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Chapter 1

SODIUM COOLED FAST REACTORS

INTRODUCTION

During 1974, S.C.K./C.E.N.'s programme on sodium cooled fast reactors was pursued as part of the
Belgian contribution to the DEBENELUX fast breeder project. Within this project active collaboration is
achieved between the utility companies, industry, government and research centres of the participating countries.
Information on worldwide LMFBR development work is exchanged with the Atomic Energy Authority of
the United Kingdom (UKAEA), the United States Energy Research and Development Administration (ERDA)
and the Japanese Power Reactor and Nuclear Fuel Development Corporation (PNC).

The construction of the SNR 300 fast reactor prototype plant at Kalkar, started in 1973, has been
continued during 1974. Mainly as a result of additional safety studies and discussions, the initial target date
(January 1980) for testing and commissioning of the plant, has been delayed for some months. This delay as
well as price increases result in a cost increment which is estimated at present at 250 M DM.

Associated R & D work mainly carried out by industry and co-ordinated within the "Bauzugehöriges
Forschungs- und Entwicklungsprogramm", has allowed the elaboration of detailed specifications for most of
the reactor components. Some of these are now being manufactured; for others, extensive test programmes
are running on prototype equipment for detailed assessment of performance or optimizing of fabrication
parameters.

The DEBENELUX project also includes studies of a more general nature, which aim at long-term
improvements in view of commercial development of fast breeder reactors. These are now progressively oriented
towards the SNR 2 demonstration plant proposed to be constructed in the period 1980-1985 on behalf of ESK
(Europäische Schnellbrüter-Kernkraftwerkgesellschaft), an international utility association of SBK (grouping
RWE, SEP and SYNATOM), EdF, ENEL and CEGB. For the SNR 2 project, a conceptual design study has
been completed by INTERATOM, which has also received a contract from ESK for a predesign study to be
carried out during 1975. The tentative time schedule for SNR 2 might be altered as a result of continued
negotiations with all partners involved both on the organizational and financial-economic aspects of the project,
as well as on technical design features of the plant itself.

As in the past, S.C.K./C.E.N. continued to focus its R & D work related to sodium cooled fast reactors
on the fuel cycle and on some fields in which it has built up very valuable experience. The present status and
trends can be depicted as follows.

- Within the S.C.K./C.E.N.-BELGONUCLEAIRE programme on fuel development, the mixed oxides project
is being oriented towards scaling-up of fabrication techniques, so as to enable BELGONUCLEAIRE to start the
fabrication of the SNR fuel in 1976; furthermore, detailed post-irradiation work of large irradiation campaigns
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in BR2, DFR and Rapsodie is being carried out. The projects on carbide and ferritic steels for advanced LMFBR
fuel elements have almost reached the stage where important decisions with considerable budgetary implications
for further scaling-up must soon be taken.

For reprocessing of fast reactor fuel, additional data have been gathered for the assessment of new techniques
for head-end operations, in view of improving plutonium solubility and the elimination of gaseous fission
products prior to dissolution of the fuel. Furthermore, work on the development of a complete gas purification
scheme for head-end operations has been pursued.

In addition to important progress made by experimental studies for validating basic reactor physics data and fast
reactor dosimetry, which benefit large international interests, a continued limited support is being given for
providing cross-section data and reactor physics calculations for SNR-design studies, the BR2 irradiation
programme and theoretical safety work.

In the field of fast reactor safety, S.C.K./C.E.N. contributes to various international initiatives for co-ordinated
assessment studies and to the MOL 7C in-pile coolant blockage experiment, in collaboration with GfK.

S.C.K./C.E.N.'s development work on technology is being pursued for out-of-pile testing of materials and
fuel bundles in Na-loops as well as for preparation and follow up of a large number of various types of
irradiation experiments in BR2.

1.1. MIXED OXIDE FUEL

Carried out in collaboration with BELGONUCLEAIRE, mixed oxide fuel development has further
progressed towards its primary objectives of providing reference data for the design and experience for fuel
fabrication of the first SNR 300 core.

For the irradiation in KNK II of a complete fuel assembly of 211 UO2-PUO2 fuel pins, extensive preparatory
work has been carried out for scaling-up and testing of the equipment, for consolidation of fuel preparation
parameters and for qualifying the process by the T.U.V., acting on behalf of the Safety authorities. During
these tests, the mixing process was further investigated and adapted to the use of free flowing UO2 powder.
Attention was paid to the control of the O/M ratio during sintering in a large continuous furnace. The actual
fuel fabrication campaign will be completed by the end of 1975. Further improvement of the fabrication
techniques is now being progressively approached by powder and pellet characterization methods mainly to control
the mixing, pelletizing and sintering behaviour.

The irradiation programme provided sound indications concerning the quality of the fuel supplied by the
S.C.K./C.E.N.-BELGONUCLEAIRE Association. Post-irradiation examinations of two subassemblies of 34 pins,
irradiated in Rapsodie up to more than 80,000 MWd.t"1, carried out at TUI and LMA, confirmed earlier
conclusions with regard to metallurgical fuel behaviour. It permitted the evaluation of the importance of fast
neutron induced clad swelling, which was much more pronounced for annealed steels (12 vol.%) than for
cold worked austenitic steels (1.5 vol.%).

The DFR 455 irradiation of a bundle of 60 pins had to Lc stopped at about 50,000 MWd.t1 after fuel
pin failure indications. Dismantling revealed longitudinal cracks in 4 pins, but all the Belgian made pins were
found intact.

The MOL 7B integral loop experiment in BR2, carried oui in collaboration with GfK and started in July
1972, was continued until February 1974, up to a maximum burn-up of 81,000 MWd.t"1. At about 40,000
MWd.t'1, fuel pin failure was observed. After unloading, neutron radiography confirmed this failure and revealed
also fuel bundle bowing. The fact that it was possible to continue the experiment after the leak, demonstrates
the excellent performance and capabilities of the IPSL-500 kW loop.
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The preparation of a similar experiment, M0L7D, for testing a bundle of 18 UO:-PuO: pins, spaced by
integral fins, progressed normally; start of irradiation is scheduled for May 1975.

For the parametric study of fuel-clad compatibility by short-term CFC simulation experiments in BR2,
fuel has been prepared for CFC 02 and 03. These irradiations aim at the investigation of the influence of
the O/M ratio, at irradiation temperatures of 650°C and 700°C.

1.1.1. Mixed oxide fuel preparation techniques
(A.J.Flipot)

1.1.1.1. Powder and pellet characterization
(P.Diels, P.Henrion, R.Gilissen, R.Lecocq)

The characterization of free-flowing UO2 powders
has been further studied. Mercury porosimetry and
particle size analysis under centrifugation are now
routinely applied, and a basic study of gas permea-
metry is under way; moreover, these techniques are
being adapted to glove-box work.

Particle size analysis by the M.S.A. method will
be possible for Pu containing oxides by rly 1975.
Errors or 25% in particle diameter are not unusual,
but the reproducibility of the method is satisfactory.
This analysis constitutes a sensitive method for com-
parison of similar powders and has already been ap-
plied to the study of the recovery of UO2 scrap pellets
by ball-milling.

Methods have been investigated for characterization
of pellets. A scanning electron microscope examina-
tion of green UO2 pellets has proved to be very help-
ful. It has shown that some anomalies observed in
sintered pellets can be explained by stacking faults
in the green pellets. The method should be applied
to the examination of UO2-PUO2 pellets as soon as
possible. Dilatometry is found to be interesting for
comparing the sintering behaviour of different pow-
ders. Experiments carried out on UO2 pellets have
pointed out that during the early stage of sintering,
the shrinking rate may be varied by a factor of ten
by changing the water vapour content in the sintering
atmosphere. Microprobe examination of mixed oxide
pellets completes very well the standard X-ray diffrac-
tometry analysis, alpha-autoradiographic and ceramo-
graphic examination. To this purpose, a technique has
been developed for covering the samples with a layer
of gold, 100 A thick. It has been successfully applied
to UO2, UO2-3 wt. % and UOj-30 \vt. % PuO3 pellets.
Up to now, no contamination has been found.

All these analyses have confirmed that plutonium
diffusion into UO2 is not very extended when using
free-flowing powders. Two types of solid solution
have been found: one containing about 35-45% Pu,
the other being not far from pure PuÜ2 ( ~98?o Pu).
Fortunately, the mean size of plutonium rich particles
is below 80 \xm and within the preliminary SNR
specifications.

1.1.1.2. Fuel fabrication studies
(A.J.Flipot, R.Lemaire*, A.Smolders,
R.Gilissen, G.Mallants*, P. Trand-Dai*)

A large effort has been devoted to the improvement
and economy of the fabrication technique, especially
to fuel preparation for the KNK-II irradiation cam-
paign. A simplified fabrication route (Fig. 1.1.1.)
has been used for the first time for manufacture of
large quantities of pellets.
- Mixture tests have been performed in a large blender

(5 1 capacity) and the optimum mixing parameters

enriched U 0 2

powder

PuO2

powder

Homogemzation

.

Sieving

Mixing

Pellctizing

Sintering

Control

Drying

Storage

Fig.l.l.l. — UOfPuO, fuel pellet fabrication route- jo the
KNKII campaign
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have been defined, ensuring an acceptable homo-
geneity.
It must be emphasized that free-flowing UO2 pre-
sents a demlxing tendency during pelletizing, espe-
cially when using feeding shoes with rotating fins.
The best way is to feed the press through a standard
feeding shoe and to tolerate a rather high total pellet
weight variation. This is certainly acceptable if this
weight scattering is counterbalanced by a good hy-
draulic compensator, so that the density can be kept
within the ±1.596 margin around the mean value.

- Pelletizing is carried out with a double-sided rotary
press, thus allowing direct lubrication and avoiding
precompaction, granulation, admixture of zinc stea-
rate and dewaxing, as well as mechanical grinding
of the sintered pellets.
It was found that pelletizing by compaction in a
conical die by moving only the lower punch, a
method which has been patented, allows to produce
pellets within narrower dimension specifications
than the classical double-action method, provided
at least that the core of the die is designed appro-
priately. This method is chiefly interesting for
manufacturing large diameter thermal fuel pellets
without grinding; the usual specifications for fast
fuel can be met with the classical method.

- The sintering conditions have been specially studied
in order to control closely the O/M ratio or' pellets
sintered in a continuous furnace. A moisture mea-
suring probe has been mounted in the hot zone of
the furnace and has revealed that the water vapour
back diffusion is a key factor in controlling the
O/M ratio in large batches. In fact, part of the
water released during the reduction of UO2+, at
low temperature diffuses back through the gas* flow,
changing the moisture concentration in the hot zone
of the furnace, and may even affect the atmosphere
during cooling of the pellets. The importance of this
back diffusion is related to the initial overstoichio-
metry of the green pellets and the total mass of the
pellets loaded.
Back diffusion is also affected by the sweeping gas
flow through the furnace, its hydrogen content and
the sintering time (Fig. 1.1.2.). When sintering
small batches (i.e. only 2 or 3 boats under A + 5
vol. % Hi), the quantity of water liberated is
always small and the O/M ratio is usually about
1.94.
The same batches sintered under argon + 1 vol. %
H2 showed an O/M ratio of 1.98. Moreover, it was
noticed that the trend of the experimental results
corresponds to calculated curves, using equilibrium
data for temperatures lower than the sintering tem-
perature. This seems to indicate that the final O/M
results from a reoxidation during the cooling of the
pellets.
The manufacture of fuel pins, i.e. loading of the

pellets into the canning tubes, air purging, helium
filling and welding the end caps, has also been studied
and improved.

A O/M ratio

2.00

1.98

1.96

1.94 •

1.92

rs «Ä-
dcwaxed pellets — ®^ » f * ^

- 8 h sintering

200 12C0 tolil ffow U/h)

Fig. 1.1.2. — Influence of sweeping gas flow on O/M ratio
of pellets sintered at 162O°C for 4 h.

It can be said that the fabrication equipment runs
well and that the fabrication techniques are con-
venient. The KNK-II fuel fabrication campaign can
be started early in 1975.

1.1.1.3. Technological improvements
(A, Smolders, R. Lemaire*)

A flexible and simple device has been constructed
for collecting automatically large quantities of pellets
manufactured with a high-capacity rotary press. The
unit has been successfully tested with UO2 pellets
up to the nominal capacity of the press (164 pel-
lets.min"')-

This press has also been equipped with a lubricant
recycling unit so that the lubricating cork-zinc stearate
mixture is continuously cleaned and adjusted in com-
position.

In addition the hydraulic compensator mounted on
an eccentric press runs perfectly well. Even when the
total pellet weight variation is as high as 32%, the
total green density scattering is below 1%.

1.1.2. Mixed oxide fuel irradiation programme

1.1.2.1. Irradiation experiments in Rapsodie and
DFR
( I . Lafontaine')

Rapsodie I experiment

The Rapsodie I experiment consists of the irra-
diation in the Rapsodie fast reactor of two complete

* BELGONUCLEAIRE
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subassemblies of 34 fuel pins each with grid spacers.
The main objective is the in-pile testing of the most
important design concepts of the SNR fuel elements.
The 6 mm mixed oxide fuel pins have been fabricated
according to preliminary SNR specifications and the
fuel bundles had many of the design characteristics
of thr SNR Mk la bundle (self-standing bundle with
spacer grids axially supported by three tie rods, in
three of the six corner lattice positions). The sub-
assembly wrapper tubes used are the standard 316L
cold-worked tubes of the Rapsodie fuel elements and
enabled to accommodate 34 pins of 6 mm with a
lattice pitch of 7.6 mm (P/D = 1.27). The two fuel
bundles are entirely identical, except for the cladding
material which is different for each bundle (WN
1.4988 for assembly 102 and WN 1.4970 for assem
bly 103).

After irradiation to a maximum burn-up of 10.5%,
detailed post-irradiaiion examinations have been car-
ried out on the fuel pins and the structural parts.
Up to now 12 fuel pins have been completely examin-
ed at TCJI; 16 other pins are now destructively
examined in the LMA.

Results of post-irradiation work on the fuel
pins
(M. Csube*, D. Haas*, J. Van de Velde)

No pin failure occurred during the irradiation, in
spite of the fact that high diameter increases (5%)
have been measured for the pins clad with the WN
1.4988 steel. The diameter increases of the pins clad
with the cold-worked WN 1.4970 steel were lower
than 1%.

The void swelling measurements on the cladding
showed clearly the advantage of the cold-worked steel
WN 1.4970 ( AV/V max = 1 . 5 % against 12% for
the annealed WN 1.4988 steel).

Furthermore, statistical analyses of the results from
diameter, length and swelling measurements showed
(Fig. 1.1.3.) that for both steel types, the relative
contribution of creep and mechanical interaction to
the total deformation of the fuel pins is proportional
to the relative amount of deformation due to swelling
only.

X-ray radiographs, neutron radiographs and gamma
scanning have shown that the structure of the irra-
diated fuel and blanket pellets has been mainly deter-
mined by the structure of the non-irradiated material.
The fuel fabricated by the Joint S.C.K./C.E.N.-
BELGONUCLEAIRE Group, with an O/M ratio of
1.965, is characterized by several irregularities such
as fuel relocation at the top of the fuel column, fission
product (mainly l37Cs and 106Ru) accumulations in the
central channel and at the extremities of the fuel

ALs/ALt

1.0

OS
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ALt/Lo (To)

Fig. 1.1.3. — Deformation of the Rapsodie pins due to swell-
ing (ALs) relative to the total deformation
(ALt), as a function of local total deformation
for steel types WN 1.4988 (m) and WN 1.4970
(X).

column. The latter phenomenon was less important
in the other S.C.K./C.E.N.-BELGONUCLEAIRE and
the ALKEM fuel (stoichiometry 1.98-2.00), which
however displayed higher internal clad corrosion.
Furthermore, the gamma scanning revealed good cor-
respondence between the Zr/95Nb profiles and the
relative linear power distribution calculated by the
CEA.

The metallographic examinations confirmed these
considerations and displayed an important interaction
between the blanket and the fuel pellets. They also
pointed out that the irradiation temperature is the
main parameter governing the fuel-cladding inter-
action. Maximal intergranular corrosion depths of
about 120 urn have been reached at about 620°C.
This corrosion also increases with the initial O/M
ratio of the fuel and seems to be independent of the
cladding steel type.

Results of the post-irradiation work on the
structural parts of the fuel assemblies
(M.Gaube*, D.Haas*, J.Van de Velde, C. Van Loon)

The post-irradiation examinations on the spacer
grids, performed in LMA, concerned mainly the
evaluation of the mechanical behaviour and residual
strength of the grids in relation with the irradiation
conditions. To this end, extensive dimensional meas-
urements have been performed as well as non-
destructive mechanical tests.

From the analysis of these results, it is concluded
that both types of grids have behaved satisfactorily,
in spite of severe dimensional changes of the fuel
rods in one of the bundles. Although the mechanical
properties of the grids have not been altered very
much by the irradiation, some changes have been
observed in the rupture properties of the grid cells.
Rupture deformations remained rather large. The ca-
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pability to resist to fuel rod deformations without
failure was found significantly larger for the honey-
comb grid, although the loading conditions applied
during the tests are not fully representative for the
in-pile conditions. Finally, the results provided some
information on the behaviour of WN 1.4981 after
irradiation, such as swelling and the associated de-
crease of the Young modulus.

MMn gamma activity measurements on the spacer
grids and on the tie rods of the bundles indicated a
radial fast neutron flux gradient of 11% across the
two assemblies in the direction of the core centre
and also a higher fast neutron fluence received by
assembly 102 than for assembly 103. These fluence
differences were confirmed by swelling measurements
on the grids (Fig. 1.1.4.) and on the wrapper tubes.
Maximum swelling of the wrapper tubes (AISI 316)
(at positions which were axially and radially closest
to the reactor centre) was found to be 1.196 for
assembly 102 and 0.8% for assembly 103.

Comparison of complete results from dimensional
and swelling measurements with STRAW II calcula-
tions, adjusted for void swelling, showed good agree-

ment and confirmed the validity of the creep laws
proposed for the SNR 300 design studies.

DFR 455 experiment

The DFR 455 experiment has been carried out to
confirm the fuel bundle and pin design studies for
the SNR 300 Mark la core.

The bundle consists of 60 pins (6 mm OD) of
which 24 were fabricated by the S.C.K./C.E.N.-
BELGONUCLEAIRE Association and 36 by AL-
KEM, according to the same specifications. Several
cladding materials have been used: WM 1.4988, 4970
and 4981. The nominal maximum linear power and
midwall cladding temperature were respectively 450
W.cm-1 and 620°C. The target burn-up was 100,000
MWd.f1.

One of the main objectives of the irradiation was
the investigation of the in-pile behaviour of the spacer
grids and more particularly the spark-eroded type of
grid which had never been irradiated before.

After the first irradiation run in DFR, activity in-
crease in the cover gas of the reactor indicated pin
failure. The irradiation was nevertheless continued,

Swelling

«-Upper axial blanket * plenum

I Grids
I

-400 -300 -200 -100 0 100 200 300 400

Axial position (mm]

Fig. 1.1.4. — Results from immersion density measurements on the grids of the assemblies 102 (*) and
103 (x) of the Rapsodie experiment.

1-6 BLG 506/75



until the end of the third irradiation run, up to an
estimated maximum burn-up of about 5.2 at .%.

Dismantling of the bundle in November 1974
revealed failure of 4 pins supplied by ALKEM. The
failures are extensive and consist of large longitudinal
cracks over about one half of the length of the fissile
region of the pins. In one case, the failure is also
transversal. Detailed post-irradiation examinations are
planned for 1975.

1.1.2.2. Mixed oxide fuel irradiations in BR2

The 500 kW thermal capacity in-pile sodium
loop - IPSL-500 kW
(G. Vanmassenhove, A. Verwimp, M. Soenen,
W. Detavernier, R. Oris, G.Geboers, G.Deprez*)

The 500 kW in-pile sodium loop is an integrated
circuit with a nominal capacity of 500 kW, having
as its main feature the irradiation under a thermal
neutron screen of a number of fuel pins cooled with
flowing sodium.

MOL 7B experiment

The MOL7B experiment, carried out in co-opera-
tion with GfK and BELGONUCLEAIRE, consists
of irradiating, in the IPSL-500 kW loop, a fuel bundle
with 18 mixed oxide fuel pins under extreme condi-
tions of temperature, cladding stress, cladding creep
and burn-up.

The in-pile section was loaded into the BR2 reactor
at the beginning of July 1972. Irradiation started in
reactor cycle 06/72 (July 1972) and continued until
February 1974. During reactor cycle 03/73 (April
1973), release of fission gas was detected, indicating
the failure of at least one pin. The maximum burn-up
at that moment was about 38,000 MWd.t"1. In spite
of some difficulties of operation and manipulation of
the loop, the irradiation has been continued at normal
temperature and power level up to the target burn-up
of 80,000 MWd.t"1. The specific activity of the cover
gas samples has increased steadily indicating an ex-
tension of the failure of one pin, or a propagation
towards multiple pin failure.

At the end of the irradiation campaign in February
1974, the following average values had been achieved:
- total loop power 360 kW
- maximum linear power 430 W.cm'1

- maximum sodium temperature 680°C
- maximum midwall cladding

temperature 697°C
- total irradiation time 384 d
- maximum burn-up:

corner pins 81,000 MWd.t1

inner pins 64,500 MWd.t1

* EURATOM

At the end of the irradiation, the loop was still in
excellent operating condition: only two thermocouples
for sodium temperature measurement failed during
the last months of the irradiation, one at the bundle
inlet (around 440°C) and one at the bundle outlet
(about 650°C).

The main observations from 7 neutron radiographs,
taken respectively at the bottom of the sodium con-
tainment tube and at three positions at the. upper and
lower parts of the fuel bundle (obtained by its rota-
tion through an angle of 60°C), are the following.
- No axial displacement of the fuel bundle as a whole

could be observed.
- Although no details could be distinguished within

the fuel bundle, it was concluded, owing to the
absence of protruding fuel pin edges and fissile
material pellets, that no relative axial displacement
of individual pins, nor of pellets, has occurred.

- Fuel debris have settled all over the fuel bundle,
especially at the sodium entrance side of the spacer
grids and the bottom of the sodium containment
tube.

- One external pin shows a large defect which is just
above the third grid from the sodium entrance side
of the fuel bundle. For the same pin, some abnor-
malities have also been noticed at the upper fissile
region at the seventh grid position.

- Bending of the fuel bundle has led to contact with
the wrapper tube at the opposite side, where the
pin shows the large defect.

- The sodium containment tube was found bent and
in contact with the pressure tube, in the same direc-
tion as for the fuel bundle.
The dismantling of the loop, with recovery of the

fuel bundle, was started in the BR2 hot cells in
December 1975. By the end of the year, the bundle
was stored in a container in the BR2 hot cells under
inert gas atmosphere. Transport of the fuel bundle
with its solidified sodium to GfK for further dis-
mantling under inert atmosphere and post-irradiation
examinations, will be carried out during January 1975.
It imposes some special requirements for double con-
tainment of the bundle and keeping the sodium tem-
perature below the melting point of 98°C. These were
met by two separate containers with an interspace,
filled with a low melting point alloy.

MOL 7D project

A second in-pile section of the type IPSL-500 kW
is under construction for the irradiation, in collabora-
tion with GfK, of 19 mixed oxide fuel pins spaced by
integral fins. The main pin data are the following.
- Overall pin length 1080 mm

O fuel column
- Jength 500 mm
- pellet diameter 5.05 mm
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- linear weight
- Pu/(U + Pu)
- ^ U enrichment

Depleted UO2 Wanket
- length upper blanket

lower blanket
- pellet diameter
- linear weight

- Cladding
- material type
- dimensions
- fins: number

height

1.874 g.cnv1

3 0 ± l wt.%
83%

165 mm
100 mm
5.05 mm
2.1 g.cm1

WN 1.4988
6/5.2 mm
6
0.95 mm

During 1974, the construction by S.C.K./C.E.N.
of the in-pile section progressed without appreciable
difficulties, up to the point where the fuel pins could
be inserted. After fabrication of the fuel pins by
Alkem, it was found that the hydrogen content of
the filling gas exceeded the specifications, imposing
corrective actions which were completed by the end
of the year. With this delay in mind, the start of the
irradiation a: 460. W.cm'1 maximum linear power
rating in the central reactor channel is now scheduled
for May 1975.

Post-irradiation analysis on MFBS 6
(R. Boden, P. De Regge, C. Van Loon, J. Ketels,
J.Van de Velde, M.Gaube*)

For destructive burn-up determinations, two sam-
ples of the MFBS 6 pin have been dissolved; Nd, U
and Pu fractions have been separated and purified.
Due to considerable delay in the mass spectrometry
measurements, no results are yet available.

Apart from a few general investigations, which
complete the previous post-irradiation work, a detail-
ed study was devoted to the fuel-clad interaction.
Microprobe examinations revealed:
- detached cladding pieces with Fe and Ni as major

constituents and detectable amounts of Ba, Mo and
Cs which had migrated in the fuel matrix;

- formation at the inner cladding surface of a Fe-Ni-
Pd phase, depleted in Cr, and of an oxide layer
containing Ba and Mo with minor amounts of Cr,
Te and Cs at the clad-fuel interface.

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

A programme of short-term irradiation experiments
in BR2 with UO2-PuO2 fuel, doped with simulated
fission products for simulating high burn-ups, has
been set up in order to investigate the influence on

* BELGONUCLEA1RE

in-pile clad fuel compatibility (CFC) of the following
parameters:
- rhe inner clad surface temperature;
- rhe O/M ratio or the oxygen activity of the UOr

PuO2 fuel;
- the clad composition and characteristics;
- the presence of fission products;
- the incorporation of oxygen getters.

Beyond the CFC 01 irradiation, carried out in 1973
and which demonstrated the validity of the simula-
tion, fuel has been prepared for the CFC 02 and
CFC 03 experiments aiming the study of the influence
of the oxygen activity (O/M ratio) at inner clad
temperatures of 700°C respectively 650°C. Further
experiments with various types of cladding materials
are planned.

1.1.3.1. Preparation of fuel capsules for CFC 02
and CFC 03
(R. Lemaire*, P. Papeleux*, P. De Boeck)

The characteristics of the CFC 02 and CFC 03 fuel
capsules are summarized in Table 1.1.1. The UO2-
30 wt.% PuO2 pellets have been sintered with an
O/M ratio of 1.94. The O/M ratios between 1.97
and 1.99 have been obtained by storing the pellets
in air, whereas the stoichiometric pellets have been
oxidized by a treatment under wet A-H2 gas.

The second plugs have been welded in a vertical
position to avoid any Cs contamination of the weld.

1.1.3.2. Irradiation and post-irradiation examina-
tion
(A. Delbrassine, P. Dirven, G. Verstappen,
C. Van Loon)

CFC 02 is being irradiated at a linear power of
500± 100 W.cm1 and an inner clad temperature of
650±20°C during two BR2 cycles. It will be unloaded
at the end of cycle 1/75. CFC 03 is scheduled to be
irradiated in the same conditions, except for the tem-
perature which is specified at 700±20°C, during the
BR2 cycles 2 and 3/75.

The main new results from continued post-irradia-
tion examination in LMA on the CFC 01 capsules are
the following.
1. The WN 1.4981 clad of the tellurium doped fuel

capsule showed local intergranular attack (30 pm),
as well as some axial migration of the tellurium
within the fuel-clad gap.

2. The WN 1.4981 clad of the capsule containing a
cesium doped fuel, revealed no matrix attack nor
intergranular corrosion. The layer, influenced by
the fission product recoil, is no longer detectable.
This result is rather surprising and should be con-
firmed by the CFC 02 experiment.
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TABLE 1.1.1.
Characteristics of the UO2-PuO2 (30 wt.% Pu) fuel, clad with 5.24/6 mm tubes of WN 1.4981

steel, for the CFC02 and CFC03 experiments.

Experiment code

CFC02

CFC03

Capsule code

A5
B8
A4
A8
A6

B6
B7
A9
B3
Bl

Fuel parameters

3 5U enrichment

9.09
0.223
0.223
0.223
9.09

9.09
0.223
0.223
0.223
9.09

O/M
ratio

2.00
1.993
1.984
1.971
1.940

2.00
1.993
1.984
1.971
1.940

Fission
products

Cs+Te
Cs

Cs+Te
Cs+Te
Cs+Te

Cs+Te
Cs+Te
Cs+Te
Cs+Te
Cs+Te

1.2. CARBIDE FUEL
(W.Van Lierde*, J.Proost)

S.C.K./C.E.N.'s carbide project is an integral part of the joint programme with GfK, RCN, TUI and
EIR on advanced fast reactor fuels. It comprises laboratory R & D work for developing fabrication techniques,
for investigating physical properties and for comparing the irradiation behaviour of novel and reference carbide
fuel concepts and compositions. The basic objective of this work is to understand and cope with compatibility
and high burn-up swelling problems of carbides.

During 1974, samples of (U,Pu)C, stabilized by VC, have been prepared for the irradiation experiments
CIRCE 2S (in-pile swelling measurements) in BR2 and DFR 527 (irradiation of three mixed carbide fuel pins
in fast neutron conditions), which are planned to start early in 1975. These experiments complete the CIRCE 3
irradiation stopped in 1973 at 50,000 MWd.t"1 after rupture of the (U,Pu)C + (U,PuhC3 capsule and the
MFBS 7 integrated loop experiment which started in April 1974 and reached 25,000 MWd.t"1 by the end of the
year.

The UC irradiation campaigns POM Stuc 3 and CIRCE 4 for investigating the behaviour of cellular and
dispersoid cellular UC-VC-V2C structure have progressed. The former experiment was unloaded at the target
burn-up of about 100,000 MWd.r1. CIRCE 4 has attained 68,000 MWd.t"1 without showing abnormalities on
the neutron radiographs. A POM Stuc 4 irradiation has been set up to study the possible relation between
swelling and high-temperature mechanical properties.

Considering that the introduction of a complete carbide core in a demonstration fast breeder plant such
as SNR 2 has been proposed for 1995, progressively increased effort will be required for a complete study of
the fabrication steps, for additional out-of-pile work and for preparing technological studies at pre-pilot scale and
large scale demonstration irradiations in prototype fast reactors (KNK II, PFR, Rapsodie, SNR300).

1.2.1. Studies on uranium carbides

1.2.1.1. Uranium carbide fuel preparation
(F.Gorle, W.Van Lierde, L.Coheur)

Samples of different fuel types have been prepared
for the irradiation programme. Much effort has been
devoted to the fabrication of a wide range of well

BLG 506/75

characterized materials, in particular with regard to
the mechanical strength properties. The following
fuels have been prepared:
- 132 enriched pellets (93% a5U) of UC-VC solid

solution as spare loading for DFR 527;
- a series of UC and UC-VC compositions for the

* Deceased
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out-of-pile compatibility tests, as well as four series
of pellets of enriched fuel compositions [UC, UC-
VC, UC-U2C3, UCO (3000-4000 ppm O ) ] for the
CIRCE 6 D irradiation of ferritic steel cans;

- 28 natural UC sintered pellets with 0.3 mm temper-
ature monitor holes for out-of-pile calibration ex-
periments for the HR 3 programme;

- blank pellets from trial runs for fabrication of 12
fuel types (UC,.X, UCn„ UCO, UC,Noi, U2C3-UC.
UVC2, UCN-ZrC, UCN-ZrC-VC, UC-VC and UC-
ZrC-VC both prepared according to two different
thermal treatments) for the POM Stuc4 irradiation.
This experiment is aimed at investigating the pos-
sible correlation between mechanical strength and
swelling under irradiation. The only variable be-
tween the different fuel types should be mechanical
strength, whereas density and average grain size are
to be the same, as far as compatible with the phases
imposed.

1.2.1.2. Investigation of the irradiation behaviour
of uranium carbide fuels
(G. Verstappen, A.Delbrassine, P. De Boeck,
W. Hebel*, P. Ditven, C. Van Loon, W. Van
Lierde)

HR3
After dismantling, the two capsules (GEX 6130

and 6131), irradiated in 1973 for 1 h and 4 h respec-
tively, have been neutron radiographied and examined
in LMA.

Based on the location of the 960°C isotherm of
molten Ag-wires in the first capsule (see Fig. 1.2.1.),
on neutron flux measurements and flux depression
calculations and on thermal conductivity data of the
fuel, a tentative temperature profile has been calculat-
ed. This gave a central temperature of 1170 toll80°C,
an outer fuel surface temperature of 770°C and
a thermal resistance of the fuel-cladding gap of 0.4
W.cm"2.oC"'. This profile is in good agreement with
the indications given by the eutectic melting at 779°C
of Ag-Cu monitors at positions close to the fuel can,
but the resulting central temperature does not corres-
pond with 1080°C deduced from molten Cu-wire mo-
nitors. This discrepancy, which could be attributed
to perturbed fuel thermal conductivity or power dis-
sipation due to the presence of monitors, or by higher
flux depression than those assumed, requires further
study.

As to the evaluation of various types of monitors,
it can be concluded that melting monitors gave the
clearest indications and that interpretation of results
from recrystallization and diffusion monitors needs
out-of-pile calibration experiments. Partial investiga-
tions on capsule 6131 confirm these conclusions, but

indicate lower temperarures than those found for
capsule 6130.

Fig,. 1.2.1. —Metallography oj a VC sample of the HR3
experiment, irradiated during 1 h in BR2 and
showing molten and unajjectvd silver temper-
ature monitors

* EURATOM

POM Stuc 3

After loading of the 18 fuel discs, which include
UC, UC-U2C3, UCN and UC-VC-V2C cellular and
dispersoid cellular fuel types and after assembly of
the rig, irradiation started at BR2 irradiation cycle
2/74. After 125 days of irradiation without difficul-
ties, the experiment had accumulated an estimated
maximum burn-up of 95,000 MWd.t"1 and was un-
loaded after cycle 7A/1974. Dismantling in the BR2
hot cells and detailed post-irradiation examinations at
TUI-Karlsruhe will be carried out during 1975.

POM Stuc 4

As mentioned above, preparatory work on fuel
preparation has been performed for this experiment
which is scheduled to start in September 1975.

CIRCE 4

This experiment contains capsules with cellular and
dispersoid cellular UC-VC-V2C fuel and UCN. After
loading in November 1973, the irradiation campaign,
interrupted for neutron radiography at about 30,000
and 60,000 MWd.f1, proceeded normally during 1974,
up to an estimated burn-up of about 77,000 MWd.t1.
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This value was reached after cycle 1/75, during which
neutron radiographs will again be taken. The neutron
radiographs show a fuel diameter increase of about
19b per 10,000 MWd.f1 and a slight bowing of the
three capsules; there are, however, no indications of
abnormalities nor of important differences in perform-
ance of the three fuel types.

1.2.1.3. Physical properties of uranium carb'des

Thermal conductivity
(W. Van Lierde, R. De Coninck)

Technical improvement of the apparatus for mo-
dulated beam diffusivity measurements (temperature
measurement, uniformity of specimen heating) made
it possible to decrease the lowest operating temper-
ature from 800 - 850°C to 550 - 600°C and to increase
to 2% both the estimated accuracy of the temperature
measurements and the overall reproducibility of the
diffusivity measurements. Further improvements are
aimed at simultaneously measuring the specimen's heat
capacity Cp in order to obtain the value of the thermal
conductivity from actually measured values of CP and
diffusivity.

Results from measurements of thermal diffusivity,
thermal conductivity and spectral emissivity at 0.65
[xm for stoichiometric UC as well as for slightly hypo-
and hyperstoichiometric UC, have been mathematically
analysed and submitted for publication.

Interpretation of measurements on UCj is in pro-
gress.

Mechanical properties at hij.h temperature
(W. Van Lierde)

Additional compression experiments on various car-
bide compositions have been carried out at 1250,
1400 and 1600°C. For future tensile experiments on
POM Stuc 4 fuel types, molybdenum pull rods have
been manufactured and preliminary experiments were
performed at 1250°C. Measurements will continue as
soon as the equipment for machining appropriately
the I-shape tensile samples is operational.

Thermodynamics and kinetics of carbon trans-
port
(F. Casteels)

C o m p a t i b i l i t y

Results on compatibility experiments of various
UVC compounds with DYO1 and DTO2 are given in
§1.4.3.

Ca rbon a c t i v i t y

Carbon activity measurements at 973 K in the UC-

VC-V^C phase field of the U-V-C system, yielded a
value of about 2.5 XlO"3. The apparatus is now used
for the determination of the carbon activity in the
Fe-Cr-C system.

Stability of VC dispersions in UVC under
thermal gradient
(R. Lecocq)

A study of the stability of VC dispersions under a
thermal gradient of about lOCCmm"1 was started
and the necessary modifications of a furnace for ther-
mal analysis have been studied. During preparatory
isothermal annealing tests, cracks were produced in
the sample, so that no representative results have yet
been obtained.

1.2.2. Mixed carbides

1.2.2.1. Fuel preparation
(A.J.Flipot, G.Wouters, L.Aerts*, P.Diels)

For both the DFR 527 and CIRCE 2S experiments,
it was intended to produce VC-stabilized and solution-
hardened (U,Pu)VC pellets. Preliminary test runs
allowed the establishment of initial mixing composi-
tions and parameters and indicated a significant in-
fluence of pelletizing pressure on density after low
temperature (1600°C) sintering which was not notic-
ed at 1800°C. They also allowed us to meet the 90%
T.D. specification by adapting the batch size and time
for ball milling after carboreduction.

During the DFR 527 fuel fabrication campaigns,
intermediate diffraction measurements showed incom-
plete carboreduction for one batch (out of eight),
after sintering; however, the product met the specifi-
cations. Moreover, some batches had to be resintered
in order to reduce the pellet diameter from 5.60 to
5.55 mm. This treatment promoted MC grain growth
but affected only slightly VC particle precipitation.
The characteristics of the final fuel pellets selected
for loading are given in Table 1.2.1.

