I 233] Low atomic number materials for the limiters and th; f.'rsl wall in the fusion experiment JET

M.SNYKERS

5"' European Conference on thermophysical properties of solids at high temperatures, MOSCOW (U.S.S.R.).
18-21.5.1976
12341 Thermal diffusivity, thermal conductivity and spectra' emissivity of uranium dicarbide at high temperatures

R DE CONINCK. R. DE BATIST. A. GIJS

Max-Planck-Institut, STUTTGART (Germany), 19.5.1976
1235] Recent progress in the study of point defect recove'y in hexagonal close-packed metals

J. ROGGEN, J NIHOUL

24"' Meeting of the EURATOM irradiation devices working group, R1SO (Denmark), 20-21.5.1976
[23G] Review of some remarkable operating incidents with irradiation devices at BR2 reactor

JM. BAUGNET, W HEBEL, G. VANMASSENHOVE
12371 Experience with self-powered neutron detectors at BR2 reactor

P. DIRVEN, W. HEBEL, J. PARENT

Journees d'etude sur la fission, AUSSOIS (France), 24-26.5.1976
[238] Mesure et ca'cul de la section efficace de fission iiduite par neutrons thermiqies en-dessous du seuil pour quelques

noyaux lourds
C WAGEMANS, P. D'HONDT, A.J DERUYTTER, M ASGHAR, A EMSALLEM

Meeting on Radiohiology and Radiation Protection, ORSAY (France). 24-25.5.1976
[239] Influence des radioprotecteurs sur I'induction des lejccmies ot des cancers

JR MAISIN

IAEA Seminar on Nuclear fuel quality assurance, OSLO (Norway), 24-28.5.1976
[240] Qualiiy control of plutonium oxide fuel elements by neutron radiography

N.MAENE, H.TOURWE, N. MOSTIN, E PELCKMANS

26"' Pui>wash Symposium: International arrangements for nuclear fuel reprocessing, W I N G SPREAD (U.S.A.) ,
24-27.5J976
[241] Functional aspects of safeguards in nuclear fuel reprocessing and related facilities

Ch BEETS

Algemene Wetenschappelijke Vergadering van de Belgische Naiuurkundige Vereniging / Reunion Scientifique
Generale tie la Societe Beige de Physique, LOUVAlN-la-NEUVE (Belgium), 3-4.6.1976
[242] Debye relaxation equations for a standard linear sold with high relaxation strength

M CALLENS-RAADSCHELDERS, R. DE BATIST, H. GEVERS
[243] Electrical properties of semiconducting polymers

R. COLSON, P. NAGELS
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1244] Exchange correction to the static dielectric function of the homogeneous electron gas

J. DEVREESE. F BROSENS, L F. LEN/iMENS

[245] Surface dipole layers induced by external electrostatic fields
J. DEVREESE. A.K.THEOPHILOU

[246]a Crystal field Effects Investigation in CeD, by Inelas'.ic Neutron Scattering
S. HAUTECLER, P. VORDERWISCH

[246]b Studie van de reakties a 7Np (n,<x) en ^ U (n,a)
P. D'HONDT, C. WAGEMANS, A DERUYTTER, A. EMSALLEM, R CHERY

[247J Effets geometriques dans \d phoiodissociation isotooiquement selective de SF6 par laser CCs pulse

M. NEVE de MEVERGNIES, r>. FETTWEIS

1248] Topics of applied materials physics at SCK/CEN Mol
J. NIHOUL

[249] Resonance Parameters for ^ U
F. POORTMANS. E. CORNELIS. L. MEWISSEN, G. ROHR, R. SHELLEY, T. VAN DER VEEN, G. VANPRAET,

H. WEIGMANN

[250] Stage III and IV recovery of zinc and cadmium following alpha-particle irradiation

J. ROGGEN, J CORNELIS, J. NIIHOUL, L STALS

[251] Meting van positron annihilatie levensduren en lijnvsrmfactoren in neutronen bestraald aluminium
D. SEGERS, M. DORIKENS, L. DORIKENS-VANPRAET, C. DAUWE, A. DERUYTTER, J. CORNELIS, J. NIHOUL. J. ROGGEN

[252] Phonon dispersion curves of diamond with a molecular bonding Hamiltonian
P.E. VAN CAMP, VE .VAN DOREN, J. DEVREESE

[253] Onderzoek van door thermische neuironen in a 7Np geinduceerde fissie
C. WAGEMANS, P. D'HONDT, A. DERUYTTER, M. ASGHAR, A. EMSALLEM

Mathematical Models in Biomedical and Related Sciences, U1A, ANTWERPEN. 5-11.6.1976
[254] Mathematical Models for the simulation of air pollution phenomena

J G. KRETZSCHMAR

IAEA Conference on Neutron Scattering, GATL1NBURG (U.S.A.), 6-10.6.1976
[255] Reorientation of cyclic ether molecules in clathrate deuterates

J. VANDERHAEGHEN, W. WEGENER, S. HAUTECLER, E. LEGRAND, L. VAN GERVEN

Studiedagen Nationaal R & D-programma Lucht, 1CWB, GENT, 9-11.6.1976
[256] Gaussiaanse Modellen en hun Toepassingen

JG KRETZSCHMAR, G. COSEMANS, I. MERTENS

Symposium over Dispersieverstcvigin«, LEUVEN, 10.6.1976
[257] De versteviging van UC door VC

D. DE VOOGHT, R. DE BATIST

National Research Council of Canada, Division of Chemistry, OTTAWA (Canada), 13.6.1976
[258] Molecular Motions in Clathrates Studied by Quasielastic Neutron Scattering

W WEGENER

IX"1 International Conference on Quantum Electronics, AMSTERDAM (The Netherlands), 14-18.6.1976
[259] Geometrical effects on the isotopically selective photodissociation of SF6 under CO, laser pulses

P. FETTWEIS, M. NEVE de MEVERGNIES
[260] Dissociation de NH3

M. NEVE de MEVERGNIES, D. DE KEUSTER

15. Sitzung des KA Natriumkorrosion, KARLSRUHE (E.R.G.), 15.6.1976
[261 ] Carbon activity measurements in dynamic sodium by equilibration of monitor tabs

F. CASTEELS, H. TAS

[262] Transport of interstitials
F. CASTEELS, H.TAS

Max-Planck-Institut, STUTTGART (E.R.G.), 18.6.1976
[263] Stage III and süge IV recovery in tungsten and molybdenum after neutron irradiation, electron irradiation and plastic

deformation
J. CORNELIS
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Nuclear Energy Agency Committee on Reactor Physics - 19'h Meeting. CHALK-RIVER (Canada), 21-25.6.1976
1264] Belgium Plutonium Recycle Programme

H BAIRIOT. J DEBRUE
1265] Reactor Physics Activities in Belgium

J DEBRUE

Colloque International du CNRS sur Ics Transitions Metal-Non Metal. AUTRANS (France), 28.6-1.7.1976
1266] Study of phase transitions and the resulting domain structure by means of electron microscopy and electron diffraction

S AMEUNCKX

National Bureau of Standards. WASHINGTON D.C. (U.S.A.). 2.7.1976
[267] Nuclear Gamma Ray Spectra Calibration Problems

P. VAN ASSCHE

IX"' World Conference European Microcirculation Society, ANTWERPEN, 5-9.7.1976
[268] Hypervalcularizaiion of the cerebral cortex in lead-intoxicated encephalopathy