During the fuel preparation for CIRCE 2S, it was
noticed that, due to the temperature gradient in the
carboreduction furnace, the pellets located at the gas
entrance side showed a 30 9o higher residual oxygen
content and the presence of some MiC}. It was also
observed that, probably related to the powder charac-
teristics of the starting material (degraded fully en-
riched UO:), the carboproduct presented bad flow
properties and slightly different sintering behaviour
as compared to the DFR product. This resulted in a
somewhat higher sintered density (92% TD), larger

* BELGONUCLEAIRE
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TABLE 12.1.
Fuel pin characteristics obtained and irradiation conditions specified for the DFR 527

and CIRCE 2S experiments of (U,Pu) mixed carbides

EXPERIMENT

Fuel Pin Code

FUEL PIN CHARACTERISTICS

Cladding: material

degree of cold work (9b)

dimensions (mm)

Fuel pellets: total number

diameter (mm)

density

Fuel characteristics:

Pu/U + Pu (wt.%)
•^U enrichment (96)

Cdf (wt.ro)

V (wt.9ö)

MC phase (MVC solid
solution)

lattice parameter (A)

average grain size (urn)

VC precipitates

average size (um)

number per mm3

IRRADIATION CONDITIONS

Linear power (W.cnr1)

Max. clad temperature (°C)

Target burn-up (MVVd.t1)

DFR 527

A D

AIS1 3161. WN 1 4981

20 12.5

6.62/5.84 6.60/5.86

103 103

, S , + 0.02 >;<:<:+ ° 0 1

->•->•* —0.04 -)--):> — 0 . 0 5

12.35 + 0.16 12.36+0.21

19.82

92.63

4.79

0.12

4.960-4.961

21-57

2.5

1,400-3,500

-700

650

50,000

CIRCE 2S

AIS1316L

16

6.00/5.24

22

4.93 + 0.02

12.51+0.06

20.15

20.06

4.76

0.10

4.960

80

2.5

1,350

1050

600

80,000

MC grains and some coalescence of VC precipitates
at the grain boundaries (see Table 1.2.1.).

For a CIRCE 7 experiment, which in the meantime
has been temporarily postponed, molten mixed car-
bides and (U,Pu) oxicarbides have been envisaged.
In order to investigate the preparation of molten
carbides, three samples of vanadium-containing mixed
carbides have been molten at TUI. Analyses of these
samples are in progress. Some exploratory simulation
tests with molten UC have also been carried out in
order to arrive at a fuel structure with large grains,
surrounded by a low density layer with continuous
porosity channels for fission gas liberation. Preparation
of oxicarbides was attempted by partial oxidation of
(U,Pu) carbide powder by water vapour and by partial
carboreduction of the starting mixture combined with
sintering under partial CO pressure. The latter method
was found most promising.

As to the parameters affecting heterogeneities in
the carboproducts observed during various campaigns,
some tests indicated that the carboproduct is not
affected by the density variation of the compacted

mixtures. The temperature gradient in
the carboreduction furnace which was probably the
origin of lack of reproducibility of the CIRCE 2S
carboreduction results, was found to be about 75CC
and could be lowered to about 25°C by small modifi-
cations of the furnace.

1.2.2.2. (U,Pu) mixed carbide irradiation
programme
(G. Verstappen, A. Deibrassine, W. Van
Lierde, P. De Boeck, W. Hebel*, R. Pirard,
M. Soenen)

CIRCE 3
The CIRCE 3 rig was dismantled in the BR2 hot

cells. After cleaning, a preliminary visual inspection,
confirmed by dry sipping and bubble tests, showed
that the MC + M2C3 capsule was cracked and that the
other capsules were sound. The failure was further

* EURATOM
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Fig,. 1.2.2. — Metallographic sections of the (U,Pti) mixed carbide capsules of the CIRCE 3 experiment (unetched, X40)
a) (U,P,i)C (i2200MWd.fi)
b) (U,Pu)C + VC (50,600 MWd.fi)
c) (U,Pu)C+(U,Pii)2Ci (failed capsule, 44.800MWd.fi)
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TABLE 1.2.2.
Results from dimensional controls on CIRCE 3 normalized at 50,000 MWd.t1 (9b)

Fuel type

Total capsule diameter increase
Fuel swelling per 10,000 MWd.t1

fuel diameter increase
fuel volume increase

MC

0.27

1.15
2.7

MC+VC

0.45

1.24
2.9

MC+iM,Cj

0.59

1.31
3.0

examined in LMA prior to complete post-irradiation
examinations at EIR-Würenlingen. Results from di-
mensional controls, corrected for differences in burn-
up of the three fuel types (MC: 52,200 MWd.t1;
MC+VC: 50,600 MWd'.f1 and MC+M2C3: 44,800
MWd.r1) are given in Table 1.2.2.

From a series of ^-scanning measurements, puncture
tests and metallographic examinations (see Fig.1.2.2.),
the following preliminary conclusions were drawn.
- The degree of carburization of the cladding of the

three cans was about the same and does not explain
the failure of the MC+M:C3 capsule, which might
rather be related to a power increase (20%) during
the last cycle.

- Plutonium migration towards the outer fuel region
was found in the three fuel types.

- No important difference in fission gas release was
observed between stoichiometric and stabilized fuel.

CIRCE 2S

The design and construction continued of the rig
to allow measurement of volumetric fuel capsule
swelling by means of a bellows system, linked to a
linear inductive transducer.

As to the fuel preparation, the pellets have been
stored; loading and welding of the capsule has been
postponed due to delay in the delivery of the bellows
system.

A special container has been made for welding the
second plug without Pu contamination of the bellows.
Irradiation is scheduled to start in May 1975.

MFBS 7 [(Joint S.C.K./C.E.N.-EIR irradiation of
3 (U,Pu) mixed carbide twin fuel pins) in an integrat-
ed 250 kW Na loop in BR2]

After assembly of the fuel bundle, insertion of the
fuel bundle in the central test tube, Na filling, clean-
ing and testing of the primary sodium circuit, installa-
tion and testing in the reactor pool of the device for
loading and unloading of the loop in the peripheral
H3 channel, and neutron radiography, the loop was
loaded at the BR2 reactor cycle 03/74 (April 1974).
Nominal irradiation conditions are: 1000± 15W.cn!1

linear power and 600°C maximum clad surface tem-
perature; the target burn-up is 70,000 MWd.r1.

After 5 days of irradiation, the campaign had to be
stopped, because increase of the He cover gas pressure
indicated a leak between the primary (Na) and se-

condary (CO;) circuits of the loop. After unloading
and withdrawal of the primary circuit out of its
envelope, the leak was found at the bellows installed
on the He inlet line. As the most probable cause for
the failure was an electrical leak current through the
bellows in contact with two supply cables of the
electromagnetic pump unit of the loop, the thin-
walled bellows (0.1 mm) were replaced by straight
tubes (1 mm) and the supply cables were securely
fixed in a solid bundle. The loop was reloaded and
the irradiation campaign continued from cycle 05/74
in a satisfactory way. By the end of 1974, the maxi-
mum burn-up was about 25,000 MWd.t"1.

DFR 527 (Joint S.C.K./C.E.N.-EIR experiment)

After loading of the pellets, welding and controls,
the pins were shipped to Dounreay in June 1974.

Orifice calibration tests for coolant flow in the
trefoil device proposed by DFR, indicated that the
irradiation conditions specified could not be met.
Therefore it was decided to irradiate the two S.C.K./
C.E.N. pins in a duplex rig and the vibrocompacted
EIR pin in a single pin rig. The start of the experiment
has been postponed till March 1975.

1.2.3. Reactor physics studies
(J. Debrue, Ch. De Raedt, L. Fouarge,
N. Maene, R. Menil)

The MFBS 7 loop

The neutronic measurements performed in BR02
during 1973 were completed by a campaign to relate
the ficsion power density in the fuel pins to the
unperturbed epithermal flux in the mock-up and by
measurements of the gamma heating of the loop.

A series of refined calculations started to determine
the 124Xe/l28Xe tag gas variation as a function of the
MFBS 7 burn-up.

The loading of the loop was preceded by a series
of flux measurements at low power in BR2 with the
new core configuration 8 and with the loop mock-up
loaded in H3 surrounded by a type 213 driver fuel
element. Using the calibration performed in BR02,
these measurements confirmed that the design of the
configuration and the irradiation conditions allowed
the MFBS 7 specifications to be met (see also Chap-
ter 7).
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1.3. FUEL ASSEMBLIES
(M. Soenen)

S.C.K./C.E.N. supports the industrial programme dealing with the development of various fuel bundk
concepts for SNR and assessment of their thermohydraulic characteristics.

During 1974, its contribution was focussed on the following topics:
- coolant mixing problems studied in the H4 water loop;
- a rourth thermohydraulic test in the loop Na3 on a fuel and blanket assembly of SNR Mk la design (C4-B4)

which includes pins under internal pressure (70 kg.cm'2) and pins recovered from a previous 6,000 h endurance
campaign (C2-B2), also in Na3;

- studies on long-term and creep effects on corrosion in dynamic sodium, also carried out in the loop Na3;
• examinations of metallurgical aspects of Na-corrosion and mechanical properties of the C2 assembly components.

1.3.1. Coolant mixing in fuel rod bundles
(F. Mathieu, J. Parent, R. Meier*)

A new test series in the H4 water loop was started
early in 1974, with the modified test section adapted
for testing of fuel pins spaced by helicoidal wires.

Virtually all measurements were done with the
real-time data acquisition system. On-line data pro-
cessing and normalization of results have been in-
cluded in the computer programme, allowing straight-
forward comparison of related test runs. No major
problems were encountered.

An appreciable amount of high-quality data was
available bv the end of the year for evaluation of
mixing coefficients and code calibration.

After completion of this test series, the test section
was disassembled for intermediate inspection. There
was no visual evidence of mechanical damage or other
imperfections.

1.3.2. Fuel assembly testing in the Na3 loop
(M. Soenen, G. Geboers)

After the 3000 h endurance test, carried out during
1973 on the C3 fuel assembly unloaded from the
AKB (Interatom) loop, a fourth campaign of 3000 h
was prepared and started on C4 and B4 fuel and
blanket assemblies. These assemblies are of the most
recent design for SNR Mk la and were supplied by
BELGONUCLEA1RE. Nominal test conditions spe-
cified (600°C, sodium flow of 17 and 5 kg.s1 for C4
respectively B4) correspond to the proposed SNR
operating conditions.

Test channel 1 and its instrumentation circuit have
been dismantled to allow the installation of a foot
support at the lower channel flange and of a spacer
support at the upper flange. To ensure correct align-
ment of the supports, a dummy assembly is used for

* EURATOM
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trial leading and unloading operations with the newly
designed gripper and manipulation tools. After these
trials, the loop was run in order to remove impurities
introduced by the disassembly and to verify its in-
strumentation circuit.

The main characteristics of the C4 and B4 assem-
blies are summarized in Table 1.3.1.

The loading of the assembly B4 in the Na3 loop
was accomplished without difficulties. As the lower
bundle spacer on C4 did not pass through the upper
cylindrical flow change-over device of the test chan-
nel, the assembly C4 had to be cleaned by vacuum
distillation, followed by alcohol and water rinses, after
which the spacer was filed to fit the calibre dimen-
sions for loading of C4 into test channel 1.

After 287 h of operation, the test had to be stopped
because of irregularities in the flow pattern and noise
in the test section. Inspection of the top plugs of the
pins, for ensuring that no plug had disruptured, was
carried out on B4. This assembly was selected since it
allows easier dismantling of the head and because of
the higher probability for plug disrupture in the pins
of the B4 as compared to the C4 assembly. B4 was
cleaned by vacuum distillation followed by an alcohol
rinse. Inspection revealed a longitudinal crack of a
pressurized pin at about 20 mm below the weld of
the top plug and local deformation of the wrapper
tube. The top plugs, however, were all found intact
and it was decided to continue the test instead of
dismantling and detailed examination of B4, which
could have caused further delay. After a survey of
the wrapper tube dimensions, the head was remount-
ed and B4 reloaded. By the end of December 1974,
the test had been continued for 486 h without further
anomalies.

Finally, it should be mentioned that Interatom has
declared an interest in the Na3-C4 test, more particu-
larly for monitoring the demonstration by S.C.K./
C.E.N. of its standard cleaning procedure for en-
durance tested assemblies. This comprises vacuum
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TABLE 1.3.1.
Characteristics of fuel and blanket assemblies C4 and B4, submitted to a 3000 h endurance test

in the Na3 loop

Characteristics

Type of pin

New or old
(recovered from C2/B2

after 6000 h
endurance test in Na3)

New

New
Old

Old

With or without
UO, pellets
(0.4% 235U)

without

with
with

with

Pressurized at
70 kg.cnr2

ambiant condition or not

pressurized

not
pressurized

not

Pin spacing

C4

Fuel pin
material
(WN.l)

4981
4970
4970
4981
4970
4981
4988
4970

Number
of pins

(6mmOD)

4
5

128
4
5
5

10
5

14 honeycomb
spotwelded spacers
with 3 tie rods in
the third pin row

B4

Number
of pins

(11.6 mm OD)
of AISI316

10

51

helicoidal wires

distillation at a temperature of 450°C at maximum
1 Torr for at least 8 h, followed by alcohol and water
rinses.

1.3.3. Post-endurance analyses on assembly
components tested in Na3
(H.Tas, F.Casteels, M.Heylen-Geladi, Y.Van-
derborck*)

Analyses of WN 1.4970, WN 1.4988 and WN
1.4981 canning tubes of the C2 assembly exposed to
dynamic sodium in the Na3 loop at 600°C for 6000 h
revealed the following features.
- All three alloys were found to pick up some carbon.
- Significant nitrogen loss was found in the nitrogen

alloyed WN 1.4988 steel, whereas the WN 1.4970
and WN 1.4981 steels pick up some nitrogen.

- The boron surface concentration of the WN 1.4970
steel was lowered from 80 ppm to approximately
15 ppm.

- Surface ferrite formation was found in the three
steels. Whereas practically no intergranular ferrite

had formed in the WN 1.4981 steel, intergranular
ferrite was found in the 1.4970 steel up to ap-
proximately 30 um depth. In the WN 1.4988 steel,
there was precipitation of a second phase along the
grain boundaries throughout the wall thickness so
that the depth of intergranular ferrite formation
could not be measured.
No major effect was found of the downstream posi-
tion or the presence of spacer grids on the extent
of the ferrite layer formation.
The tensile properties at 600°C of control and
sodium exposed specimens were compared. The
Y.S. is unaffected for the three steel types, the
U.T.S. decreases for WN 1.4981 (20%) and WN
1.4988 (10%) and is unaffected for WN 1.4970.
The total elongation decreases for WN 1.4988, in-
creases for WN 1.4981 and is unchanged for WN
1.4970. However, these changes must be ascribed
to the thermal treatment rather than to the ex-
posure to liquid sodium.
No effect of the downstream position or spacer grid
position could be detected.

* BELGONUCLEAIRE
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1.4. DISPERSION-STRENGTHENED FERRITIC STEELS
(J,J.Huet)

The interest in ferritic steels is still growing, mainly due to the expected low swelling rate of this material
in fast reactor conditions. Swelling simulation tests in the high-voltage electron microscope cannot be considered
as fully reliable and as the results of the samples being presently irradiated in various fast reactors will not be
available before 1976, it will be impossible to have conclusive values before that time. The fabrication process
was demonstrated last year when cans of SNR dimensions were produced. More specific points which needed
improvement for a possible industrial production of a better quality material were examined.

1.4.1. Fabrication of dispersion-strengthened fer-
ritic steels
(L. De Wilde)

Powder preparation
(L. Concur)

The flow sheet used up to now for the powder
processing was based on a study with titanium free
material and on results from short-time tensile pro-
perties at 700°C of samples ;., „-pared by cold pressing,
sintering and swaging. Addition of titanium to the
matrix, creep testing results and modification of the
fabrication process (hot compaction, extrusion and
drawing), may change the conclusions previously
drawn and it was felt necessary to recheck the pro-
cessing with the new conditions.

Processing of metallic powder mixtures correspond-
ing to the composition of the "D" matrix (Fe-13Cr-
1.5Mo-3.5Ti) in both the "cake-pan" and the ball-
mills gives rise to formation of large oxide particles
in the extruded rods, which is probably related to the
presence of Ti metal powders. Moreover it has been
found that the tensile properties after ageing deterio-
rate with increased milling time; the reason may be
the increasing number of large oxide particles, but
the effect may also be related to the higher oxygen
content with increasing milling time; this might lead
to a decrease of the Ti content in the matrix and
consequently to a smaller amount of x-p'iase after
ageing.

Based on short-time tensile tests at 700°C, it ap-
pears that, for equal periods of processing time, the
cake-pan gives a better product than the ball mill.
Furthermore, the decrease of the yield strength with
increasing milling time, which disagrees with previous
conclusions on Ti metal free alloys, might also be due
to Ti oxidation during the milling operation.

The dimension of the cake-pans (or, more likely,
the ratio of the size to the quantity of powders),
seems to play an important role. Metallographic exa-
mination showed that the powders processed in the
small equipment contain more large oxide particles

(and hence give a lower yield strength) than those
milled in a large equipment. On the other hand, the
extrusion ratio docs not seem to have an important
influence on the strengthening.

It was noticed that powder processing in the cake-
pan mill, the extrapolation of which to an industrial
process will be difficult, gives rise to mechanical alloy-
ing of the powder (Fig. 1.4.1.). This effect, which is
not produced by ball milling, is assumed to be essen-
tial for obtaining a fine dispersion, but was not found
to give a significant improvement of the short-time
tensile properties of the D and DT02 end product.
As this advantage might probably be masked by the
deleterious effect of the oxidation during mixture of
Ti metal containing powders, tests have been made
on binary Fe-TiO: mixtures. They showed that the
cake-pan mill gives a significant improvement of the
tensile properties and the hardness, which can be
related to the degree of mechanical alloying obtained
in this apparatus.

The hardness of samples prepared from mechanic-
ally alloyed powder is always higher after hot com-
paction at 950°C than after hot extrusion at 1100°C.
This effect can be due either to possible particle
growth at the higher temperature or to a different
dislocation density also resulting from the difference
in heat treatment temperature.

It has been shown that the process for introduction
of chromium in solid iron by means of a gas phase
(as developed by the French organization ONERA),
yields a Fe-powder in which not only Cr but also Ti
are diffused uniformly. The advantage is the absence
of large particles when the treated metallic powders
are processed in the grinding mills before oxide addi-
tion; this is an incentive to use Fe-Ti alloyed powders
(e.g. Ferro-alloys) or to introduce a thermal treatment
before milling.

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

Tests were continued in view of decreasing the
diameter of the hot extruded ferritic steel hollows.
The as-extruded dimensions of the DT02 alloys could
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Fig. IAA. — Mechanical alloying obtained in the cake-pan mill (xlOO)
left : Fe-TiO, mixture after S h ball milling
right: Fe-TiO, mixture after 24 h cake-pan milling
(both samples were cold isostatic pressed for obtaining a compact).

gradually be decreased from 30/26 mm down to 20/
17.5 mm, which corresponds to an increase in the
extrusion ratio of 29/1 to 73/1. The smaller extruded
diameter results in a reduction to 45 cold drawing
passes combined with 8 intermediate annealing treat-
ments; this could probably be further optimized.

Attention has also been paid to the x-phase deple-
tion of the surface layers of the tube during the heat
treatments. The x-phase depletion was found to be
larger for smaller amounts of free titanium in the
matrix, which corresponds to a higher oxygen level.
An improvement was found by placing an oxygen
getter (e.g. titanium sponge) in the hot zone of the
annealing furnace, the atmosphere being argon or
preferably vacuum.

Cold working decreases the high-temperature me-
chanical properties of the dispersion-strengthened fer-
ritic alloys investigated. These properties may be
restored to the level corresponding to those of hot
worked alloys by heat treatment, which is not the
case for alloys without dispersion.

The effect of the cold working and restoration
treatments was large for alloys containing yttrium
oxide, whereas it is rather small for titanium oxide
dispersoids. For Y2O3 alloys, a considerable improve-
ment of the stress rupture properties is noticed for a
large range in the heat treatment temperature. For
the titanium oxide dispersoids, no real improvement
of the 700°C stress rupture properties of the annealed
alloy was noticed at a stress level of 8 kg.mm"2, but

the tests have to be repeated at a lower stress level
because the rupture times were too short to have a
well-established secondary creep. These results con-
firm also the higher creep resistance and the corres-
ponding lower ductility of DY compared to the DT
alloys.

In view of further decreasing the total numbet >f
drawing passes, a few orientation tests were perform-
ed at Metallgesellschaft, Frankfurt, using an ultrasonic
cold drawing method: with that equipment, a reduc-
tion of 22% in one drawing pass was achieved, which
is impossible by conventional cold drawing.

Joining
(S. de Burbure)

A special welding chamber has been added to the
existing equipment in order to allow welding under
high pressure. Test capsules internally pressurized up
to 10 MPa have been welded.

The fuel capsules for the irradiation experiments
CFC 40 and CIRCE 60 were successfully sealed by
resistance welding. All weld *' -apsules were accepted
for irradiation in the BR2.

Non-destructive testing
(R. Deknock)

Ultrasonics, eddy currents and metrology by induc-
tive sensors are used to detect geometrical and metal-
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lurgical discontinuities in ferritic steel cladding tubes.
For eddy current testing of ferritic steels, magnetic

saturation of the tubes is necessary for preventing the
relative permeability exceeding 1, as in the case of
non-ferromagnetic materials. Adaptation of the mag-
netizing yoke on the existing testing bench was per-
formed. Tubes were tested at a frequency of 10 Kc.s'1.
To allow testing at different stages of manufacturing,
a difference encircling coil with 7 mm inner diameter
was used. For tubes with a final diameter of 6 mm,
the sensitivity to defect detection is reduced but is
still sufficient to give a good knowledge of the quality
of the tube.

Five transducers are used in the ultrasonic testing:
two for flaw detection with a mainly longitudinal
component, two for those flaws with a mainly trans-
versal component and one for thickness measurement.
The geometry of the testing bench necessitates rather
long tubes with a very good straightness to avoid
vibrations and erratic measurements.

1.4.2. Properties of dispersion-strengthened fer-
ritic steels
(Ph.VanAsbroeck)

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

A creep test (700°C, 8 kg.mnr2) on a DYO1 tube
with heads in 304 L austenitic steel gave rise after
1000 h to rupture of the head close to the weld; this
was a reference test for the sodium creep test which
failed in the same way. Sucli failure never occurred
in DTO2 tubes with identical 304 heads. At present,
the welding problems having been solved, heads in
DYO1 will be used for the next tests on DYOl tubes;
these are ready to start.

Uniaxial creep tests under dynamic sodium (4.5
m.s"1) on DTO2 and DYOl tube materials are being
carried out in the two creep testing units mounted
in parallel on the high-temperature (700°C) section
of the Na2 loop. For the DTO2 material, submitted
to 4.5 kg.mm'2 for more than 3000 h, no difference
was observed between the creep curves under vacuum
and in dynamic sodium; total elongation and second-
ary creep rate were 4.5% and 8.5X lOMi'1 respect-
ively.

The campaign also included a creep test on DYOl
under 4.5 kg.mm'2 for more than 3000 h; it resulted
in a total elongation of 1% and a secondary creep
rate of 1.5X 10'6.h"'. Two subsequent similar tests
under a stress of 8 kg.mm'2 had to be stopped after
811 h and 425 h due to failures in the welding zone;
a test under an applied stress of 6 kg.mm"2 is con-
tinuing, the elapsed time at the end of 1974 being
1950 h.

Influence of minor elements
(W. Vandermeulen)

For the industrialization of ferritic steels, it could
be advantageous to use less pure materials than those
presently used. Elements which are thought to reach
a significant concentration are Si, Mn and Al. It has
already been shown that the Si content should be
kept below 0.2%. Further study indicated that the
addition of small amounts of Si, Mn or Al has no
visible influence on the structure, although the amount
of x-phase is rather low in the samples examined.
Addition of 3% Al on the other hand, significantly
changes the structure in the following way.

- No x-phase but only small precipitates, only visible
in the electron microscope, have been formed.

- The alloy becomes very brittle at room temperature.
- The amount of coarse oxide stringers is strongly

reduced.
Smaller amounts of Al might be beneficial to refine

the oxide dispersion and to reduce the amounts of
the coarse oxide stringers.

Thermal conductivity measurements
(W. Van Lierde, R. De Coninck)

Previous measurements of the thermal conductivity,
the density and the spectral emissivity at 0.65 urn of
DTO2 suggested the existence of a possible anomaly,
which was related to similar effects observed in dilato-
metric measurements. Extension of the measuring
capabilities to temperatures down to 600°C, together
with improved accuracy, has now confirmed that the
thermal diffusivity a definitely shows a rather deep
minimum around 705°C. Since the thermal conductiv-
ity k, which is proportional to a and CP (specific heat
at constant pressure) is expected to vary smoothly
with temperature, this minimum is associated with
the CP anomaly occurring at the Curie temperature.

1.4.3. Behaviour of ferritic steels
(Ph.VanAsbroeck)

Compatibility with fuel
(F. Casteels, H. Tas, G. Verstappen)

Compatibility tests have been carried out at 550,
650 and 750°C for 1000 h between DTO2, DYOl and
Si (Fe-13Cr-1.5Mo-3Ti) ferritic alloys in aged con-
dition on one hand, and hyperstoichiometric UO:.os,
doped with fission products to simulate 10 and 20%
burn-up, on the other. From the results, it can be
concluded that:
- the continuous reaction layer which is formed on

the ferritic alloys is about a factor 4 smaller than
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the equivalent layer formed on the austenitic steels;
- at 550°C, the total reaction layer thickness is clearly

smaller for the ferritic alloys than for the austenitic
steels;

- at 650cC, the total reaction layer thickness is approx-
imatively the same for both classes of material;

- at 75O°C, the DY01 and Si ferritic alloys show
clearly a better resistance than austenitic steels
whereas the DTO2 alloy is comparable with them.
Penetration of fission products, particularly Cs and

Te, in the dispersion-strengthened ferritic alloys is
strongly texture dependent, especially at the higher
temperatures. At 750°C, penetration depth was found
to be two or three times larger along oxide stringers
than in a direction perpendicular to them. This in-
dicates that the process is promoted by the presence
of oxide dispersions and explains the relatively better
resistance of the dispersion free SI alloys, despite
their very large grain size.

Metallographic examination of UC-VC-V2C stabiliz-
ed carbide, sodium bound to DYOl alloy, after com-
patibility tests for 16 weeks at 700 and 800°C, did
not reveal any reaction layer in the canning material.

Compatibility tests on UC-VC-V2C, UC-UC2, UC-
U2C3 and UCN carbides were also carried out under
vacuum in a molybdenum screw capsule. In this type
of test, the diffusion is characterized by the presence
of several layers and a x-phase depleted zone has been
observed. The width of the affected zone depends on
the nature of the carbides, being 150 [im for UC-U2C3,
110 (im for UC-VC-V2C 90 um for UC-UC2 and 15
Um for UCN. Microprobe analysis detected a carbon
gradient in the X-phase depleted zone of the DTO2
alloy. The width of intermetallic layers composed of
two sublayers varies from 4 to 10 tarn, depending on
the diffusion couple. The uranium-iron rich layer has
a tendency to propagate along the grain boundaries
of the carbide. Uranium diffuses to a maximum depth
of 10 (Jim in the canning material. Migration of carbon
from the fuel into the ferritic alloy causes a decrease
of the microhardness of the x-phase depleted zone
(about 20% of the 400 kg.mnv2 (MHV2oB) of the un-
affected matrix). The uranium-iron rich compound
has a microhardness of 750 kg.mm'2. In the UCN-
DTO2 diffusion couple, only a small x-phase depleted
zone is present. Similar compatibility tests of AISI 316
in contact with UC-VC-V2C revealed only a thin car-
burization layer (up to 8 urn) at isolated spots.

Irradiation behaviour of ferritic steels
(Ph. Van Asbroeck, W. Vandermeulen, J. Van de Vel-
de, G. Verstappen)

The "Dispersoid 4" irradiation rig was loaded in
the BR2 in June 1974. The target fast neutron fluence
is 10" n.crn'2; irradiation temperatures are between
300 and 500°C.

The CFC-4D irradiation of two capsules of UO:-,
clad with DTO2 was loaded in cycle 6/74. The irra-
diation rig combines the fuel cladding surface temper-
ature regulating system of the CFC design and the
overall lay-out of the CIRCE device, including its
fuel pin failure detection possibilities. The temper-
ature regulation system permits the pin to be irradiat-
ed at any desired surface temperature between 650
and 750°C, linear power ranging from 575 to 475
W.cm"1. One of the two fuel capsules is equipped
with a radon monitor.

The irradiation proceeded normally at about 560
W.cm"1 up to an estimated maximum burn-up of
31,000 MWd.f1, obtained after cycle 11/74 when the
experiment was unloaded for neutron radiography.
The pictures show a central void in the fuel of the
capsule vith the largest gap, while no central void
is visible in the capsule with high smear density fuel.
The neutron radiographs also revealed slight bowing
of the two capsules; this bowing was attributed to
the thermal treatment of the capsules prior to their
loading in the rig.

Ferritic steel swelling and micro-creep samples are
currently being irradiated in Rapsodie in a "RIPCEX"
experiment, carried out by BELGONUCLEA1RE and
INTERATOM and in a Rag-Party experiment sponsor-
ed by NEA. Thin foil samples for T.E.M. swelling
measurement were loaded in PFR in an experiment
conducted by GfK.

Flat tensile samples of dispersion-strengthened fer-
ritic steels and of reference austenitic stainless steels
of the Dispersoid 3 experiment irradiated up to
l^XlO-n.cnr2 (E>0.1MeV) at 700°C have been
tested at temperatures between 500 and 700°C; the
results have been compared with the mechanical pro-
perties of the control samples, heat treated at the
irradiation temperature in NaK during one year.

All alloys display a systematic increase of the 0.2%
yield strength, which was most marked for AISI 316
at 550°C and DYOl at 700°C. Regarding neutron
induced embrittlement, ferritic and austenitic stainless
steels behave quite similarly at 550°C; at 700°C total
elongation and embrittlement ratio of total elongation
non-irradiated divided by total elongation irradiated,
are in favour of the ferritic steels. Although this
might be partly explained by the higher helium pro-
duction in nickel containing steels than in ferritic
alloys, it seems that the influence of helium decreases
with increasing fast neutron flux, so that it can be
expected that even at higher fluences and higher
helium contents, the elongation of the ferritic steels
will remain higher than that of the austenitic steels.
Finally, the good behaviour of WN 1.4970 in com-
parison with AISI 316 has to be stressed, the em-
brittlement ratio being lower by an order of magni-
tude.
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^welling
{]. Cornells, C. Janssens*, M. Snykers, L. Stals**
W. Vandermeulen, J.Van Landuyt***, Ph. Van As-
broeck)

The experiments on the simulation of the swelling
behaviour of ferritic alloys by high-voltage electron
irradiation in Harwell, started in 1973, have been
continued. Fig. 1.4.2. summarizes the results of the
first series of experiments. They reveal some lack of
reproducibility and some inconsistencies, for example,
the influence of temperature on swelling, which seems
to depend on the preparation method (melting, pow-
der metallurgy, powder metallurgy followed by melt-
ing).

These inconsistencies are not believed to be due to
differences in interstitial impurity contents, resulting
from different preparation methods, because of the
presence of 3% Ti which will bind most of these
impurities. Therefore, the influence of the polishing
method and of possible thickness effects has been
investigated. This study revealed diffusion of hydrogen
into the samples during polishing; in order to reduce
this diffusion, future polishing will be done at —80°C.
The main result of experiments on the sample thick-
ness effect was that the void denuded zone in ferritic
steels appears to be larger than in most of the
austenitic steels. This means that extrapolation of
the data on stainless steels to other materials is
rather dangerous and that it is necessary to investigate

first the thickness dependence for each material on
which HVEM simulation experiments have to be
performed.

The swelling determined by density measurements
of 2 samples irradiated in Rapsodie at 580cC after
a fast fluence of 5.6X10- n.cm'2 is only 0.2%. This
is a very encouraging result but it cannot be taken
as fully conclusive because of the rather high temper-
ature and of the low fluence which might be within
a possible incubation period.
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1.5. REPROCESSING
(J.Broothaerts, P.R. Heylen, L.H.Baetsle)

S.C.K./C.E.N. studies in the reprocessing field are oriented, on the one hand, towards head-end operations
for fast reactor fuel reprocessing, including transportation and de-activation techniques, and on the other hand
towards purification of the various off-gas streams in the reprocessing plant.

The effect of voloxidation and molten-salt treatments on tritium behaviour and solubility of the fuel was
further investigated in hot-cell tests, with irradiated UO2-PUO2 fuel samples from the MFBS 6 experiment.
Confirmation experiments with UCh-PuOj pellets (10-15-25 wt.% PuOj) and more representative irradiated fuel
(90,000 MWd.f1) from the Rapsodie inadiation will complete the present phase of this programme during 1975.

Heat transfer salt (HTS), being a mixture of alkali nitrates and nitrites with a melting point of 142°C,
is proposed by a Belgian Company for shipment of spent fuel elements as an alternative to helium or liquid
sodium and for the de-activation of the sodium film covering the fuel elements or caught inside defective pins.
Basic studies for these applications were started in the framework of the association S.C.K./C.E.N.-BELGO-
NUCLEAIRE.
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Efficient retention systems for iodine, krypton and tritium are required for the processing of fast reactor
fuels. Several trapping methods are being studied and demonstrated in a loop with a throughput of 25 m'.h"1,
for gradual integration into a composite gas purification scheme. This loop contains scrubbing, demisting and
adsorption units, capable of treating moist acid off-gases, and a series of components for conditioning by drying,
catalytic decomposition of N2O and oxygen removal. The loop was operated during 1974 for a large number
of parametric and demonstration campaigns. It will be completed by a cryodistillation unit for studying the
separation of Xe and Kr.

1.5.1. Fuel disaggregation by molten salts

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

Progress in the knowledge of reaction mechanism
in molten sodium oxide - nitrate mixtures, has long
been hampered by lack of a corrosion resistant tool
to carry out phase separation. A minicentrifuge with
a Zr basket was successfully operated in a glove-box
with dry atmosphere at temperatures up to 500°C.
Reaction and separation are best carried out in one
operation in the same basket. Moisture free salt
mixtures were prepared by appropriate cooling of
NaNO3, saturated with commercial Na2O at high
temperature, from which NaOH is readily separated.

Solubility of Na2O and Na3O: in NaNCh between
350 and 550°C was easily determined as part of a
supporting basic study. Dry oxide (or peroxide) can
be obtained through partial thermal decomposition
of nitrite. Moisture in the salt can be determined
by the reaction 2NaOH + COr-»Na:CO3+H2O (400-
450°C), followed by water absorption on P2O5.

Experiments for the determination of the optimum
parameters for efficient disaggregation will soon be
continued under optimum conditions: dry salt and
atmosphere, continuous stirring, centrifugal phase
separation.

1.5.1.2. Hot laboratory studies
(J. Vandersteene)

Data on the solubility of samples from MFBS 6
(UO2-20% P11O2; 80,000 MWd.r1) in boiling 10 N
HNOiwere found to depend on irradiation conditions;
on average, a 3% residue was found after dissolution
during 2 h and 1.2% after 8 h.

It was found that the high temperature oxidation
of the fuel proposed for fission gas removal could be
detrimental to the solubility of fuel with a high Pu
content. Results obtained with MFBS 6 fuel indeed
showed a loss of solubility after oxidation with air
at high temperatures. At 650°C, the solubility was
not affected; 98.1% dissolved after 2 h in boiling
IONHNO3; after oxidation at 950°C, however, the

* Chung-Cheng Institute of Technology, TAIWAN
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solubility dropped to 90.8%. With direct dissolution
of the UOrPuOi fuel in nitric acid, the tritium activity
in the solution was 0.32 [j.Ci.1'1 per gram fuel dis-
solved; with oxidation preceding the dissolution, it
was only 4X 10"3 (j.Ci.1"' per gram of fuel dissolved.

The temperature effect on molten salt (NaNO5 +
8% Na2O:) disintegration of MFBS 6 fuel was stu-
died. At the optimum temperature of 500°C, 96%
of the fuel dissolved in 2 N HNO3 at room temper-
ature. The 4% residue contained approximately 8%
Pu and was, compared to the original sample, en-
riched in fission products. Further boiling in 10 N
HNO3 lowered this residue to only 0.1 or 0.2% of
the original sample. Analysis of this final residue
showed only the presence of 106Ru and on dissolving
the salt bath in water, a tritium content of 4X10"2

I'.Ci.r1 per gram of fuel was measured.
A small box for inert atmosphere operations has

been installed inside a large glove-box in the LMA
laboratory 19 to study molten salt disaggregation of
fresh UO2-PuO2 fuel with high Pu-contents.

Adequate equipment has been installed in a shield-
ed cell (STC-61) for investigating fission gas release
during head-end operations (voloxidation and molten
salt treatment on samples up to 5g) . The measuring
devices and procedure for noble gas measurement
have been tested, but further development was delay-
ed for priority reasons.

1.5.2. Use of heat transfer salt (HTS) in the fast
reactor fuel cycle
(P. Henrion, W. Claes)

Heat transfer sale, having a melting point of 142°C,
is proposed as an alternative to He or liquid Na as
coolant for the transportation of spent fuel elements
and Na de-activation of fuel elements.

1.5.2.1. Thermal decomposition and y radiolysis
of HTS

A study was started on the assessment of HTS as
heat transfer medium in LMFBR fuel shipping casks,
especially its thermal and radiative decomposition and
rate of gas formation. Samples of HTS or its separate
components have been irradiated for 72 h in the '"Co
source of IRE at 400°C in evacuated sealed containers,
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which is equivalent to about 1 h of contact with spent
fuel 100,000 MWd.f1 after 90 days cooling. The ex-
tent of decomposition will be compared with samples
subjected to thermal treatment alone. The influence
o£ the atmosphere above the melt will also be
examined.