E GIANFELICI da REYNERS. H. REYNERS. J.R. MAISIN
L269] The incidence of Radiation on the Ultrastructural and Permeability changes in the vascular system in normal tissues

J R MAISIN

I lungarian Academy of Sciences, Biological Research Center. SZEGED (Hungary) - UNESCO/1CRO Course on
Higher Plant CellsGenetics, 5-17.7.1976
[270] Problems associated with the transformation of plant eel's

PF LURQUIN

International Conference on the interactions of neutrons with nuclei, LOWELL (U.S.A.), 6-9.7.1976
1271] Configuration mixing in the positive parity states of I82Ta

M K BALODIS, M N PLATE, J.J. TAMBERGS, J.M. VAN DEN CRUYCE, G. VANDENPUT, I . JACOBS, P.H.M. VAN
ASSCHE

[272] Resonance parameters for 37Np
L MEWISSEN. A ANGELETTI, E. CORNELIS, F. POORTMANS, G. ROHR, G. VANPRAET, H.WEIGMANN

[273] Cross sections and neutron resonance parameters for asU below 4 keV
F. POORTMANS, E. CORNELIS, L MEWISSEN, G. ROHR, R.SHELLEY, T. van der VEEN, G. VANPRAET, H.WEIGMANN

1274] Gamma-ray spectra of '"Co from thermal neutron capture
W RATYNSKI, P.H.M. VAN ASSCHE, H. BOERNER, W F. DAVIDSON, J.A. PINSTON

[275] Rotations and vibrations in transitional IMSm
G. VANDENPUT. P.HM.VAN ASSCHE, L.JACOBS, J.M. VAN DEN CRUYCE

1276] Siatus of neutron cross section for reactor dosimet-y
M F. VLASOV, A. FABRY, W.N. McELROY

1277] Spin and parity assignments of ''Nb neutron resonances
J WINTER, WL MEWISSEN, F. POORTMANS, G.ROHR, R.SHELLEY

NATO Advanced Sjudy Institute on Linear and Non-linear Electronic Transport in Solids, R.U.C.A., AN'lWER-
PEN, 21.7-2.S.1976
[278] On the electronic transport in polar solids

J DEVREESE. R. EVRARD
[279] An introductory tall; on path integrals

J DEVREESE
[280] On the momentum distribution of electrons in polar semi-conductors for high electric fields

J DEVREESE, VE.VAN DOREN

Microwave Power Symposium, IMP], LEUVEN, 27-30.7.1976
[281 ] Waveguide and cavity systems for rapid heating of continuous products with small cross-section

J G KRETZSCHMAR

14"1 ERDA air cleaning conference, SUN VALLEY (U.S.A.), 2-4.8.1976
[282] The delay of xenon on charcoal beds

G.COLLARD, M. PUT, J. BROOTHAERTS, W.R.A.GOOSSENS
[283] Dust filtration on a panel bed of sand

WRA GOOSSENS. A. FRANCESCONI, G DUMONT, R. HARNIE
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International Symposium on the design of and equipment for hot laboratories, OTAN1EMI (Finland). 2-6.8.1976
[284] Installations et dispositions pour le traitement des dichets hautemer.t radiotoxiques

JP. DEWORM, J. MARLEIN, N. VAN DE VOORDE

[285] Mesures et dispositions de prevention du danger de criticite dans les installations traitant des combustibles plutoniferes
J P DEWORM. G FIEUW, H. DECANCK

International course in hydraulic and sanitary engineering, DELFT (The Netherlands). 16-17.8.1976
[286] Lectures: Determination of the air pollution levels in a given region

[287] Interpretation of air pollution data

[288] Evaluation of the impact of new or existing sources upon the air pollution levels by means of mathematical
models

J G. KRETZSCHMAR

Sagamore V Conference on Charge Spin and Momentum Density, HELSINKI (Finland), 25-30.8.1976
[289] Spin and Symmetry Projection in HFS Calculations

S LUNELL. P VAN LEUVEN

Lectures AB Atomenergi. STUDSV1K (Sweden), 26.8.1976
[290] Flow graphs for Systems Analysis
[291 ] Stochastic Prediction and Modelling

G COCQUYT

Second Europhysical Topical Conlerencc on lattice defects in ionic crystals. BERLIN (DDR), 29.8-3.9.1976
[292] On the auto-annihilation of radiation induced Frenkel pairs in LiF

A VAN DEN BOSCH

7Ih International Mass Spectrometry Conference, FLORENCE ( I t a ly ) , 30.8-3.9.1976

[2S3] Determination of actinides and fission products by mass spectrometric isotopic dilution for burn-up measurement of
nuclear fuels
P. DE REGGE. R. BODEN

4'h International conlerence on the strength of metals and alloys, NANCY (Prance), 30.8-3.9.1976
[294] Ferritic steel strengthening for nuclear application

JJ HUET. L DE WILDE, V. LEROY

13"' International Conference on the Physics of Semiconductors. ROME ( I t a ly ) , 30.8-3.9.1976

[295] New magneto-optical anomalies of impuriiy electron: in InSb at the two LO-phonon region: Theory and experiment
J. DEVREESE, E.J JOHNSON. J. DE SITTER, K. NGAI

[296] Extended and localized electronic states in the amorphous Se-Te-Sb system
P. NAGELS, R. COLSON

European meeting on bacterial transformation, GRENADE (Spain), 30.8-4.9.1976
[297] Present status of DNA induced transformation in plants

L. LEDOUX

International Conference on Crystal Field Effects in Metals and Alloys. ZÜRICH (i^vitzerland), 1-4.9.1976
[298] Neutron Speciroscopy of the Crystal Field Splitting in Cerium Hydride

P VORDERWISCH. S HAUTECLER, J.B. SUCK, H. DACHS

Future of Quantum Chemistry, A Symposium in llon.iur of P.O. Löwdin, DALSETIiR (Norway), 1-6.9.1976

[299] Deformed Orbitals and PHF (Invited Talk)
P. VAN LEUVEN

[300] Optimal Properties of Canonical Orthonormalization
L. LATHOUWERS

International Conference on Magneto-Optics, ZURICH (Switzerland), 1-3.9.1976
[301] Frequency dependent conductivity tensor for polarons in a magnetic field

J DEVREESE, J VAN ROYEN, J. DE SITTER, L.F. LEMMENS

[302] Electron effective mass determination from intra-band Faraday-rotoiion in silicon
S RUYMBEEK, W. GREVENDONK, P. NAGELS

International Conference on Magnetism. AMSTERDAM (The Netherlands), 6-10.9.1976
[303] Exchange integral in some manganese spinels with only B-B interactions

V. BRABERS, D SCHEERLINCK, S. HAUTECLER

20 BLG 520/77



[304] Neutron diffraction study of the magnetic structure of basic iron sulphate FeOHSO4

E LEGRAND. D SCHEERLINCK

4'" International Conf. Medichem., HAIFA (Israel), 6-10.9.1976
[305] Cytogenetic investigations on leucocytes of workers exposed to vinyl chloride

A LEONARD

Comite technique sur l o methodes d'evaluation des rsjets radioactifs, CADARAC11E (France), 6-10.9.1976
13061 Quelques considerations liminaires et commentaires au sujet de certains travaux relatifs ä l'etude de l'impact des

rejets radioactifs
G FIEUW

IAEA - International Conference on recent developments in Optical Spectroscopy in Solids, TAORMIN'A ( I t a ly ) ,
6-9.9.1976
[307] Further evidence for the electric polaron complex in alkali halides

T C.COLLINS. A B . KUNZ, VE VAN DOREN. J. DEVREESE

7"' International Technical Meeting on Air Pollution Modelling and its Application, NATO-CCMS, AIRL1E
I Virginia ), 7-10.9.1976
[308] Validation of the Immission Frequency Distribution Model in the region of Antwerpen, Belgium

J G KRETZSCHMAR, G DE BAERE. J VANDERVEE

Annual Meeting E.S.N.A., WARSAW (Poland), 12-19.9.1976
[309] Transfer of lead in automobile exhaust gas to plants

R KIRCHMANN, E. DELCARTE, R VAN BRUWAENE, R. IMPENS, E. FAGNIART

International Conference on soft modes, phonons and superconductivity, NUMEGEN (The Netherlands),
13-14.9.1976
[310] The dielectric function of diamond in a covalent bonding model

) DEVREESE, P E. VAN CAMP, V E. VAN DOREN

[311 ] Theory of plasmon excitations in (SN)X

J DEVREESE, J RUVALDS. F. BROSENS, L F. LEMMENS

Sixth European Congress on Electron Microscopy, JERUSALEM (Israel). 14-20.9.1976
[312] Planar interfaces and domain structures: some recent results

S AMELINCKX, J VAN LANDUYT, G. VAN TENDELOO

1313] Diffuse intensity contours in electron diffraction patterns of short range ordered compounds
R DE RIDDER, G. VAN TENDELOO, S AMELINCKX

[314] Eleciron microscopy study of L-cell virus produced by different cell lines
JR. MAISIN

13151 The use of lattice imaging for characterizing materials
J VAN LANDUYT, S. AMELINCKX

[316] Domain configurations observed in the Ta-N system
J VICENS, P. DELAVIGNETTE

Material Research Symposium on methods and standards for environmental measurements, GAITIIERSBURG
(U.S.A.). 20-24.9.1976
[317] Analysis and calibration techniques for measuring airborne participates and gaseous pollutants

I DELESPAUL, H. PEPERSTRAETE, T. RYMEN

Symposium on systems and models in air and water pollution, LONDON (England), 22-24.9.1976
[318] Evaluation of the impact of new or existing sources upon the levels of air pollution by means of the IFDM

J G. KRETZSCHMAR, G DE BAERE

14Ih Conference on Vacuum Microbalance Techniques, SALFORD (England), 27.9-28.9.1976
[319] Magnetic susceptibility measurements on K,Pt(CN)4Brn ,.nH,O single crystals

A. VAN DEN BOSCH, J. VANSUMMEREN, R. DELTOUR

Meeting of the Spanish Society for Electron Microscopy. CORDOBA (Spain), 27-30.9.1976
[320] Domain structures in crystals

S. AMELINCKX
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(vh Annual Meeting HEMS, GERNRODE (DDR), 27.9-1.10.1976
[ 321 ] Chromosoomafwijkingen door zware metalen bij zoogdieren veroorzaakt

Gh. DEKNUDT. A. LEONARD

i 322] Chromosome studies in cell cultures of monkeys aftsr application of lead acetate in their drinking water
Gh DEKNUDT, A. COLLE

Reunion du groupe de travail "Corrosion nucleaire", BEZNAU (Switzerland), 30.9-1.10.1976
[323] Carbon and nitrogen activity measurements in dynanic sodium by equilibration of monitor tabs

F. CASTEELS, H. TAS
[324] A case study • Pitting corrosion of aluminium in secondary coolant water

H TAS. M.J BRABERS. F CASTEELS

Department of Plant Pathology, University of California, DAVIS (U.S.A.), 5.10.1976
[325] Genetic engineering of plants: facts and problems

PF LURQUIN

Annual Congress of the Italian Botanical Society, CO5ENZA ( I t a ly ) , 10-15.10.1976

13261 Marine algae, a useful tool for research on the radioactive pollution of the sea
S BONOTTO, R. KIRCHMANN. B. FELLUGA, G. NUYTS, A. BOSSUS, E. FAGNIART

[327] Morphological differentiation in normal and branched Acetabulana mediterranea

B. FELLUGA, M C LONI, C VAN DER BEN, S. BONOTTO

[328] New electron microscopical investigations on chloroolast DNA of Acetabulana mediterranea
A.MAZZA. B. FELLUGA. S. BONOTTO

Joint technical meeting on "differential and integral data requirements for shielding calculations". VIENNA
(Austria). 12-15.10.1976
1329] Contribution to the study of the reactor shielding benchmark n° 2 (PWR) proposed by the NEA

G. MINSART, C.VAN BOSSTRAETEN

University of Connecticut, STORRS (U.S.A.), 13.10.1976
[330] Study of vacancies and interstitials in molybdenum and tungsten above room temperature by electrical resistance

measurements
L. STALS

International Symposium on Plasma Wall Interaction, JÜ1JCI1 (Germany), 18-22.10.1976
[331 ] On the choice of first wall material for the JET experiment

M BERNARDINI. D. ECKHARTT, M. SNYKERS

International Conference on the "Properties of Atomic Defects in Metals", Argonne National Laboratory,
ILLINOIS, 18-22.10.1976
[332] Comparison of the recovery of zinc and cadmium following alpha-particle irrad'ation

J. ROGGEN. J. NIHOUL, J. CORNELIS, L. STALS

[333] The recovery of structural defects in tungsten after irradiation and after cold work
J. CORNELIS. J NIHOUL, P. DE MEESTER, J. ROGGEN, L. STALS

S'h Congress of the Society of Hungarian Radiologists and 12'1' Annual Meeting of the European Society for
Radiation Biology, BUDAPEST (Hungary), 19-22.10.1976
[334] Radiation-induced alterations of nucleo-cytoplasmic RNP transport in rat liver nuclei

W. BAEYENS, R. GOUTIER

Department of Biology, University of Nevada, REMO (U.S.A.), 21.10.1976
[335] Genetic engineering of plants

P.F. LURQUIN

9Se Reunion de la Societe Beige de Biochimie, BRUXELLES, 23.10.1976
[336] Intestinal absorption of amino acids by a preparation in vivo in rats

R TIMMERMANS, G.B.GERBER, Y. GITS

4"' Annual meeting of the Committee on the safety of nuclear installations, PARIS, 26-28.10.1976
[337] Operation of the BR2 reactor with cracks in the beryllium matrix

J M. BAUGNET, F. LEONARD, G. ROTTENBERG, G. FENELLE
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Seminaire - Lc-s iaeteurs d'amhianee et los climats interieurs. BKUXELLES. 27-28.10.1976
1338] Effets d'ecran sur des tests ciiniques

C BERAN, C CAPEL-BOUTE. JL .VAN DER PARREN

IAEA Specialist Meeting on simulators for training of nuclear power plant operators and technical statt".
STUDSY1K/NYKOP1NG (Sweden). 27-29.10.1976*
[339] Exercises for basic understanding of PWR power p'ant dynamics

G COCQUYT. H MICHIELS, P. GUBEL. JF. DE GREEF

Reunion annuclle du groupe lrancophone de recherches sur les virus oncogenes. C11ANT1LLY (France),
27-29.10.1976
13401 Proprieies comparatives des deux populations viralas derivees du RadLV (souche Duplan)