1.5.2.2. Reaction between sodium and HTS

For evaluating the amount of gas released during
reaction of HTS with Na, e.g. adhering to a fuel
element, a study has been started to investigate the
temperature effect. Below 200°C, the reaction pro-
ceeds smoothly and the amount of gas released (30 1
N2 STP.kg"1 Na) is always higher than the value ex-
pected from a stoichiometric oxidation of the metal,
indicating decomposition of HTS to oxide and N2.
The latter has been identified as the main component
along with some oxygen. Apparently, the poorly so-
luble Na2O forms a slurry. Above 200°C, the reaction
proceeds with violence with partial Na evaporation
and subsequent condensation onto the walls. A metal
apparatus has been built to investigate quantitatively
the reaction up to 500°C.

1.5.3. Purification of reprocessing off-gases
(W.R.A. Goossens, A. Bruggeman, J. Claes,
G.Collard, P.Vaesen, A.Zahlen*, G.Dubois*.
R.Glibert*)

Previous process analysis of fission gas release
during the various reprocessing operations of fast
nuclear fuel has indicated the need to remove iodine
and its compounds with over-all decontamination fac-
tor of K and 108 for long and short cooled fuel
respectivel; Additionally, tritium and noble gases
such as Xe and Kr have to be trapped with an effi-
ciency of 99%, if the discharge conditions of these
compounds becomes more severe in the future.

The experimental programme to examine the feasi-
bility of these requirements has shown that retention
of the above-mentioned fission products is largely
affected by the presence of even small amounts of
impurities in the gaseous effluents; nevertheless, the
results obtained allow a tentative flow-sheet to be
proposed.

* BELGONUCLEAIRE

Fig. 1.5.1. — Engineering flow-sheet, bead-end off-gas treatment.
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As shown in Fig. 1.5.1., the dry head-end off-gases
are first treated in a catalytic oxidation unit to remove
tritium and then pass through a sorption trap for
capture of iodine and its organic compounds. After
these primary treatments, the dry head-end off-gases
are mixed with t-crubbed dissolver off-gases. In the
dissolver off-gas purification system, the bulk of the
nitric vapours is first condensed for recycling pur-
poses; 15% of the remaining vapours are trapped in
a tray tower, working with 4NHNO3, on 85% of
the total gas flow. The residual 15% by-passes the
tray tower to react with the NO formed in the tower.
• After this acid scrubber, the iodine compounds
present in the dissolver off-gases are trapped in a
packed tower with a solution of 0.1-0.5 M Hg(NOj):
in 0.1-5 MHNO3. Dissipated nitrous vapours are re-
tained by a NaOH scrubber combined with a high-
efficiency aerosol filter. The N.O still present is
decomposed by a rhodium catalyst at 800°C.

At this point, the dissolver off-gases and the dry
head-end off-gases are combined in order to condition
them for a cryogenic treatment designed to remove
and separate the noble gases. This conditioning con-
sists of a catalytic oxygen removal unit, including a

drier, a copper bed for final oxygen retention and of
final iodine trap containing silver impregnated mole-
cular sieves. It is expected that the residual traces
of NOx are also retained on the molecular sieves of
the drier belonging to this conditioning system.

Finally, the noble gases xenon and krypton are
absorbed by liquid nitrogen and the sufficiently de-
contaminated carrier gas can then be released for
further ueatment together with the vessel- and cell
off-gases.

The results obtained so far for various steps of this
tentative flow-sheet are reported below in more detail.
The operating performances of such an integrated flow-
sheet will be demonstrated in a pilot loop working
at a nominal gas flow rate of 25 m'.h"1. Adsorption
of noble gases on activated charcoals, for analytical
purposes as well as for its potential use in delay-beds
of thermal reactors off-gas treatment, is part of the
current R & D programme.

1.5.3.1. Tritium removal

Tritium can be removed from a gas stream by
catalytic oxidation and trapping of the tritiated water;

Fig. J.5.2. — Laboratory set-up for th" study 0/ 3T oxidation and removal.
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both steps can be combined in one unit if a water
adsorbing substrate is used as catalyst. As this is the
case for Cat-Chem C 54-8 catalyst, this material was
chosen for the investigation of the tritium removal
in a laboratory test loop of 5 m'.h"1 containing a 5 1
catalyst bed and operated with hydrogen for simulat-
ing tritium (Fig. I.5.2.).

The feasibility of this method and the rate deter-
mining step i.e. diffusion in the catalyst particle, has
been demonstrated. Indeed, the hydrogen concentra-
tion in dry nitrogen used as carrier gas can be reduced
from 600 vpm to 1 vpm at a bed temperature of
200°C and a spatial velocity of 1000 h"1 during more
than half of the theoretical bed saturation time.

1.5.3.2. Iodine retention on sorbents

The iodine trapping characteristics of impregnated
zeolites have been investigated in the 1 m3.h"' loop,
after adding a humidifier in order to examine the
humidity interference. From the break-through curves
measured, it appears that CECA silver zeolites tyre
13-X show better adsorption kinetics than UC 13 X-
molecular sieves, silver impregnated on laboratory
scale. Both sorbents proved to retain iodine from
wet nitrogen with a decontamination factor larger
than 103. This performance is, however, attenuated
by the low capacity of these silver zeolites, which
never exceeds 15\vt.%.

An investigation was started on the retention of
iodomethane, as a representative product for organic
iodine compounds, which are present in the head-end
off-gases and which rrn.y disturb the over-all iodine
retention. The investigation has been performed in
the 1 m3.h"' loop, complemented with the home-made
iodomethane generator after a final check of its
generation stability. The silver impregnated zeolites,
types CECA and UC 13 X, were again used as poten-
tial sorbents. In the temperature range between 100
and 200°C, the best trapping efficiency was obtained
at 2' 0°C. At this temperature, the break-through of
the iodomethane occurs very slowly so that the in-
vestigation had to be restricted to the measurement
of the decontamination factor at various working
conditions. The decontamination factor varied be-
tween 40 and 2X105, according to the gas contact
time in the zeolites' bed increasing from 0.1 s to
0.35 s. The sorption front is thus widely spread all
over the bed. The highest measured decontamination
factor (2 X 10s) corresponds to the detection limit
of the apparatus. It was maintained during the first
8 h of a test at 200°C with a bed loaded with 140 g
of silver zeolites type CECA and with a gas-solid
contact time of 0.35 s at a relative humidity corres-
ponding to saturation at 22°C, the iodomethane inlet
concentration being 14 mg.m3. The low CH3I flow-
rate used (13 to 26 mg.h"1) has up to now prevented
the determination of the sorption capacity, which

requires runs lasting more than a month. In the next
experimental programme, the effect of nitrous com-
pounds on the iodomethane retention by silver zeolites
will be determined. In a final run, iodine and iodo-
methane will be simultaneously trapped on silver
zeolites in the presence of air, humidity and nitrous
compounds.

1.5.3.3. Nitrous oxides trapping on solid mate-
rials

Since gases at the inlet of the cryogenic adsorption
of noble gases have to be extremely pure, it is ne-
cessary to remove the last NOX traces. This removal
can be achieved in the molecular sieves tail-end stage
of the drier. In order to evaluate this possibility, mo-
lecular sieves have been investigated in a laboratory
loop at a nominal gas flow rate of 1 m3.h"' with the
help of a commercial NO, monitor, operating accord-
ing to the chemiluminescence principle and requiring
cumbersome calibration. The adsorption of NO: on
UC 13 X and Norton Zeolon 900 has been studied in
the absence or presence of oxygen in the dry nitrogen
used as carrier gas.

At a NO* inlet concentration of 20 vpm, it was
found that this NO* comprises about 14% NO and
that adsorption of NO: on the molecular sieves also
leads to the formation of NO. Specifically, with dry
nitrogen as carrier gas, 3 moles NO: adsorbed on
Norton Zeolon 900 yield 1 moie NO, while at a
gas-solid contact time of 0.2 s, the trapping efficiency
is about hundred times larger for NP-> than for NO.
This complex NO* behaviour required a thorough
bibliographic study which is still under way.

1.5.3.4. Adsorption of noble gases on activated
carbon

The adsorption isotherms of krypton and xenon
on various activated carbons which were determined
earlier, are used now to study the dynamic adsorption
of xenon on the activated carbon Norit RBL3, at
room temperature, in a pilot scale delay bed with a
diameter of 15 cm and a bed height of 80 cm (Fig.
1.5.3.). The bed behaviour is determined from break-
through measurements made by y counting the outlet
concentration of a l33Xe tracer. The theoretical plate
height for the mass transfer occurring is about 1 cm.
Between 50 and 600 vpm, this value does not depend
on the xenon inlet concentration. The dynamic runs
have also confirmed the linearity of the adsorption
isotherm at room temperature.

Adding oxygen to the carrier gas apparently does
not affect this result. However, the presence of humi-
dity in the carrier gas reduces the adsorption capacity
of the activated coal without apparently altering the
theoretical plate height. For instance, at a humidity
of 65%, the adsorption capacity of the activated
carbon is three times lower than its value obtained

BLG 506/75 1-25



with dry nitrogen. Further work is needed to better
evaluate the effect of humiditv.

Fig. 1.5.3. — View of the delay-bed installation lor adsorption
of noble gases on activated carbon.

1.5.3.5. The 25m3.h': demonstration loop GAS-
TON

The wet section of the 25 m3.h'' tracer gas purifica-
tion loop has been completed by the addition of a
15 cm packed tower-bed scrubber. Its packing consists
of glass Raschig rings ( 0 : 1.5/1.3 cm; H: 1.5 cm)
loaded at random to a height of 1.8 m and supported
by a perforated 2.5 cm thick teflon sheet. Liquid and
gas are distributed by horizontal ring pipes with 5
holes. The static liquid hold-up of this column was
shown to be 0.43 dm3. Up to 25 m3.h"' this column
works under preloading gas rate conditions so that
the total liquid hold-up depends only on the liquid
rate according to the 0.57 law proposed by Shulman-
Ulrich. At higher gas flow rates, the particular con-
figuration of the gas distributor and the liquid drainage
system used, causes premature flooding of the packing.
The pressure drop across the Raschig rings' bed fol-
lows the second power law. The scrubbing liquid of

the packed tower flows through a closed circuit com-
posed of a 701 tank, a heat-exchanger with 0.6S5 nr
exchange surface and the circulation pumps which
can deliver a liquid flow rate between 0 and 3.3 m'.h"1.
A by-pass circuit allows very small liquid flow rates.

The gas preparation part of this demonstration
loop has been extended with a NO; feeding system
and an iodomethane gas loading device. Experiments
with the NO: feeding system indicated that relative
instability of NO;, hampers a direct calibration of
the flow meter, whose reading is now based on a
check with dry nitrogen and a theoretical conversion
of this check-up value to theoretical NO, quantities.
The exact inlet gas composition is measured with a
NOx-monitor which distinguishes NO from all other
NOx compounds. In the iodomethane generator, liquid
CHjI is traced with 13II prior to its vaporization at
a constant temperature. 100 to 250 mg gaseous CHjI
per h can be loaded by thermal diffusion through a
calibrated tube in a very stable manner into the main
gas stream of the demonstration loop.

Various parts have been constructed of a molecular
sieves' drier for conditioning the wet gases of the
loop prior to noble gas capture and conditioning. The
cryogenic equipment, for noble gas absorption in
liquid nitrogen and cryogenic distillation of the solu-
tion thus formed, has been dimensioned and ordered;
delivery is planned for 1975.

Finally, the use of nitric acid and various nitrous
oxides caused numerous failures of joints and release
valves all over the wet section of the loop. Jo'nts with
better resistance to acid corrosion are being examined
and tested.

1.5.3.6. Parametric demonstration experiments

The experiments in the gas purification loop GAS-
TON have been concentrated on iodine scrubbing by
various liquids and on NOx trapping by acid and basic
solutions in the packed-bed scrubber.

Investigations have been carried out on NO, trap-
ping with acid solutions of 0 to 6 N at liquid flow
rates of 80, 170 and 340 1.lv1 and carrier gas flow
rates of 6, 10, 15 and 20 m3.h' of dry nitrogen. The
concentration of NO* (90% NO: - 10% NO) at the
inlet of the packed bed was about 4 vol. %. From
0.5 N on, the trapping efficiency of the scrubber is
determined by the conversion of NO2 into NO accord-
ing to the equilibrium reaction: 3 NO: + H2O *̂
2 HNO3 + NO. The gas leaving the scrubber is thus
in chemical equilibrium with the adsorbing liquid.
A reduction of the NO content of the exit gas is
possible by oxygen injection, but this interaction
between NO and oxygen was shown to be very slow.
The results obtained allow the calculation of the
nitrous oxide content of the gas leaving the chilled
acid scrubber, as presented on the tentative flow-sheet
of Fig. 1.5.1. The NaOH scrubber of this flow-sheet
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can also be designed from the results obtained in the
packed-bed scrubber and from earlier results with
NaOH in the v»nturi-scrubber.

Both scrubber types display a pseudo first order
reaction, indicating that the gas-liquid contact time
plays a predominant röle. NOX trapping efficiency of
98 % has been obtained in the packed-bed scrubber
working with a solution of 2.02 N. NaOH at a gas
flow rate of 6 m'.h"1 loaded with 0.64% NO2 and
0.16% NO; at relatively higher gas flow rates, this
efficiency drops e.g. to 50% for 21 m'.h"1.

The retention of iodine in presence and in absence
of nitrous oxides has been investigated in the packed-
bed scrubber with water, 1 to 3 N nitric acid solution
and an alkali solution containing 10 wt.% NaOH.
Water and nitric acid scrubbing appeared to be effi-
cient (up to 99.9%) as long as the iodine content
of the solution remains negligible; iodine retained in
the scrubbing liquid desorbs easily and recharges the
outlet gas. The NaOH scrubbing gives high iodine
trapping efficiencies even with iodine loaded scrub
solution, confirming the results earlier obtained In tlie
venturi-scrubber.

Only preliminary runs have been performed on the
sorption of iodomethane by solutions of 1.25 M HNO3
and 0.01 M Hg(NO3h. The iodomethane gas inlet
concentration varied between 10 and 33 mg.m"3. At a
constant gas flow rate of 6 m3.h"', the iodomethane
trapping efficiency increased from 15% to 50% for
a liquid flow rate of 100 and 800 l.h"1 respectively.
At a constant liquid flow rate of 400 l.h"1, increasing
the gas flow rate from 6 m'.h"1 to 13 m3.h"' or more
reduces the trapping efficiency from 30% to zero.
These data call for a higher liquid hold-up and a
higher gas contact time; Raschig rings of a smaller
size (7 by 7 mm) have therefore been loaded in the
packed-bed scrubber.

1.5.3.7. Integrated demonstration runs

The final goal of the 25 m3.h' gas purification loop
GAS-TON operating under simulated gas conditions,
is the demonstration of the validity of the tentative
flow-sheet shown by Fig. 1.5.1. This aim could be
partially met for iodine by integrating the various
trapping devices now available and relying on the
parametric experiments reported above.

A first series of demonstration runs was performed
with the venturi-scrubber (V) followed by the packed
bed scrubber (P), both scrubbed by NaOH at about

3M and a flow rate of 100 respectivelv 670 l.h1;
demisting was done in a Brink type apparatus. Nitro-
gen as carrier gas was loaded with 1.76% NO2, 0.32 %
NO and with 1 g.h"1 of iodine appropriately traced
with 13II. An over-all iodine trapping efficiency of
99.5%, thus obtained, did not depend on the gas
flow rate between 6 and 18 m3.h"1. This operating
scheme also gave the best NO, trapping efficiency
confirming the good NaOH scrubbing properties for
NO,, but the efficiency changed with the flow rate
between 96% and 85%, confirming the importance
of the gas contact time. Better NOX trapping efficien-
cies, between 91.3 and 96.6% occurred when HNO3
was used in the venturi-scrubber in this V-P sequence
confirming the fast NO, interaction with 3 N HNO3.
This better NOX retention was however slightly de-
trimental to the iodine trapping which then attained
efficiencies between 99.1 and 99.4%.

Nitric acid in the scrubbing packed-bed followed by
sodium hydroxide scrubbing in the venturi gave only
40-60% for NOX and 95.6-99.2% for iodine trapping
efficiencies, confirming that NO trapping needs a long
gas-liquid contact time and that small NOX concentra-
tions hamper somewhat the performance of the alkali
venturi-scrubber. Adding up to 16% oxygen to the
carrier gas increased the over-all NOX trapping efficien-
cy to 85%, thanks to the oxidation of NO during its
flow from the packed-bed to the venturi-scrubber.

Further integrated runs have been prepared by
orientative measurements. For instance, 12 g iodine
dissolved in 40 1 4 M HNOj at 90°C has been sparged
at a gas flow rate of 1 m3.h"' oxygen for 1 h. The
sparging gas was cooled in two condensors, resulting
in 2.3 1 condensated liquid saturated with 280 mg.l"1

iodine. After adding 6 mMr1 nitrogen to the sparging
gas flow, the total gas was scrubbed in the packed-
bed scrubber operating with a 1 M HNO3 - 0.01 M
Hg(NOj)2 solution at 100 l.h'1. The iodine trapping
efficiency under these conditions was 99.98%.

In another orientative experiment, 6 m'.h'1 nitrogen
were loaded with 300 mg iodine, 30 mg CHJ per
cubic meter and 2 vol. % NO*. In the V-P sequence
used, the venturi scrubber operated with 10 wt.%
NaOH at 670 l.h"1 and the packed-bed scrubber with
0.1 M HNO3 - 0.lHg(NO3)2 at 1500 l.h"1. The gas
was treated in this V-P sequence followed by a 12.5 1
bed of Zeolon 900 and two 12.51 beds of charcoal.j
The over-all iodine decontamination factor appeared?
to be 2.5 X 10\ confirming the expected high efficien-
cy of such a train. Other integrated runs are planned.
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1.6. FAST REACTOR PHYSICS
(F. Motte)

Part of the fast reactor physics work carried out in the Reactor Study Department is support to the
SNR300 design studies and to the irradiation of fast reactor materials in BR2. For these purposes, codes are
developed and continuously updated (in collaboration with GfK and BELGONUCLEAIRE> for cross-section
format translation (BRIGITTE), for group cross-section library generation (MIGROS-MITKA-GRUMA-
GRUCAL) and for various reactor physics calculations (TRIBU, MULCOS, DIAMANT...).

The experimental programme is aimed at a standardization of the fission and capture rate measurement
techniques used in critical facilities; it also provides the reference data needed for fuels and materials dosimetry
applications in high flux reactors or demonstration plants. Cross-section validation experiments are also performed
on reactor structural materials. A close co-operation with GfK and RCN exists in these fields. The participation
to the U.S. ILRR (Interlaboratory LMFBR Reaction Rate) programme, through the NBS-S.C.K./C.E.N. co-
operation, was continued; measurements in the facilities selected as reference assemblies in the framework of this
programme (BIG TEN, Coupled Fast Reactivity Measurement Facility - CFRMF, MOL-1X, Fission Spectra)
were performed and dosimetry applications to the BR2 sodium loops were started.

1.6.1. Cross-section libraries
(P.Vandeplas)

Various modifications have been made (mainly at
GfK) to the BRIGITTE code, which translates the
ENDF/B data into Kedak format, in order to improve
the description of the pointwise data, by the choice
of an appropriate energy grid.

With this modified version of the code, a large
number of fission products has been translated at
request of RCN, and a twenty-six group library has
been prepared.

The -Comparison with other group cross-sections no
longer shows the large discrepancies observed pre-
viously, particularly for the low energy range.

As the high energy spectrum inside the SL facility,
as calculated with the SISIG-40 group library prepar-
ed by the MIGROS 2 code, showed very large and
unexpected dips, a detailed investigation was ne-
cessary. It was found that these dips are due to a
basic programming error in the DTF-IV transport
code and not to the group constants. This error occurs
when the slowing down matrix presents gaps (zeros)
due to inelastic scattering between non-contiguous
energy groups, the source contribution of the groups
following the first gap being neglected. With a view
to support orientation studies in connection with the
shell transmission experiments carried out in the BR1
one meter spherical cavity (§ 1.6.3.3.), this SISIG-40
group library has been implemented with the cross-
sections of iron. The differential data used are those
of the KEDAK 71 library.

In the scope of the SNR project, the effort towards
a complete standardization with GfK in the field of
the group cross-section generation codes and of the

library formats has been pursued. The chain of codes
MIGROS - MITRA - GRUMA - GRUCAL is opera-
tional and in use at S.C.K./C.E.N.

The 208 group cross-section set, prepared at GfK,
which has a very fine group structure at high energy,
has been adopted for the detailed interpretation of
the iron shell transmission experiments.

1.6.2. Reactor codes

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

The work on TRIBU, a two-dimensional triangular
mesh diffusion, burn-up and fuel management pro-
gramme, continued throughout 1974. The additions
and improvements prepared and tested during 1973
have been introduced in the two versions of the
programme, which are different for the maximum
number of fuel assemblies, the cross-section input and
the number of "standard" isotopes for the depletion
part.

In parallel, an improved formalism has been intro-
duced in both versions for the depletion equations
and additional facilities have been added in the ma-
nagement part.

The final report on TRIBU is in preparation; it
should be completed early in 1975, and the additional
improvements to the diffusion part of the code, pre-
pared by BELGONUCLEAIRE, will be inserted dur-
ing the next few months.

The extension of TRIBU to 3 dimensions has
been proposed and is being discussed with BELGO-
NUCLEAIRE and GfK.
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MULCOS (MULtipurpose COde System)
(G. Minsart, F. Bosnians, P. Vandeplas)

As most use is made of the variable size version of
the code system, further additions and improvements
are only inserted in this version.

It has been observed that for highly diffusive media
with very low absorption, such as a thermal graphite
column, the flux convergence rate with DTF-1V was
very slow for low energy groups. Several algorithms
have been successfully trie*; (upscatter scaling, ther-
mal rebalancing, ...) and are now available as options.

The MULCOS subroutines have been recompiled,
using the optimizing FORTRAN H extended com-
piler. In this version, additional options have been
introduced: input of cross-sections in SIGMN format,
special fixed source input (space and energy distribu-
tions), extension of the limitations up to 124 groups
with MULCOS library and up to 208 groups with
SIGMN input; care has been taken to keep the size
of the programme as small as possible. The SIGMN
utility routines have been modified in order to handle
upscattering while maintaining reduced size for scat-
tering matrices.

Several parts of a group collapsing programme
based on SIGMN format as input and/or output
have been prepared.

Tests of the 1-dim. burn-up routines coupled to
DTF-IV are nearly completed.

DIAMANT
(B.delMarmol*)

The DIAMANT programme solves the neutron
transport equation (DSn method) applied to a uniform
triangular mesh geometrical representation. During
1974, the flexibility and the range of application of
the code were enlarged: boundary flux option, com-
putation of the neutron balance (global, for each
composition, for each region), automatic use of an-
cillary tiles on disc when the size of the problem
does not allow to keep all information in the central
core memory, restart option.

The final report on DIAMANT, containing the
mathematical formalism and the user's guide, has been
prepared; final tests of the programme are being con-
ducted for most of the available options. The code
has been used for neutronic studies for the MOL 7B
experiment in BR2 (see §7.5.1.).

Other codes
(G. Minsart, J. Daniels)

The programmes KASY and AUDIO, received from
GfK, have been compiled and stored on disk; modifi-

* Trainee

cations provided by BELGONUCLEAIRE were also
included. KASY performs 3-dimensional spatial flux
synthesis and AUDI-3 is a versatile postprocessing
programme able to handle up to 3-dimensional flux
maps.

The US programmes INTRAN and DETAN 74 have
been adapted to our computer and will be used for
the reactor material cross-section validation experi-
ments and dosimetry.

1.6.3. Reactor materials dosimetry and cross-
section validation experiments

1.6.3.1. Assessment of the accuracy of the ex-
perimental techniques by interlaboratory
comparison
(G.DeLeeuw-Gierts, S.DeLeeuw, A.Fabry)

The interlaboratory comparison of reaction rate
measurements in the MOL-SZ facility has been com-
pleted for fission rates in *5U, «"Pu, ~8U and ^'Np
and for capture rates in ^U. This work involves
techniques developed at GfK, RCN, NBS and S.C.K./
C.E.N. The most important results are given in Table
1.6.1.

The conclusions are:
- fission rates for B5U, **U and B9Pu as obtained

independently by means of various absolute fission
chambers, agree to ~ ± 1 % and fission rate ratios
are measured with an accuracy of ~ ± 2 % ;

- no consistency is obtained for B8U capture rates:
discrepancies up to 5% exist between different
methods.
Solid state track recorder fission rate measurements

have also been performed by GfK, ANL and S.C.K./
C.E.N.; the data obtained so far are less accurate
than for fission chambers. For thin fissile target de-
posits, they do not deviate from the recommended
SS values (Table 1.6.1.) by more than their estimated
uncertainties of 2 to 3%; for asymptotically thick
foils sandwiched with makrofol, significant systematic
errors have been identified, which are assumed to be
due to background tracks from nuclei recoils within
the makrofol.

Similar comparisons of fission rate measurements
have been undertaken for the higher plutonium iso-
topes, 241Am, a3U and mlh.

1.6.3.2. Use of reference assemblies for dosi-
metry applications and assessment of
physical parameters relevant to fast
reactor technology
(A.Fabry, G.DeLeeuw-Gierts, S.DeLeeuw,
j.Debrue)

Reference assemblies, or benchmarks, with well-
characterized fast and intermediate-energy neutron
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TABLE 1.6.1.
Reaction rales in the unperturbed "SSrCcntre flux

^ U (n,f)
2«U (n,f)
^ P u (n,f)
^Npfn.f)

a)

^ U (n,Y) 2 l h |

c)

U/h
a)

cs/f5
2)b)

c)

Reaction

RCN

27.10
1.515

31.50
10.70
3.011
3.115

.0560
1.162
.395
.1106
.1144

(.3/1.1)"
(.4/1.2)
(.35/1.1)
(.6/.8)
(.7/1.0)
(.6/2.6)

(.8/1.9)
(.7/1.8)
(.9/1.6)
(.6/2.0)
(.6/2.8)

rate per nucleus per

S.C.K./C.E.N.-NBS

27.00
1.522

31.85
10.25
3.107

3.143

.0564
1.178
.380
.1151

.1165

(.4/1.4)
(.3/1.65)
(.6/1.5)
(.6/1.8)

(.2/1.5)
(.5/2.0)
(.7/2.2)
(.6/2.2)

(.6/2.5)

"5In(n,n'

26.85
1.500

31.11

2.986

.0556
1.161

.111^

) normalization

GfK

(.3/1.2)
(.4/1.5)
(.4/2.0) 3>

(.4/1.2)

(.5/1.0)
(.5/1.5)

(.5/2.2)

count

Recommended <51

values for S I

26.98 ±1.3°6
1.512 ±1.6°6

31.56 ± 1.896 4)

10.47 ±2.5°6

.0561 + 1.596
1.167 ±2.096
.388 ±2.5°6

:) Numbers between brackets give 1-cr random and systematic
errors in percent.

-> Detector/Calibration a) Ge(Li)/243Am
D J INuX/ / \m
c) Ge(Li)/thermal flux

•" Large systematic error is partly due to monitoring uncer-
tainties.

41 GfK value was weighted by 0.5.
51 Total l-<7 errors.

spectra OtE), play an important and internationally
recognized role for the correlation and the application
to commercial power plants of the fuels and materials
irradiation effect data - burn-up, radiation damage -
obtained in high flux testing reactors and prototype
fast breeder power plants.

Fig. 1.6.1. is a simplified flow diagram aimed at
illustrating this role e.g. for fuel cycle optimization
as well as for core and pressure vessel safety. In

REACTION RATES KNOWN VALIDATED SPECTRUM
* I E I

VALIDATED OR ADJUSTED
CROSS SECTIONS

a, (El

REACTION RATES FLUENCE SPECTRUM
/ # I E , t | d l

OBSERVED
PROPERTY CHANGES

4 P

ADJUSTED OAMAGE
FUNCTIONS Og I E I

PREDICTED PROPERTY
CHANGES

II

III

1. Benchmarks / 11. Test reactors / III. Commercial reactors

F/'j>. 1.6.1. — Scheme, illustrating the approach for fast reac-
tor cross-section validation and dosimetry.

practice, the basic neutron spectrum dependent corre-
lation parameters are observed reaction rates R, for

a number of appropriately selected activation moni-
tors. The differential-energy cross-sections <7,(E) for
these monitors are validated (category I reactions)
or adjusted (category II reactions), to provide con-
sistent reaction rates in the benchmark neutron fields,
e.g. fulfill the relationships R, = JVD(E)o-,(E).dE.
This procedure guarantees that proper neutron fluence
spectra /O(E,t).dt can be unfolded in testing environ-
ments from reaction rates R, obtained by experimental
techniques calibrated in the benchmarks. These con-
sistent fluence spectra may in turn be used to adjust
the damage functions <7d(E) required to predict re-
liably the property changes in actual reactors ( A P')
on the basis of those observed in test reactors ( A P).
Some of the activation monitors are fission foils and
provide independent, accurate information about time-
dependent fission rate histories, fuel burn-up and
maximum achievable power ratings; neutron spectrum
dependent fission yields for these monitors are deter-
mined in the benchmark neutron fields.

Table 1.6.2. summarizes the types of measurements
currently performed in close co-operation with the US
Interlaboratory LMFBR Reaction Rate (ILRR) pro-
gramme.

The most important data obtained in the MOL-ZZ
benchmark have been outlined in [170].

Neutron spectrum measurements have been per-
formed in BIG TEN and, most recently, in CFRMF
(Coupled Fast Reactivity Measurement Facility -
IDAHO), by means of the lithium-6 spectrometer
developed at S.C.K./C.E.N. and previously validated
by interlaboratory comparisons in MOL-ZS. The BIG

1-30 BLG 506/75



jjj:

r\i

"o

to
m

•fa

i.)
3-

OJ

Q

ID
in

i n

f b

1

b

I'.eacured r

x ' |-T

f

f

inputcd cpoctrun

v
\

\

\
1
-

10' a 9 1 5678910* S 3 '4S678910' Z 3 1567891Qk S 3 M5B7891Q5 2 3 1S67B91[f 5 3 4 5678910' 2 3 4S67B9101

ENERGY

Fig. 1.6.2. — BIG TEN comparison between theoretical and experimental neutron spectra.

TABLE 1.6.2.

Type of measurement

Fission rates ( ^U , '»Pu, a 8 U, a7Np,...) <»>

Fission yields (^U, , ^'Pu, ™U, »?Np)

^ U , ^Th,. . . capture rates

Helium production (10B, 6Li)

Spectral characterization
. activation techniques <e)

. neutron spectrometry

Benchmark neutron field

^ 'U fission
spectrum

NBS-GfK-MOL

HEDL-MOL «••>

MOL

AI-MOL

MOL

MOL-SS

NBS-GfK-RCN
MOL

ILRR-MOL

RCN-GfK-MOL

AI-MOL

ILRR-MOL
GfK-RCN-MOL

BIG TEN

(b)

ILRR-MOL

LASL-MOL

leu

LASL-MOL
LASL-MOL

CFRMF

_ < b )

ILRR-MOL

ILRR-MOL

(d)

ILRR-MOL
ANC-MOL

(a> Currently extended to cover 240Pu, 241Pu, 242Pu, 24lAm, ^ T h and fflU.
<b> Dita obtained by NBS are made available.
<c> Only for ^ U and ^ U .
(d ) Data obtained by AI are made available.
(c) This item encompasses validation and adjustment of monitor cross-sections.
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TEN central neutron spectrum deduced from the Et
and Ei+Ea distributions, using the same 6Li cross-
section data as for the MOL-2Ü experiments, is com-
pared in Fig. 1.6.2. with discrete-ordinates transport
theory computations based on the ENDF/BIII library.
Related, new and systematic sensitivity tests of the
6Li-technique have also been done and will be publish-
ed in a topical report.

The development and the major data relative to
the MOL thermal-neutron induced uranium-235 fission
spectrum cavity neutron sources can be summarized
as follows.

Fission spectra are generated by means of the
following two types of source-detector configurations,
exposed in the 1 meter diameter spherical cavity of
BR1 vertical thermal column.
1) Coaxial disc arrangement: detector foils are centred

in a cylindrical cadmium box, which is sandwiched
between two thin uranium-235 discs whose se-
paration can be v?ried. This assembly, patterned
according to a NBS design, is well suited for
radiometric fission yield measurements and for
the determination of absolute activation cross-
sections, even for capture reactions. It has been
used in co-operation with the SEIBERSDORF,
IAEA, Laboratory [162].

2) Cylindrical source arrangements, sketched on Fig.
1.6.3.: the exposure zone is within a vertical,
1 mm thick, 2 m long cadmium tube, around
which a thin uranium-235 fission source (of va-
riable length) is wrapped, at the cavity centre.
Cadmium tubes of different diameters have been

manufactured. This assembly is ideal for accurate
fission chamber experiments and for activation
cross-section determinations for threshold reac-
tions and allows helium generation rate measure-
ments in 10B and 6Li.
In particular, it has been used in collaboration
with NBS to fulfil the WRENDA 74 priority 1
request for an accurate determination of the ura-
nium-238 to 235 integral fission cross-section ratio,
using three different types of fission chambers.

In Table 1.6.3., the most recent experimental data
obtained in this benchmark are compared to the
predictions from the ENDF/BIV dosimetry file, ac-
cepting the NBS evaluation for the differential mea-
surements of the fission spectrum shape. Although
there is a tendency to some discrepancy between
differential and integral data in this benchmark, it is
believed, as is the case for the SS benchmark, that
they lie within uncertainties of differential data, which
cannot be propagated reliably, partly because there
is no satisfactory error file yet.

1.6.3.3. Reactor material cross-section validation
by one-material experiments
(G. De Leeuw-Gierts, S. De Leeuw)

The experiments for testing group cross-section
sets necessary for fast breeder calculations, using the
1 m cavity of the vertical thermal column of BR1,
were started using three natural uranium shell drivers
respectively 1, 3 and 6 cm thick. The analysis of the
central spectra will lead to a test of the natural
uranium group cross-sections, while the spectra mea-
sured by inserting concentric iron shells (Fig. 1.6.4.)
of variable thickness i.e. 2, 3.3, 5 and 7 cm, will allow
the study of the iron group cross-sections. The central
spectra are measured by means of spherical proton
recoil proportional counters; CH4 and H2 gas fillings
are used at 4, 2 respectively 4, 2, 1 and 0.5 atm.

Fig. 1.6.3. — Cylindrical source configuration in the spherical
cavity of the BR1 thermal column.

Fig. 1.6.4. — Set-up for reactor material cross-section valida-
tion by one material experiments.
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TABLE 1.6.3.
Integral cross-sections in the thermal neutron induced uranitim-235 fission neutron spectrum:

comparison of recent measurements with predictions from differential data

S-MJlnf)
^Pufn.f)
•^'Npfn f)
IO3Rh(n,n') 1M"'Rh
"sIn(n,n')115mIn
23*U(n f)
58Ni(n,p)s"'58Co
^Sfn.p^P
^Fel n,p) ^Mn
''Fein p) *Mn
27Al(n,a)24Na

Predicted1"'

1243.2
1782.0
1319.0
710
181.3(cl

294.7
101.3
63.72
77.49

1.080
0.725

" • (

Measured

1204
1812
1329
735.7
189.5
305.5
108.7
66.4
79.4

(±2.596)0»
(±3.496)
(±3.996)
(±4.796)
(±3.9%)
(±3.296)
(±4.796)
(±5.696)
±5.696)

1.029 (±5.696)
0.700 (±5.696)

Ratio

0.968
1.017
1.008
1.036
1.045
1.037
1.073
1.042
1.025
0.953
0.963

Predicted13'

1
1.433
1.061
0.5711
0.1458"-!
0.2370
0.08148
0.05125
0.06233
0.0008687
0.0005832

.X2Ä
Measured

1
1.505
1.104
0.611
0.1574
0.2538
0.0903
0.05515
0.06595

(±2296)
( ± 3 96)
( ± J 96)
( ± 3 96)
( ± 2 96)
( ± 4 96)
( ± 5 96)
( ± 5 96)

0.000855 ( ± 5 96)
0.000581 ( ± 5 96)

Ratio

1
1.050
1.040
1.070
1.080
1.071
1.108
1.076
1.058
0.984
0.994

ta> NBS evaluation for XylE) [J.A. GRUNDL, CM. EISENHAUER - Nuclear Cross-Sections and Technology Conference, paper
DB-6, March 1975], ENDF/BIV for cr,(E) except in the case of rhodium [J.P.BUTLER, D.C. SANTRY - Neutron Cross-
Sections and Technology Conference, vol. 2 p 803-810 (1968)].

ib) 252(3f experiment [H.T. HEATON II et al. - Nuclear Cross-Sections and Technology Conference, March 1975]; change of cr
between ^Cf and ^ U fission spectra is computed to be less than 0.1596 and is accounted for only by increasing the uncertainty.

<c> ENDF/BIV data rescaled to be consisu-it with a branching ratio of 45.996 (radiation intensity per decay) for the "5mIn
336.2 keV gamma ray, as accepted in interpreting the integral measurements.

5 G 7 9 9 1 0 "

ENERGY IN MEV

Fig. 1.6.5. — Illustration of experimental and theoretical spectra obtained in the centre
of three different driver configurations with natural uranium shells of
respectively 1, 3 and 6 cm mounted in the 1 m cavity and in the vertical
thermal column of BR1.
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Lithium-6 measurements requiring higher reactor po-
wer levels, which result in increasing the remanent
•y-dose from the uranium driver shells, will be started
after completion of the proton recoil experiments.