Th ASTIER. M JANOWSKI

Plant Growth Laboratory. University of California. DAVIS (U.S.A.) , 4.11.1976
1341] Discussion on the DNA transformation of plants

PF LURQUIN

Department of Plant Pathology, University of California, BERKELEY (U.S.A.), 15.11.1976
1342] Fate of prokaryotic DNA in plant cells

PF LURQUIN

Jonrnees internationales d'etude sur I'hydrogene et SL>S perspectives. LIEGE (Belgium). 15-18.11.1976
[3431 Hydrogene au depart de sources fossiles
I 344] Hydrogene par cycles thermochimiques

LH BAETSLE

IAEA Consultants' Meeting on Integral Cross Section Measurements in Standard Neutron Fields for Reactor
DOM met ry. VIENNA (Austria), 15-19.11.1976
[345] In-pile Neutron Spectrometry: Status

G DE LEEUW-GIERTS, S. DE LEEUW
[3461 One material experiments in the frame of power rea!or pressure vessel benchmarks

G DE LEEUW-GIERTS, S. DE LEEUW
1347] Quality control and calibration of miniature fission chambers by exposure to standard neutron fields. Application to the

measurement of fundamental integral cross-section ratios
A FABRY. I GIRLEA

[348] Review of microscopic integral cross-section data in fundamental reactor dosimetry benchmark neutron fields
A FABPY. W.N. McELROY. L S KELLOGG, E.P. LIPPINCOTT, J.A. GRUNDL, DM.GILLIAM, G.E.HANSEN

[349] Iniercomparison of the Intermediate-Energy Standard Neutron Fields at the NISUS and M O L - - - Facilities by means
of Absolute Fission Chambers
A FABRY, JG WILLIAMS, H.M.A. HANNAN, D. AZIMI-GARAKANI

[350] Spectral characterization by combining neutron spectroscopy, analytical calculations, and integral measurements
W N McELROY, R GOLD, E P. LIPPINCOTT, A. FABRY, J.H.ROBERTS

Informal Meeting on operator safeguards problems, KASTRUP (Copenhagen, Denmark), 16.11.1976
[351] Conversion of the actual system with respect to introduction of new type of safeguards

] DE BACKER

Quantum Chemistry Group , University of Uppsala (Sweden) , 17.11.1976
13521 Perturbation Theory for Generalised Eigenvalue Problems

L. LATHOUWERS

V Jornadas de Mastologia, TANDJL (Argentina), 19.11.1976
1353] Le röle des mutagenes chimiques dans la production des cancers mammaires

A LEONARD

Department of Biology, University of California, SAN DIEGO (U.S.A.), 22.11.1976
I 354] Questions on the uptake of bacterial DNA by plant ce'ls

P.F. LURQUIN

Seminaire sur la iiltnuion absolue des aerosols dans I'industric micleaire, AlX-en-PROVENCE (France),
22-25.11.1976
1355] Contröle in situ de filtres absolus par la methode de test au DOP

G FIEUW, W SLEGERS, Th. ZEEVAERT
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Conference C.A.R.l.X.. Faculte Notre Dame de la Paix. NAMUR, 23.11.1976
[356] La radioecologie appliquee aux sites electronucleaires

R KIRCHMANN

Reunion du Groupe de coordination "Evacuation des dechets radioactifs dans les formations «eologiques,
PARIS. 25-26.11.1976
[357] Domaines possibles pour des activites en cooperation

R. HEREMANS
[358] Deux ans de recherche dans le domaine des possibilitcs de rejet de dechets radioactifs dans une formation argileuse

souterraine
R. HEREMANS. J WILLOCX

Faculty of Sciences. BUENOS AIRES (Argentina), 1.12.1976
1359] Anomalies chromosomiques produits par les mutagenes chimiques

A. LEONARD

Environmental Department of Health, BUENOS AIRES (Argentina), 2.12.1976
[360] Les dangers genetiques presentes par les composants chimiques de notre environnement

A. LEONARD

Quantum Chemistry Group, University of Uppsala (Sweden), 2.12.1976
(361] To Cross or not to Cross... Some Recent Results on the Non-Crossing Rule

L. LATHOUWERS

Symposium on Radiation-induced leukemogenesis and related viruses, BORDEAUX (France), 7-9.12.1976
[362] Replication of RadLV (Duplan isolate) in mice and rats: nucleotide sequence homologies with normal and leukemic

mouse and rat spleen DNA
M JANOWSKI

[363] Biological and morphological properties of a rat lymphoid leukemia produced by a murine radiation leukemia virus
(Duplan isolate)
JR. MAISIN

Environmental Department of Health, BUENOS AIRES (Argentina), 9.12.1976
[364] Dangers genetiques presentes par le developper:snt de l'energie nucleaire

A LEONARD

Hospital Pardo, BUENOS AIRES (Argentina), 9.12.1976
[365] Effets teratogeniques chez des radiations ionisantes

A LEONARD

ANS Belgian Section, BRÜSSEL, 15.12.1976
[366] Backend of fuel cycle • problems and solutions

L.H. BAETSLE

University of Aarhus (Denmark), 16.12.1976
[367] Survey of the Generator Co-ordinate Method

L. LATHOUWERS

University of Münster (West Germany), 17.12.1976
[368] Survey of the Generator Co-ordinate Method

L LATHOUWERS
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Appendix 3

THESES

[369] The Sp (2,R) Model and its Application to "Be

F. ARICKX (V.U B.)
Doctor in de Wetenschappen - V.UBrussp'.

[370] The Mathematical Foundations of the Generator Co-ordiriate Method for Bound States

L. LATHOUWERS (V.U B.)
Doctor in de Wetenschappen - V.U.Brüssel

1371] De laag-energetische structuur van de overgangskern 151Sm: Kwasi-deeltjesexcitaties, kollektieve rotaties, kwadrupool-
vibraties en hun interakties

G. VANDENPUT (K.U.L.)

Doctor in de Wetenschappen - K.U.Leuven

[372] Inwendige wrijving en demping in martensitische koper-zink-aluminium legeringen

W. DEJONGHE
Doctor in de Toegepaste Wetenschappen - K.U.Leuven
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Appendix 4

PATENTS APPLIED FOR AND GRANTED IN BELGIUM
AND IN OTHER COUNTRIES

A. PATENTS APPLIED FOR

- Poreuze electrode
A. BLANCHART, G. SPAEPEN. C. DE BRANDT
Patent applied for by SCK/CEN
The Netherlands (Applied for on 7.7.1976, n° 76 07469)

B. PATENTS GRANTED

- Procede dc decoupage electrochimique d'un assemblage de combustible nucleaire irradie
J.WURM, J.VAN IMPE, A. DE CONINCK. P. HEYLEN, J ROMBAUX
Patent applied for by SCK/CEN, BELGONUCLEAIRE, ENI
Germany (Granted on 31.5.1976, n° 2232 197)
France (Granted on 2 8.1976, n° 72 234 84)

- Brandstof en werkwijze ter vervaardiging daarvan
W. VAN LIERDE
Patent applied for by SCK/CEN
USA. (Granted on 24.2.1976, n° 3940312)

- Fluidisatiekolom
F. DECAMPS, G. DUMONT, W. GOOSSENS
Patent applied for by SCK/CEN
France (Granted on 18.10.1976. n° 72 29576)
Israel (Granted on 2.5.1976, n° 40193)

- Procede de mesure de la dose d'irradiation neutronique, d.spositif et moniteur pour la mise en ceuvre de ce procede
F. MATHIEU
Patent applied for by SCK/CEN
USA. (Granted on 14.12.1976, n° 3997 789)

- Werkwijze ter beinvloeding van een aan een elektrode verlopende elektrokatalytische reaktie
G. SPAEPEN, J.B. VANDENBORRE
Patent applied for by SCK/CEN
Great Britain (Granted on 21.7.1976, n° 1429419)
U.S.A. (Granted on 16 3.1976, n° 3944473)

- Procede de desactivation du sodium et/ou de stockage d'elements de combusiible nucleaire irradies
P. HEYLEN, J.VAN IMPE, H. LECERF
Patent applied for by SCK/CEN, BELGONUCLEAIRE, ENI
US.A. (Granted on 5.10.1976, n° 3984 345)

- Dispositif d'alimentation pour pastilleuse
R. LEMAIRE, D. MARICHAL, C. LADURON, A.WUYTS
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Italy (Granted on 30.4.1975, n° 988 576)
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Gestabiliseerde Sulfiden

P DEJONGHE. K PEETERS. N. VAN DE VOORDE
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Canada (Granted on 26 10.1976. n° 999.086)
Norway (Gianted on 31.3.1976, n° 133 226)
Sweden (Granted on 26.2.1976, n" 380.787)

• Procede de fabrication de pastilles de precision

A. FLIPOT, A. SMOLDERS
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Canada (Granted on 16.3.1976, n° 992.276)
France (Granted on 25.10.1976, n° 2177 808)

- Procede de fermeture de barreaux combustibles

P. PAPELEUX, I.LAFONTAINE, A. FLIPOT, J. SCHRYVERS
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Fiance (Granted on 25.10.1976, n° 2.177.809)

- Verbeteringen bij net opwerken van brandbare afvalstoffen

A. TAEYMANS, G. DUMONT, W. BALLEUX
Patent applied for by BELGONUCLEAIRE and SCK/CEN
Italy (Granted on 2.10 1975, n° 993 865)
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Appendix 5

SEMINARS HELD AT SCK/CEN

NUCLEAR PHYSICS

By SCK/CEN personnel

- 10-11.3.1976
Introduction to Quantum Mechanics
M.BOUTEN, P. VAN LEUVEN

- 2.4.1976
Electron Scattering from Nuclei
M. BOUTEN

- 7.4.1976
Interlude on Experimental Methods
G. VANPRAET

- 21.4.1976
The Nuclear Shell Model
M BOUTEN

- 28.4.1976
The Nuclear Collective Model
P. VAN LEUVEN

- 5.5.1976
Towards a Unified Theory
P. VAN LEUVEN

- 25.5.1976
Rotaties en vibraties in de overgangskern 15lSm
G.VANDENPUT

- 13.7.1976
Recent progress in laser isotope separation
M. NEVE de MEVERGNIES

- 7.10.1976
Investigation of some aspects of thermal neutron induced sub-barrier fission
C. WAGEMANS

- Information meeting: Research with BR2 neutron beams, MOL, 24.11.1976
Neuiron capture gamma ray spectroscopy: with Ge-Li detectors
P. FETTWEIS
Inelastic neutron scattering studies with a time-of-flight spectrometer:
1. Lattice dynamics, atomic spectroscopy in the solid state molecular motions in adsorbed gases and in liquids
S. HAUTECLER
Neutron diffraction instruments at the BR2 reactor and their use in the study of crystals and magnetic structures
E. LEGRAND
Reactor neutron beams
M.NEVE de MEVERGNIES
Neutron spectrometers
F. POORTMANS
Neutron radiography at the SCK/CEN
H.TOURWE
Inelastic neutron scattering studies with a time-of-flight spectrometer:
2. Molecular motions in plastic crystals and in clathrates, spin dynamics
W. WEGENER
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By guest speakers

- 3.2.1976
Neutron beam research at the I.L.L.
Prof. R L MOESSBAUER (Institut Laue-Langevm, Grenoble)

- 25.3.1976
Non-uniform states of liquid helium
Prof. C GARROD (University of California, Davis, U S A.)

- 6.5.1976
Photofission studies on ^ U and 238U with 25 meV bremsstrahlung
Dr. E JACOBS (Rijksuniversiteit te Gent)

- 24.11.1976 - Information Meeting - Research with BR2 neutron beams
Neutron capture gamma ray spectroscopy - with a bent crystal diffractometer
L JACOBS (Katholieke Umversiteit te Leuven)

Survey of the neutron beams and their applications around Cyclone
J P. MEULDERS (U.C.L)

Theory of inelastic neutron scattering in solids
K.MICHEL (Universitaire Instelling Antwerpen and Universität Saaibrucken)

Fission experiments
C. WAGEMANS (N F.W.O. Gent)

Standard fission cross-section measurements
E. WATTECAMPS (CBNM, Euratom, Geel)

Technical and industrial applications of neutrons
C. WEITKAMP (G K.S S. mbH, Geesthocht, F.R.G.)

Chemical research with neutrons
JH. WHITE (I.L.L. Grenoble, France)

Biological applications of thermal neutron scattering
D L WORCESTER (A.E.R E., Harwell, U.K.)

MATERIALS RESEARCH

By SCK/CEN personnel

- 27.2.1976
Material problems in the vacuum vessel of European plas-na-physics experiments JET
M SNYKERS

Vllleme Reunion du groupe "Defauts Ponctuels", MOL, Belgium
- 15-17.3.1976

Irradiation du zinc par des particles alpha ä 4,2 K
J NIHOUL, J. ROGGEN
Resiauration du stade III dans le tungstene et I'influence de I'helium sur la restauration du stade III dans le molybdene et
de tungstene
J NIHOUL, J. CORNELIS

Les Journees Annuelles du groupe "Alliages Ordonnes", MOL, Belgium
- 18-20.3.1976

La theorie des groupes appliquee ä la formation des domaines dans les alliages ordonnes
G VAN TENDELOO, S. AMELINCKX
Un modele pour Interpretation de I'intensite diffuse observee dans les diagrammes de diffraction electronique d'alliages
desordonnes trempes
R. DE RIDDER, G.VAN TENDELOO, S. AMELINCKX
The ordering mechanism in CuPt as studied by electrical resistivity measurements and electron microscopy
E. TORFS, J.VAN LANDUYT, L. STALS, S. AMELINCKX

Belgisch-Nederlandse kontaktdag "Radiation Damage in Metals by Gases", MOL, Belgium
- 17.9.1976

Interstitial and vacancy migration in hexagonal close-packed metals with c/a > 1.63
J. ROGGEN

Influence of helium on stage III recovery in molybdenum and tungsten
J. CORNELIS
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By guest speakers
- 30.3.1976

Solid State Research Activities in Pakistan
FH HASHMI (Inst of Nuclear Science and Technology, Pmstech, Rawalpindi, Pakistan)

- 2.6.1976
An evaluation of the value of electron and ion simulation experiments for predicting neutron irradiation damage
Dr. R BULLOUGH (A E R E., Harwell, U.K.)