Experimental partial driver spectra, normalized to
the same irradiation time and reactor power, are
compared in Fig. 1.6.5. with spectra calculated for
the same fixed thermal source and in an energy group
structure, especially conceived to be compatible with
the experimental resolution. In Fig. I.6.6., an exam-
ple is given of experimental spectra measured in the
presence of an iron shell. In the present experiment,
the configuration consists of a natural uranium driver
shell of 3 cm thickness and an inner iron shell of 2 cm.
The influence of the resolution of the counter can
be estimated by comparison of the neutron spectrum
deduced from the proton distributions obtained witb

a 1 atm Hi filled counter having a 6% resolution
with a 2 atm H? filled counter having a 109o resolu-
tion. The ratio of this 1 atm H2 spectrum to the one
measured without iron shell is reported in Fig. I.6.7.;
it is compared with the ratio deduced from the cor-
responding theoretical spectra, calculated by means of
the DTFIV code using the 40 group BR2 library.

This kind of analysis is under way for all proton
recoil measurements performed in the various con-
figurations mentioned. In order to analyse the validity
of the iron group cross-sections used in fast reactor
calculations, these experimental ratios will be com-
pared with the corresponding theoretical values de-
duced from 208 group DTF-IV spectra calculated with
different libraries KEDAK, ENDF/B, ... after proper
adjustment of the ^'U group cross-section data.
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/'"/,g- 1.6.6. — Comparison oj the neutron spectra deduced from the proton recoil
distributions measured by means of t 1 and a 2 atm H, filled pro-
portional counter successively positioned in the centre of a U-Fe
configuration composed by the 3 cm natural natrium driver shell
and an inner i,vr. rbc!! oj i cm thickness.
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Fig. 1.6.7. — Example of the ratios deduced from the experimental spectra, meas-
ured in a U-Fe [U (3cm)-Fe (2 cm)] shell configuration and a
U (3cm) configuration with a 1 atm H2 filled counter, and from the
corresponding DTFIV calculated spectra (BR2 library).

1.7. FAST REACTOR SAFETY AND INSTRUMENTATION
(A. Siebertz, F. Mathieu*)

During 1974, S.C.K./C.E.N. continued to participate in the approach to principles, standards and criteria
for fast reactor safety by international working groups and initiated the writing of multidimensional space energy
reactor dynamics modules for accident analysis in the predisassembly phase.

In co-operation with GfK, detailed design studies were pursued for the MOL 7C project, aimed at the
investigation of in-pile local coolant flow blockage, fuel failure propagation and molten fuel-coolant interaction.
Three irradiations in BR2 with a bundle of 30 fresh UO2 pins are scheduled to be carried out in the period
1975-1976.

This safety programme is further complemented by R & D work in the field of instrumentation, which is
also of interest for the irradiation programme carried out in BR2. This studies are related to the development of
gas tagging for fuel pin failure detection on the one hand, and to the performance of other instrumentation on
the other.

Equipment has been ordered or designed for starting during 1975, experimental work in the H4 and Na3
loops, related to the early warning of malfunctions of fuel assemblies and other reactor components. For this
study a powerful on-line Fourier analyser has been acquired.

* EURATOM
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1.7.1. Fast reactor safety
(A.Siebertz)

1.7.1.1. Principles, standards and criteria of fast
reactor safety
(A.Siebertz)

S.C.K./CE.N. has participated in the activities of
various working groups and meetings organized by
IAEA, NEA and EURATOM-EEC.

The work undertaken by the SWG (Safety Working
Group of the Co-ordination Committee for Fast Reac-
tors, EEC) and by its WAC working subgroup (Who-
le Core Accident Code working subgroup) is parti-
cularly valuable. The SWG has issued a paper dealing
with the safety strategies applied to specific projects
in the EEC. Examination by the Utility members of
the SWG and by Licensing Auvhorities representatives
of some member countries of the EEC, has provided
valuable guidance to the various organizations de-
veloping the power reactor versions. The measures
being taken to deal with accidents external to the
reactor have been reviewed.

The WAC working subgroup has initiated the
definition of programmation standards, in order to
facilitate modules' interchangeability and therefore to
aid the development of a common European accident
analysis code for safety assessments, and of an "ideal"
accident analysis code structure.

1.7.1.2. Multidimensional space energy reactor
dynamics modules for accident analysis
in the predisassembly phase
(A.Siebertz, P.Dugnoille, M.Goldwasser)

This work contributes to the development of a
common European code system for accident analysis
and safety assessments, as recommended by the WAC
working subgroup of the EEC.

It is performed in collaboration with the ULB with
theoretical help in thermohydraulics of VKI; contacts
have also been established with EURATOM-JRC
(Ispra).

A basic principle of this work is to optimize the
computing efficiency, i.e. to reduce as much as possible
the computing time and the computer memory re-
quirements for a given global theoretical error.

Multidimensional space-energy neutron kine-
tics module

The multigroup diffusion approximation with sever-
al delayed neutron groups is used and the improved
quasi-static scheme has been selected.

Piecewise continuous polynomials are tried for ap-
proximating the spatial dependence of the neutron
fluxes, of the delayed neutron precursors concentra-

tions (finite elements) and of the spatial dependence
of the nuclear cross-sections.

The time integration uses A-stable algorithms set
up by ULB.

The development of multidimensional neutron dif-
fusion modules is in progress: 2D/XY and RZ geo-
metries are being considered by ULB and 3D/XYZ
geometries by S.C.K./C.E.N. In the initial stage,
priority will be given to 2D/RZ geometries.

Fuel pin heat transfer module and coolant dy-
namics module

With the help of VKI, an attempt has been
made to set up the least sophisticated model for
coolant dynamics, compatible with the required accu-
racy.

Heat transfer to sodium is supposed to be based
on the diffusion process only, because the very small
Prandtl number allows the turbulent effec . • be
neglected. The effect of the axial heat diflv <on is
negligible against the axial convection effect, because
the Peclet number is very high. Preliminary steady
state calculations have shown that the azimuthal de-
pendence of the temperature could be significant for
sodium boiling incipience and related possible in-
coherency effect: within an azimuthal angle of ~/6,
the outside temperature of the clad might vary from
520°C to 501°C with a heat flux ranging from 91 to
107 W.cm"2. These calculations were based on the
following steady state conditions in infinite bundle
geometry:
- fuel clad dimensions : 6.0/5.1 mm;
- bundle pitch : 6.6 mm;
- uniform heat flux : 100 W.cnr2;
- ratio of thermal conductivity

of clad to coolant : 0.2;
- average bulk temperature

of the coolant : 500°C;
- Prandtl number : 4.834X103;
- Peclet number : 200.

In the fuel pin, the axial heat diffusion may be
neglected against the radial heat diffusion.

The writing of a test code (R 0 Z geometry for
coolant dynamics and R 0 geometry for fuel pin heat
transfer) using finite difference approximation is in
progress.

1.7.1.3. MOL7C project: experiment in a 500 kW
in-pile sodium loop on local flow block-
age in a fuel bundle
(G. Vanmassenhove, A. Verwimp, Ch.De
Raedt)

An experimental programme has been conceived to
investigate the response of oxide fuel elements to
coolant disturbances and the mechanism of the fuel
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failure behaviour. This MOL 7C project is performed
in collaboration with GfK. Following an examination,
by GfK and S.C.K./CE.N., of the feasibility study of
the project concluded early in 1974, the experimental
programme was approved under a slightly modified
form. Its scope was defined as the investigation of
the behaviour of a fuel rod bundle with a realistic,
local coolant blockage inside a subassembly.

More in detail, the objectives are:
- whether a large local blockage increases to such an

extent that the coolant flow in the whole subassem-
bly is perturbed or even interrupted;

- examination of the mechanism and speed of propa-
gation of the disturbance inside the subassembly;

- test of the detection instrumentation of abnormal
conditions in the subassembly.

Experimental conditions
Bundle and obstruction

The tests will be performed in a 37 pin bundle,
with 30 fuel pins and 7 dummy pins. For realistic
local flow blockage simulation, leading to fuel pin
failure in the blockage area and to possible failure
propagation towards the whole bundle, a local deposi-
tion of fuel or foreign matter between the pins, at a
grid position, has been considered. This disposit might
have a porosity sufficient to allow some restricted
flow and might contain fuel particles for internal heat
generation.

General operating conditions

In the first phase of the programme, fuel burn-up
will not be investigated as a parameter for failure
propagation. The fuel will be pre-irradiated in op-
timized conditions with regard to burn-up, linear
power, temperature of the coolant and gas pressure
in the pin, in order to obtain a representative fuel
structure without inducing premature failure in the
local flow blockage region. For the latter, it is
required to have additional cooling in the local block-
age area during a certain pre-irradiation time (1 to 2
weeks). After this period, the additional cooling to
the local blockage will be stopped, so as to allow
the failure and possible propagation to start.

Test programme and sequence

During the 3 test runs of the first phase of the
programme, the following parameters are kept con-
stant: fuel pin and fuel bundle specifications, place
and size of the local blockage, sodium coolant flow
and temperature. The test sequence is basically as
follows: after pre-irradiation of 1 to 2 weeks at 80%
nominal power, the fuel pin power is increased to
about 400 W.cm"1; at this power level, the additional
cooling to the local blockage is interrupted for initia-

tion of local boiling and possible multi-pin failure,
with fuel melting; if there is no propagation outside
the local blockage, an additional irradiation is per-
formed for a few days.

Whereas, for the first experiment, the deposit for
local flow blockage will be inert, it will include fuel
material for the second test run; during the third
experiment, the total flow in the bundle will be
reduced or stopped so that total boiling and fuel
failure will occur in the bundle.

Experimental equipment

The test facility is designed for irradiation in a
sodium environment at steady state temperatures of
about 600°C and under a cadmium neutron screen.
The heat generated in the in-pile section, about 700
kW, is evacuated from the reactor core by sodium in
a closed circuit and transmitted to a water circuit by
means of an intermediate helium circuit.

Major equipment, such as sodium pumps and heat
exchanger, is identical to the proven in-pile sodium
loop - 500 kW. The sodium circuit is completely en-
closed in a pressure tube and is handled as one unit
in the reactor building. The design pressure of the
primary sodium circuit is 40 kg.cm"2. Inside the reac-
tor core, the design pressure has been increased to
110 kg.cm'2. The total sodium flow rate is 3.5 kg.s1

and the system contains about 20 kg sodium.
The test section is equipped with flow meters at

the inlet and outlet of the bundle, pressure and noise
transducers, thermocouples in the fuel pins and in the
test region, etc., all connected to a fast data recording
equipment.

Neutronic calculations

In order to determine the B5U enrichment of the
30 UOa pins needed to obtain the flattest possible
radial power density distribution over the pin bundle,
a series of neutronic calculations was performed,
first with the one-dimensional (cylindrical geometry)
multigroup DTF-IV neutron transport code, and next
with the two-dimensional (triangular mesh) few
group DIAMANT neutron transport code.

Prior to these calculations, the validity of the cal-
culation models used with both codes was checked on
the MOL 7B loop, for which experimental data are
available (see § 7.5.1.).

With the DTF-IV code and the enrichment of the
6 inner pins being fixed at 90%, it was found that
the ^U enrichments, which lead to the flattest radial
distribution, are 80% and 65% for the two other
fuel pin annuli of 12 intermediate and the 12 outer
pins. Based on these enrichments, a two-dimensional
calculation with the DIAMANT code indicated that
the depression to be expected is 4%, with respect
to the average fission density distribution. This is
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because in the actual array, some fuel pins in the
intermediate annulus are less shielded than the others.
The radial fission power distribution in various homo-
geneous molten fuel-sodium mixtures, which could
result from the fuel melt-down during the experiment,
were also calculated.

Status and time schedule

The year 1974 was principally devoted to the
precise definition of the experiments and to the design
of the in-pile section and the special instrumentation
needed to observe the phenomena. Special small test
set-ups are under construction to investigate the cool-
ing of the local blockage and the temperature distribu-
tion in and around it, the filter element at the outlet
of the bundle, the valves operating in sodium at the
bundle inlet and at the additional coolant inlet to
the local blockage. A test rig is also under construction
to investigate the sliding piston system in the loop,
required to seal the cover gas at the outlet of the
bundle. Simultaneously, analytical work is under way
to evaluate the molten fuel/coolant interaction, and
the reaction of the molten fuel with the structural
material.

The hydraulic characteristics of the loop are evaluat-
ed under the special conditions of a flow rate of
2.2 kg.s"1 in the bundle and 1 kg.s"1 in the bypass.
With the relatively high sodium flow rate in the
bundle, the in!et temperature in the bundle is about
400cC requiring some helium bypassing on the heat
exchanger.

Sodium pumps, heat exchanger and special pressure
tubes are being suplied. Specifications for other equip-
ment are being elaborated and have been fixed for
the UOi fuel pins.

The detailed design of the first experiment is
scheduled to be completed by mid 1975; the first
experiment should be performed by the end of 1975;
the second and third experiment in the second half
of 1976. The test runs should be evaluated and
analysed by the middle of 1977.

1.7.1.4. Fuel pin failure detection: gas tagging of
carbide fuel
(P. De Regge, H. Vandenborre)

The cover gas of the CIRCE 4 and CFC 4D irradia-
tion rigs has been sampled at the end of each irra-
diation cycle. No indication of failed fuel pin has
been observed, neither by fission product nor tag gas
release.

The six half pins of the MFBS 7 loop are tagged
with different 124Xe/128Xe isotopic mixtures and ^Rn
monitors to identify defective fuel pins during the
irradiation. The cover gas sampling circuitry and a
shielded charcoal filter cooled to 77 K have been
installed and tested. The filter is equipped with a

calibrated GM counter for the collection of a known
amount of fission gases. The separation and purifica-
tion of the noble gases from the helium cover gas has
been improved by using gas chromatography on a
charcoal column. Mass spectrometry of the purified
gases revealed interferences due to organic substances
released by the charcoal bed. After vacuum outgassing
of the charcoal beds at 600 K, very pure noble gas
spectra could be obtained. In a 1 u,l (STP) purified
natural xenon sample, the X2AXe/mXe isotopic ratio
was measured with an accuracy of 2%. Improvements
in the noble gas purification method and measurement
permitted the use of smaller amounts of fission gas,
thus reducing the radiation level of the samples. The
present minimal size is about 0.1 torr cm3 (295 K)
of the least abundant isotope involved in an isotopic
ratio measurement.

1.7.2. Instrumentation

1.7.2.1. Investigation of thermocouple behaviour
See §5.4.4.5.

1.7.2.2. Other instrumentation
(F. Mathieu*, R.Meier*)

The precision and the long-term performance of
small sized inductive pressure transducers, to be in-
stalled on the MOL 7C loop, have been evaluated.

It turns out that, after several weeks, drift ap-
proaches a quasi stationary equilibrium value, which
does not exceed 5% even after several months of
operation at constant temperature.

However, as this type of transducer, envisaged for
MOL 7C, is very sensitive to temperature transients,
its behaviour under temperature shocks will need
further study during 1975; an adequate test section
has been designed and completely assembled, and
guidance will be given for the mechanical design of
the MOL 7C in-pile test section, to smooth down
possible temperature shocks in the critical accident
phase.

With respect to the out-of-pile instrumentation for
the MOL 7C experiment, signal flow diagrams have
been established and a first batch of amplifying and
recording equipment has been ordered. The remote
data acquisition terminal in the BR2 reactor has been
completely wired and put into service.

1.7.2.3. Early warning of reactor malfunctioning
(R. Meier*, F. Mathieu*, A. Siebertz)

Work in this field is based essentially on the
statistical analysis of signal fluctuations randomly as
well as externally excited.

* EURATOM
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The main piece of hardware is a powerful on-line
Fourier analyser presenting the following main featu-
res:
- 2 ADC channels, 12 bit resolution, 200 kHz samp-

ling frequency;
- keyboard operated;
- CRT data display and digital data readout;
- 16 bit, 24 K computer with 980 ns cycle time;
- extendable to 4 ADC channels, 32 K.

Its peripherical equipment consists of teletype, plot-
ter, tape reader, tape punch, magnetic tape drive, 2
digital voltmeters, digital frequency synthesizer, digi-
tally controlled 110 kW electrical power conditioning
unit and a multifunction process-controller allowing
automatic parameter setting.

Fig. 1.7.1. gives a partial view of the installation.
In addition it can be connected to a real-time com-

puter based data acquisition system.
S.C.K./C.E.N.'s efforts are presently focussed on

the following four limited problem areas.
- Development and performance tests of a sodium-

boiling detector based on the mechanical resonance
of a hollow cylindrically shaped volume. In the past,
good results have been obtained with this type of
device, in the absence of background noise, when
raising the power of the THETIS reactor (Univer-
sity of GENT) up to a target value corresponding
to incipient boiling on the fuel plates.

- Detection of flow variations of individual fuel as-
semblies by measuring the propagation time of
controlled thermal perturbations, initiated by low
amplitude flow cycling and/or periodic injection of
auxiliary energy pulses.

- Analysis of natural random temperature fluctuations
at the outlet of test sections with electrically simu-
lated, uniformly heated fuel pins.

- On-line surveillance and analysis of the vibration
behaviour of mechanical components.

Fig. 1.7.1 — Fourier analyser with associated equipment.
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1.8. SODIUM COOLANT STUDIES
(M. Soenen)

Within the scope of the sodium fast reactor development programme, S.C.K./C.E.N.'s sodiu'n coolant
studies comprised:
- operation and general testing of components and instrumentation of the sodium loops Na2 and Na3, for

corrosion tests on materials and for endurance campaigns on fuel and blanket assemblies;
- design of an experimental test section to be installed in the Na3 loop, for studies on heat transfer and

temperature measurements in a concentric pipe configuration;
- installation of the "ASL-1" Analytical Sodium Loop and development of on-line carbon monitors for

investigation of corrosion and mass transfer phenomena in sodium, taking into account the chemical impurities
of the fluid; start-up of the loop is planned for the the first quarter of 1975.

In the framework of R & D proposals for SNR 2, it is intended to extend the sodium coolant studies
towards:
- impurity monitoring of the cover gas;
- radiochemical work on monitoring of primary sodium on fission products and fissile material content;
- tc-chniques for removal of such impurities.

1.8.1. Operation of the sodium loops
(M. Soenen, G. Geboers, R. Oris, G. Vanmas-
senhove)

1.8.1.1. The Na2 sodium loop

As described in § 1.4.2., unaxial creep tests in
dynamic sodium (700°C, 4.5 m.s"1) on dispersion-
strengthened ferritic steels DTO2 and DYOl cladding
samples are being performed in the Na2 loop.

Difficulties are still encountered in maintaining a
constant sodium level in the parallel test units for
unaxial creep under dynamic sodium. It is now be-
lieved tSat the solubility of argon (as a function of
partial gas pressure, temperature and purity of the
sodium) might be responsible for the instabilities of

the sodium levels. Argon is used as a cover gas on
the test units and the expansion tank, where the
sodium temperature is respectively 700°C and 20C°C.

During 1974, the main Na/Na recuperator of the
loop had to be replaced as a result of a sodium leak.
Preliminary investigation suggests that the failure
originated from a small leak, unnoticed by the in-
sulating lagging; gradual attack by the very active
reaction products would have corroded the outer shell
of the recuperator from the outside towards the
inside. Detailed post-corrosion examination of the
recuperator, which has been in service on the Na2
loop for almost 60,000 h, should produce useful
results.

Statistics related to the operation of the Na2 loop
during 1974 are shown in Table 1.8.1.

TABLE 1.8.1.

Month

January
February
March
April
May
]une
July
August
September
October
November
December

Total working hours

Total working hours

WORKINC

Working

0-599

259
66

193
8

47
55
45

193
15

151
121
—

1974: 6,514

J HOURS LOOP Na2 -

hours at temperatures (c

600 - 699

3
5

110
7
5

—
4
3
5
8
7
4

at the end of 1974: 59,876

1974

C)

700

268
368
112
705
619
637
488
298.5
534
162.5
268
740

Total per
month (h)

530
439
415
720
671
692
537
494.5
554
321.5
396
744
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1.8.1.2. The Na3 loop

As depicted in § 1.3., the Na3 loop has been adapt-
ed and operated for temperature endurance tests on
the C4 and B4 core and blanket reference assemblies,
at the following nominal experimental conditions:

duration
- Na temperature :
- Na flow

core assembly C4 :
blanket assembly B4 :

3000 h
600°C

17 kg.s1

5kg.s'
The test channel instrumentation enables continu-

ous monitoring of:
- the sodium inlet and outlet temperature of each

channel;
- the sodium flow through each channel ;
- the foot position of each assembly by means of a

Co source;
- for the core assembly C4 in test channel 1:

the absolute pressures at the inlet and outlet
of C4;
the pressure difference between foot and
outlet of C4;
the foot leakage flow;

- for the blanket assembly B4 in test channel 2, the
pressure difference between inlet and outlet of B4.
The loop instrumentation enables continuous mo-

nitoring of:
- the total sodium flow that can be independently

compared with the sodium channel flows;
- the total pressure difference of the loop measured

over the pump;
- the sodium plugging and cold trap temperatures.

To eliminate long term drifts of monitoring devices
and to detect possible changes in fluid dynamical
behaviour of the test object, pressure drop characte-

ristics are measured at three different temperatures
(300, 450 and 600°C) after Oh, 1500h and 3000 h
of testing. To determine ageing phenomena on the
piston rings of the assembly, the foot leak flow for
assembly C4 is also checked at the same time intervals
and temperatures.

With regard to thermohydraulics, a test section is
being designed based on exploratory research (§ 5.4.).
It will be installed on channel 3 of the Na3 loop and
will be used to study turbulent heat transfer in sodium
in two concentric tubes. The concentric tube test
section allows temperature differences of up to 300°C
between adjacent sodium flows. The flow area con-
tains about 70 thermocouples, connected to a data
logging system.

A test with the heater and cooler at their full
capacity revealed problems with too high temperatures
of the cables in the dispatching box of the heater and
difficulties with the driving system, regulating the
speed of the air blowers. Spacing and ventilation of
the cables in the dispatching box have been improved
and a more reliable driving system for the air blowers
was ordered.

Statistics related to the operation of the Na3 loop
during 1974 are shown in Table 1.8.2. Adaptation of
channel 1 to accept the C4 fuel assembly was per-
formed from June to August 1974.

1.8.1.3. The ASL-1 loop

An Analytical Sodium Loop (ASL-1) has been
designed and is being installed in the Technology
Hall of S.C.K./C.E.N. It will be used for studies
of mass transfer phenomena in sodium, and for testing
and development of various on-line monitors for im-
purity control (Fig. 1.8.1.).

TABLE 1.8.2.

WORKING HOURS LOOP Na3 - 1974

Month

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

Working hours at temperatures (°C)

0 - 399

8

36

—

9
8
63
14

400 - 499

24

168
180

18
17
49
9

500 - 599

47

—

128
500
520
50

600 - 699

3
15

46

—

56
480

Total per
month (h)

82
15

204
226

155
525
688
553

Total working hours 1974: 2,448

Total working hours at the end of 1974: 18,252
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Fin- I.S.I. — General view of the ASL-1 loop, in assembly for mass transfer
studies.

General description

The main circuit following the direction of sodium
flow includes an electromagnetic pump, a Na/Na
recuperator (tube side), an automatically regulated
electrical heater, 4 hot test sections to be branched
either in series or in parallel, a static expansion tank,
a Na/Na recuperator (shell side), a Na/air cooler,
3 cold test sections to be branched either in series
or in parallel and an electromagnetic flow meter. The
purification system consists of a cold trap with a
discontinuous plugging circuit; the latter contains a
plugging valve. By opening the valve, the plug can
be destroyed mechanically if heating the sodium is
insufficient to dissolve or melt the plug.

1-42

Main characteristics
The main characteristics of the loop are as follows,

variable up to 2 m\h"' for a pres-
sure head of 1.5kg.cm":

adjustable up to 50 kW
6 kg.cnv2 at 700°C
about 75 1
AISI316
main circuit 3/4", test and pu-
rification circuit 1/2", plugging
circuit 1/4"

Present status and future use of the loop

Mechanical mounting of the loop is completed.
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Flow

Heat capacity
Design conditions
Sodium volume
Structural material
Piping size



After radiography and leak testing, the thermocouples,
preheating cables and instrumentation are being in-
stalled. Start-up of the loop is planned for the first
quarter of 1975.

After a run-in period, the loop will be used mainly
to test different types of on-line monitors. Three
different types of on-line carbon meters (described
in § 1.8.2.) will be installed in the hot section of
the loop, a hydrogen and possibly an oxygen monitor
in the cold section.

1.8.1.4. Other sodium loops

The studies on the high temperature Na4 loop for
investigating special heat transfer problems, as well
as on the ISL-1 Instrumentation Loop for develop-
ment of particular sodium instrumentation, have been
discontinued.

1.8.2. Sodium chemistry and mass transfer stu-
dies

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

The analytical method for determining the various
chemical states of carbon in sodium has been im-
proved in several ways:
- the detection limit of carbonate and carbide forms

has been lowered to 1 ppm;
- the blank value for the residual carbon has been

lowered to 2 ppm on a 4 g sample;
- determination of cyanide is now possible down to

a detection limit of 0.01 ppm;
- an improved set-up is being constructed, which will

allow the determination of carbonyl carbon.
A direct analytical method for the determination

of total carbon in sodium was developed, in order to
verify that no important chemical state of carbon has
been overlooked in the previous analytical methods.
It is based on vacuum distillation of the liquid sodium,
followed by combustion in oxygen. With this method,
a detection limit of 1 ppm of total carbon was ob-
tained.

Oxygen concentrations in sodium below 3 ppm are
difficult to measure by chemical procedures, either
distillation or amalgamation. An equilibration method
using vanadium metal will be investigated on the
ASL-1 loop. A modified sample holder has been
prepared, and the cooling curves were measured.
Oxygen determinations will start as soon as ASL-1
is in operation.

1.8.2.2. Development of on-line sodium impurity
monitors
(M. Soenen, F. Casteels, F. Lievens, C. Par-
mentier)

Diffusion type carbon meter

Operational experience has been gained on the
Na2 loop with an on-line carbon meter, developed by
United Nuclear Corporation. This revealed that parti-
cular attention should be paid to the gas analysis
circuit, which includes a humidifier (50% mixture
of anhydrous and hydrated oxalic acid), a catalyst
(Ru dispersed in granular AUO0 and a gas chroma-
tograph. It was found that in order to obtain a
sufficiently carbon free gas circuit, systematic exami-
nation of each part is necessary for avoiding possible
errors, due to decomposition of the oxalic acid, to
higher hydrocarbons present in the supply gas, to
leaks and to organic material from seals in valves
or connectors.

Experience showed that hydrogen free carbon mo-
nitoring has to be preferred.

Hydrogen free carbon activity meter

The operating principle of the hydrogen free carbon
activity meter is based on carbon diffusion through an
iron membrane, immersed in sodium, and on reaching
the inner surface, its conversion to CO or CO2 by
reaction with the pre-oxidized surface layer. The reac-
tion products are measured statically (manometric) or
dynamically. In the latter, the reaction products are
swept by a carrier gas, converted to methane and
continuously measured with a flame ionization de-
tector.

The feasibility of the dynamic hydrogen free carbon
activity meter has been tested by preliminary experi-
ments on thin-walled iron capsules (250[im), filled
with sodium and/or AISI 410 stainless steel powder.
An outer oxidized surface layer containing FeO and
Fe*O4 was obtained by thermal treatment of the
membrane, at 700°C, in an argon-5% oxygen mixture.
A better oxide laver, presenting a Wüstite phase with
well known stoichiometry, is formed by oxidation in
CO-CO: or H-H:0 gas mixtures. Carbon impurities
in sodium diffuse through the membrane and react
with this oxide layer to form CO, which is picked up
by an argon carrier flow. The argon-CO gas is mixed
with argon-hydrogen, to facilitate the conversion (on
a ruthenium-AhOj catalyst) of CO to CH4, which is
measured continuously by gas chromatography.

After these preliminary tests, a complete gas analy-
sis circuit, equipped with a flame ionization detector,
was built and is being calibrated.

e.m.f. carbon meter

A prototype cell for an e.m.f. on-line carbon meter
has been assembled; it will be tested in a laboratory
set-jp with a lithium-sodium carbonate electrolyte and
a carbon reference electrode.
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Carbon activity monitoring by mass spectro-
metry

Permeatry responses of iron and nickel membranes
were measured with gases between 300 and 750°C,
using a small mass spectrometer as selective detector.
At low temperatures (300°C to 450°C), ion masses
16, 17 and 18 (probably O V , OH+ and H;O+)
were predominant in the spectrum; however at tem-
peratures above 600°C, the most abundant ion mass
is 28, which is assumed to be CO+. A set-v,p similar
to this mass spectrometer will be used-to monitor
carbon on the ASL-1 loop and the results will be
compared with the e.m.f. galvanic cell monitor.

Hydrogen and oxygen monitors

The hydrogen monitor in the cold section will be
based on the diffusion of hydrogen through an iron
or nickel membrane to be measured by an ion getter
pump. The oxygen monitor in the cold section will
not be developed by S.C.K./C.E.N., but probably
made available by Interatom in the framework of the
BzFE programme. The need for hydrogen and oxygen
monitors is mainly related to possible interference of
these elements with carbon.
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Chapter 2

GAS COOLED REACTORS

INTRODUCTION

As a result of the priority assigned in most Western countries to light water reactors and to sodium cooled
fast reactors, the effort which can be devoted to the development of gas cooled reactors is not commensurate
with the prospects offered by their very attractive intrinsic technical characteristics. The gas cooled reactors
are likely to find a place among other reactor types, but probably on a longer term basis and within a context
which is broader than simply electricity generation.

Belgium, and in particular S.C.K./C.E.N., is pursuing a limited effort on gas cooled reactors, mainly in
fields in which it has demonstrated its abilities over many years such as fuel development, coolant technology
and prototype irradiations.

These activities are carried out in collaboration with other organizations which conduct more extended
programmes in the field, such as the Dragon project, the research centre of Jülich (KFA), and the groups of
GBRA and NEA which study gas cooled fast reactor systems.

2.1. GAS COOLED FAST REACTORS

For gas cooled fast reactors, two industrial groups, one in the U.S.A. and one in Europe, have prepared
a file on a demonstration plant of several hundred megawatt output and outlined the R & D programmes
necessary for the development of this reactor system.

The GBR Association, which groups industrial firms and organizations of eight European countries, has
continued its studies on gas cooled fast reactors and increased its efforts on two objectives:
- the possible construction of a European demonstration plant of 600MW(e) and the elaboration of a

1200 MW(e) plant;
- the safety aspects of gas cooled fast reactors and the preparation of a complete file on this subject; this

file, together with similar documents prepared in U.S.A., have been submitted to experts.
These efforts are complemented by related studies for instance on the economic aspects of these plants.
Close collaboration has been achieved between the GBR Association and the NEA co-ordination group,

in which the nuclear centres of eight European countries participate (Austria, the Federal Republic of Germany,
France, the Netherlands, Sweden, Switzerland, the United Kingdom and Belgium) and with which Japan is
associated.

S.C.K./C.E.N.'s activities during 1974 dealt with:
- participation to the GBR Association in Brussels;
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- participation in the project for irradiating in BR2 a bundle of twelve vented fuel pins. This programme aims
at the verification of one of the main concepts for pin-fuelled fast reactors; it constitutes a major project in
the framework of the European collaboration and benefits from interest shown by an American industrial group.

In addition to these particular activities, mention should be made of the development work carried out
for other reactor types on materials (ferritie steels) and on fuel (carbides and coated particles).

2.1.1. Participation in the Gas Breeder Reactor
Association (GBRA)
(Ph. Van Asbroeck)

The GBRA groups industrial firms and organiza-
tions from eight European countries. S.C.K./C.E.N.
has delegated to this association a staff member on
a part-time basis, the area of interest being fuel and
materials problems. During 1974, the GBRA com-
pleted different studies concerning the design of a
1200 MW(e) fuel pin reactor and issued the follow-
ing reports:
- "The case for the gas cooled breeder reactor

and the construction of a demonstration plant in
Europe";

- "GBR 4 safety working document I and II";
- "Gas cooled breeder reactor research and develop-

ment programme";
- "GBR 4 performance".

Local neutron
induced damage
(102 dpa)
12% ~ 100,000 MWd.r1

1. LMFBR irradiations
2. LMFBR demonstration plant
3. GBR Demo first core
4. GBR Com. Mark I high rated
5. LMFBR Commercial plant
6. GBR Com. Mark I low rated
7. GBR Com. Mark II high rated
8. GBR Com. Mark II low rated

(*FIMA)

Fig. 2.1. — Comparison of local neutron induced damage versus
local hot spot temperature for various fast reactor
design concepts.

Local hot

( 6.5%)*
( 8
(12
(12
(12
(12
(12

%)*
96)*
96)*
96)*
96)*
96)*

spot temperature
(102°C)

These studies revealed that fuel pin cladding limits
the reactor performance.

As part or this participation in GBRA, a study was
made by S.C.K./C.E.N. in order to select, from a
metallurgical point of view, the GBR oxide fuel
clement materials (clad and wrapper), taking into
account the possible environments, their metallurgical
implications, the time at which additional data will
become available and the necessary R & D work.

In order to obtain a more precise picture of the
comparison between LMFBR and GBR, an estimate
has been made of the loco' value of hot spot temper-
ature, burn-up, neutron induced damage, damage me-
chanisms and clad failure probability (Fig. 2.I.).

The behaviour has been assessed of four alloys
(A1SI 316, improved austenitic stainless steels, ferritic
and nickel alloys) under these conditions, with par-
ticular emphasis on swelling [30], neutron induced
embrittlement, corrosion by helium [27], [29] and
chemical interaction between clad and irradiated fuel,
the different response being combined through sub-
jective probability to sustain a given environment
(Table 2.1.).

The analysis of the available data and their extra-
polation or projection has led to a material (clad and
wrapper) selection and to an R & D programme pro-
posal.

Some limited experimental work has also been
done in connection with UC helium compatibility,
fuel pin component interactions, irradiation in Rap-
sodie of metallic materials and coated particle hot
wall compatibility [25].

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

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

The in-pile section will be loaded in the peripheral
channel H4 of the reactor. The 98 mm OD in-pile
section is surrounded by a cadmium screen which is
an integral part of the BR2 type 210 driver fuel
element. The fuel bundle itself has 12 fuel pins of
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TABLE 2.1.

Subjective probability of various clad or wrapper tube materials sustaining particular conditions
(taking into account swelling, enibrittlemcnt and inner corrosion and assuming acceptable overall

Mechanical behaviour)

Maximum neutron damage (dpa)
Maximum burn-up (% fima)
Maximum hot spot temperature (°C)
A1S1316 clad

wrapper

Improved austenitic stainless steels
clad
wrapper

Ferritic stainless steels
clad
wrapper

Olher (e.g. nickel allovs)
clad
wrapper

LMFBR
Demo

90
6.5
710
0.96
0.98

—

—

—

LMFBR
Com

150-170
12

680
0.007
0.008

0.55
0.56

0.73
0.56

0.73
0.50

GBR Demo
first core

120
8

680
0.007
0.008

0.55
0.56

0.73
0.56

0.73
0.50

GBR Com
M k l

140-183
12

680
0.005
0.005

0.25
0.25

0.37
0.25

0.37
0.19

GBR Com
M k l l

140-185
12

725
0.001
0.005

0.05
0.25

0.14
0.25

0.14
0.19

8 mm OD, with a UO2-P11O2 fissile length of 600 mm
and a total length of 1218 mm. Irradiation specifica-
tions are: 500 W.cm"1 linear power, 700°C cladding
temperature, 61 atm helium coolant pressure, 60,000
to 100,000 MWd.f1 burn-up.

During 1974 S.C.K./C.E.N.'s contributions were
concentrated on the following areas.
- The main helium out-of-pile circuit has been con-

structed (Fig. 2.2.); this is installed in the BR2
containment building. It comprises the helium blow-
ers, heat exchanger, valves, auxiliary circuits for
water cooling and for gas discharge and vacuum
circuits. The welds on the 3" high pressure piping
(60 atm) as well as on piping which is critical for
the safety of the experiment (such as water cooling
or pressure systems) have been radiographed and
leak tested.

- Other small equipment has been constructed outside
the reactor building as completely preassembled
units; they will be installed in the BR2 building
during 1975.

- The equipment for fuel element loading and un-
loading in the in-pile section has been designed in
detail and is now being constructed. The use of the
fuel transfer system to replace some internal parts
of the in-pile section was also studied.

- For the supply system of the helium blowers, the
generators (with a variable frequency up to 300
Hz) are installed outside the containment building;
the electrical wiring from these generators to the
blowers was also installed.

Theoretical reactor physics considerations, based on
estimates of the available neutron flux and the
gradient in the channel H4, led to the conclusion
that two different fuel enrichments will be needed
to ensure power flattening; moreover, the heat flux
in the BR2 core channels would have to be raised
appreciably to meet the linear power specification
of 500 W.cm'1, even for fully enriched uranium.
Based on these conclusions, an experimental pro-
gramme was started in BRO2 with an off-centred
configuration around the channels HI and H4, which
is nearly the mirror image (with respect to the axis
0°-180°) of the present BR2 configuration n° 8. The
mock-up in the channel H4 contained 12 UO2 pins,
5 pins with 75% enrichment oriented towards HI,
and 7 pins with 93% enrichment in the cooler zone.
Preliminary results from absolute and relative meas-
urements of the power density in the pins indicate a
reasonable power flattening, with deviations around
the mean value of less than 10%. The type 210
driver fuel element is considerably less efficient than
the type 213 used for MFBS7; under comparable
conditions, the unperturbed flux is about 18% low-
er. The increase in the core power density needed to
obtain the design values for the GSB experiment is
evaluated at 10% at least. A more refined calibra-
tion will be performed in 1975.
Theoretical calculations are also being carried out
for relating the fission densities in the GSB loop to
that in the MFBS 7 loop, for which experimental
data are already available.
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Fig. 2.2. — Simplified flowsheet for the GSB experiment.

2.2. HIGH TEMPERATURE REACTORS

High temperature gas cooled reactors offer possibilities for obtaining high coolant (helium) temperatures
of 700 to 950°C at the core outlet; present studies are aimed at increasing the temperature up to 1000°C and
even more if possible. These values lead to an improved efficiency of the power plant, the use of a direct cycle
with gas turbines and applications other than electricity generation.

Development of high temperature gas cooled reactors has been conducted in Europe and in the United
States for almost two decades. In Western Europe, some attempts for industrial co-operation are being pursued
and a significant amount of R & D work is being carried out by KFA and the DRAGON project, sponsored by
OECD. Belgium's participation in this project, as for the eight other member countries, is arranged through the
Commission of the European Community. The experimental 20MW(th) DRAGON reactor has been operated
for more than 10 years and has enabled important programmes to be carried out on reactor physics and on
fuel and materials development.

S.C.K./C.E.N. has devoted a limited effort to fuel development, helium coolant and irradiation technology.
With regard to fuel, most attention was paid to new types of coating for spherical particles in view
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of obtaining high temperatures; this work is done in collaboration with the DRAGON project and BELGO-
NUCLEAIRE.

For the study of technological problems directly related to the coolant, a medium capacity helium loop has
been developed; it is particularly designed and equipped for materials'compatibility tests, especially at high
temperature.

Fuel irradiation experiments in BR2 are being pursued on particles supplied by S.C.K./CE.N., BELGO-
NUCLEAIRE, the DRAGON project and KFA. High neutron doses have been achieved and extreme perform-
ances (in terms of combined dose over burn-up ratios) have been obtained.

2.2.1. Fuel development for high temperature
reactors

The S.C.K./C.E.N. programme has been limited to
support and manufacturing campaigns in the frame-
work of the industrial programme. The latter com-
prises fabrication campaigns and irradiation experi-
ments carried out in co-operation with various or-
ganizations and oriented towards the elaboration of
reliable fuel specifications.

2.2.1.1. Fuel fabrication
(J. Vangeel, L. Aerts*, M. Gaube*)

For the Met VI experiment, four fuel variants have
been prepared with a Th/U ratio of 9, 10, 11 and 12.
During this manufacturing campaign, some problems
related to the feed and breed concept of this fuel
had to be solved (e.g. the loading factor required for
the Th-lv*U compacts had to be 459b instead of the
38% loading in the standard HTR compacts).

For creep tests in H.F.R.-PETTEN (E98), a series
of I-shaped compacts with dummy coated particles
has been made.

The R.B.2 contract concerned the manufacturing of
10 kg of 93% enriched UO2 coated particles, to be
used in a fast reactor critical experiment for a pro-
gramme sponsored by Agip Nucleare and JRC Ispra.
The kernels were made by Agip Nucleare, the coating
and controls being done at Mol. The campaign has
been useful for information on fabrication efficiency,
statistics, and reproducibility of some parameters
during fabrication.

Pu-lead experiment

Within the framework of the contract with the
DRAGON Project, a line for the fabrication of Pu-
bearing coated particles was installed in the Chemistry
building in 1965. Since then, several irradiation sam-
ples have been prepared and irradiated as "loose par-
ticles". Good results were obtained with these particles
and, in 1973, it was proposed to study the possible
use of Pu-driver fuel in the DRAGON reactor, i.e.

the reactivity and burn-up characteristics during an
irradiation period of up to three driver cycles and
to compare them with the performance of highly
enriched uranium fuel, irradiated under identical con-
ditions. Furthermore, irradiation samples had to be
made for a Gas Cooled Fast Reactor fuel irradiation
experiment in Rapsodie.

As for both experiments it was proposed to supply
complete fuel elements, it was decided to complete
the available equipment for spherical particle coating
and to renew some parts of it. Since the priority as-
signed to the HTR project was rather low, the work
has been interrupted several times and the "HTR Pu-
line" (Fig. 2.3.) was only terminated by the end of
1974.

In 1974, the fuel for the Rapsodie experiment and
for the Pu-lead experiment (174 compacts of 5 dif-
ferent fuel types) could be made up to decontaminated
coated particles.

Overcoating and compaction will be carried out
early in 1975.

2.2.1.2. Irradiation experiments and post-irradia-
tion examination
(H.Bairiot*, M. Gaube*, W. Hebel**, R. Pi-
rard, C. Van Loon)

Details of the complete HTR fuel irradiation pro-
gramme are given in the BELGONUCLEAIRE annual
report. The present contribution only deals with ex-
periments and post-irradiation work carried out in
BR2 and LMA.

BR2/MFBS 6 Appendix

The post-irradiation work in LMA has been con-
cluded and a topical report has been prepared. It was
found that the rather low bum-up and dose achieved
did not result in compact or fuel particle damage.

BR2/VC 5

This experiment started in November 1973 and

* BELGONUCLEAIRE
* BELGONUCLEAIRE

** EURATOM
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Fig. 2.3. — Equipment for the fabrication of Pu-compacts of
spherical particles.

irradiation at temperatures up to 1400°C continued
without problems during 1974.

At the end of cycle 8/74, the peak fast neutron
dose was about 5.3 X 1021 n.cm"2 DNE and burn-up
achieved was about 7 39b FIMA for the uranium
particles and nearly 100% FIMA for the plutonium
particles. The irradiation will be continued until the
end of February 1975.

DRAGON/Met V
Post-irradiation examination on Met V (2) fuel,

irradiated in DRAGON at temperatures ranging from
1100 to 1400°C, up to a peak fast neutron dose of
öXlO^n.cm'2 DNE was carried out at Ispra and in
LMA. The following conclusions can be drawn.
- The very good behaviour under irradiation of the

99b enriched uranium particles has been confirmed.
- The damaged fraction of the 39b enriched uranium

particles seemed slightly higher despite the lower
burn-up; this is in agreement with the results of
other experiments, e.g. the 1100°C experiment in
the BR2 reactor.

- 209b of the plutonium particles were found damag-
ed after a peak burn-up of 416,000 MWd.t"'cnM; the
extent of this damage strongly depends upon the
irradiation temperature.
Post-irradiation work on Met V (3) fuel is in

progress.

2.2.2. Helium loop "He i" for purification and
corrosion tests
(A.Falla)

As part of the HTR, GCFR and nuclear process
heat development programmes, the helium loop Hel
has been designed for out-of-pile purification and
corrosion tests, and also for special high temperature
studies. It offers more particularly the following test
possibilities:
- investigation of different purification systems;
- comparative tests and calibration of various impurity

analysers;
- gas Chromatographie measurement of the concentra-

tion of Ne, O:, Ar, N2, Kr, CH4, CO, CO: and Xe
in helium;

- corrosion, mass transfer and creep tests at controlled
impurity levels at temperatures exceeding 1000°C
and at high pressure (up to 70 kg.cm"2).
The loop includes the following items:

- gas circulator and vacuum unit;
- purification unit;
- impurity measurement and gas Chromatograph con-

sole with a gas recuperation system;
- impurity make-up and level control.

The design conditions are as follows:
- maximum helium flow

in purification unit 0.65 g.s"1

at gas circulator outlet 0.80 g.s'1 could be increased
to 6 g.s'1 by additional cir-
culators

In order to achieve a low moisture content and
low oxygen concentrations (10"10 to 1015vpm, not
measurable by on-line methods), a hot graphite fur-
nace has been designed for installation in the purifica-
tion line (last stage of purification after the liquid
nitrogen charcoal trap); operation at 900cC to 1000°C
will permit to obtain impurity levels similar to those
obtained in the HTR coolant system.

By the end of 1974, the gas circulator, vacuum unit
and the gas Chromatograph console had been com-
pleted and the purification unit was under construc-
tion.

Completion of the loop is planned for mid 1975.

2.2.3. Development of HTR irradiation devices
(W. Hebel*, P. Vets, R. Pirard, F. Moons)

The irradiation testing in BR2 of fuel and matrix

* EURATOM
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material for High Temperature Gas Cooled Reactors
is carried out in irradiation devices especially develop-
ed for this purpose ("CPUR" type rigs). Although
in operation for several years, the irradiation devices
have been further improved in order to fit the speci-
fications for new experiments.

The development work in progress also aims at in-
creasing the fuel operating temperatures above 1400°C
(for the Very High Temperature Reactor project -
VHTR), at testing different fuel matrix arrays, and
at the improvement of measuring techniques by high
temperature thermocouples.

BR2 cooling water

rig envelope, O.D.25.4 mm

thermal barrier: He/Ne-gas mixture for temperature
control and fission gas sweeping

capsule tube

coated particle matrix

graphite spine

W/Re thermocouple

chromel/alumel thermocouples

Fig. 2.4. — Cross-section and radial temperature distribution
of a CPVR device.
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Particular improvements have been achieved in the
computer codes for solving the complex problem of
time dependant correlation between the specifications
for fuel temperature, fuel geometry, fuel heating rate,
fuel burn-up and fast neutron dose. Fig. 2.4. shows
a cross-section through the core part of a "CPUR"
rig with a typical radial temperature distribution. The
temperature of the fuel particles is kept constant
throughout the irradiation campaign by means of
temperature control by gas mixing (He and Ne)
and/or transferring the experiment into BR2 irradia-
tion channels of different nuclear characteristics.

One of the objectives of the coated particle irradia-
tion experiments is to investigate the rate and evolu-
tion of fission product liberation, which is generally
characterized by the ratio R/B (the Release rate of
fission products divided by the Birth rate).

Fig. 2.5. gives an example of the R/B ratio for
typical gaseous fission isotopes as a function of irra-
diation time, measured and analysed for one of the
CPUR irradiation experiments by means of the control
gas sweeping and analysing part of the irradiation
device.

1 1 1 1 — I I I I 11

Fig. 2.5. — Evolution of fission gas release from irradiated
coated particles.
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Chapter 3

LIGHT WATER REACTORS

INTRODUCTION

S.C.K./CE.N.'s programme on light water reactors is almost exclusively focussed on support to industry.
It comprises:
- operation of BR3 for statistical tests of new LWR fuel types and core configurations, including plutonium

recycling, as well as for training of operation crews for PWR power plants;
- contribution to fuel fabrication and post-irradiation examination in the BELGONUCLEAIRE demonstration

programme on plutonium recycling in LWR power stations;
- general research, al.*> in collaboration with industry, related to critical experiments in VENUS on fuel

densification effects, the use of GdzO3 as burnable poison, the development of y-spectrometry for irradiated
fuel analyses and to various parametric irradiation experiments of LWR fuel in BR2;

- technological development work for new irradiation devices and for installation of a loop for thermohydraulic
testing of LWR fuel assemblies.

3.1. THE BR3 REACTOR
(F. Motte)

Operation of the BR3/3A core, which started in September 1972, terminated on January 11, 1974;
the specific thermal energy produced during this irradiation campaign reached 14,820 MWd.t"'m; the availability
of the plant was 80% and the electric power supplied to the grid was approximately 80 million kWh.

During a six month shut-down period, the reactor core was modified by replacing 18 of the 73 fuel
assemblies and by reshuffling the others; the new core thus realized was named BR3/3B.

It should be recalled that the third BR3 core was designed and supplied by the "Association Momentanee
pour le BR3 ACEC-BELGONUCLEAIRE-MMN" and that the main objective, pursued during the two successive
irradiation campaigns, was the accumulation of statistical data concerning the behaviour of the fuel under
irradiation conditions closely representative of those prevailing in modern PWR power stations; approximately
one quarter of the core was composed of uranium-plutonium oxide fuel pins.

The second irradiation campaign, that started on July 2, 1974, should attain a specific thermal energy of
about 8,000 MWd.t'V: the burn-up of the fuel usec' in the two irradiation campaigns of the BR3/3 core will
therefore reach a most interesting range; at the end of the year, the specific thermal energy achieved since the
start of the 3B campaign reached 4,570 MWd.f'm.

During 1974, tenders were invited for the supply of the fourth core. As for the preceding core, it is
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intended to test the irradiation behaviour of fuel pins conceived for pressurized water reactors. The contract
was finally awarded to BELGONUCLEAIRE who sub-conrracted the manufacture of the enriched uranium pins
to MMN, although they themselves will take care of the manufacture of the uranium-plutonium oxide fuel pins.

According to the present tentative programme, operation of BR3 with its fourth core should start in
March 1976, after a rather long shut-down period at the end-of-life of the BR3/3B core; the two successive
irradiation campaigns currently planned for the BR3/4 core, will cover a total period of approximately three years.

3.1.1. BR3/Core 3
(F. Motte, CHuys*, R. d'Andriessens**,
C. Vandenberg***, J.M. Lejeune****)

On 11th January 1974, the BR3 plant was shut
down for partial refuelling of the reactor: it was the
end-of-life for the BR3/Core 3A, made critical for
the first time on 18th August 1972 and operated at
power since 25th September 1972. During this BR3/
3A irradiation campaign, a specific thermal energy of
14,820 MWd.f'm was produced: the mean and maxi-

mum burn-up levels in the various types of fuel
assemblies are indicated in Table 3.1.1.

The reactivity investment having been restored by
loading 18 fresh assemblies and by shuffling the re-
maining 55 irradiated fuel assemblies, the new core,
coded BR3/Core 3B, was first made critical on 16th
June 1974; the plant was recoupled to the grid on
2nd July 1974; this BR3/3B irradiation campaign is
expected to last till mid 1975 and to reach a specific
thermal energy of about 8,000 MWd.t"'m.

Table 3.1.2. summarizes the composition of Core3B.

TABLE 3.1.1.
Burn-up levels at the end of BR3/Core 3A operation campaign

Group of assemblies

Reshuffled "IF7" (12)
Reshuffled "ZO" (7)
Ncw"Z"(18)
New "G" (36)

Burn-up levels in the group
of assemblies considered (MWd.t"'m)

Mean value per assembly

Lowest

14,500
34,500
8,500
8,000

Highest

24,000
36,000
16,000
22,000

Maximum
local value

37,000
55,000
26,000
31,000

TABLE 3.1.2.
Composition of BR3/Core 3B

Type of fuel assembly

1 "ZO" fuel assembly reshuffled from
Core 2bis and Core 3A

18 "Z" fuel assemblies reshuffled from
Core 3A

36 "G" fuel assemblies reshuffled from
Core 3A

12 "G" fuel assemblies
6 "g" fuel assemblies

73 fuel assemblies (1820 fuel pins)

Percentages of the total (%)

Number of fuel assemblies

U

1

9

23

12
6

51

69.9

U-Pu

9

13

22

30.1

Number of fuel pins

U

36

436

482

248
168

1370

75.3

U-Pu

212

238

450

24.7

* Industrial Group for BR3 operation
** Ateliers de Constructions Electriques de Charleroi, ACEC

*** BELGONUCLEAIRE
**** Metallurgie et Mecanique Nudeaires, MMN
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Fig. 3.1.1. gives a schematic view of the core load-
ing, illustrating the core positions occupied by the
various types of fuel assemblies.

Compared with the loading of core 3A described
in the previous Annual Scientific Report, Core 3B

o
G 1121 NEW

g { 6 ! NEW

0 (36] RESHUFFLED

| | CONTAINS U02-PuOj FUEL PINS

Fig. 3.1.1. — Schematic view of the BR3/Core 3B loading.

•contains a new type of fuel assembly. This so-called
"g" fuel assembly, designed in close co-operation with
the French Commissariat ä l'Energie Atomique, con-
tains 28 fuel pins (outer diameter: 9.40 mm) in a
square lattice (12.6 mm) and is representative of the

so-called "17X17" PWR design as adopted in the
most recently ordered power plants. Moreover, this
assembly allows dismantling in a hot cell for fuel pin
examination and mechanical reassembly for further
irradiation.

Eight of the 12 new fuel assemblies of the "G"
type contain in their central position a fuel pin made
of a mixture of gadolinium and uranium oxides: this
is part of a research programme on the optimization
of the use in PWR cores of Gd as a burnable poison.

On the basis of the anticipated life of Core 3B, the
expected mean and maximum local burn-up levels in
the various types of fuel assemblies are indicated in
Table 3.1.3. The 18 fuel assemblies irradiated for the
first time in Core 3B as well as fuel assemblies already
reshuffled from previous cores, but having reached a
rather low burn-up, will be reshuffled in the next
core, BR3/4.

3.1.2. Plant operation
(C.Huys*, F.Motte)

The Core BR3/̂ >A. was operated at power until
11th January, at the end of a "stretch out" period
at 6M\Y/(e). The specific thermal energy reached
14,820 MWd.f'm, i.e. 14% more than predicted by
the design calculations. Other operation results are
summarized in Table 3.1.4.

The defuelling-refuelling period started on 14th
January, 1974. Reactor head stud 12, left blocked
during the previous refuelling period, was removed
by turning it out from the reactor flange.

During the unloading of the core, each fuel assem-
bly was tested by dry-sipping to detect fuel assemblies
with leaking pins; five -eshuffled fuel assemblies were
found to be doubt-ful and three of these were sealed
in gas-tight cylinders.

The leak test of the plant container, started at the
end of March, was successfully completed on 8th
April, after a series of interventions especially on the
electrical penetrations.

Industrial Group for BR3 operation

TABLE 3.1.3.
Expected burn-up levels at the end of BR3/Core 3B operation campaign

Group of assemblies

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

Burn-up levels in the group
of assemblies considered (MWd.t"'m)

Mean value per assembly

Lowest

40
13,000
11,500
10,000
9,000

Highest

000
24,000
32,000
12,000
11,000

Maximum
local value

60,000
36,000
43,000
19,000
18,500
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TABLE 3.1.4.

BR3/3A:
Operation results from the first coupling 125th September 1972) up to 11th January 1974

Total gross generation (MWh) 89,401

Net plant output (MWh) 78,681

Time connected to the grid (h) 9,050

Number of stops and starts

Equivalent Full Power Days [Full Power = 40.9 MW(th)]

Boron concentration on 11th January 1974 (ppm)

Availability (-
number of hours on the grid

total number of hours in the period

67

331.21

2.7

79.78

Core BR3/3B was loaded on April 18 and 19.
After replacing the internals and the reactor head,
first criticality was realized on 16th June and followed
by the first zero power physics tests campaign. The
exploitation of the CoreBR3/3B started on 2nd July,
with the first coupling to the grid.

As planned, the power was increased step by step
up to 9.2 MW(e) with an initial boron concentration
of 357 ppm.

The activity of the incondensable gases in the se-
condary circuit increased from back-ground up to a
value of 50 counts per second and stabilized at that
level. The corresponding primary water leak in the
steam generator was estimated to be about 50 cc.h'1.
As no significant variation of this leak-rate was notic-
ed, it was decided to inspect and repair the steam
generator tubing during the next refuelling period.

The plant was shut down on 23th August for the
second physics tests campaign, which was aimed at
measuring the xenon poisoning effect and the Doppler
and temperature coefficients.

On 28th August, the S.C.K./C.E.N. personnel
started their practical training period. Five groups
of operations personnel participated in a one week
training programme, including four stops and restarts
initiated by simulated plant incidents. The programme
was interrupted on 26th September when a bird
short-circuited the supply of a main voltage trans-
former and initiated a reactor stop; a second time on
30th September, when the plant was cooled down
for repairs on the by-pass valve in the primary purifi-
cation circuit.

On 21st October, the training period for the opera-
tions personnel of the Fessenheim nuclear power plant
was started.

On 23rd October, during this training period, it
was noted that no change in reactivity occurred when
control rod D-5 (Fig. 3.1.1.) was moved. Nuclear and

electrical tests indicated that the absorption part of
the rod had disengaged from the driving mechanism
and had therefore dropped completely in the core.
After reactivity balance and power distribution analy-
sis, the reactor was restarted at a maximum permis-
sible power level of 6 MW (e).

To check the reactivity shut-down limits at 260°C
and 130°C with control rod D-5 completely inserted
in the core, the third zero power physics tests cam-
paign was initiated on 1st November.

A detailed theoretical analysis of the power distri-
bution showed that, taking into account the new
sources of uncertainty inherent to this particular core
configuration, the reactor power output had to be
limited to a maximum of 70% of the nominal plant
output, corresponding to 7.4 MW(e).

On 29th November, as a result of a short-circuit
on the EBES Power Station 70 kV bus bars, the BR3
plant was left without 10 kV external electricity sup-
ply and the vital plant components had ;o rely upon
the emergency Diesel group. A 380 V remotely operat-
ed circuit breaker refusing to interlock was the cause
of an auxiliary pump starting too late: that was the
most probable origin of the severe damage observ-
ed on the turbine and main generator bearings. The
incident caused a total loss of operating time of about
20 days devoted to the repairs; the plant was restarted
and connected to the grid on 18th December.

To avoid detrimental effects to the fuel assemblies
after a long shut-down period, the reactor thermal
power output was increased step by step on 18th,
24th and 30th December respectively.

The history of BR3/3B operation is given in Fig.
3.1.2. and Table 3.1.5. The main results are sum-
marized in Table 3.1.6.

Seventeen irradiated fuel assemblies from Core
BR3/3A were packed in a transport cask and shipped
to the Windscale reprocessing plant.
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F/frJ.1.2. — BR3/3B load diagram 1974.

TABLE 3.1.5.
History of the Core BR3/3B up to 31st December 1974

18.04.74
to

20.04.74
16.06.74
02.07.74
03.07.74
09.07.74
16.07.74
23.07.74
23.08.74
28.08.74
29.08.74

to
03.09.74
16.09.74

to
20.09.74
23.09.74

to
25.09.74
26.09.74
30.09.74

07.10.74
to

11.10.74
14.10.74

to
18.10.74
23.10.74
21.10.74

to
25.10.74
27.10.74
01.11.74
18.11.74

to
22.11.74
29.11.74
18.12.74
24.12.74
30.12.74

Refuelling

First criticality
First connection to the grid
Scram; MC pump 1 stopped by human error
Power increase from 7MW(e) ' to 8.25MW(c)
Power increase from 8.25 MW(e) to 8.50 MW(e)
Power increase from 8.50 MW(e) to 9.20 MW(e)
Stop for physics tests (second campaign)
Restart to 6M\V(e)

Training programme S.C.K./C.E.N. - group I and power increase to 9.2MW(e)

Training programme S.C.K./C.E.N. - group II

Training programme S.C.K./C.E.N. - group I I I

Loss of 10 KV line L2 due to short-circuit on transfo T2A

Continuation of training programme S.C.K./C.E.N. - group 111, followed by
cooling down for repairs on valves in purification circuit
Training programme S.C.K./C.E.N. - group IV
Training programme S.C.K./C.E.N. - group V

Power decrease due to incorrect working of control rod D-5
Training programme Fessenheim - group I

New maximum permissible power level: 6MW(c)
Stop for physics tests (campaign 3)
Training programme Fessenheim - group II

Incident 70 KV-line, followed by damage to turbine and generator bearings
Restart to 4M\V(e) after repairs to turbine and generator bearings
Power increase to 5MW(e)
Power increase to 6MW(e)
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TABLE 3.1.6.
BR3/3B:

Operation results from the first coupling (2nd July 1974) up to 31st December 1974

Total gross generation (MWh) 25,931

Net plant output (MWh) 22,024

Time connected to the grid (h)

Number of stops and starts

Equivalent Full Power Days [Full Power = 40.9MW(th)]

Boron concentration on 31st December 1974 (ppm) .

Availability (-
number of hours on the grid

total number of hours in the period
-) °b

3,273

43

98.62

118

74.79

3.1.3. BR3/Core4
(F. Motte)

On 26th August, a contract was signed with BEL-
GONUCLEAIRE for the design and the fabrication
of the fourth BR3 core. This must allow the operation
of the plant at nominal power during two successive
campaigns, 4A and 4B, lasting respectively 14 and 10
months, assuming a mean plant availability of 80%.

The reference fuel assembly for the core reloads
associated with campaign 4A and campaign 4B is of
the "go" type (o for "open"); this type of assembly
is derived from the "g" type loaded in core 3B, taking
advantage of the experience obtained during the hy-
draulic tests and the fabrication of these "g" assem-
blies. The "go" assembly also contains 28 fuel pins
with an external diameter of 9.5 mm; an appreciable
difference lies in the fact that the external hexagonal
shroud and some associated filling pieces have been
discarded and, as a consequence, the lattice pitch has
been increased from 12.6 to 13.5 mm. This design will
allow visual inspection of the fuel pins inside the fuel
assembly. Moreover, the assembly is designed to be
demountable in such a way that fuel pins can be

taken out and re-inserted, the assembly being placed
in a special rack in the fuel storage pool of the plant:
this allows an easy intermediate analysis of the irra-
diated pins or even the repair of a fuel assembly in
the case of damage to one or more fuel pins.

A few of these assemblies will contain only en-
riched uranium fuel pins but the great majority will
be U and Pu enriched, with a central island made
of 8 or 12 Pu enriched fuel pins: 35 kg of fissile
plutonium will be used in the fu;l fabrication. Gado-
linium will be used as a burnable poison and most
of the new assemblies of Core 4 will contain some
UO:-Gd2O3 fuel pins.

The interest created abroad by the fuel testing
possibilities offered by the BR3/Core 4 is quite lar^e:
20 of the 73 fuel assemblies of Core 4A will be sup-
plied by foreign experimenters.

The operation of Core 4 should last until early
1979; the possibility of a third irradiation campaign
is being seriously considered, trying to take maximum
advantage of all the available fuel by reshuffling of
the partially burned fuel as well as by efficiently using
the new.

3.2. R & D WORK ON LIGHT WATER REACTOR FUELS
(H. Bairiot*, J. Debrue, F. Motte)

To back up BELGONUCLEAIRE's irradiation programme of fuel assemblies in various power reactors,
with emphasis on plutonium recycling (cfr. § 3.3.), further R & D activities have been carried out at S.C.K./
C.E.N. in the field of LWR fuels. These comprise high burn-up irradiations in BR2 of several fuel types, as well
as a special irradiation programme to study the densification phenomenon. Particular attention was paid to the
use of gadolinium as a burnable poison by cold critical experiments in VENUS and an irradiation programme
in BR2. The development of gamma spectrometry for the study of irradiated LWR fuels was continued.

* BELGONUCLEA1RE
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3.2.1. Gamma spectrometry development
(L.Leenders, H.Van den Broeck, M. Wille-
kens)

Results on various gamma spectrometry campaigns
on BR3 and SENA fuel elements are reported in § 3.3.
This section only deals with further improvement of
the equipment and associated data handling procedu-
res. The measurement chain, assembled in 1973 ana
comprising a Ge(Li) detector and a HISTOMAT
multichannel spectrum analyser with computing capa-
bilities was further extended by a spectrum plotter,
a magnetic tape AMPEX device for spectrum storage
and a supplementary memory capacity for the multi-
channel. A second Ge(Li) crystal has been ordered
in view of the gradual duplication of the measurement
chain, justified by the growing demand for gamma
spectrometry of irradiated fuel, to be carried out
independently in S.C.K./C.E.N.'s hot cells and at
other places (e.g. Dodewaard, Eurochemic).

Modifications of the existing gamma-scanning set-
up at the hot-cell are also being studied in order to
increase its capacity. For measurements under water,
the design of an appropriate movable measurement
installation has been continued. In view of the diffi-
culties inherent in the under water use of a Ge(Li)
crystal, the detector choice has been oriented towards
an intrinsic Ge crystal.

Some minor modifications have been introduced
into the BUPAC code in order to increase its data
analysis possibilities, for converting the measured fis-
sion product activities into relative burn-up or end-
of-life power values.

3.2.2. Fuel densification
(Ch. De Raedt, M. Gaube*, J.Hermans,
N. Maene, R. Menil)

The purpose of the P 17 irradiation series in BR2
is to gather information concerning the behaviour of
UGvPuOa fuel pellets during the first months of
irradiation, more particularly concerning the fuel den-
sification as a function of burn-up in the 0-10,000
MWd.t'1 range. This densification, giving rise to a
decrease of the length of the fuel column, is to be
measured by neutron radiography. The fuel of the
P-17 irradiations is identical to the UO2-P11O2 of the
1975 reload of the Garigliano reactor (depleted UO2-
3.43% PuO2 pellets of 12.9 mm OD, clad with Zirca-
loy of 15.05 mm OD).

The linear power range specification of 250-350
W.cm"1 necessitates a double neutron absorbing screen
(two A1SI 304 tubes of respectively 33.3/46 and
50/80.6 mm) and an appropriate BR2 irradiation
channel (H5/270 or other reflector channels), selcct-

* BELGONUCLEAIRE
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ed on the basis of a series of BRO2 tests combined
with low flux ;neasurements in BR2. The latter were
completed by computer calculations with the DTF-iV
code. These calculations not only confirm the flux
and fission density depressions measured, but also
allow the extrapolation of BRO2 calibrations in chan-
nel H5/270 to other channels. In BR2, the integrated
neutron flux will be monitored by three cobalt wires
fixed to the basket surrounding the capsule. To this
end, additional calibrations still have to be carried
out in BR2.

By the end of 1974, two rods (P 17/3 and 2) had
been irradiated in BR2 (channel H5/270) for respec-
tively 1 and 2 cycles; y scanning, neutron radiography
and destructive density measurements, as well as fur-
ther irradiations, will follow during 1975.

3.2.3. Burnable poisons
(J. Hermans, L. Leendcrs, H. Van den Broeck)

In order to check the precision with which the
design codes, e.g. those used by BELGONUCLEAIRE
for BWR (Dodewaard) and "PWR (BR3), can cal-
culate lattices with rods containing gadolinium, for
both fresh fuel and fuel under irradiation, critical ex-
periments were carried out in VENUS and an irradia-
:ion programme in BR2 was set up.

3.2.3.1. Critical experiments in VENUS

During the last months of 1974, measurements
were performed on a UO2 configuration with one or
two rods in its central zone containing UO:>-19ö Gd^Oj
pellets, of the same geometrical specifications as the
normal UO2 fuel. These measurements were focussed
on the following features:
- critical mass determination;
- power distribution along the axis on which one

UCVGd:O3 rod is located;
- disadvantage factor and radiai inner flux profile for

a UO2-Gd2O3 rod;
- macroscopic flux distribution along the axis in all

the cases investigated (0, 1 and 2 rods with gado-
linium), using Mn/Ni foil detectors.
Fig. 3.2.1. shows that the average flux over the rod

cross-section for a UO>Gd:O? rod is about half of that
in a standard UO2 rod.

Fig. 3.2.2. shows that the radial flux gradient is
much larger in a B4C rod than in a UO2-Gd2O3 rod;
one of the main reasons is the fact that boron is also
an epithermal neutron absorber and gadolinium an
essentially thermal neutron absorber, but a real com-
parison is not possible because the amounts of ab-
sorbing material (B or Gd) are not the same.

3.2.3.2. Gadolinium fuel irradiation in BR2

The P6 irradiation programme in BR2 of several

3-7
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Quantirnet have been studied and their calibration
started;
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Fig. 3.2.1. — Flux distribution in a VENUS configuration 1.4
containing UO, and UO7-1% Gd^O-^ rods.

fuel rods, containing different sub-columns of several
types of fuels containing Gd2C>3 for the study of
gadolinium burning, has been delayed due to the
following additional preparatory investigations.
- A new low flux irradiation was performed in BR2

(P 14bis) to check the irradiation conditions and
possible interferences between the sub-columns;
gamma-scanning measurements were carried out and
if the results appear to be favourable, the rods for
the irradiations at power will be welded.

- An initial neutron radiography on a fresh Gd con-
taining fuel rod led to the conclusion that the pre-
sent neutron radiography procedure is only useful
for checking geometrical characteristics of a fuel
column and that it has to be further improved for
investigations on Gd burning.

- For these improvements of neutron radiography, the
ctatus at the end of 1974 was as follows:
- a more appropriate type of film type was chosen

and ordered;
- the use of the microphotodensitometer and of the

1.2
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0.7
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I

FUEL
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% 3.2.2. — Radial flux distribution in UO2, VO2-l%Gd1Oi

and BtC rods.

TABLE 3.2.1.
Irradiations of LWR mixed oxide fuels in BR2 during 1974 (Status by end 1974)

Irradiation
rig

P2
P3
P4
P"j
P 7 "
PS**
P9
CEB 7***
CEB9
CEB 10

Fuel type

SENA
BR3/ZO

GARIGLIANO
BR3/3G

BR3/IF70
BR3/IF70

DODEWAARD

SENA
BR3/ZO

GARIGLIANO

Cladding

Stainless Steel
Zircaloy 4
Zircaloy 2
Zircaloy 4
Stainless Steel
Stainless Steel
Zircaloy 2

Stainless Steel
Zircaloy 4
Zircaloy 2

Linear power (W.cnv1)

Average*

500
320
400
590
350
400
420

290
375
420

Peak*

700
375
820
645
410
410
600

560
460
500

Days at
power

840
700
900
235
155
107
42

1240
580
690

Burn-up
(MWd.r'J

60,000
64,000
40,000
20,000
41,000
34,000

2,000

71,000
48,000
29,000

* "Average" and "peak" values are as a function of time.
** Continued irradiation in BR2 of rods irradiated in BR3.

*** Unloaded October 1974.
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3.2.4. Irradiation tests in BR2
(M. Gaube\ W. Hebel**, B. Van Outryve d'Y-
dewslle*, J. Hermans)

To check their performance at burn-ups and power
rating kvels beyond those normally occurring in power
reactors, several mixed oxide fuels are being irradiated
in P- and CEB-rigs in the BR2 reactor. The P-rigs are
basket devices allowing a survey of the fuel evolution

at intermediate intervals; the CEB's are fully instru-
mented boiling water capsules. The fuel concerned
was taken from batches manufactured industrially for
plutonium fuel demonstration irradiations in power
reactors.

Table 3.2.1. summarizes the experiments in BR2
which were started or continued during 1974. More
information on some of these irradiations is given in
§3.3.

3.3. DEMONSTRATION PROGRAMME
ON PLUTONIUM RECYCLING IN LWR'S

(H. Bairiot*, P. Deramaix*, H. Van den Broeck)

The irradiations in power reactors (BR3, SENA, DODEWAARD, GARIGLIANO) of plutonium
recycling assemblies containing UOi-PuOj rods manufactured by BELGONUCLEAIRE were continued and
extended. For the first time, four plutonium recycling assemblies were loaded in the SENA PWR reactor.

As previously, this industrial programme was supported by S.C.K./C.E.N., with emphasis, during 1974,
on extensive post-irradiation examinations.

3.3.1. BR3
(M. Gaube*, A. Geoffroy, L. Leenders, C.Van
denberg*, C.Van Loon, J.Van de Velde, R. Bo-
den, P. De Regge)

The PWR prototype reactor BR3 has been used
since more than ten years for gathering experience

on irradiation of plutonium fuel. In the present 3B
core, 30% of the assemblies contain UOi-PuCh rods.

This long-time experience has allowed quite ade-
quate calculation tools to be developed for the BR3
cores; these enabled a safe operation power level to
be defined when one of the control rods got stuck
during the BR3/3B campaign (cfr. §3.1.).

TABLE 3.3.1.
Main characteristics of BR3 assemblies dismantled for post-irradiation examination

Assembly

Characteristics

Fuel cladding material
Outer diameter (mm)
Cladding thickness (mm)
Number of UO2-PuO2 rods
Number of UO2 rods

Irradiation history

Core number
Operating period
Hottest rod rating (W.cnr1)
Average burn-up (GWd.r 'm)

First post-irradiation examination

Further irradiation

ZO9

Zr4
8.7
0.6
18
18

2bis
1969-70

280
14

1971-1973

core BR3/3A;
unloaded in 1974

IF 70/4

SS
8.5
0.5
37
0

2 + 2bis
1966-68 1969-70
200 210
18.5 26

1973-1974

2 rods in the P7
and P8 rigs in BR2

3G/54

Zr4
10.7
0.7
19
1

3A
1972-73

575
18

1974

core BR3/3B;
to be unloaded in 1975

* BELGONUCLEAIRE
** EURATOM
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The main characteristics of the three assemblies
submitted to post-irradiation examinations are pre-
sented in Table 3.3.1.

Assembly ZO 9

In the previous Annual Report [170], the very
satisfactory agreement was shown between theoretical
and 137Cs based experimental burn-up distribution
through the assembly, the standard deviation being
2.8% and all deviations lying in the ±5 .5% interval.
The interpretation of the gamma spectrometry mea-
surements on the rods of the ZÖ9 assembly was
completed by a mutual comparison of the experimen-
tal burn-up distributions obtained from different fis-
sion product activities, in particular 137Cs (662keV),
"5Zr (724 keV), 1O6Rh-1OflRu (512 keV) and I44Ce-1MPr
(695keV), which were converted into relative burn-
up values by the BUPAC code. Fig. 3.3.1. shows the

Fig. 3.3.1. — Comparison between experimental burn-up dis-
tribution in the BR3 assembly ZO9 obtained
from different fission product activities.

comparison of the 95Zr and """Ru based distributions
using the 137Cs ones as reference; the standard devia-
tions are 1.8% and 2.9% respectively, so that either
of them (especially 95Zr) may be used as a relative
burn-up indicator instead of 137Cs when the latter is
difficult to measure, due to a short cooling time for
example. This conclusion however may not be ex-

tended to assemblies irradiated longer than two BR3
reactor cycles.

As indicated in Table 3.3.1., the ZO9 assembly
was further irradiated in BR3/3A. At its unloading
in 1974, it had an estimated average burn-up of
34,000 MWd.t'm. New post-irradiation experiments
are planned for 1975, as well as on the other UO:-
PuO: assembly of the ZO type with similar irradiation
history; the best rods from both assemblies will be
further irradiated in the BR3/4A core.

Assembly IF 70/4

A complete follow-up calculation of the burn-up of
this assembly during its irradiation in the cores 2 and
2bis has been performed by BELGONUCLEAIRE;
the results will be compared with the experimental
ones obtained from the gamma-scanning measurements
when the data analysis is completed.

The non-destructive measurements carried out on
IF 70/4 rods (gamma-scanning, dimensional measure-
ments, neutron radiography) were complemented by
destructive examinations in LMA.

Furthermore, samples for radiochemical burn-up and
isotopic composition determination have been pre-
pared.

The Nd, U and Pu fractions have been separated
and purified for mass spectrometric burn-up deter-
mination. In the actinide fraction Am and Cm
have been recovered and purified by .on exchange on
zirconium phosphate. A complete separation of both
elements is obtained by the oxidation of Am++ to
AmC>2+* with (NH^ÄOg and extraction chromato-
graphy on HDEHP. Due to considerable delay in the
mass spectrometric measurements, no results are yet
available.