- 7.7.1976
Resultats recencs obtenus au groupe de physique des matariaux de ('Institut National des Sciences Appliquees de Lyon dans
le domaine de la microplasticite, de la plasticite et des transformations de phase a I'etat solide
Pi of Di P F. GOBIN (Institut National des Sciences Appliquees de Lyon)

RADIOBIOLOGY

By SCK/CEN personnel

- 8.1.1976
Recherches sur la contamination des plantes cultivees a partir de l'eau tritiee
R. KIRCHMANN
Radioaktieve besmetting van huisdieren bij toediening van verschillende getritieerde precursors
R. VAN BRUWAENE

- 5.2.1976
Les reparations du DNA dans la cancerogenese
R. GOUTIER

- 19.2.1976
Inleiding tot radioaktiviteit, kernenergie en biologische gevaren van bestraling
0 VANDERBORGHT

- 4:-,1976
L'Ordinateur WANG et ses applications possibles dans les programmes de recherche du depariement de radiobiologie
G. GERBER

- 1.4.1976
Recombinaison heterospecifique chez les micro-organismes
M. MERGEAY

- 22.4.1976
Inleiding tot nieuwe technieken - Maxitron, Scanner, Atoomadsorptie-spectrometrie
G MATTELIN, G. DECAT, O. VANDERBORGHT

- 29.4.1976
Les virus leucemogenes
M. JANOWSKI

- 13.5.1976
Regulation de l'expression genetique et cancer
L. BAUGNET-MAHIEU

- 20.5.1976
Estimation pour I'homme des dangers genetiques resultant d'une exposition aux radiations ionisantes
A. LEONARD

- 4.6.1976
Mineraal metabolisme en verzuring van oppervlaktewaters
J.VANGENECHTEN

- 24.6.1976
Effets d'une exposition au plomb sur la fertilite et le developpement embryonnaire
P. JACQUET

- 25.11.1976 - Effets biologiques des metaux lourds / Biologische effecten van de zware metalen
Cytogenetische effekten van lood bij zoogdieren
G. DEKNUDT
Studies met microsferen op de hersenen van normale en lood-vergiftigde ratten
J. DE ROO
Effects of lead on spermatozoan populations in Balb/c mice
B. EYDEN
Les vegetaux face au plomb des gaz d'echappement de moteurs a explosion
R. KIRCHMANN
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Heme synthesis in het lood vergiftigde muizenembryo
J MAES
Resistance de bacteries aux metaux lourds en presence de plasmides
M MERGEAY
L'effei du plomb sur le Systeme nerveux central du rat
H REYNERS
Overdracht van cadmium bij de herkauwers
R VAN BRUWAENE
Mobilisatie van lood bij de zoogdieren
O VANDERBORGHT

By guest speakers
- 21.1.1976

Somatic hybridization by using the method of protoplast fusion
Dt 0 SCHIEDER (Max-Planck-Institut für Zuchtungsforschung, Köln)

- 18.3.1976
Nitrogen fixing wheat - Fact or fiction ?
Prof F.B HOLL (National Research Council of Canada - Prairie Regional Laboratory)

- 5.5.1976
Neutron-induced mammary tumors
Dr. H. VOGEL (University of Tennessee, Memphis, Tennessee, USA.)

- 6.5.1976
Radiosensitivity of DNA molecules in situ in various tissues of mice
Dr S OKADA (University of Tokyo, Japan)

- 13.7.1976
Development of a portable external blood irradiator
F P. HUNGATE (Battelle Northwest Laboratories, Richland, Washington, U.S.A)

- 15.7.1S76
Experimental surgery in rats
Prof. Cail CRAMER (University of British Columbia, Vancouver, Canada)

- 13.10.1976
Biosynthese et organisation du collagene
Pi of ChM.LAPIERE (Universite de Liege)

- 10.11.1976
Analyse genetique de systemes de restriction - Modification du DNA au moyen d'hybrides Salmonella/Escherichia coli
Piof. C. COLSON (Universite Catholique de Louvain)

- 16.11.1976
Membranes and cell survival
Pi of. M B. YATVIN (University of Wisconsin Hospitals, Madison, Wisconsin, U S.A)

MISCELLANEOUS

By SCK/CEN personnel
- 7.1.1976

Gebruik van het computersysteem van het SCK/CEN onder VM/370
Deel I. Biased scheduling-load indications-remote batch
H R DECKERS

- 20.1.1976
Informatiedag - Neutrografie
Neutrografie met isotopische neuironenbronnen
P. DE REGGE
Neutrografie: Theorie en toepassingen
H. TOURWE
Neutrografie aan de reaktor BR1
H. TOURWE

- 21.1.1978
Gebruik van het computersysteem van het SCK/CEN onder VM/370
Deel II: FORTRAN G1 - Optimisatie - beheer van virtuele schijven
H.R. DECKERS
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- 12.5.1976 - Vergadering van de Werkgroep Nucleaire Scheikunde - 1.1.K.W.
"Terugblik op het Actinium projekt"

Chemische en radiochemische studies omtrent Ra/Ac/Th s:heidingen
A C. DEMILDT
Toepassingen voor isotopische neutronenbronnen
P. DE REGGE
Radiochemische karakteristieken van Ac en de toepassingen ervan in warmlebronnen en neutronenbronnen
P. DE REGGE

- 27.10.1976 - Jaarvergadering van de Nederlandse studiekern Aerosolen
Stofmetingen in de omgeving
) P DEWOBM. J. PAUWELS
Het Belgisch meetnei voor de bepaling van zware metalen
J KRETZSCHMAR

By guest speakers
- 20.1.1976 - Informatiedag - Neutrografie

Beelddetectoren voor neutrografie
R BOLLEN (AGFA-GEVAERT)
Neutronographie ä BR2
G. DEPRE2 (EURATOM)
Applications de la neutronographie dans I'industrie nucleaire
N MOSTIN (BELGONUCLEAIRE)

- 12.5.1976 - Vergadering van de Werkgroep Nucleaire Scheikunde - I.I.K.W.
"Terugblik op het Actinium projekt"

Aktiveringsanalyse met Ac-Be neutronenbronnen
L. ALAERTS (Rijksuniversiteit te Gent)
Preparation d'Ac melallique et etude de la structure
Prof. D. COLSON (Universite de Liege)

- 17.6.1976 - Vijfde jaarlijkse vergadering - Cinquieme reunion annuelle
Belgian Section of the American Nuclear Society
"Future of nuclear power in Belgium"

Syntese van het verslag van de Kommissie van Beraad inzake kernenergie
Prof. J. HOSTE (Ri)ksuniversiteit te Gent)
Synthese du Rapport de la Commission devaluation en matiere d'energie nucleaire
Prof. A. JAUMOTTE (Universite Libre de Bruxelles)
Etat acluel de l'assurance des installations nucleates en Ba'gique
F. LACROIX (Syndicat Beige d'Assurances Nucleates)
Financement des investissements dans le secteur nucleaire
R. MALDAGUE (BELGONUCLEAIRE)
Selection of potential sites in Belgium
R. van den DAMME (Electrobel and Intercom)
Nuclear Industry: perspectives and problems
J. VAN DER SPEK (S E.I.A.)

- 1.7.1976
Technique d'etude des mineraux argileux par diffraction des rayons X. Application ä l'aigile de Boom a Mol
J. TH0RE2 (Universite de Liege)

- 27.10.1976 - Jaarvergadering van de Nederlandse studiekern Aerosolen van de Bond voor Materialenkennis
Chemische samenstelling, afmetingen en oorsprong van atmosferische aerosolen
Prof. Dr. DAMS (Ri)ksumversiteit te Gent)

- 8.11.1976
Current problems in radiation damage correlation
Dr. DG. DORAN (Hanford Engineering Development Laboratory, Richland, U S A )

- 18.11.1976
Defect spectroscopy in metals
Prof. Dr. A. SOSIN (University of Utah, Salt Lake City, Office of Naval Research, Branch Office, London)

- 19.11.1976
R & D programmes on hydrogen production by water electrolysis supported by US-ERDA
Dr. Sc.S. SRINIVASAN (Brookhaven National Laboratories, U.S.A.)