Assembly 3G 54

After successful dismantling of the assembly in the
BR2 hot cell, two and a half months after the shut-
down of BR3/3A, dimensional measurements were
carried out as well as gamma-scanning on 11 of the
20 fuel rods. The integrated gamma activity essentially
represented the ^Zr-^Nb activity, which can, as a
first approximation, be considered as proportional to
the burn-up during the last six months of irradiation,
i.e. in the present case half of the total irradiation
time. Fig. 3.3.2. represents the comparison between
the resulting half-life burn-up distribution and the
corresponding theoretical evaluations by BELGO-
NUCLEAIRE; the deviations remain in the ± 5 %
interval, which is very satisfactory.

From the axial scannings, it could be deduced that
the average overall rod elongation was 0.2%, and
that the fuel column shrinkage was about 1.5%.

17 of the 20 rods were reassembled with 3 fresh
rodi> to a new assembly which was loaded into core
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Fig. 3.3.2. — Comparison oj theoretical half-life burn-up data
on BR3/3G54 fuel assembly and experimental
results from y-scaiiiiing measurements.

BR3/3B. The 3 remaining rods are to be submitted
to further detailed non-destructive and destructive
measurements.

From Table 3.2.1. it can be seen that irradiations
of the various BR3 plutonium fuel rod types in BR2
were continued or started. The CEB 9 experiment
with ZO type fuel has reached 48,000 MWd.f1 and
is being pursued. At the end of 1974, the burn-up
of the two IF 70/4 fuel rods of the P7 and P8
experiments in BR2, having previously achieved in
BR3/3A average burn-ups of 15,000 MWd.f'm, was
about 41,000 and 34,000 MWd.t"'m respectively.

The P5 irradiation experiment of BR3/3G fuel
is aimed at evaluating the effect of pellet rroisture
content on the fuel behaviour under high linear power
rating; this Zircaloy-4 clad fuel contains UO2 - 4.5%
PuOj pellets.

3.3.2. SENA
(J.Debrue, L.Leenders, B. Van Outryve d'Yde-
walle*)

Since December 18, 1974, four plutonium island
assemblies are being irradiated in the SENA reactor;
almost all the UOj-PuC^ rods were manufactured by
BELGONUCLEAIRE. This demonstration irradiation
results from a long research programme by the BEL-

GONUCLEAIRE-S.C.K./C.E.N. Association, to study
plutonium recycling in the SENA reactor. In 1974,
this research programme comprised a measurement
campaign in the VENUS critical facility, where the
SENA in-core aeroball system was simulated, gamma-
spectrometry measurements on the rods of an unload-
ed irradiated SENA assembly, and further irradiation
in BR2 of fuel samples of SENA specifications.

The influence on the aeroball in-core activity of
the replacement in SENA of a UO2 assembly by a
U' _ PuOi one was studied in a VENUS configuration,
having at its centre a cladding tube filled with aero-
balls (i.e. small steel balls containing manganese,
which is activated during irradiation, and thus allows
in-core flux distribution measurements). The central
15 X 15 fuel rods zone of the configuration represent-
ing a SENA geometry, comprised 15X15 UO2 rods
(4% enriched) as reference and 7X7 UOrPuO: (type
0.7/5) rods at the centre, surrounded by UO2 for
simulating a plutonium recycling SENA assembh.
From the results, it appears that, at constant reactor
power, the local aeroball activity decreases by 40%
when a UO: assembly is subbtifur^d by a UOrPuO;
one. This decrease is mainly due to spectrum harden-
ing.

As a second part of the programme, the possi-
bilities were evaluated of aeroballs in-core instrumen-
tation for the detection of an axial interruption in a
nearby fuel column due to densification. Several cases
were investigated: gaps of 2 and 4 cm, perturbed rods
at various distances from the aeroball containing chan-
nel. Fig. 3.3.3. shows the perturbed axial flux profile

c.
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* BELGONUCLEAIRE

Fig,. 3.3.3. — Axial profile of the ratio of perturbed to un-
perturbed flux in the aeroball channel (C) for
two positions of the fuel rod perturbed by a
4 cm gap simulating fuel densification.

in the aeroball channel related to the unperturbed flux
for two positions of the perturbed rod. Table 3.3.2.
summarizes the maximum perturbations in all the
cases studied. It may be concluded that the aeroball
activity perturbation:
- is larger for UC>2-PuO: fuel than for UO2 fuel for

the same gap size;
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TABLE 3.3.2.
Perturbation of the aeroball activity due to axial gaps in nearby fuel rods

Central
UO,
zone

Central

UCVPuO,

zone

Gap size

4 cm
4 cm

2 x 4 cm

4 cm
4 cm
4 cm
4 cm
2 cm
2 cm

Position*

I
II

i + r
1
II
III
IV
I

11

Perturbation
maximum

1.048
1.022
1.091

1.069
1.037
1.016
1.016
1.052
1.022

! Cfr. Fig. 3.3.3.
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Fig. 3.3.4. — Comparison of radial burn-up distributions meas-
ured in three SENA assemblies.

- can only be clearly seen in rods directly surrounding
the aeroball channel;

- is not doubled if the gap size is doubled;
- is almost doubled by the presence of a second per-

turbed rod in an analogous position.
As part of the three years' collaboration agreement

with the French CEA, the last of a series of three
irradiated SENA UO2 assemblies has been dismantled
at EUROCHEM1C; 42 fuel rods were transferred to
the BR2 hot cells for non-destructive gamma-scanning

examinations, after which 15 rods were sent to ihe
CEA for further, mainly destructive, testing. The
estimated burn-ups of the three assemblies investigated
during the period 1972-1974 are as follows:
- assembly I
(unloaded in 1971 after 1 cycle) : 13,300 MWd.f1,,,;
- assembly II
(unloaded in 1972 after 2 cycles): 20,600 MWd.f'm;
- assembly III
(unloaded in 1973 after 3 cycles): 27,500 M\Vd.f'm.

Fig. 3.3.4. compares the relative radial 137Cs activi-
ties measured in the three assemblies; they are nor-
malized to unity in the unperturbed part of the assem-
bly. There are no large gradients through the assembly.
A complete data analysis and interpretation of the
whole set of results is to be carried out in 1975.
For this purpose, the experimental results obtained
so far will be completed by the data obtained by the
CEA and by the results of destructive burn-up deter-
minations by S.C.K./C.E.N.

The irradiation in BR2 of mixed oxide fuel rods
with SENA specifications has been continued up to
very high burn-up values (cfr. Table 3.2.1.). The two
rods in the P2 rig reached a peak burn-up of about
60,000 MWd.f'm by the end of the year, and the
fuel rods irradiated in CEB 7 were unloaded in Octo-
ber 1974, their burn-up being as high as 71,000
MWd.f'm.

3.3.3. DODEWAARD
(M.Gaube*, J.M.Thomson*, V. Willekens)

BELGONUCLEAIRE's demonstration programme
on plutonium recycling in the Dutch 50 MW(e) BWR
at Dodewaard has involved until now the irradiation
of seven assemblies, started in 1971, 1973 and 1974,
as depicted in Table 3.3.3. S.C.K./C.E.N. supported
this programme from the early design and manufacture
stage, and continues this support with extensive post-
irradiation examinations.

BELGONUCLEAIRE
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TABLE 3.3.3.
Irradiation of VO2-PuO2 fuel in the DODEWAARD BWR

Assembly

B-200

B-201

B-301

B-302

B-303**

B-304**

C-65S

Number of
Pu rods*

15

15

15

16

13

13

12

Type of spacer
capturing rod

enriched UO,

enriched UO2

H , 0 filled

UCVPuO,

H,0 filled

H2O filled

UO,-PuO2

Irradiation period

3/1971-4/1974

3/1971-4/1974

3/1973-4/1974

4/1973 -

4/1973-4/1974

4/1973-. , ,,

8/1974 -

Average burn-up
end 1974

(MWd.t-'J

20,500

20,500

6,500

8,500

6,500

8,500

2,500

* Most Pu rods were pelletized; in all elements except B-200, a few rods are vibrocompacted.
** Assembly containing two gadolinium rods.

The two assemblies, loaded in 1971, were unloaded
definitively >- 1974; both assemblies indicated some
leaky fuel rods during the wet sipping test. In 1975,
post-irradiation examinations will be carried out in
the plant and in the hot-cells at Mol.

Of the four assemblies loaded in 1973, two were
unloaded during the 1974 reactor stop: i.e. B-301
presenting a leak and B-303 for intermediate examina-
tions. After dismantling of the B-301 assembly, de-
tailed examinations of the rods showed that one UO2-
PuOa rod was leaking. In addition to visual and eddy
current non-destructive tests, gamma-scanning exami-
nations were carried out by GKN (total spectrum
measurements with a Nal detector) and by S.C.K./
C.E.N. (detailed spectrum measurements with a Ge-
Li crystal). During this first campaign with S.C.K./
C.E.N. gamma spectrometry equipment at the site of
a power plant, several serious difficulties, such as
Ge-Li crystal failure, collimation problems, etc., were
met with. It finally appeared that the results obtained
lack the required accuracy for use as reliable reference
data for code calibration. This measurement campaign
has however given some experience in on site measu-
rements. Three rods of B-301, including the leaking
one, will be further examinated at Mol; they were
substituted by fresh rods during reassembly of B-301
for further irradiation.

Whereas the dismantling of the B-301 assembly
did not offer any difficulty, it appeared that B-303
could not be dismantled due to a nut that remained
stuck; no examinations could be carried out and the
assembly will be reloaded during the 1975 stop.

To demonstrate the ability of the fuel to withstand

power cycling conditions as usually specified for BWR
fuel, the P9 rig was loaded in BR2 in October 1974
(cfr. Table 3.2.1.), and a boiling water capsule (CEB
13) is being equipped with a variable 3He neutron
screen (as explained in § 3.5.), in view of start of
the irradiation by the end of 1975.

3.3.4. GARIGLIANO
(B. Van Outryve d'Ydewalle*)

The four plutonium recycling assemblies, irradiated
in the 160MW(e) Garigliano BWR since September
1970, and for which BELGONUCLEAIRE manufac-
tured the UO:-PuO: rods, reached an estimated average
burn-up of about 15,000 MWd.r\„ by the end of
1974. At the following shut-down, scheduled for
March 1975, all new reload assemblies will be of the
plutonium island type: again the UO2-PUO2 rods were
manufactured by BELGONUCLEAIRE, acting as a
subcontractor to General Electric. For this new UO2-
PuO2 fuel, BELGONUCLEAIRE has subcontracted
to S.C.K./C.E.N. the neutron radiography of a large
number of UO2-PUO2 rods to determine the grain size
and distribution.

Irradiations of Garigliano type fuel are being per-
formed in BR2 to demonstrate the capacity of the
fuel to sustain the peak rating design targets. The peak
burn-ups reached by the fuel in the CEB 10 and P4
devices are given in Table 3.2.1.; P4 has been sub-
mitted to intermediate examination.

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

(A.Falla)

As part of the fuel assembly development programme for p ressured and boiling water reactors,
BELGONUCLEAIRE has acquired, in mid 1974, a second hand out-of-pile pressurized water loop
("Environmental Test Loop") which had been previously operated for a similar programme in the U.S.A.

The loop will be rebuilt by the S.C.K./C.E.N. in
its Technology building.

In the operating conditions in U.S.A. its main
characteristics were as follows:
- water flow-rate and pressure head

pump at high speed (3,600 rpm)

pump at low speed (1,800 rpm)

158 l.s1

9 kg .cm"3

28.5 Ls-1

2.9 kg.cnr2

175 kg.cnV2

343°C
1

- maximum operating pressure
- maximum operating temperature
- number of test sections
- PWR fuel assembly maximum sizes:

216 mm X 216 mm X 4090 mm
The loop is provided with a two speed leakage

controlled centrifugal vertical pump; the water leakage
is recuperated and processed in the demineralizing and
chemical make-up system and pumped back into the
main circuit. The loop temperature is automatically
controlled either by a heating mode (250 kW electric-
al heater), or by a cooling system (water/water heat
exchangers).

The height above the test section requires the loop

main circuit to be installed in the pit where the BR2
nuclear mock-up facility (BR02) has been installed
up to now This latter facility is due to be transferred
to the storage canal of the BR2 building during the
second quarter of 1975. The general implantation
study and the drawings of the framework of the main
circuit were completed by the end of 1974.

The main difficulties in the re-implantation of the
loop are related to the conversion to the 50 Hz Euro-
pean electrical frequency. It is possible either to main-
tain a partial 60 Hz electrical supply by means of a
frequency converter or to adapt all the loop com-
ponents to 50 Hz. Because of a lack of interest on
the part of various constructors contacted, a final
decision for full or partial conversion could not be
taken by the end of 1974. It already appears that
long delivery terms (1 to 1.5 years) are demanded
for the major components such as the frequency con-
verter and the main circulating pump motor. However,
those problems do not interfere with the re-assembly
of the loop circuits, which can start as soon as the
BR02 location is vacated.

3.5. VIBRATION OF REACTOR INTERNALS
(A. Jaumotte*, E. Taymans*, F. Mathieu**)

The final purpose of the investigation of the vibrating behaviour of reactor internals is the elaboration
an adequate mathematical model which allows the accurate prediction of vibration amplitudes and in particular
of resonance frequencies for a given geometry and a given set of experimental conditions.

It is known that conventional formulas for the
evaluation of resonance frequencies do not always
give correct results when vibrating rods or tubes are
close to other rods or tubes.

Work has been started in collaboration with the
ULB on the problem of resonance frequency shift of
vibrating rods/tubes in confined geometries. An ex-

U.L.B.
EURATOM

perimental set-up consisting of two concentric tubes
and a central plug has been built. The inner diameter
of the outer thick-walled tube and the diameter of
the central plug are variable. Of interest is the re-
sonance frequency shift of the inner tube in the
presence and absence of water in the concentric
annular spaces of variable thickness.

The experimental set-up simulates the situation of
the thermal shield in a pressurized water reactor.
Some time ago, serious problems requiring long shut-
downs were encountered in several reactors.
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3.6. DEVELOPMENT OF DEVICES FOR IRRADIATIONS
OF LWR FUELS IN BR2

(W. Hebel*, P.Dirven, A.Falla, W. Detavernier)

Following an increasing demand for investigating special conditions and problems related to the behaviour
of LWR fuel rods, development work on new and advanced irradiation techniques has been intensified by
the design of so-called Pressurized Water Capsules ("PWC") and of a power cycling device for LWR fuel rods
called "VNS" (Variable Neutron Screen).

This work is related to irradiation projects in the BR2 reactor on behalf of the Institute for Nuclear
Technology, Bucharest, and of BELGONUCLEAIRE; it also benefits from interest of other experimenters
involved in testing LWR fuel.

The main design and operation features of these new irradiation rigs aie outlined below.

Pressurized Water Capsule ("PWC")
(P.Dirven)

The rig comprises a stainless steel thimble tube of
29 mm O.D., penetrating from the reactor cover into
the core and containing in its lower end the fuel rod
to be tested. The thimble tube is connected to an

out-of-pile pressure supply and control system for
demineralized water, which ensures the nuclear heat
developed by the specimen to be radially dissipated
through a stagnant, boiling water annulus to the BR2
reactor cooling water flowing outside the thimble
tube.

A double containment sampling circuit installed in

STOP REACTOR

r> SAMPLING

Fig. 3.5.1. — Scheme of "PWC" irradiation device.

1NPILE TESTSECTION

EURATOM
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a glove box allows control of the water quality, vent-
ing radiolysis gases and monitoring of accidental fuel
cladding rupture.

A simplified flow-sheet of the "PWC" rig is shown
in Fig. 3.5.1.

The main operating characteristics are as follows.
BWR PWR

fuel rods fuel rods
70 150

600
295

15

600
350

10

- Operating pressure (bar)
- Maximum

linear power (W.cm'1)
- Cladding temperature (°C)
- Approximate outer fuel rod

diameter (mm)
- Active length of

fuel rods (mm)
The present plans involve equipment for simultane-

ous irradiation in BR2 of three BWR and one PWR
fuel rod test sections. They are provided with self-
powered neutron detectors for measuring the fission
power of the fuel rods. Besides irradiation of fresh
fuel pins, experiments with preirradiated fuel and
fuel rod power cycling by means of a "VNS" device,
described below, are also envisaged.

up to 600 600

The start of the first "PWC" experiment is planned
for the end of 1975.

Special problems linked to the development of the
"PWC" device have been investigated by out-of-pile
tests, which mainly concerned the critical heat flux
phenomenon limiting the maximum permissible fuel
rod heating rate. This limit must be safely known as
a function of test section geometry and operating
pressure in order to prevent fuel rod burn-out (see
§5.4.4.).

Variable Neutron Screen device ("VNS")
(A.Falla)

Besides power cycling obtained by mechanical dis-
placement of the test rig in the BR2 reactor core,
other power cycling systems have been examined
which would enable the thermal neutron flux to be
changed in the reactor channel, by surrounding the
in-pile test rig with a variable neutron absorption
screen.

From comparison of the use of variable controlled
concentration of boric acid in water and of gaseous
3He at variable pressure, it appeared that despite

to ventilation to ventilation

f A P I , | Radiation
[API) • V _ / m o n i t o r

&T Tneasutpnnent
as a tunction of
rig power

Second containment ; glove box

|

Compressed
air

supply

Fig. 3.5.2. — Simplified flow-sheet of the Variable Neutron Screen (VNS) device.
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difficulties related to tritium production and the cost
of 3He, the use of 3He as an absorbant is more
interesting for the following reasons:
- greater flexibility in the use of 3He, which allows

more rapid and frequent power cyclings;
- wider range of neutron depression factor which can

reach 0.45 for 3He pressure variation from 1 to
20 ata;

- easier automatic control of the power cycling;
- for frequent cycles (several per day); boric acid

would necessitate a permanent make-up installation
with concentration and pH measuring instruments.
Detailed studies of the 3He power cycling device

were carried out during the second-half of 1974. The
3He circuit is designed for a pressure of up to 35 bar;
its major part is located in a glove box, and the
circuitry is surrounded by a second containment con-
nected to BR2 building ventilation. A simplified flow-
sheet is shown on Fig. 3.5.2.

Companies have been contacted for the construction
of the automatic pressure control system. The pres-

surizer consists of a tank equipped with inner metal
bellows, appropriately shaped to reduce the 3He in-
ventory for controlling the ^ e gas pressure, by nitro-
gen or air pressure acting on the other side of the
bellows.

For continuous tritium trapping which is necessary
to maintain the 3He purity and to reduce tritium
release in case of a leakage in 3He circuit, two solu-
tions can be envisaged: either the molecular sieve trap
to retain tritiated water obtained by oxidation of
tritium on a copper oxide bed, or direct tritium re-
tention on a titanium or zirconium sponge bed. This
second solution appears rather interesting because of
its simplicity (no regeneration as for the copper oxide
bed) and the smaller gas volume ('He inventory).

Operation tests with direct trapping should be per-
formed, however, to check the retention capability
of zirconium and titanium. These tests are foreseen
for early 1975. Start of operation of the "VNS" device
for the CEB 13 irradiation of UO:-PuO2 fuel in the
BR2 reactor is planned for end 1975.
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Chapter 4

APPLIED NUCLEAR RESEARCH

4.1. WASTE CONDITIONING AND DISPOSAL

4.1.1. FLK-60. High-temperature incinerator for
radioactive wastes
(N.VandeVoorcle*, G.Dumont, A.Taeymans1',
W.Balleux)

It has been decided to replace the present incinera-
tor for low radioactive solid wastes because of its
inadequate capacity, an unsatisfactory reduction factor
and excessive maintenance frequency. The great ex-
perience, gained during the operation of this incinera-
tor, facilitated the setting up of the requirements to
be met by a new incinerator. These are: a capacity of
about 150kg.h' solid waste (equivalent 0.75Gcal.h'1),
the capability of handling both liquid and solid wastes,
a highly efficient gas purification system for gaseous
and solid radioactive a.̂ d chemical pollutants, and an
attractive ash recovery system.

Based on these data, the FLK-60 incinerator was
chosen. This incinerator is a high temperature furnace
(up to 1400°C) and consists essentially of a vertical
combustion and a horizontal post-combust: on cham-
ber. The former comprises a static outer cylindrical
metal sheet and a slowly rotating (1 to 4rev.lv1)
inner cylinder, between wich the shredded solid waste
is fed by a screw-conveyer. The rotation of the inner
cylinder distributes the waste and pushes it down-
wards to the combustion zone. This zone, situated
at the base of the rotating cylinder, is heated by a
vertical liquid fuel burner, mounted in the internal
cylinder. In this zone thermal decomposition and
formation of molten ash take place. The thermal in-
sulation of this molten layer (glass, ceramics, metals,
etc.) prevents ignition of the solids between the two
cylinders.

The combustion gases and discrete liquid slag, as
droplets, are discharged through an orifice, which also
forms the connection with the horizontal post-com-

BELGONUCLEAIRE

bustion chamber, fired by an organic liquid waste
burner.

The ash is collected as granulates by the controlled
cooling action of both the combustion gases in the
post-combustion chamber and the water in the granu-
lator.

Installation of the FLK-60 (see Fig. 4.1.1.) started
in September 1974 and the incinerator became ope-
rational for trial runs (with non-radioactive waste)
during December 1974.

4.1.2. Gas purification system for incinerator off-
gases
(W.R.A. Goossens, J. Claes, G. Dumont, A.
Francesconi, R. Harnie, M. Hoogstoel, L. Mey-
nendonckx, W. Timmermans)

A gas purification system is being developed for
the retention of harmful dust and pollutants generated
in the new FLK-60 radioactive waste incinerator.
Material and energy balances have been calculated for
the nominal working conditions of this gas purifica-
tion system, i.e. a total gas flow rate of 2800 standard
m3 h'1 at an incinerator outlet temperature of 900°C
corresponding to the combustion of 0.75 Gcal.h1 li-
quid and solid waste.

By means of various heat-exchangers, the heat con-
tent of the incinerator off-gases is used for steam
generation and sludge drying in a drum-type drier.
The dust is mainly retained on a cross-flow panel bed
of sand, maintained at 600cC to allow post-combustion
of unburnt particles on the sand. Pollutants such as
HC1 are trapped in an alkaline wet scrubber together
with residual dust particles. Before stack release to
the atmosphere, the off-gases are cleaned by conven-
tional absolute filters and reheated to 150°C to avoid
stack condensation.

All devices needed in this gas cleaning system are
on order, except the panel-bed filter, developed at
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Fig. 4.1 1 — View of I be FLK-60 incinerator.

S.C.K./C.E.N. (see § 6.3.). The design of this panel-
bed is based on the results obtained on the 400 nr'.h"1

scale in the pilot unit "Mistral". The construction
materials have been selected on the basis of their
resistance to chlorine compounds present in gaseous
effluents. Construction details were derived from the
powder cnaracteristics of sand mixed with dust as
measured with the help of a shear-cell. A dust re-
moval ef'iciency of 98% is guaranteed in this panel-
bed for inlet dust concentrations of 300 mg.m"3. This

minimum efficiency was obtained in the pilot unit
"Mistral" with a panel thickness of 10 cm as com-
pared to 20 cm foreseen in the panel-bed of the in-
cinerator. The construction drawings of this device-
have been prepared.

While waiting for the construction of the whole
gas purification system, assistance was given to the
commissioning tests of the incinerator itself. Dust and
SO:-content of the off-gases were measured and the
determination of HCl and NOX was prepared.

4.2. SAFEGUARDS PROJECT
(C. Beets, P. Bemelmans, F. Franssen)

The objective of the safeguards system in the framework of the Non-Proliferation Treaty is the timely
detection of the diversion of nuclear materials from peaceful nuclear activities to nuclear weapons or other
explosive devices.
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It was recognized at an early stage that a certain amount of research and development would be required
to establish the basis of the safeguards system. These research activities are being carried out in different Research
Centres of the European Community. In order to co- rdinate them and to ensure a proper flow and exchange of
information, these centres, along with the European Commission, agreed to set up ESARDA (European Safeguards
and Development Association). At the present, it comprises representatives of Atomenergi Kommissionen (Den-
mark), Comitato Nazionale per l'Energia Nucleare (CNEN, Italy), Commission of the European Communities
(EURATOM), Gesellschaft für Kernforschung (GfK, Federal Republic of Germany), Reactor Centrum Neder-
land (RCN), United Kingdom Atomic Energy Authority (UKAEA, United Kingdom) and S.C.K./C.E.N.

S.C.K./C.E.N. contributed actively to an ESARDA Sponsored Symposium [190] and carried out R & D
in the following fields.

4.2.1. Isotopic correlations

The value and the possible application of the iso-
topic correlations for plant operators and safeguards
authorities are largely recognized. The use of heavy
isotope correlations requires little additional analytical
effort, because routinely measured input data at the
reprocessing plant include almost all the information
required. Great confidence can be given to this type
of approach, needing only Pu/U and isotopic ratios
which can be measured with less effort than absolute
concentrations and which are not influenced by sample
instabilities.

At the request of ESARDA, S.C.K./C.E.N. assum-
ed responsibility for the management of a joint safe-
guards experiment (Mol IV 72.73 and 73.74) at the
Eurochemic plant. This is a joint effort of ESARDA
with other agencies [IAEA, BMI (Batelle Memorial
Institute, Hanford, USA), ACDA (Arms Control and
Disarmament Agency)]. Data on heavy isotopes and
fission products necessary to establish correlations
have been collected for 3 PWR reactor campaigns
(SENA, TRINO) and for 2 BWR reactor campaigns
(KRB, DODEWAARD). Comparison between phy-
sics calculations, experimental data from post-irradia-
tion analyses (pellets, rods) and input data at the
reprocessing plant will be made for all the campaigns.

Although there is already a great volume of ex-
perimental data available, the development of isotope
correlation techniques requires that more data on
spent fuels from the various types of reactors be
collected in a central data file. To this purpose, BMI
has constituted a Data Bank including input data on
the fuel cycle of 28 reactors (11 PWR, 11 BWR, 6
others). The number of measured and remeasured
data points are respectively 450 and 225, correspond-
ing to 37 sets of irradiation. The contribution of the
MOL IV experiment to this Data Bank will be re-
presented by 80 remeasured data for 8 sets of irra-
diation.

Furthermore, ESARDA has initiated an inquiry on
data which could be made available by all European
utilities, in order to constitute a central European data
file at the J.R.C. of EURATOM (Ispra).

4.2.2. Non-destructive techniques

On-line measurements of U content and a5U enrich-
ment of sets of 25 fresh LWR fuel rods have been
performed using a static multicounting device (SMC).
The main components of the SMC are four l " X l / 2 "
scintillation detectors with associated electronics (mi-
xer-decoder and multichannel analyser) and a tele-
print. The mechanical structure is surrounded by a
gamma shielding (thickness: 5 mm Pb).

No change in the fabrication line and no additional
handling of the rods were required to implement the
SMC. The actual time of measurement (200 sec/25
rods) was largely sufficient to follow the nominal
throughput of the line. For that time of measurement,
the precision of measurement is characterized by a
relative standard deviation of 0.7%.

4.2.3. Destructive techniques

In this field, ESARDA actively participates in the
following international comparison campaigns:
- SALE (Safeguards Analytical Laboratory Evalua-

tion, promoted by U.S. ERDA) which aims at im-
proving the performance of measurement at various
plants;

- GAE (General Analytical Evaluation, also promoted
by U.S. ERDA) which focusses on isotopic and
chemical determination of UFe samples;

- IDA-72 (Isotopic Dilution Analysis, promoted by
GfK) which is an international intercomparison to
check the quality of isotope analysis of U and Pu
in active feed solutions.
The samples of the second series of the SALE have

been analysed by BELGONUCLEAIRE and S.C.K./
C.E.N. (see §4.2.5.).

4.2.4. Integral control experiments

The main objectives of an integral experiment in-
clude:
- the closing of the material balance for the actual

campaign;
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- the evaluation of measurement errors;
- the analysis of operating losses;
- the testing of different instruments and techniques;
- an assessment of safeguards efforts.

Two joint experiments are now being conducted:
the first deals with "Development, demonstration and
application of non-destructive techniques for assay of
special nuclear material during fabrication of LWR"
fuel, (S.C.K./C.E.N., IAEA Research Contract No.
1042B) and the second with "Development and eva-
luation of non-desnuctive analysis for measurement
of U and Pu at mixed oxide fuel fabrication plant"
(BELGONUCLEAIRE-S C K /C.E.N., IAEA research
contract No. 1384B).

4.2.5. Radiochemica! analyses support
(P. DeRegge, R. Boden)

Safeguards analytical laboratory evaluation

UO2, PuO-:, (U,Pu)O2, U-NOj, Pu-NO3 and
(U-Pu)-N03 samples from the series Ti-468-73 and
Ti-219-74 were analysed according to the SALE pro-
gramme specifications. Uranium analyses are perform-
ed by cerimetry (Corpel and Regnaud method), al-
though the New Brunswick Laboratory's modified
Davies and Gray method has gradually been imple-
mented in addition. The Pu is analysed by controlled

potential coulometrv, interfering fluoride ions being
complexed by the addition of Al(NOj)}. The presence
of Pu (VI) yields unreliable results in HQQi due
to the irreversible electrochemical reaction Pu( VI) —>
Pu(IV). By prereduction of the Pu(Vl) with hy-
d-azine and destruction of the excess reagent with
(NrLt):Ce(NCM(, excellent results were obtained.
However, in presence of uranium, excessive amounts
of hydrazine are required, shifting the Pu(l l l ) -
Pu(IV) potential to an unknown value. Therefore
the coulometry on U, Pu materials has been done with
H2SQ4 as a supporting electrolyte, requiring special
attention to be paid to Fe interference. The results
of the series Ti-219-74 were submitted to the SALE
programme committee.

Uranium enrichment measurements

Neutron activation has been tested as an indepen-
dent non-destructive method for the measurement of
•^U/^U ratio in low enriched fuel. The enrichment
could be determined with an accuracy of 1.5% at the
3 c level by determining the ratio of activities of
selected fission products to the induced lv<Np activity
in the gamma-spectrum. Since only ratio measure-
ments are involved, no quantitative aliquotation or
chemical separation is necessary, and the method can
be adapted to the analysis of spent fuel solutions in
the reprocessing plant.

4.3. ACTINIUM-THORIUM
(L.H. Bat:is.le)

The actinium-thorium project carried out on behalf of the Union Miniere-S.C.K./C.E.N.-Association was
originally aimed at the production of actinium to be used in a thermoionic generator. Later on, the project
was reoriented towards the production of smaller quantities of actinium and thorium to be used for neutron
source production.

Since then, due to lack of economic prospects, Union Miniere has decided to stop the actinium and thorium
production completely.

4.3.1. Actinium-production facilities
(D. Huys, A.DankJs, A.C. Demildt, C.Lam-
biet)

Capsules, irradiated during the period 1973-1974
in thermal neutron fluxes of 3 to 4XlO14 were pro-
cessed in the 1000 Ci cell facility using chemical and
technological procedures previously tested. The quan-
tities of Ac and Th obtained from these campaigns
are summarized in Table 4.3.1.

After the decision was taken to discontinue the
actinium-thorium production, the Ra-Ac-Th radio-

nuclides already produced were separated, purified
and either brought into a storable form or shipped
to customers.

All the radium extracted was transferred to 13
storage capsules each containing between 8 and 15 g
of uranium. These capsules were welded according to
the technique used for irradiation capsules and tested
for alpha tightness before storage.

After separation from Ac and Ra, thorium was
transformed into ThO: and transferred to shipping
capsules each containing between 60 and 150 Ci of
-sTh. AH the thorium produced during 'he five-year

4-4 BLG 506/75



TABLE 4.3.1.

Capsule number

30

32 f

33 1
3-»)
35 I
36)

Radium irradiated
Ci

40.5

62.4

60.8

63

Quantities produced (in Ci)

Ac ! Th

31.3 | 87

39 ; 101.6

37.2

40.4

125.0

76.0

production campaign has been forwarded to interested
customers. During 1974, a total of 700 mg ~Th was
shipped.

Actinium purification still goes on, as not only was
the current production to be conditioned for shipping
but also a quantity of 2 g is to be used in a prototype
heat source. A total of 6 g ~'Ac has been treated
chemically in aiv for delivery. All the radium, acti-
nium and thorium sources have been removed from
the 1000 Ci cell and transferred to storage caves or,
in the case of actinium, to the aiv cell which is still
equipped for handing large quantities of actinium.

After repeated decontamination with degreasing
products (HEXAL), organic complexing agents
(TURCO) and diluted but corrosive acids (HC1 +
HNOj), the background around the a-boxes has been
reduced to about 3 to 10 Rad.h"1 with one hot spot
of 70 Rad.h"1.

The decontamination of the a-boxes will be con-
tinued until the radiation level has been sufficiently
reduced to permit manual work during a reasonably
long time.

Detailed procedures are being prepared to dismantle
the a-boxes in the 1000 Ci facility without radon
contamination of the L.M.A. hall or the surroundings.

Radiation damage has been observed on the lucite
windows of both the ct|- and an- boxes. The damage
is propagating in an irregular but irreversible way.
The integrated y radiation dose received by the lucite
windows during the period 1969-1973 was evaluated
at 5.106Rad, as compared to 10" Rad as the highest
limit for safe work with lucite windows. However,
unt;l now, no mechanical failure due to embrittlement
nor any visible leak was detected.

The radon off-gas treatment facility has been operat-
ed very satisfactorily and no radon discharge above
10sCi.s1 was measured over the period 1973-1974.

4.3.2. Analytical support
(M. Monsecour, P. De Regge)

The -7Ac, "6Ra and -8Th content of n-ore than

170 samples has been analysed by alpha-ray spectro-
metry. The three elements are isolated and purified
by ion exchange techniques.

The "''Ra content of the RaCOj containers to be
returned to Union Miniere has been verified by
Ge(Li) gamma-ray spectrometry. The containers were
placed at 40 m from the detector and shielded with
35 mm lead in order to reduce the radiation dose. The
correction coefficients for self absorption and absorp-
tion in the container materials were determined by
measurements on a laboratory mock-up using - l l a
doped PbSO.i. The total "26Ra amount in the containers
has been measured with an accuracy of 2%.

Several solutions and sources have been calibrated
for the delivery of -'Ac and ~sTh to various customers.

4.3.3. Fundamental neutronic properties of ^'Ac
(M. Monsecour, P. De Regge)

Small samples of purified ^Ac, deposited on alu-
minium foils, were irradiated together with 59Co flux
monitors in the BR1 reactor. The absolute activity of
-8Ac induced in the targets by the irradiation with
and without cadmium cover was measured with a
calibrated Ge(Li) gamma-ray spectrometer. Assuming
a thermal neutron cross-section of 37.4 barn and
a resonance integral of 70.0 batn for the reaction
5"Co(n,Y) «•'"""Co, values of respectively 762±29
barn and 1017 ±103 barn were obtained. The quoted
errors include all systematic and random errors of
the procedure.

4.3.4. Fabrication of a sealed mAc alpha souice
(J. Walravens*, M. Monsecour, P. De Regge)

A study was made of the fabrication of a rectangular
~7Ac alpha source by dectrodeposition of AcjOi on
a Pt foil. By careful selection of the current density
and electrode geometry, a homogeneous and adherent

* Trainee
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Ac;O3 deposit was obtained. The source was sealed by
electroless plating of a 5 u,m thick nickel window.

The diffusion of 2l9Rn through the window how-
ever quickly contaminated the source, prohibiting its
use as a sealed alpha source.

4.3.5. Waste treatment and conditioning
(H. Spriet, J. Claes, C. Lambiet, A. Daniels)

During the period 1973-1974, a total of 77 waste
boxes (type "La Calhene") loaded with solid waste
were discharged from the hot cells. The total amount
of radium discarded this way and measured with a
Ge(Li) detector as described in § 4.3.2., was estimat-
ed at 14 Ci. Each box thus contains an average con-

centration of 200 mCi which is not high enough to
justify recovery.

Five containers with solid waste totalling 20 Ci of
radium have been packed in special drums in order
to permit recovery later on at Union Miniere. The
amount of radium discharged as solidified liquid waste
was only 2 Ci, which is small compared to the quan-
tities handled.

Disposal of solid wastes, containing sizable amounts
of radium, into the ocean requires a conditioning
treatment for transformation of the residues into a
homogeneous material with a bulk density of 1.5 t.m"3.
An appropriate conditioning workshop will be in-
stalled in the vicinity of the radon ventilation, in
order to permeate the solid waste with a solidifying
material which stands sea water attack.

4A FUSION RESEARCH AND LITHIUM TECHNOLOGY

4.4.1. Lithium technology
(M. Soenen)

A Li loop, called "Li-1" has been designed and
will be built in the Technology Hall of S.C.K./C.E.N.
in order to valorize much of the technical know-how
gained on sodium for fast sodium-cooled reactors to-
wards lithium as possible fusion reactor coolant.

With no experimental data at hand it was decided:
- to start Li technology with a stainless steel loop of

the same design as the loops built and operated for
sodium work at S.C.K./C.E.N.;

- to acquire experience with Li technology and Li
purification systems, which are believed to be ne-
cessary prerequisites for any work in the Li field;

- to direct the acquired Na technology towards Li
(as a short-term goal);

- to develop, as a medium-range objective, new tech-
niques that may be applicable in particular to liquid
Li for correct design, operation and maintenance of
loop systems;

- to aim (as a long-range objective) at the interpreta-
tion and basic understanding of corrosion and mass
transfer mechanisms of AISI 3i6 stainless steel in
flowing Li under well-defined impurity conditions.
General lay-out, main characteristics and present

state of development are briefly summarized below.

General lay-out

A flow sheet of the loop is given in Fig. 4.4.1. The
main circuit of the figure eight loop includes in the
lower cold part, a Li-air cooler, two parallel test sec-
tions, an electromagnetic pump and a flowmeter; in
the upper hot part an electrical heater, two parallel

test sections and a static expansion tank; a Li-Li re-
cuperator links both parts together. By means of
valves, the hot and cold test section can be unloaded
one by one without interrupting the Li flow. A similar
type of system to that used in the Na loops will per-
mit easy loading and unloading of interchangeable
items such as a sample taker, a specimen carrier, a hot
trap or an "on-line" monitor.

The purification circuit consists of a cold trap, the
efficiency of which can be measured by a plugging
circuit branched either to the in- or outlet of the trap.

Main characteristics

The main characteristics of the loop are as follows:
variable up to 2 m3.h"' for a
pressure head of 1.5 kg.cm"2

variable up to 50 kW
3 kg.cnv2 at 700°C
AISI 316
about 75 1

- Flow

- Heat capacity
- Design conditions
- Structural material
- Total Li content
- Piping size

main circuit : 26.75/21.25 mm
test and purification circuit: 31.25/15.75 mm
plugging circuit : 13.25/8.75 mm

Present state of development

At present, detailed design of the loop and drawings
for its mechanical assembly are finished. Construction
of the loop is planned for 1975 and operation is
scheduled to start in 1976. The loop as designed will
allow in particular the testing of high temperature
conditions, high temperature gradients, cyclic temper-
ature variation, changing flow conditions and im-
purity control in Li.
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Fig. 4.4.1. — Flow sheet o\ the Li-1 loop.

4.4.2. Tritium studies
(G. Collard, P. De Regge, L.H. Baetsle)

A preliminary literature search has been performed
to evaluate the various tritium problems in a fusion
reactor. R & D work has been proposed on lithium-
tritium separation, tritium recovery, stooge as tritide
on metallic getters and hydrogen isotopes separation
by cryogenic distillation.

In the first stage, attention will be paid to lithium-
tritium reaction kinetics. In the second phase, research
will be directed towards the extraction of tritium from
lithium by adsorption on metallic getters. Some pre-
liminary data are expected to emerge from the current

reprocessing project in which stable hydrides will be
assessed for their ability of safely storing tritium.

In the more distant future, R & D work is schedul-
ed on the separation and purification of tritium by
cryogenic distillation.

4.4.3. Materials research
(L.Stals*)

One of the key problems in the research and
development of controlled thermonuclear fusion reac-
tors is the selection of suitable wall and structural

* L.U.C. - Diepenbeek
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materials. More particularly, the formation of voids,
bubbles, blisters and other structural defects, to be
expected as a result of the intense irradiation by fast
neutrons and ions, raises a number of questions. The
study of the basic mechanisms of these effects in
refractory metals and alloys foi ~"S a substantial part
of the SOLID STATE PHYSICS programme, involv-
ing simulations of swelling, blister formation and gas
ion implantations (see § 5.1. and § 1.4.).

4.4.4. Participation to J.E.T.
(M. Snykers)

By delegation of a staff-member, S.C.K./C.E.N.
participates in the studies of J.E.T. (Joint European
Torus), a joint European plasma experiment. The
aim of this experiment is to approach as close as
possible the fusion ignition condition of a deuterium-
tritium mixture by means of magnetic confinement of
a plasma in a Tokamak system.

In the present design, the main parameters of the
experiment are:
Plasma radius (horizontal) a = 1.25 m
Plasma radius (vertical) b = 2.10 m
Plasma mean major radius Ro = 2.82 m
Toroidal field at Ro B, = 32 KG
Flat top field time > 20 s
Plasma current Ip = 3 MA

Additional plasma heating by means of high energy
neutral particle injection and high frequency methods
are foreseen. The design of this experiment should be
ended by December 1975. Besides the design of the
apparatus itself, the necessary additional experiments
together with the cost and manpower evaluations
will be carried out in this period. S.C.K./C.E.N.'s
contribution to the present design studies are con-
centrated on evaluation of candidate materials for the
vacuum vessel and the limiter.

Vacuum vessel

Fur the vacuum vessel, an all-metal, all-welded
structure is envisaged, with a non-circular cross-
section. In the toroidal direction (the long way around
the torus), the vessel will consist of 8 modules having
a structure which is made of rigid wedge shaped sec-
tors joined together by straight bellow sections. The
rigid sectors will take up and transmit the forces

on the vacuum vessel; they also incorporate the 8
openings for access to the interior of the machine
required for pumping, diagnostics, injection of neu-
trals, etc.

The bellow section will consist of two bellows,
one outside the other, so that the apparatus still
could be operated if one bellow failed.

The selected candidate materials for this vessel
are nickel based alloys Inconel 600, 601 and 625,
because of their electrical, magnetic and mechanical
properties.

Limiter

According to the present design, a movable and a
fixed limiter are foreseen. The thermal and irradiation
load condition of this limiter are such that sputtering
and sublimation occurs.

This means that the material to be applied on a
base material should be a refractory with good ther-
mal conductivity, low thermal expansion coefficient,
low Young's modulus, high rupture strength and low
porosity.

As to fabrication of pre-shaped forms, which can
be applied e.g. by screening, a great variety of
shaped forms in SijN* glassy carbon, SiC, B4C, BN,
BeiB can be made by means of hot pressing or reaction
bonding. Experiments have to be done to gather
additional data concerning sputtering, outgassing and
thermal shock resistance under very short, very heavy
load conditions.

The composite SiC - C combines the excellent ther-
mal conductivity properties of SiC with the low atomic
number of C. This solution, which only seems feasible
for rather small shapes, needs a special fabrication
development study.

Spraying of base material

Direct bonding on the base material by plasma
spraying of B4C, or co-spraying of BeO - Be have also
been proposed, but this technique also requires addi-
tional experiments on outgassing and thermal shock
behaviour.

If Be should be selected as a protection or limiter
material, the electrocoating technique could be en-
visaged.
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Chapter 5

BASIC AND EXPLORATORY RESEARCH

INTRODUCTION

The basic research programme of the SOLID STATE PHYSICS department involves research on
materials varying from the most simple ones, like pure metals and covalent compounds, through alloys, ceramic
materials and molecular crystals to polymers and amorphous compounds. An important effort is devoted to
radiation damage and related structural defects in materials; moreover BR2 neutron beams are used for structure
investigations.

Apart from two I.I.K.W./I.I.S.N. projects, running since 1972 in association with the K.U. Leuven, on
"Study of nuclear spin structures in solids by means of neutron scattering and magnetic nuclear resonance"
and on "Study of radiation damage caused by nuclear reactions in solids", a third project of this type has
been started in association with the R.U.C. Antwerpen on "Study of the influence of irradiation on electrical and
mechanical properties of polymers".

Progress has been made in the following specific areas.

• Conduction mechanisms in semiconducting amorphous chalcogenides and polymeric solids.

- Magnetic susceptibility of dilute aluminium alloys.

- Neutron diffraction of spinel compounds and solid SiD4.

- Inelastic scattering of slow neutrons in cobalt oxide, manganese ferrites, paramagnetic compounds and clath-
rate hydrates.

- Electron microscopic study of various intermetallic and non-metallic compounds and minerals. Development
and application of quantitative X-ray microanalysis.

• Internal friction in manganese ferrites and rhenium. Relaxational behaviour of polymers.

- Recovery mechanisms of radiation damage in tungsten and rhenium. Ordering in CuPt alloys. Behaviour of
implanted gas ions in metals and alloys. ••"

- Theoretical studies of electron diffraction effects and quantum theory of solids.

In the field of NUCLEAR PHYSICS, the main lines of research were continued at the same level of
efforts as in previous years and in close association with some Belgian universities, international institutes such as
CBNM (Geel) and foreign scientists.

The neutron cross-section programme was mainly devoted to heavy nuclei of interest for some reactor
physics calculations and other applied programmes. It has included total and partial cross-section measurements on
^'Ra, 33t\], ^ U , a 7Np, ^Pu and MNb. To maintain a recognized international standard, such measurements
require continuous checking and improving of all the various steps involved ranging from technical aspects
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(e.g. very reliable electronics and detectors) to physico-chemical problems (such as accurate target preparation
and assaying) and complex mathematical manipulations in the final data analysis step. The association between
S.C.K./C.E.N. and CBNM, EURATOM (Geel) proved to be very fruitful to handle properly all these aspects
by a large group -where work is adequately shared and mutual criticism has a better chance to detect small
errors or oblivions.

The programme has also included work in nie field of fission, ranging from physical aspects such as the
distribution of the masses and kinetic energies of fragments from resonance-neutron induced fission in a 5U, up
to radiochemical studies such as the identification of unknown or badly known short-lived Ru fission isotopes.

Some asp.-cts of nuclear spectroscopy were also studied either experimentally or theoretically such as
the perturbation of the decay rate of ""Nb"1 or the understanding of the properties of the ground and excited
levels of I2C, 10B and "Be. Within the framework of the S.C.K./CE.N.-KUL association and with the help of the
University of Bristol (U.K.), a careful study of Si single crystals was done. These crystals were grown by
Metallurgie Hoboken and will be used in the Bent-Crys:al Diffracting Spectrometer for (n,y) measurements.
It was tound possible to obtain large crystals, with diameters of 75 mm or more, dislocation free and very
homogeneous over most of their volume. Such properties are essential for the quality of the energy solution of
the spectrometer.

During the year 1974, the RADIOBIOLOGY department paid particular attention to the following six
research lines.

- Studies on the acute effects of radiation, namely studies on biochemical and cytological indicators of radiation
damage, on cellular differenciation and on metabolism of protein, DNA and RNA.

- Studies on the late effects of radiation. Thanks to a large increase of national and international financial
support, this part of the programme has been greatly developed. The most important goals of this programme
are: the characterization of the prelcukemic stage of radio-induced leukemia; the pathogenesis of radioinduced
life shortening and the pathogenesis of the late changes occurring in the brain and the lungs during a radio-
therapic treatment for cancer. Radioleukemia is studied on a biological, cytogenetical, biochemical, immuno-
logical and virological point of view.

- Studies on genetic effects of ionizing radiation and chemical mutagens on mammals and namely the radio-
sensitivity of premeiotic male germ cells of mice of different age, and the induction of translocation in the
mouse oocytes by ionizing radiation.

• Studies on the integration, the replication and the biological effects of foreign DNA administred to different
organisms (micro-organisms, plants, cells in culture and mammals) by means of ultracentrifugation in CsCl
gradients and autoradiography.

- Studies on the radioactive pollution of the environment, especially on radioactive contamination of grass and
milk 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 poisoning.

All the research programmes of the department are, every time when it is possible, studied in a poly-
disciplinary way.

For the realization of its scientific programme, the Radiobiology department received financial support
mainly from the Ministry of Education and from the Ministry of Economic Affairs. In addition, the department
received some financial aid from the Ministry of Public Health and of some national and international organiza-
tions, such as A.S.L.K./C.G.E.R., the national Foundation for Scientific Medical Research, the R.I.T. (Recherche
et Industrie Therapeutique, Genval), EURATOM, the NATO and the Deutsche Schutzkommission of the German
Federal Republic. The programme is realized in close collaboration with Belgian and foreign laboratories.

EXPLORATORY RESEARCH in the chemistry, metallurgy, reactor physics and technology disciplines
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concerned: radiochemical study of the fast neutron fission yields, chemical and electrochemical study of iodine
compounds in acid solutions, investigations of the distributors' effect on the fluidized bed behaviour, fabrication
of NbsSn superconducting materials, development of neutron radiography at BR1 for plutonium grain size
controls in fresh UOrPuOi LWR fuel pins, improvement of the iteration procedures in reactor physics calcula-
tion codes, experimental investigations on the critical heat flux from a heated rod surrounde.l by a stagnant
water annulus, helium impurity analyses by gas chroma tography, heat transfer studies in a liquid metal concentric
pipe configuration, liquid metal level determination in irradiation devices and research on thermocouple behaviour.

5.1. SOLID STATE PHYSICS

5.1.1. Electrical properties of semiconductors
(R. Colson*, M.Denayer, P. Nagels**)

5.1.1.1. Conduction in extended and localized
states in amorphous chalcogenides
[255,291]

The conductivity and thermopower data of a num-
ber of chalcogenide glasses are best fitted by slightly
curved lines which gradually level off with decreasing
temperature. The thermopower curves are often found
to exhibit a less steep temperature dependence than
the conductivity curves. As this behaviour is difficult
to explain on the basis of a single conduction mecha-
nism, an analysis of the conductivity and thermo-
power results has been proposed which takes account
of parallel conduction of holes in extended and loca-
lized states. The contribution of the hopping con-
ductivity in amorphous semiconductors depends on
the distribution of the density of states N(E) in the
tails of the valence and conduction bands. Three dif-
ferent models of the distribution of N(E) are con-
sidered: 1) one single level located at some distance
from the mobility gap, replacing the distribution of
N(E); 2) a linear and 3) a quadratic decrease of
N(E) into the band. The formulae for conductivity
and thermopower corresponding to the three models
have been derived.

Numerical calculations have been made in order to
find out which function of the density of states offers
the best fit to the experimental data of a As-Te-Ge-Si
glass and a AsTe1.5Sio.13 glass (Fig. 5.1.1.). The pro-
posed model of parallel conduction is consistent with
the results and there is a gradual change from one
process to the other. The slope of the thermopower
i/T curve has no particular significance in this transi-
tion region. On the basis of the present results, how-
ever, no definite answer can be given as to which of
the three models, describing the distribution of N(E)

in the localized states, has to be considered as the
right one.

5.1.1.2. Electrical properties of glasses of the
Se-Te-Sb system

The properties of chalcogenide glass semiconductors
of the type (Se65Te3s)ioo-xSbx containing up to 9mol.%
antimony were investigated by electrical conductivity,

* R.U.C. Antwerpen (I.I.K.W./I.I.S.N. bursar)
** Also R.U.C. Ar.twerpen

Fig. 5.1.1. — Temperature dependence of d.c. electrical con-
ductivity and thermopower in two chalcogenide
glasses of composition Gr\ ^V/, 2As30Teis and
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thermopower and Hall coefficient measurements. The
conductivity data for all compositions obey a single
exponential relationship a — Cexp ( E/kT) with no
evidence of the slight curvature observed in some
other chalcogenide glasses (Fig. 5.I.2.). The activa-
tion energy E decreases slightly with increasing anti-
mony content, thus yielding increasing conductivity

Fig. 5.1.2. — Temperature dependence oj d.c. electrical con-
ductivity and thermopower in the amorphous

values, since the pre-exponential term C is nearly
constant. The Hall coefficient curves show a similar
behaviour. The Hall mobility is independent of the
composition and remains constant as a function of
temperature (un = 3.5 X J0Jcm\vM.s'1)- The ther-
mopower is positive, whereas the sign of the Hall
coefficient is negative. The thermopower for all sam-
ples varies linearly with 1/T and exhibits the same
activation energy as the one deduced for the conduc-
tivity curve. This feature, together with the temper-
ature independent Hall mobility, gives strong evidence
for conduction of holes in the extended states near
the mobility ed^e; this is at variance with most <•£
the chalcogenide glasses, for which it has been shown
convincingly (»ee 5.1.1.1.) that the current carriers
are excited into both the localized and extended states.

5.1.1.3. Electrical properties of polymers

An investigation of the electrical properties of
semiconducting polymers was started. The most con-
ductive polymeric solids are those which contain
highly conjugated chains. Interesting groups of such
semiconducting systems are the polyenes, the pyro-
polymers (which are made from vinyl-type polymers
and lepresent linear chains consisting of fused ali-
phatic rings) and the polyacene quinone radical poly-
mers (PAQR). These polymers are not commercially
available and an attempt was made to prepare typical
examples of each of the three classes on laboratory
scale.

Polyacetylene, the simpliest polyene, was prepared
by bubbling acetylene gas through toluene to which
the catalyst system Al(C:H5)}/Ti(OCjH7)4 was added
in the ratio 2 /1 . X-ray and electron diffraction show-
ed that the material was completely amorphous. Hata-
no et al. [J. Polym. Sei. 51, 526 (1961)] reported
that crystalline polyacetylene is characterized by con-
siderably lower resistivity than the amorphous type
and an attempt will be made to prepare material
having a high degree of crystallinity by changing th.:
reaction conditions.

Samples of pyrolysed polyacrylonitrile (PAN) were
prepared by thermal treatment in a nitrogen atmos-
phere in the temperature range 450-650°C. The elec-
trical conductivity increases markedly with increasing
pyrolysis temperature. Previous attempts to measure
Hall effect on this material were unsuccessful ([in <
4 X lO-'cnr.V'.s1).

As an example of the third class, a PAQR polymer
was synthesized from phtalic anhydride and naphta-
lene using ZnCh as a catalyst. Measurements of elec-
trical conductivity and thermopower on compressed
samples are in progress.

5.1.2. Magnetism and neutron scattering experi-
ments

5.1.2.1. Magnetic susceptibility measurements
(A. Van den Bosch)

Static magnetic susceptibility measurements have
been carried out following the Faraday method on
small samples of dilute AIMn alloys, i.e. solid solu-
tions of small amounts of manganese in aluminium, at
temperatures between 4 and 300 K in field strengths
between 6 and 20 kOe. The relative increase of the
susceptibility of the alloys, as compared to that of
pure aluminium, is roughly a hundred times the ato-
mic fraction of manganese. Comparative measure-
ments were also carried out on pure aluminium
samples taken from the NBS-SRM 763-2 Al batch.
This aluminium is a standard reference material
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(SRM) for magnetic susceptibility from the USA
National Bureau of Standards (NBS). Part of the
susceptibility values of the purest sample, as plotted
by a computer, is given in Fig. 5.1.3. The values were
fitted to simple analytical functions, for different
temperature ranges.

E 65

6 0 -

100 200 300

T ( K )

Fig. 5.1.3. — The apparent susceptibilities of a NBS-SRM
763-2 A! sample, plotted against temperature.
The nominal field strengths are 20.6 kOe (o)
and 6.1 kOe (•).

For temperatures T > 165 K, the susceptibilities
fit the linear equations:

[XT = XRT + A (RT-T)], (1)
The subscript i refers to one of six different pre-

determined field strengths, of nominal values 20.6,
18.7, 14.7, 11.9, 9.0 and 6.1 kOe. The room temper-
ature susceptibilities, XRT fitting eq. (1) are 5.90,
5.91, 5.94, 5.93, 5.94 and 5.95 X lO-'emu.g"1 for
a room temperature, RT, equal to 297 K. In all six
equations, the value of A is 4.62 X 1010emu.g.-1.K'1.

In the low temperature region the susceptibilities
fit the equations:

[XT = xo + B.T2 + C/T],
The extrapolated zero Kelvin susceptibilities, Xo,

are 6.84, 6.84, 6.85, 6.86, 6.88 and b.91 X 10"7

emu.g1; B = -1.18 X 1012emu.g'.K"2 and C = 3.03

X 10'8emu.g'.K. The variation coefficients yielded
by the fittings are lower than 0.4 percent, thus re-
ducing the detection limit for manganese dissolved in
pure aluminium to about 100 ppm.

5.1.2.2. Neutron diffraction

Atomic ordering phenomena and magnetic
structure of spinel compounds
(D.Scheerlinck1, R. Vandenberghe**, E.Legrand)

In continuation of the study of the ordening phe-
nomena in Cu" Cu2i"o üMn4"1^ Q», the spinel Cu1+

M^o^Mn4*^ O4 has been investigated. The atomic
parameters of this compound are very near to the
atomic parameters found in the copper-manganese
spinel. In view of a paramagnetic neutron scattering
experiment to be performed on the magnesium-copper-
manganese spinel, low temperature diffraction patterns
have been taken to check whether its magnetic struc-
ture is purely ferromagnetic.

Investigation of phase transitions in solid
lW.Press***, E.Legrand)

Neutron diffraction measurements on polycrystal-
line SiD.i have proven the existence of three crystalline
phases. Beside the well-known transition at 67 K, a
gradual reorientation of the molecules takes place in
the temperature range of 38-31K, to form a third
phase at low temperature. From the measurements,
it is clear that the symmetry of solid silane is much
lower than that of solid methane (Fig. 5.1.4. and
5.1.5.).

Instrumentation
(L. Vansteelandt, E.Mies, P.D'Hooghe, R. Caron,
D. Scheerlinck*)

The mechanical and electronic parts of the triple
axes neutron spectrometer at the BR2 reactor have
been completed and the spectrometer is now in opera-
tion (Fig. 5.I.6.). Two assembler programmes have
been written to control the spectrometer with a PDP-8
computer; one programme for paramagnetic scattering
experiments for "constant Q" scans with different
values of Q, and one for measuring phonon and mag-
non dispersion relations on single crystals, also using
the "constant Q" method.

A Facit 4700 punch was connected to the TMC
4096-channel analyser.

Preamplifiers, amplifiers, single-channel analysers
and a power supply were designed for use with the

* R.U.Gent (I.W.O.N.L./I.R.S.I.A.bursar)
** R.U.Gent

*** K.F.A.Jiilich
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powder crystal spectrometer in a NIM system con-
figuration.

20° 25° 30°
Scattering angle 20 ( aegrees )

Fig. 5.1.4. — Diffraction spectra of solid silane in its three
different crystalline phases.

5.1.2.3. Inelastic scattering of slow neutrons

Exchange integral in normal spinels with only
A-A interactions
(D. Scheerlinck*, W. Wegener, S. Hautecler)

is a normal spinel with only A-A interactions.
From the second moment of the energy distributions
of neutrons scattered by a polycrystalline sample in
its paramagnetic state, the value of the exchange in-
tegral JAAAB = —7.27 ± 0.25 K has been derived.
Applying the Green's functions method in the theory
of antiferromagnetism, we have obtained JAAAB =
—7.07K from the Neel temperature TN = 40 K.
From the good agreement between these two values,

it was concluded that the exchange parameter in the
other normal spinels with only A-A interactions can
be quite accurately derived from the Green's functions
expression for TN.

Investigation of spin waves in Mn ferrites
(D. Scheerlinck*, W. Wegener, S. Hautecler,
V.Brabers")

The room temperature spin wave spectrum in
MnFe:Oj and Mni.: FeuQi has been previously in-
vestigated by means of the time-of-flight technique.
The acoustical branch could be obtained in the sym-
metry directions up to nearly the Brillouin zone
boundary. A theoretical expression for this branch
was fitted to the experimental points; the derived
effective exchange parameters JAB and JBB are given
in Table 5.1.1. together with similar data for Fe3O.i.

Paramagnetic neutron scattering
(D. Scheerlinck*, S. Hautecler, V.Brabers",
P. Speybrouck***, C. Petroons***)

Experiments have been performed on Cu Mgo sMni 5
04, KC0F3 (TN = 114 K) and NiSO4 (TN = 37 K)
in their paramagnetic state. Cu Mgo.5 Mni.5 O4 has the
spinel structure, and could be prepared with a 1:3
order of the Mg and Mn ions on the octahedral sites;
the magnetic properties are thus described by one
exchange parameter JBB which can be derived from
the second moment of the energy distributions. The
same situation holds for KC0F3 which has the pe-
rovskite structure. This is not the case with NiSCX,
in which at least two exchange integrals are significant.
In order to derive the values of two parameters, an-
other relation must be used in addition to the ex-
pression for the second moment. Such a relation was
obtained using the Green's functions approximation
for TN. The analysis of the data is under way.

Study of clathrate hydrates
(J. Vanderhaeghen****, W. Wegener, E. Legrand,
5. Hautecler)

Measurements were continued on incoherent in-
elastic scattering of thermal neutrons from clathrate
deuterates. The quasi elastic scattering from several
organic guest molecules (ethylene oxide, tetrahydro-
furane) was investigated at temperatures between 5
and 210 K. For these experiments, a special cryostat
was prepared and installed on the time-of-flight spec-
trometer.

* I.W.O.N.L./I.R.S.I.A. bursar, R.U. Gent

* IAV.O.N.L./I.R.S.1 A. bursat, R.U.Gent
** Technische Hogeschool Eindhoven, the Netherlani'"

*** U.I. Antwerpen
*+** I.1.K.W./I.I.S.N. bursar
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Fig. 5.J.5. — a. Diffracted intensity at a scattering angle of 27.10° shown as a function of
temperature.

b. Diffracted intensities between 26° and 28° at different temperatures in the
neighbourhood of the transition temperature between phases 11 and 111.

The data obtained were normalized and corrected
and the analysis has been started. The aim of these
investigations is to get information about the nature
of the reorientational motions of molecules encaged
in clathrate hydrates. As a first step, a simple model
(assuming 180° rotational jumps) will be used to
describe the results obtained from the ethylene oxide
measurements.

Neutron multiple scattering corrections
(W.Wegener)

Several computer programmes for slow neutron
multiple scattering corrections (using analytical as
well as Monte Carlo methods) were adapted for the
IBM 370/135, and will be compared with respect to
their efficiency.

TABLE 5.1.1.

Fe3O4

MnFe,O4

M n l .7 F e 1.3°4

T/TN

0.34
0.5 \
0.6d

-JAB(inK)

27.6
20.3
14.5

JBB(inK)

3
1.17
8.47
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Fig. 5.1.6. — General view of the triple axes spectrometer used jor the study oj the dynamic behaviour of atoms and magnetic
moments in solids.
The BR2 neutrons are monocbromized by subsequent Bragg-ref!ection on two monocryslals. The neutron energy can
be selected with the help of translation and rotation mechanisms 1 and 2; the mono-energetic neutron beam passes
through a collimator 3 and is diffracted by specimen 4. The energy distribution of the neutrons diffracted is measured
simultaneously, under two different angles, with the help of the spectrometers 5.

5.1.3. Electron microscopy
(S.Amelinckx1*, M. CambinP, M.David"", P. Dela-
vignette, R.De Ridder3*, J.De Sitter31, D.W.Eckart4',
R.Gevers3*, J.A.Kohn4*, R.V. Nandedkar5*, R. Ser-
ncels3*, M.Snykers, L.Stals'% E.Torfs3*, J.Van Guys-
se7*, J.Van Landuyt1*, G. Van Tendeloo3*)

During 1974, a series of 20 discussion meetings
was organized by the electron microscopy group on
various topics related to the theory and practice of
electron microscopy and its recent advances.

'* Also R.U.C. Antwerpen and U.I. Antwerpen
2* C.C.R. EURATOM, Pctten, the Netherlands
3* R.U.C. Antwerpen
4* US Army Electronic Technology and Devices Lab. (ECOM),

Fort Monmouth, N.J., U.S.A.
s'v Bhabha Atomic Research Centre, Bombay, India
«* L.U.C.Ilasselt
'* H.O.R.T.O.K. Mol
8* R.U.C. Antwerpen and U.I. Antwerpen

5.1.3.1. Intermetallic compounds

A generalized approach using group theory has been
developed and applied to the study of domain forma-
tion in ordered systems [75].

The extensive study of the various phases appearing
in thv Ni-Mo system has been continued [381]. In
particular the following aspects were treated: 1) ap-
pearance of the DOj:-phase as an intermediate phase
in the ordering process of NijMo as generated from
the short-range ordered phase [The DO;: intermediate
phase in the Ni-Mo system G. VAN TENDELOO,
R. DE RIDDER, S.AMELINCKX Phys. Stat. Sol.
(a), to be published]; 2) appearance of a long period
superstructure in the ordering process of the same
structure due to the periodic occurrence of non-con-
servative planar defects [77,78]; 3) relaxation effects
at stacking faults resulting in a particular diffraction
contrast (Fig. 5.1.7.) [74].

The order-disorder transition in CuPt has been
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studied by electrical resistivity and by electron micro-
scopy. The resistivity behaviour could be related to
the formation of microdomains [59].

A new ordered phase has been discovered and
analysed in the Zr-Al system (Fig. 5.I.8.). It appears
as an ordered arrangement of vacancies in the Zr.sAL
structure [55,256].

T'ig. 5.1.7. — a. Sequence of non-conservative antiphase boun-
daries in N/3AJ0

b. Example of an X-ray elemental analysis
- the first peak at 2.3 kV is due to the different

L lines of Mo;
- the peaks between y and 6 kV are artefacts

due to holder excitation:
- the peak at 7.3 kV is the Ka peak of Ni.
The composition is easily derived from the ratio
of both peaks as compared to a reference com-
position.

Fig. 5.1.S. — a. Twins and antiphase boundaries in 7.rAAl3.

b. Example of composition determination of the
superstructure Zr4Al3 with respect to the
known phase ZrjAl^.
Peak at 1.5 kV is AlK.
I'eak at 2.1 kV is ZrL.
Both spectra arc superimposed. The dots re-
present a determination of the Zr3Al2 phase.
The lines represent the new phase.
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BS4 BS.

Fig. 5.1.9. — Microsyn/axic intergrowth of a BSA crystal part in a BS2 (roentgenile) matrix. BS4 is one of the new rare earth
minerals of the synchisite-bastnaesite series that was discovered and characterized by electron diffraction.

The polymorphic transformation in Ag'Se was
studied by electron diffraction. An analysis of the
diffuse intensity has resulted in a revision of the
structure of the high temperature phase [41].

A study was performed [37] of an interstitial alloy,
the ß-phasc of vanadium hydride of a composition
near to V:H. It was found that, due to the hydrogen,
the vanadium sublattice becomes monoclinic.

5.1.3.2. Minerals and non-metallic compounds

Direct lattice imaging techniques were used to
analyse the various long-period structures of the ba-
rium ferrites and their defects [64]. The same tech-
nique was applied to study the minerals of the
bastnaesite-synchisite series. During this study, three
new minerals were discovered [Multiple beam direct
lattice imaging of new mixed layer compounds of the
bastnaesite-synchisite series, J. VAN LANDUYT,
S. AMELINCKX, American Mineralogist, to be pu-
blished]. An example is shown in Fig. 5.1.9.

A large number of unknown phases in TaS2, TaTe2
and NbTej have been analysed in an extensive elec-
tron diffraction study of transition metal dicalcho-
genides [68]. A complex diffraction pattern of the low
temperature phase is shown in Fig. 5.1.10. Physical
models for the phase transitions have been proposed
[69].

New phases were also observed and analysed by
in situ studies of ImSej [66]. In particular a super-
structure was interpreted as being related to the
freezing-in of phonon modes [71].

Fig. S.I. 10. — Complex electron diffraction pattern that was
identified as double positioning of the low
temperature modification of TaS2.
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5.1.3.3. Quantitative X-ray microanalysis

A method for quantitative elemental X-ray analysis
has been developed as a supplementary information
source in transmission electron microscopy. These
are analysed by an energy dispersive Si (Li)-detector
system [39] .

The non-conservative character of the densely pack-
ed anti-phase boundaries in NijMo has been proven
following this method (Fig. 5.I.7.). The new super-
structure resulting from the periodic occurrence of
these defects has been completely analysed and con-
firmed by diffraction analysis [77,78,381].

Similarly, the ordered vacancy superstructure based
on the ZrsAU-structure could be attributed to the new
ordered vacancy compound ZnAb (Fig. 5.I.8.).

5.1.3.4. Electron diffraction effects

Diffuse scattering due to short-range ordering has
been studied in relation to a new ordering model. The
short range ordered state is explained by the formation
of clusters of one or more elementary cluster types,
so that the composition of these types of clusters is
as near as possible the bulk composition of the crystal.
The theory is applied to various ordering systems such
as ordered alloys, ionic crystals, oxides and carbides.
The presence of clusters of a specific type has also
been studied from another point of view. A variatio-
nal method has been developed for determining n-site
cluster probabilities from pair correlations [Iterative
method for the calculation of atomic cluster probabili-
ties from pair correlations in binary systems, R. DE
RIDDER, Physica, to be published].

The occurrence of supplementary spots at "irratio-
nal positions" observed in distortion modulated struc-
tures has been explained by assuming a periodic varia-
tion of the Fourier coefficients of the lattice potential
of the basic structure [67] . The presence of charge
density waves and of the accompanying periodic dis-
tortion waves in transition metal dicalchogenides.
leads to such a periodic variation. The predictions of
the theoretical model are in very good agreement with
the observations.

A critical evaluation was made of diffraction con-
trast effects at dislocation loops and a new method
was proposed for determining their nature [70] . The
method is based on the symmetry characteristics of
two beam images, and has been substantiated by
computed simulation images for the residual contrast.
An analysis of the fringe contrast at the same loops
confirms the proposed model [Loop contrast in zinc
and graphite, G. VAN TENDELOO, J. VAN LAN-
DUYT, S. AMELINCKX, Crystal Latt. Def., to be
published].

The image contrast between inversion domains and
at inversion domain boundaries has been studied in
more detail. Further insight was gained in the physical

origin of the contrast behaviour in materials such as
the x-phase and cc-GeTe [380].

5.1.3.5. Critical voltage effect in high voltage
electron microscopy

The second-order critical voltage effect, as it occurs
in electron microscopy, has been studied theoretically.
Starting from a degenerate perturbation theory [57] ,
an analytical description of this effect has been given
[46] . The conditions of crystal structure, crystal-beam
orientation and voltage have been derived for centro-
symmetric as well as for non-centrosymmetric crystals.
As an application of the effect, it has been shown that
it may be used to distinguish between centrosymmetric
and non-centrosymmetric crystals. At present the in-
fluence of inelastic scattering and of simultaneous
reflections on the critical voltage effects is being
studied.

5.1.3.6. Irradiation effects

Blisters have been further investigated on the sur-
face of 20 keV He-ion irradiated Re foils. These have
been analysed by scanning electron microscopy as well
as transmission electron microscopy' [259]. Prelim-
inary investigations have also b/en performed on
blisters formed on S.A.P. (sintered aluminium pow-
der).

5.t.4. Relaxation effects /
(V.Brabers*, A. fallens**, M. Callens-Raacl-
schelders"*, R. # e Batist**11*, L.Eersels)

5.1.4.1. Internal fridion in MnxFe3.x0.i

A study has been initiated of the internal friction
and modulus of elasticity of manganese ferrites
Mn,Fej.xO4 containing various fractions (1.6 < x
< 2.0) of manganese. For frequencies of about 1
kHz, obtained by flexural vibration of single crystal
beams of different crystallographic orientations, the
damping spectrum is measured in the temperature
region containing the phase transformation temper-
atures for both the paramagnetic-ferrimagnetic transi-
tion and the cubic-tetragonal transition. An example
of such a spectrum is shown in Fig. 5.1.11. A complete
analysis of the results will be reported later.

One notices the change in modulus at the magnetic
phase transition (==438K), which is not accom-
panied by a pronounced damping peak at these low
frequencies, and the vcrj large effects occurring at
the "crystallographic phase transition" ( = 2 2 0 K ) ,

* Technische Hogeschool Eindhoven, the Netherlands
** R.U.C. Antwerpen (I.I.K.W./I.I.S.N. bursar)

*** R.U.C. Antwerpen
**** Also R.U.C. Antwerpen
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Fig. 5.1.11. — A <111> oriented specimen of MniyFeliO4.

although a complete transformation to a tetragonal
structure does not occur in spinels containing less
than x = 1.9 manganese.

5.1.4.2. Internal friction of polycrystalline rhe-
nium following torsional deformation at
liquid nitrogen temperature [36,377]

In order to study the defectology and especially the
dislocation structure in polycrystalline h.c.p. rhenium,
internal friction measurements have been performed
for investigating the influence of some specific defor-
mation and annealing treatments on the damping spec-
trum and the modulus defect. Ageing treatments at
room temperature, following deformation at liquid
nitrogen temperature, result in a partial recovery of
the damping and modulus defect, together with the
introduction of a relaxation peak (Fig. 5.1.12.). A
quantitative comparison of the changes in damping
and in modulus defect leads to an interpretation of
the experimental observations in terms of dislocations
which move, during ageing, from a position, non-
parallel with a Peierls valley, into a position in a
Peierls valley, hence changing their behaviour from
string-like to double-kink generation conditioned.

5.1.4.3. Relaxation measurements on polymers

After a series of tests on several polymer materials,
it has been concluded that the semi-crystalline poly-
mer polyvinylidene fluoride (PVDF) (produced inter
alia by Solvay, Brussels) is an interesting object for
the investigation of the influence of irradiation on
the relaxational behaviour, because of its well-known
dielectric piezo-electric properties, its relatively high
degree of crystallinity and the relative simplicity of
its mechanical relaxation spectrum.

Initial work has been concentrated on the measure-
ment of the static (stress relaxation) and dynamic

mechanical relaxation properties of the as-received
material (density 1.76 g.cm"3, calculated degree of
crystallinity - 62%) .

Dynamic mechanical measurements were carried out
in the 1 kHz region (transverse resonance) and the
1 Hz region (torsion pendulum). An example of a
low-frequency relaxation spectrum is shown in Fig.
5.1.13. The conglomerate of peaks (a ) between 320
and 370 K is associated with the crystalline-amorphous
first-order transition. Until now, most attention has
been paid to the ß peak, which corresponds to the
glass transition of the material (transformation be-
tween glass- and rubber-like phases). The frequency
dependence of the ß peak (Fig. 5.1.14) can be de-
scribed by a so-called "WLF function, given by:

Ci (T p —T B )
l n ( v / V g ) = ( i )

C2 + TP — Tg

I I Hz I

300
TIKI

Fig. 5.1.12. — Influence of deformation at liquid nitrogen
temperature and ageing at room temperature
on the internal friction spectrum (damping and
modulus defect) of an annealed specimen.
1: annealed at 2000 K for 1/2 b
2: 9% torsion at WOK
3: aged at room temperature for 17 b
4: 4.5% torsion at WOK
5: aged at room temperature for 4 days

0.80

fi 0.40 -

3.00

-2 .00

f IKz)

400
T I K )

Typical low-frequency damping curve for as-
received PVDF.
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Fig. 5.1.14. — Fitting
ß peak

of a series of relaxation data for the
of as-received PVDF by a WLF relation.

where v and TP are the experimental peak frequencies
and temperatures. A compilation of different dielectric
and mechanical data from the literature, together with
our own mechanical results, has permitted an estima-
tion of the parameter values of eq. (1 ) :
TE, the glass transition temperature (223 K);
vg, the corresponding frequency (1 mHz);
Q and C2, the WLF parameters (39 and 49 K res-
pectively ).
This value of Tg agrees fairly well with literature data
obtained mainly by other experimental techniques.