- 7.12.1976
Wat kan octrooibescherming wel en niet geven ?
R. DE RYCKER (Bureau De Rycker, Verenigde Octrooibureaus Belgie, Antwerpen)
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Appendix 6

EXTERNAL RELATIONS

Most SCK/CEN programmes are earned out in close
collaboration with industry, and with national, foreign and
international institutes or oiganizations. These include:

- BELGONUCLEAIRE foi R & D on fuel development for
plutonium recycling in light water reactois and for sodium
cooled fast breeders;

- the paitners (GfK, INTERATOM, RCN, TUI, TNO) of the
Debenelux SNR pioject;

- the Institute of Nuclear Technology, Bucharest, London
University, the Hanford Engineering and Development La-
boratory and other American research centres contributing
to the Intei laboratory Raaction Rate Programme in the
field of fast reactor physics;

- the joint research centres at Karlsruhe and Ispra as well
as other working groups of the European Community for
post-nradtation services, collaboration on LMFBR safety,
safeguaids, R&D on fusion, radioactive waste handling
and disposal, basic research on iadiobiology, production
of hydrogen, 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 radrobiology;

- various ministries and government agencies which called
for participation by SCK/CEN experts in several com-
mittees and working groups and for services in the nuclear
field as well as for air pollution measurement campaigns
and non-nuclear waste handling studies;

- the German research centres GfK and KFA, IRE and other
organizations which make use of the BR2 irradiation facil-
ities fo~ then various programmes;

- new organizations, set up with the participation of SCK/
CEN for the promotion of past R&D results such as
ELENCO for the development of fuel cells, as well as
participation in study syndicates such as BelgoWaste for
evaluating future strategies for radioactive waste man-
agement, SVW for water desalting, etc.;

• a large number of private, national, foreign and internat-
ional oiganizations which called upon SCK/CEN assistance
or services.

With regard to international co-operation, SCK/CEN par-
ticipated in working groups organized by the Commission

of the European Communities, the Nuclear Energy Agency
of OECD, the IAEA, the EAES and the IEA.

Several staff members participated as IAEA experts in
panel meetings and one staff member has been on an
Agency technical assistance assignment in Egypt.

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. For
testing LWR fuel rods in BR2, the PWC irradiation pro-
gramme was started.

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
eneigy and the contract between the 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
ABOS/AGCD.

In ordei to promote nuclear techniques and provide in-
formation about SCK/CEN experience in several fields of
advanced technology, seminars have been organized e.g.
on neutron radiography and the use of BR2 neutron beams,
and several pamphlets have been issued and distributed.

SCK/CEN also provided a library and documentation ser-
vice at the request of various bodies. This service includes
distribution of bi-monthly technical information lists, literature
searches, etc. Moreover, in the framework of a contract with
the CEC and the Ministry of Economic Affairs, SCK/CEN
also ensured the exploitation of the computerized INIS do-
cumentation system of the IAEA.

In the scope of the agreement between the USSR, the
Nethei lands and Belgium, a new protocol for the period
1976 to 1978 was signed.

The agreement for scientific co-operation on reactor phys-
ics with the Institute for Nuclear Technology of the State
Committee for Nuclear Energy of Roumania was extended
for a further 3 year period, until 31.12.1978.

During 1976, 250 students or qualified scientists (of which
50 were foreign) received further training at SCK/CEN.

Finally, in 1976, SCK/CEN received more than 2600 vis-
itors.
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Appendix 7

PERSONNEL OFFICE

PERSONNEL

Table 1 gives a survey of personnel on 31" December, 1976.
The figures between brackets represent the changes com-
paied with 31s' December, 1975.
The average age on 31st December, 1976, was 41.58 years.

TABLE 1

Class

Professional staff

Technical and administrative staff

SCK/CEN personnel working at other
centres or agencies

TOTAL

SCK/CEN*

329 ( + 3)

953 (+13)

13( + 3)

1,295 (+19)

BR2 reactor and associated facilities

SCK/CEN

47 (—2)

171 (—2)

2( + 2)

220 (—2)

EURATOM

13

16

29

Total BR2 personnel included

PERSONNEL ADMINISTRATION

46 persons were recruited during the year.
27 persons left SCK/CEN: 3 deaths from natural causes,
7 retirements, 11 resignations and the expiration of 6 tem-

porary contracts.

There were 41 internal transfers, of which 28 involved
scientists or technicians and 13 administrative personnel.
In 1975, these figures were 33, 25 and 8 respectively.
623 missions were organized to 28 different countries; this
shows a decrease of 16 compared with 1975.
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Appendix 8

FINANCE

ACCOUNTS ON 31 " DECEMBER, 1976
in Belgian Francs (FB)

INCOME

A. ORDINARY INCOME

Grants

1. Financing of the institute

Operating income

2. Radiobiology programme supported by the
Ministry of National Education

3. Contracts

4. Miscellaneous

5. BR2 income

5.1. Foreign customers

5 2 Belgian customers

5.3. Grants for EURATOM personnel

6. BR3 income

6 1. Energy

6 2. Irradiation and training

37,000,000

64,137,427

104,204,322

226,160,306

12,306,179

37,364,773

6,400,884

3,500,000

1,407.300,00C

491,073,891

B. SUPPLEMENTARY GRANTS

7. Subsidy for the BR3 4th reactor core

8. Subsidy for capital expenditure and shareholdings

24,440,432

210,674,764

TOTAL INCOME
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235,115,196

2,133,489,087
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EXPENDITURE

A. OPERATING EXPENDITURE

Personnel

1 1. SCK/CEN

1.2 EURATOM

1 3 BELGONUCLEAIRE-Waste

1 4. Others

Administration

2 1. Computer rent

2 2. External services

2 3. Communications

2 4 Insurance and taxes

2.5 Missions, documentation

2 6 Other administration expenses

3. Materials, energy and services

3 1. Materials and supplies

3 2 Fissile materials and fuel cycle expenditure

3 3. Energy

3.4 Woik entiusted to outside firms

4 Financial expenses

4 1. Loans

4 2. Financial participation (Elenco)

1.242.244.554

37,195,112

59,169,185

13.597,147

16.092.317

13,141,628

14,741,082

12.620,110

12.275.431

6.936.817

144,128.600

27.849,438

61,996,950

100,548,207

800,980

500,000

1.352,205,998

75.a07.385

334,523,195

TOTAL OPERATING EXPENDITURE

1,300,980

1,763,837,558

B. CAPITAL EXPENDITURE AND SHAREHOLDINGS

1. Equipment

1 1. Ordinary equipment

1 2. Particular equipment

2 Infrastructure

2.1. Ordinary infrastructure

2.2 Particular infrastructure

2.2.1. Site and buildings

2.2.2. BR3 4th reactor core

2.2 3. Beryllium matrix BR2

3. Payment in full of BELGONUCLEAIRE capital

67,669.396

149,442

5,839,806

88,063,909

24,440,432

28,952,211

20,000,000

TOTAL CAPITAL AND SHAREHOLDINGS EXPENDITURE

TOTAL EXPENDITURE A + B

235,115,196

1,998,952,754

36 BLG 520/77



Appendix 9

LIST OF ABBREVIATIONS

AEEW
AGCD/ABOS

ASLK/CGER
BNFL
BVVR
CBNM
CEA
CEC
CEGB
CERCA
CFR
CFRMF
CIPS/ICWB

CIV/CTI
CORAPRO
CREN-K
CTR
DFR
DSM
EBR
ECN
EDF
EIR
ENDF
ENEL
ENI
EPRI
ERA
ESK

EULEP
FFTF
FRSM
GBR
GCFR
GfK
GKN
HEDL
HORTOK
HTR
IAEA

ICWB/CIPS

IHE

IIKW/IISN

Atomic Energy Establishment Winfnth (United Kingdom)
Administration Generale de b Cooperation au Developpement / Algemeen Bestuur vooi
Ontwikkehngssamenwerking (Belgium)
Algemene Spaar- en Lijfrentekas / Caisse Generale d'Epargne et de Retraite (Belgium)
British Nuclear Fuels Ltd (United Kingdom)
Boiling Water Reactor
Central Buieau for Nuclear Measurements - EURATOM, Geel (Belgium)
Commissariat a I'Energie Atomique (France)
Commission of the Euiopean Communities
Central Electricity Generating Board (United Kingdom)
Compagnie pour I'Etude et la Realisation des Combustibles Atomiques (France)
Commercial Fast Reactor (United Kingdom)
Coupled Fast Reactivity Measurement Facility, Idaho (USA)
Commission Interministerielle pour la Politique Scientifique / Interministeriele Commissie
vooi Wetenschapsbeleid (Belgium)
Centium voor Informstieverwerking / Centie de Traitement de reformation (Belgium)
Contröle Radioprotection (Belgium)
Centre Regional d'Etudes Nucleates de Kinshasa (Republic of Zaiie)
Controlled Thermonuclear Reaction
Dounreay Fast Reactor (United Kingdom)
De Staatsmijnen N.V . Heerlen (The Netherlands)
Experimental Breeder Reactor, Idaho (USA)
Energie-Centrum Nederland (The Netherlands)
Electncite de France (Fiance)
Eidgenossisches Institut für Reaktorforschung, Wurenlmgen (Switzerland)
Evaluated Nuclear Data File
Ente Nationale per l'Eneigia Elettrica (Italy)
Electro-Navale & Industrielle, Aartselaar (Belgium)
Electric Power Research institute, Palo Alto, Cal. (USA)
Economische Raad Antwerpen (Belgium)
Europaische Schnellbruter-Kernkraftweikgesellschaft mbH, Essen (Federal Republic of
Germany)
European Lote Effects Pioject
Fast Flux Test Facility, Hanford (USA)
Fonds de la Recherche Scientifique Medicale (Belgium)
Gas Breeder Reactor
Gas Cooled Fast Reactor
Gesellschaft für Kernforschung mbH, Karlsiuhe (Federal Republic of Germany)
N V Gemeenschappehjke Kernenergiecentrale Nederland (The Netherlands)
Hanford Engineering and Development Laboratory (USA)
Hoger Rijkstechnisch Ondeiwijs voor Kernenergie, Mol (Belgium)
High Temperature Reactor
International Atomic Energy Agency, Vienna (Austria)
Interministeriele Commissie voor Wetenschapsbeleid / Commission Interministerielle pour
la Politique Scientifique (Belgium)
Instituut voor Hygiene en Epidemiologie / Institut d'Hygiene et d'Epidemiologie, Brussels
(Belgium)
Interuniversitair Instituut voor Kernwetenschappen / Institut Interuniversitaire des Sciences
Nucleates, Brussels (Belgium)
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ILL
ILRR
INB

INT
INTERATOM
IRE

IVK
IWONL/IRSIA

JAERI
JRC
KFA
KNK
K U Leuven
KWU
LHA
LMA
LMFBR
LUC
LWR
NATO
NEA/OECD
NERSA
NFWO/FNRS

OECD
PFR
PWR
RAPSODIE
RIT
RUCA
R.U Gent
RWE
SALE
SFNA
SEP
TUI
TUV
UCL
U E.Liege
U I Antwerpen
UKAEA
U L Bruxelles
USERDA
VENUS
V U Brüssel

Institut Laue-Langevin, Grenoble (France)
Interlaboratory LMFBR Reaction Rate Prcgiamme
Internationale Natrium-Brutreaktor-Bau-Gesellschaft mbH, Bensberg (Federal Republic of
Germany)
Institute for Nuclear Technology, Bucharest (Roumania)
Internationale Atomreaktorbau GmbH, Bensberg (Federal Republic of Germany)
Institut National des Radioelements / Nationaal Instituut voor Radio-elementen, Fleurus
(Belgium)
Institut von KaTnann, Sint-Genesius-Rode (Belgium)
Instituut tot aanmoediging van het Wetfcfischappelijk Onderzoek in Nijverheid en Landbouw /
Institut pour I'encouragement de la Recherche Scientifique dans l'lndustne et l'Agriculture
(Belgium)
Japan Atomic Energy Research Institute, Tokyo (Japan)
Joint Research Centre, Ispra (Italy)
Kernforschungsanlage, Julich (Federal Republic of Germany)
Kompakte Natriumgekühlte Kernenergieanlage, Karlsruhe (Federal Republic of Germany)
Kath?'!°ke Universiteit Leuven (Belgium)
Kraftwerk Union, Aktiengesellschaft, Erlangen (Federal Republic of Germany)
Laboratory for High Activity (SCK/CEN)
Laboratory for Medium Activity (SCK/CEN)
Liquid Metal Fast Breeder Reactor
Limburgs Universitär Centrum, Diepenbeek (Belgium)
Light Water Reactor
North Atlantic Treaty Organization
Nuclear Energy Agency (OECD), Paris (France)
Societe Centrale Nucleaire Europeenne ä Neutrons Rapides SA (France)
Nationaal Fonds voor Wetenschappelijk Onderzoek / Fonds National de la Recherche
Scientifique (Belgium)
Organisation for Economic Co-operation and Development, Paris (France)
Prototype Fast Reactor, Dounreay (United Kingdom)
Pressurized Water Reactor
Experimental Fast Reactor, Cadarache (France)
Recheiche et Industrie Therapeutique, Genval (Belgium)
Rijksuniversitair Centrum Antwerpen (Belgium)
Rijksuniversiteit Gent (Belgium)
Rheinisch-Westfälisches Elektrizitätswerk AG. Essen (Federal Republic of Germany)
Safeguards Analytical Laboratory Evaluation
Societe d'Energie Nucleaire Franco-Beige des Ardennes, Chooz (France)
N.V. Samenwerkende Electriciteits-Productiebedrijven, Arnhem (The Netherlands)
Europaisches Institut fur Transurane, Karlsruhe (Federal Republic of Germany)
Technischer Ueberwachungs-Verein, Baden (Federal Republic of Germany)
Universite Catholique de Louvain (Belgium)
Universite de l'Etat ä Liege (Belgium)
Universitaire Instellingen Antwerpen (Belgium)
United Kingdom Atomic Energy Authority (United Kingdom)
Universite Libre de Bruxelles (Belgium)
United States Energy Research and Development Administration (USA)
Vulcain Experimental Nuclear System (SCK/CEN)
Vnje Universiteit Brüssel (Belgium)
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