Equipment for measurement of thermo-stimulated
depolarization currents (TSD) has been adopted for
specific polymer purposes. A typical result of a TSD
relaxation spectrum measured on a 170 \xm thick
PVDF foil is shown in Fig. 5.1.15. The first peak
corresponds to the glass transition, just like the ß

peak in the mechanical relaxation spectrum. The se-
cond peak conglomerate is a rather complex combina-
tion of material structural effects (cfr. a peak in
mechanical relaxation) and space charge effects.

-1.20

-0 .80

- ( H O

a>

300

T ( K )

Fig. 5.1.15. — Typical TSD-curve for a PVDF foil, poled for
10 min in a field of 30 kV.cnr1 at a temper-
ature of 50°C.

5.1.4.4. Stress relaxation

Long-term ( > 105s) stress relaxation experiments
have been carried out on the semi-crystalline polymer
polyvinylidene fluoride (PVDF) in the temperature
range between room temperature and 400 K. A pre-
liminary computer fit suggests that the data can be
described by a sum of four or five decreasing ex-
ponentials. Such a relatively straightforward analysis
of a stress relaxation experiment is not always possi-
ble. When stress relaxation is the result of dislocation
motion in crystalline solids, the stress - time relation-
ship is determined by the stress dependence of the
dislocation velocity. A number of such relations have
been proposed in the literature, and it is not easy to
distinguish between the various possibilities. [Stress
relaxation, a review of principles and applications,
R. DE BATIST, to be published]. How easily one
may be misled has been shown [35] by means of a
graphical analysis of a series of theoretically calculated
stress relaxation data based upon various stress vs
dislocation velocity relationships. Only when using
long-time relaxation data and all possible graphical
representations (linear-linear, linear-log, log-log) can
one hope to arrive at correct values for the physical
parameters involved in the relaxation experiment.
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5.1.5. Resistometric study of structural defects
in metals and alloys

5.1.5.1. Metals
(J. Cornells, P. De Meester*, J. Nihoul**,
J. Roggen"*, L.Stals****)

The systematic investigation of the annealing of
radiation damage in pure tungsten in the temperature
range 340 - 900 K has been completed. Several fluen-
ces of reactor neutrons (BR2), fission neutrons and
10 MeV electrons (C.B.N.M. EURATOM), were ap-
plied. In the temperature range investigated, the
major part of the recovery is concentrated in a singly-
activated recovery stage I I I . With the linear heating

400 800 (K) —

Fig. 5.1.16. — Stage HI recovery of pure tungsten, after irra-
diation with fission neutrons at C.B.N.M. Geel.

* K.U. Leuven
** Also K.U. Leuven

*** I.I.K.W./I.I.S.N. bursar
**** L.U.C. Hasselt

rate used (40 K.h"1) in the isochronal annealing ex-
periments, the peak temperature of this stage is found
to be 820 K for the lowest fluence applied, shifting
gradually up to 730 K for the highest fluence (Fig.
5.1.16.). In all cases stage III is found to be associated
with an activation energy of 1.70 ± 0.04 eV. The
existence of a similar recovery stage after heavy plastic
deformation has also been confirmed. The analysis
of the kinetics of this recovery process points to free
migration of point defects.

In replying to comments by J.H. Evans to stage III
and stage IV annealing mechanisms in molybdenum
[Scripta Met. 7, 773 (1974)] and to stage III an-
nealing kinetics in molybdenum, we have made a
reanalysis of recovery data of cold-worked molyb-
denum and tungsten, suggesting different production
mechanisms for point defects to be operative at dif-
ferent deformation degrees [58]. Furthermore we
have shown that the reaction order of stage III re-
covery in molybdenum is not constant.

A new series of experiments on the recovery of
pure rhenium has been started. The recovery spectrum
after 10 MeV electron irradiations shows two dose
dependent stages in the range 340 K - 900 K (Fig.
5.1.17.). Additional experiments aimed at detecting
the possible migration of extrinsic impurities in this
temperature range are in progress.

T ( K ) -

Fig. 5.1.17. — Recovery of pure rhenium after 10 MeV elec-
tron irradiations.

5.1.5.2. Alloys
(E. Torfs*, L.Stals**, J.Van Landuyt***,
P. Delavignette, S. Amelinckx****)

Experiments have been continued on the binary
alloy CuPt. From isothermal resistivity measurements
it could be deduced that within the range 400°C -

* R.U.S. Antwerpen
** L.U.C. Hasselt

*** R.U.C. Antwerpen and U.I. Antwerpen
**** Also R.U.C. Antwerpen and U.I. Antwerpen
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500°C, the ordering process in CuPt is very fast. This
process is governed by an activation energy of 0.7 eV.
Ordering at temperatures below and beyond this
temperature interval is governed by an activation ener-
gy of about 1.3 eV and is much slower. These results
are in agreement withT.E.M.observations (§5.1.3.3.).

5.1.6. Inert gases in metals and alloys
(F. Biermans, J. Cornells, C. Janssens*,
J. Nihoul**, J. Roggen***, L. Stals****)

Research has been continued on the behaviour of
helium in ferritic alloys and refractory metals, and the
kinetics of helium bubble formation and migration are
studied. A number of samples have been irradiated
with alpha particles at the cyclotron of Louvain-la-

Neuve at different temperatures and up to different
fluences. Fig. 5.1.18. shows a molybdenum sample in
the as-irradiated conditions. Fig. 5.1.19. shows the
same sample upon annealing at 500°C for 30 minutes,
resulting in a larger helium bubble density and in the
formation of denuded zones around the bubbles.

5.1.7. Quantum theory of solids
(F.Brosens1*, T.C.Collins2*, J.De Sitter3*,
J. Devreese4*, R. Evrard5*, W. Huybrechts3*,
E. Kartheuser5*, A.B. Kunz6*, L. Lemmens3*,
P. Van Camp3*, J.VanDoren3*, J. Van Roy en3*)

The dielectric properties of degenerate semiconduc-
tors have been calculated. The dispersion curve (Fig.
5.1.20.) of a gas of polarons was obtained in the

Fig. 5.1.18. — Mo, implanted with helium (1000 ppm) at 400°C.
A: helium bubble
B: black dots, damage produced during the irradiation.

* I.W.O.N.L./I.R.S.I.A. bursar
** Also at K.U. Leuven

*** I.I.K.W./I.I.S.N. bursar
**** L.U.C. Hassclt

lft U.I. Antwerpen
2* Aerospace Laboratories, Ohio, U.S.A.
3* R.U.C. Antwerpen
4* R.U.C. Antwerpen and U.I. Antwerpen
5* Universite de Liege
b* University of Illinois, U.S.A.
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F/g. 5.1.19. — Alo implanted with helium (1000 ppm) at 400°C and subsequently annealed at 500°C for 30 minutes.
A: helium bubble
B: black dots, dan/age produced during the irradiation.

random phase approximation. It is found that the
interaction between the L.O. phonons and the plas-
mons induces a relatively strong wave vector depen-
dence in the w+, to" modes. This dispersion is primarly
a consequence of the interaction of the L.O. phonons
with the resonant plasmon branch in the pair excita-
tion spectrum. Also the energy loss function Im 1/E
(q,(o) was calculated; [e(q,w) is the wave vector and
frequency dependent dielectric function]. Evidence
was given that the resonant Raman spectrum of n-
GaAs can be interpreted with our calculations (Fig.
5.1.21.).

The optical absorption coefficient T for free pola-
rons in a magnetic field is calculated in the indepen-
dent particle approximation for small a at T = O.

The configuration is such that the electric field
vector of the incident radiation is parallel to the
external magnetic field (Voigt configuration). In this
configuration no cyclotron resonance absorption oc-

• The frequencies of the collective modes for a c u r s - f o f effective m a s s electrons, because the
polaron gas are shown (full line). The borders ,. . . . , T . ] , ,
of the pair excitation spectrum are indicated d i r e c t transitions between the Landau levels are for-
b\ a thin line. bidden.
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600 cm-1

The recorder Raman scattering intensities are
shown for GaAs, with a density of n = 1.3 X
10™ cwJ, the dotted line is the estimated lu-
minescence.
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The calculation shows that in the presence of elec-
tron-L.O. phonon interaction, the light induces tran-
sitions in which one L.O. phonon is emitted along
with the excitation of the electron from the first to
the Landau levels (n = 1,2,3...). The cyclotron reso-
nance absorption is then characterized by a series of
minima and maxima (Fig. 5.1.22.).

The loss function Im 1/E of the electron gas is also
studied using different static local field corrections
(Fig. 5.1.23.).

The plasmon dispersion relation is rather insensitive
to the approximations used. However, the relative
contributions of the plasmon branch and the pair
creation region change substantially form one approxi-
mation to the other. This point is investigated by a
Kramers-Kronig analysis of the different approxima-
tions.

Further calculations have given evidence for the
existence of internal structure of polarons in BaTiO.?
and TiO:, i.e. the transition to the relaxed excited
state of the polarons can be observed experimentally.

Acoustical modes were examined in quasi one-
dimensional systems (in which superconducting fluc-
tuations have been observed).
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Fig. 5.1.22. — Oscillations in the absorption as a junction of
the magnetic field, X2 = wc/wL0.

Fig. 5.1.23. — The imaginary part of the inverse dielectric
function versus the frequency in units of the
plasma frequency w/up , for different wave
vectors:
1: q = qr; 2: q = qm;
3: q = ' /2 ftfc + ij; 4: q = <?c;
5: q = .5 qF; 6: q-1 qf.
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5.2. NUCLEAR PHYSICS

5.2.1. Experimental nuclear physics

5.2.1.1. Neutron spectrometry
(Joint S.C.K./C.E.N.-CBNM (EURATOM )-RUCA
neutron cross-section programme.
Contract EURATOM-S.C.K./C.E.N. No. 002/66/12-
PG PGB/Av. n°2)

Total cross-section of ^Ra
( H . Ceulemans)

In the Annual Scientific Report 1973, some pre-
liminary data and conclusions were given concerning
the neutron resonances in ^Ra. During the past year,
the statistical accuracy of the data, especially the thick-
sample data, was improved. This was done by repeat-
ed cycling of the sample and a reference cadmium
screen in and out of the neutron beam at the Linac
of CBNM. The stability of the apparatus was regularly
checked and proved to be very good. The data taking
was spread over several months.

The Ra sample was positioned inside the shielded
room surrounding the Linac target at a distance of
3 m from the neutron source. The detector (3He gas
scintillator) was at a distance of 29.73 m. The burst
width was usually 20 ns and the detector timing
channel width varied in four zones between 40 ns
and 320 ns. The neutron energy was calibrated by
using the Cd resonances.

The results obtained from the data with the
5.9 E-3 atom.barn'1 sample are shown in Table 5.2.1.
T aking into account the resonance at 0.539 eV, which •
was analysed before, the experimental average spacing
is D = 27.5 eV.

It is likely that at higher energy, especially in the
neighbourhood of the strong resonances, a few small
ones with P n = 1 m eV1/: have been missed. The
conected value would then be D (est.) = 25 ± 2.5
eV which is substantially less than the previously ob-
tained value of 42.3 eV and more in accordance with
the systematics of comparable neighbouring nuclei
(^Th, ^ U ) .

The neutron -.vidths (see Table 5.2.1.) were ob-
tained by shape analysis of the resonances and assum-
ing a gamma width of 30 meV as obtained from an
accurate analysis of the 0.539 eV resonance. For the
Doppler width, a temperature of 290 K was assumed
and for the (Gaussian) resolution width, A E / E was
0.0016 for the fixed term. The choice of these con-
stants influences the results to an extent which is
different for each resonance. This influence has been
checked however and the fluctuations quoted take
into account variations of the constants within reason-
able limits and the quality of the fit to the experimen-
tal data.

The neutron strength in this region is Su = (1.37
± 0.3)E-4 if a fractional fluctuation of (number of
resonances )'l/2 is assumed.

TABLE 5.2.1.

Eu (eV)
Value ± Fluctuation

24.25 ±0.01
39.14±0.01
39.72 ±0.01
55.53 ±0.01
80.45 ±0.04
88.16±0.02

154.6 ±0.1
217.5 ±0.1
236.5 ±0.1
261.9 ±0.1
290.3 ±0.1
328.0 ±0.1
346.6 ±0.1
375.9 ±0.1
396.8 ±0.1
460.1 ±0.2
470.8 ±0.2
481.7 ±0.2
522.2 ±0.2

rn
Value ±

(meV)
Fluctuation

0.016±0.002
0.07
0.42
6.4
0.15
27.0
1.65
2.4
187.
15.
180.
134.
250.
95.
240.
23.7
17.
7.7
83.

±0.02
±0.04
±0.6
±0.02
±2.0
±0.3
±0.5
±20.
±3.
±20.
±15.
±25.
±10.
±25.
± 3 .
±2 .
±2 .
±10.

r°„(
Value"± Fluctuation

0.0032 ±0.0004
0.011
0.085
0.86
0.017
2.9
0.13
0.16
12.2
0.9
10.6
7.4
13.4
4.9
12.0
1.1
0.8
0.35
3.6

±0.003
±0.008
±0.08
±0.002
±0.2
±0.02
±0.03
±1.3
±0.2
±1.2
±0.8
±1.3
±0.5
±1.3
±0.15
±0.1
±0.1
±0.4
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Resonance parameters of a6lJ
(L. Mewissen, F. Poortmans, G. Rohr*,
J.P. Theobald*, G. Vanprcet**, H. Weigmann*)

Some additional analysis work on the ^ U data was
made, mainly to find out how possible systematic
errors would influence the results. The final results
are the following:
- mean level spacing after correction of missed levels

0 = 15.2 ± 0.5 eV;
- s-wave neutron strength function

S o = (1.05 ± 0.14) 10-4;
- mean total capture width

rT = [23.0 ± 0.3 (statistic) ± 1,5 (systematic)]
meV.
The estimated systematic error of about 7 percent

on the mean capture width is due to uncertainties in
the sample thickness, the flux measurement in the
capture experiments, the multiple scattering correc-
tions and the base-line determination in the area
analysis. All these sources of possible uncertainties,
except the sample thickness, are more or less depen-
dent on neutron energy. In fact, a slight increase in
the FY values with increasing energy was noticed, as
well as a correlation between Fn and FT (correlation
coefficient = 0.239 for 57 resonances). These effects
are probably due to one or more of the experimental
errors mentioned above.

Resonance parameters of 238U
(F. Poortmans, L. Mewissen, G. Rohr*, T. van der
Veen*, G. Vanpraet"*, H. Weigmann*, J. Winter*)

Scattering cross-section experiments

Scattering cross-section experiments have been done
below 1.2 keV with 4 samples, respectively 1.312 10"5,
5.527 10s, 1.004 lO"3 and 1.099 10'2 atoms-barn"1.
The measurements were performed on a 30 meter
flight path station using the 3He high pressure gaseous
scintillator detector system. The thinnest samples are
10 to 100 times thinner than those used in previous
partial cross-section measurements in other laborato-
ries, so that possible errors on the corrections for
multiple scattering effects are minimized. The total
systematic error is not larger than 3% and the statisti-
cal error is within 1% for strong resonances and 10%
for weaker ones. The data are partly analysed for the
two thinnest samples and preliminary results were
communicated at the "Specialists Meeting on Resonan-
ce Parameters of Fertile Nuclei" held at Saclay, May
20-22, 1974.

A new series of transmission experiments with

samples cooled at liquid nitrogen temperature will
start very soon.

Capture cross-sections experiments

A first run using a C6F6 gamma detector covering
the energy range from 20 eV to 1.8 keV and using a
thick sample (6.32 103 atoms.barn'1) is being ana-
lysed. The aim of this analysis is twofold:
a) determination of a precise value of the p-wave
strength function by an area analysis of the smaller
resonance in combination with resonance parity as-
signments;
b) information on the coupling conditions in sub-
barrier fission of -38U and resonance parities from the
measured gross shape of the y-ray spectrum.

Further capture cross-section experiments on thin-
ner samples will start soon.

Resonance parameters of B7Np
(A. Angeletti*, L. Mewissen, F. Poortmans,
G. Rohr'*, T. van der Veen**, G. Vanpraet***,
H. Weigmann**)

Transmission experiments

The analysis has been completed for all three sam-
ple thicknesses up to 50 eV: (1.68 lO^g.cm"2, 5.23
10-3g.cnV2, 2.32 10-2g.cnV2). Area analysis for the 3 g
sample (5.23 10"3g.cm"2) yielded neutron widths for
128 resonances between 50 eV and 204 eV; for some
of these levels, the analysis of the runs with other
sample thicknesses will be necessary.

Scattering experiments
The analysis of the scattering data (up to ~ 200

eV) is still in progress.

Capture experiments
Neutron widths for 110 resonances have now been

evaluated up to 100 eV neutron energy.
Combined analysis of the results of total and partial

cross-section experiments will be performed after com-
pletion of the partial analysis to obtain the resonance
parameter set.

Neutron cross-section measurements on 93Nb
(L. Mewissen, F. Poortmans, J. Winter**, G.Rohr**,
H. Weigmann**)

Neutron scattering cross-section measurements have
been performed on 93Nb using the 3He gaseous scin-
tillator detector system at a 30 m flight path. Data

* CBNM, EURATOM, Geel
** R.U.C. Antwerpen

* EURATOM fellow
•* CBNM, EURATOM, Geel

*** R.U.C. Antwerpen
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were taken for two samples (4.25 10"3 and 1.267 10"2

atoms.barn"1) in an energy range between 60 e"V and
4 keV. The neutron beam diameter was decreased to
4 cm so that the time-of-flight resolution was suffi-
ciently good to resolve most of the resonances in this
energy range. The data reduction is finished; the ana-
lysis will be done later. Total and capture cross-section
measurements are planned for early 1975.

Resonance parameters of 240Pu
(H. Weigtnann*, G. Rohr*, F. Poortmans)

An evaluation of the resonance parameters of 240Pu
has been presented at the "Specialists Meeting on Re-
sonance Parameters of Fertile Nuclei and B9Pu" held
at Saclay, May 20-22, 1974. It includes a review of
the status of experimental data on 240Pu resonance
parameters as well as some statistical tests and re-
commendations, particularly with respect to average
parameters.

Two-parameter data acquisition system for cap-
ture measurements
(L. Mewissen)

A new diagnostic programme, run on the H.P.
2115 A computer, revealed a hardware error in the
A.M.C. disc. Due to maintenance difficulties, it was
decided to use only one half of the storage capacity.
The diagnostic confirmed, for this part of the disc,
the same error rate as found earlier, i.e. 1 for 1010

bits. We have therefore modified the two-parameter
programme to measure the time-of-flight spectrum of
the incoming neutrons, together with the energy spec-
trum of the prompt Y-rays emitted after capture.
It now can yield 16 pulse height spectra, of 4096
channels each.

5.2.1.2. Fission physics and chemistry

Identification of short-lived Ru isotopes
produced in thermal neutron fission of ^ U
(P. Fettweis, P. del Marmol)

Short-lived Ru isotopes, produced in the thermal
neutron fission of ^ U , have been chemically separated
from the other fission products as volatile RuCU.
Successive Y-rav spectra were taken by means of
Ge(Li) detectors. The ll0Ru isotope could be defini-
tively identified (T 1/2 = 16 s), and the observed
y-rays have been assigned to the various Ru isotopes
(A = 107 to HO) or to their daughter elements on
the basis of their half-lives, intensity ratios and known
level properties. Partial decay schemes have been con-
structed and a final report is being written.

Fission barrier of 18:>Re
(P. del Marmol, F. Hanappe*, M.Berlanger*)

The fission cross-section measurements for the 181Ta
(a,f) reaction, using the cyclotron of Louvain-la-Neu-
ve, have been concluded for a-energies between 28.5
and 110 MeV.

From the total cross-section cr, calculated following
the optical model, one finds the ratio of the reduced
widths for fission and neutron emission:

o-f/o-, ~ r f / r n

As Ff/Fn = f(B[,Bn,af,an) where Bf is the fission
barrier of 185Re, Bn the neutron binding energy of
the daughter nucleus and at and an the level density
parameters of the deformed nucleus at critical de-
formation and of the residual nucleus after emission
of a neutron, respectively, one can obtain an estimate
of Br. Preliminary results of this analysis show that
Br is close to 23 MeV.

In spite of having a 2 mm diameter collimator, the
beam was not sufficiently defined to obtain precise
results on the angular distribution of fission products.

A few measurements will be done to compare the
parameters obtained in the preceding experiments with
those from the reaction I84W + p yielding the same
compound nucleus 185Re.

Joint S.C.K./C.E.N.-CBNM (EURATOM) studies
in fission physics and standards
(Contract EUR/C/4146/67 f)

Ratio of the ternary (LRA) to binary fission
cross-section induced by resonance neutrons in
24IPu
(C. Wagemans", A.J. Deruytter***)

The results of this study, which have already been
published [Nucl. Phys. A234, 285, (1974)] , can be
summarized as fellows.

The ternary-to-binary fission cross-section ratio
(T/B) was determined for 241Pu for neutron induced
fission in the .nergy range from 0.01 eV to 50 eV.
The ternary and binary fission time-of-flight spectra
were recorded at a 8.1 m flight path at the CBNM
Linac with a bank of four large gold-silicon surface
barrier detectors viewing a 1 mg.crn'2 241Pu target.
The ternary alpha pulse-height spectrum was checked
continuously in the neutron energy region of interest.
From the time-of-flight spectra, the ratios of the areas
of the strongest resonances in ternary and in binary
fission were calculated; in the neutron energy region

* CBNM, EURATOM, Geel
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from 0.01 to 0.5 eV, ratios, were calculated for 18
zones th~3ughout the spectrum. In the energy region
from 1 to 50 eV the T/B ratio varies significantly
from resonance to resonance, allowing a classification
into a "high" and a "low" group. Although the
statistical accuracy is worse in the region below 1 eV,
from these T/B data it was deduced that the 0.260
eV resonance probably belongs to the "high" group
and alf. that there is only a slight difference between
the T/B value at 0.260 eV and at thermal energy.
These T/B values were correlated with the resonance
spin J in terms of the channel theory of fission.

The emission of long-range a-particles in the
thermal neutron induced fission of ^U, 3 U
and B'Pu
(C. Wagemans*, A J . Deruytter* *)

The yields of the long-range a particles (LRA) in
the thermal neutron induced fission of ^ U , ^ U and
u9Pu have been determined relative to the correspond-
ing binary fission yield. The measurements, rformed
with surface barrier detectors on a well-thermalized
beam of the BR2 reactor having a cadmium ratio of
30, yielded for WU, B5U and 39Pu binary-to-LRA
ratios the values 485 ± 20, 615 ± 20 and 475 ± 20,
respectively. For the same isotopes the following
binary-to-ternary ratios were found: 460 ± 25, 530
± 20 and 420 ± 25. Some of the discrepancies be-
tween the published data were explained and experi-
mental indications for ^ U (n,oc)- and B9Pu (n,a)-
reactions are present. Finally the ternary fission yield
was correlated with the symmetric fission yield, with
the excitation energy available just above the fission
barrier and with the a-clustering inside the nucleus,
following a suggestion by N. Carjan (T.H. Darmstadt,
on leave from I.F.A., Bucarest).

Fission fragment kinetic energy and mass
distribution for 235U
(C. Wagemans*, H. Weigmann***,
G. Wegener-Penning****)

A three-parameter data acquisition system has been
built up, based on a Tridac (Intertechnique) 16K
memory system, two Northern Scientific 8K ADC's
and a home made time-coder. For the fission fragment
detection, two large (2000 mm2) Ortec surface barrier

* N.F.W.O./F.N.R.S. research fellow, R.U. Gent and
S.C.K./CE.N.

** I.N.W., R.U. Gent
*** CBNM, EURATOM, Geel

**** I.W.O.N.L./I.R.S.I.A., R.U. Gent and S.C.K./CE.N.

detectors "with their appropriate electronics were used.
This apparatus allows the detection of correlated fis-
sion fragment pulse heights (Ei, E3) in a 128 X 128
channel matrix, and this for four predetermined neu-
tron energy intervals.

The aim of the present experiment is to investigate
the fission fragment kinetic energy- and mass-distribu-
tions for the resonance neutron induced fission of
B5U. Reliable resonance spin values (J) are available
now for this isotope and hence it will be possible to
look for correlations of J with EK. (mean total fission
fragment kinetic energy) and the symmetric-to-asym-
metric fission yield.

Measurements had already been performed in which
Ei and E2 were detected for four predetermined groups
of J = 4 resonances: 7 -12 eV; 15 - 17 eV; 19 - 21
eV; 31 -35eV. Similar measurements are under way
for four J = 3 resonances: 12.4eV; 13.5-15eV;
18 eV; 24 - 26 eV. Furthermore, a data analysis pro-
gramme has been adapted to these measurements and
is operational now on the IBM 370 computer.

Measurement and normalization of neutron
induced fission cross-sections in the resonance
region
(C. Wagemans*, A.J. Deruytter**)

^ U : The results of these measurements have been
published [Nucl. Sc. Eng. 54, p. 423 (1974)].

^'Pu: These measurements complete a series of ex-
periments and evaluations of the low energy neutron-
induced fission cross-sections of the four common
fissile isotopes and of their normalizations. All the
measurements were performed at the same 8 m flight
path using the same basic apparatus. The fission cross-
section was obtained via a direct comparison of the
fission rate and the 10B (n,a)-rate detected with sur-
face barrier detectors placed on both sides of a back-
to-back 241Pu-'°B foil. The background, which was very
low, was determined by the black resonance techni-
que. The measurements have been finished and ana-
lysed. The relative fission cross-section curve obtain-
ed was normalized at 0.0253 eV to or (2200 m.s1) =
1019 ± 8 i.e. the value recommended in. "The 3rd
IAEA Review of the 2200 m/s and 20°C Maxwellian
neutron data for 2 a a 5 U and » « ' P u " [H. LEMMEL
et al., to be published]. The important low-energy
part of this curve is shown in Fig. 5.2.1. Several
fission and resonance integrals are calculated from
the normalized Cr-curve and compared with other
results. A suitable fission integral is proposed for
further normalization purposes:

*20.O eV

12.0 eV
<7,(E)dE= (1368 ± 13)b .eV
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Fig. 5.2.1. — Fission cross-section of 241P«.

Neutron induced fission cross-section of 235U
in the energy region 5 eV - 30 keV
(C.Wagemaiis*)

These measurements are the logical extension to
higher energies of the previously published absolute
fission cross-section measurements at 2200 m.s'1

[Journ. Nucl. Eng., 27, p. 645, 1973] and of the
measurements in the energy region 0.01 eV - 20 eV
[Joum. Nucl. Eng., 25, p. 263, 1971]. The latter
result was normalized to the first one. I h e aim of
the present experiment is to obtain accurate fission
integrals in the high energy region carefully normaliz-
ed to the previously mentioned results. The measure-
ments were performed at a 30 m flight path of the
Linac under similar conditions as the above mentioned
experiment i.e. the fission rate and the neutron spec-
trum were measured simultaneously with surface bar-
rier detectors on each side of a back-to-back a5U and
10B layer. The fission cross-section data from thermal
up to 30 keV will be available soon. Integration of
these data in well-defined parts of this energy range
yields accurate normalization integrals. The integrals

might be useful for the renormalization, of published
data and the reduction of discrepancies between them.

The temperature dependence of the Westcott
gf-factor for B9Pu and 241Pu
(C. Wagemans*, A.J. Deruytter**)

The Westcott gf-factor, which is important for the
physics of thermal reactors, was calculated using our
recent accurate fission cross-section data for B9Pu and
24lPu.

For B9Pu it yielded: gf (20.44°C) = 1.053 ± 0.003
and for 241Pu we obtained: gf (20.44°C) = 1.046 ±
0.006. For both isotopes the temperature dependence
of gr was calculated in the temperature range 0°C-
1000°C and compared with previous results. The re-
sults for a9Pu were published [Ann. Nucl. Sc. Eng.,
1, vol. 11, 1974] and those for 24lPu will appear soon
in Ann. of Nucl. Sc. and Eng.

Scattering of fission fragments
(A.J. Deruytter**, G. Wegener-Penning***)

The backscattering of fission fragments by several
solid surfaces, covering a wide range of Z-values, was
studied.

With the present experimental set-up it was pos-
sible to measure the angular distribution and the
energy of the scattered fragments.

Preliminary results show that:
- most of the fragments are scattered at low angles
(75% of the fragments were detected between 0.5°
and 10°);
- the average energy of the scattered fragments is
about 30% of their initial energy;
- the scattering intensity is strongly Z-dependent: it
is about 10 times stronger for Au than for C.

5.2.1.3. Nuclear spectroscopy

Neutron capture T-rays studied with Ge(Li)
detectors
(P. Fettweis, J. Dehaes****)

Within the framework of the Association Contract
U.L.B.-lRE-S.C.K./C.E.N.it has been decided to equip
the thermal and epithermal (25keV) neutron beam

* N.F.W.O./F.N.R.S. research fellow, R.U. Gent and S.C.K./
C.E.N.

* N.F.W.O./F.N.R.S. research fellow, R.U. Gent and
S.C.K./C.E.N.

»* I.N.W., R.U. Gent
••** I.W.O.N.L./I.R.S.I.A., R.U.Gent and S.C.K./C.E.N.

**** Ü.L.B. Brussels
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(R5) with an angular correlation table in order to
study perturbed and ordinary angular correlations.
The technical study is in progress.

Properties of 235tT
(M. Neve de Mevergnies, P. del Marmol)

The measurements of the effect of the oxidation
state of U on the isomeric half-life were ended and
the final results published [Phys. Lett. 49B, 428,
1974].

Decay of '"Nb1"
(P. Fettweis, A. Meykens*, M. Neve de Mevergnies,
J.Vervier**)

The accurate measurement of the half-life (about
20 s) of the 2.4 keV isomeric transition in 90Nb was
started successfully. As mentioned in the Annual
Scientific Report 1973, the isomer was produced by
the '"Zr (p,n) reaction, using a 10 MeV proton beam
of the cyclotron of Louv&in-la-Neuve. The target is
a thin (50 ^g.cm"2) Zr deposit on a 200 [ag.cm"2

carbon backing The '"Nb"' reaction product escapes
from the target and penetrates a metallic catcher foil
in order to search for a perturbation of the isomeric
half-life when ^Nb"1 is implanted in various metallic
foils. After each irradiation, the catcher foil is trans-
ferred mechanically in front of a well-shielded Ge(Li)
detector, and the decay of the 122 keV line, which is
in cascade with the isomeric transition, is followed
either in a multi-spectra mode or in a multi-sealer
mode. With a 1 jxA proton beam, the 122 keV peak
has an initial intensity of about 103 counts.s*1, thus the
summation of some 50 irradiations can, in principle,
yield a statistical accuracy well below 195. Data have
been collected with Zr, Hf, Ta, W and Au catchers.
To avoid systematic errors, the procedure for analysing
the data is currently being studied carefully. Addi-
tional measurements on Nb, Ir and Pt catchers are
planned.

Joint KUL-S.C.K./C.E.N. programme

Neut ron capture gamma ray studies
(P. Van Assche, J.M. Van den Cruyce***, G. Vanden-
put****, L.Jacobs****)

With the availability of the results (obtained re-
cently elsewhere) from two-dimensional Ge(Li) -
Ge(Li) coincidence and angular correlation measure-
ments and from single-neutron transfer reactions lead-

* I.K.S., K.U. Leuven
** U.C.L., Louvain-la-Neuve

*** Assistant, K.U. Leuven
**** I.I.K.W./I.I.S.N. bursar, K.U. Leuven

ing to 151Sm, a new impetus has been given to the
nuclear structure study of this transitional nucleus at
low energy and to the interpretation of our i;oSm
(n,y) data.

A vast number of spins and parities of excited
levels have been fairly well established and sufficient
evidence has been provided to believe that even this
weakly deformed nucleus can be described by a
Nilsson model, albeit a very perturbed one. The single-
particle states of an axially symmetric non-spherical
harmonic oscillator potential are calculated at a de-
formation 8 of 0.16 approximately, with spin-orbit
coupling and I2 term parameters of 0.0637 and 0.42.
Pairing correlations in the intrinsic state are taken
into account through a BCS-calculation (blocking in-
cluded ) resulting in quasi-particle energies and pairing
factors for the reduction of single-particle matrix
elements. On this basis, the Coriolis interaction ma-
trix is numerically diagonalized by the Givens - House-
holder method for real symmetric matrices. Only small
energy shifts have been applied to some band heads
of the rotational bands to obtain a better agreement
with experimental energy levels. Calculated branching
ratios, multipole mixings, lifetimes and magnetic mo-
ments have been compared with the available ex-
perimental data.

Diffracting crystals

The collaboration with Bristol University (U.K.),
concerning the study of diffracting crystals for use in
the bent crystal y-diffractometer, has been continued.

Topographical tests with specific X-rays have been
carried out, mainly on Si-single crystals but also on
a-quartz and Ge. From Lang's topographical techni-
que with transmission geometry and double diffrac-
tion images with transmission and reflection geometry,
one could conclude that the large ( 0 > 75 mm)
Si-crystals from Metallurgie Hoboken were disloca-
tion free and very homogeneous ( < 1 s of arc over
a large area).

From a topographical point of view, Si looked
more promising than a-quartz, where large misorien-
tations of the order of 1 s of arc could be detected
(see Fig. 5.2.2.).

Si-crystals have been cut in orthogonal, oblique and
longitudinal directions with respect to the growth
axis < 1 1 1 > .

In order to exploit fully the intrinsic perfection of
the crystal, the elastic bending of the crystal slabs
should also be very precise. Therefore the crystals
have also been tested after bending, by means of a
double diffraction set-up. This leads to "Zebra pat-
terns", giving information about the uniformity of
the bending. The results have been compared of
when the crystal was bent with the help of cylindri-
cally ground clamping blocks and when two opposite
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Fig.. 5.2.2. — Double diffraction topograph (Cu Ka, on (331) Si, (3032) quartz) in Bragg-reflection of an a.-quartz for use in a
y-diffraclomelcr. The intensity-difference is a measure of a misoricntation of ~1 s of arc in the top layer of the crystal.

bending-moments were applied at the far ends of the
crystal slab.

5.2.1.4. Instrumentation
(P. D'Hooghe, E. Mies, L. Vansteelandt)

Neutron spectrometry
A Tally line printer, model 132, was added to the

existing equipment of the HP 2115 A computer.
For the equipment of the 2108 microprocessor, a

study was started to connect several peripherals on
the 9 input and output channels.

Fission
A 4-input mixer-router system has been tested; it

operates now together with a 400-channel analyser.
The study of the construction of a new apparatus

for fission experiments at the U.C.L. cyclotron at
Louvain-la-Neuve has been started. The study of a
one-meter diameter reaction chamber has been finish-
ed. Several parts such as the sample changer and
supporting tripod were assembled.

Nuclear spectroscopy

Ge(Li) spectrometry
To increase the flexibility of the HP 2114 B com-

puter, the study of a CAMAC system was started.
With this system, the user can always modify and
extend his equipment and the corresponding software.
A power supply and a unit to display the dataway
operations were tested. Also a manual crate controller

was constructed which will be used as a tester for
the different CAMAC devices under design.

The study of the mechanical construction of a coin-
cidence apparatus for yy-angular correlation measure-
ments on neutron capture gamma-rays (Joint S.C.K./
C.E.N.-U.L.B. programme) has been started. As a
horizontal beam (R5 or Rl of BR2) has to be used,
the two Ge(Li)-detectors with their dewars must
move in a vertical plane. The flasks thus limit the
maximum angle of rotation of the detectors.

Diffraction spectrometer

The final assembly of the Bent Crystal Diffraction
Spectrometer at BR2 was started, and the various
parts of the T2-T5 in-pile components were ready to
be introduced in the BR2 in September. After the
reactor shut down, on removing the beam-shutters,
a water leak was observed between the beam tube
and the reactor shielding. The mounting of the spec-
trometer parts was stopped, and it was decided to
repair this leak during the following long shut down
of BR2 early in 1975.

The spectrometer itself has been moved from Lou-
vain-la-Neuve and mounted in the BR1 reactor buil-
ding.

Propert ies of 90Nbm

For the study of 90Nbm at the U.C.L. cyclotron,
the ten-position sample changer has been tested and
mounted. It has been completed with a support and
shielding for a Ge(Li) detector.
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5.2.2. Theoretical nuclear physics

A projected Hartree-Fock calculation in inter-
mediate coupling for 12C
(M. Bouten*, M.C. Bouten)

Previous projected Hartree-Fock (PHF) calcula-
tions for 12C in the LS-coupling limit generally yielded
too low excitation energies for the 2 + and 4 + levels
of the ground state band. It was surmised that this
defect had to be attributed to the neglect of non-
central forces. In order to test this idea, we have
carried out a PHF calculation in intermediate coupling
for 12C using the method described previously for 10B.
The non-central Hamiltonian was diagonalized in the
space spanned by the PHF functions corresponding
to the partitions [444], [4431] and [4422]. The
calculation becomes quite involved, due to the com-
plicated structure of some intrinsic states. The results
confirm the expectation: the 2 + and 4 + levels move
up with increasing spin-orbit strength and come at
about the experimental value for a strength of 5 MeV.
The calculation also yields higher excited levels with
low J values. However, they come out too high as
compared to experiment. It can be seen that this
defect is due to the too large L/K ratio of the Volkov
force, L and K being the radial integrals which deter-
mine the force in the p-shell. Slightly better results
are obtained with the realistic Yale potential. In fact,
in order to improve the results, one should try to
construct a force with good saturation properties for
variational calculations and at the same time, a L/K
ratio which would bring down the excited partitions.

Electromagnetic transition probabilities were cal-
culated with the wave functions of the ground state
band. These transitions appear to be not very sensi-
tive to the presence of non-central forces. They depend
essentially on the deformation of the central field
and are slightly decreasing functions of the degree of
spin-orbit coupling. The results are quite satisfactory.
For the modified Volkov force and a spin orbit
strength of 5 MeV, we obtain, in units e2fm4:

B(E2;2+-»0+)

B(E2;4+^2+)

PHF

7.81

8.02

SM

3.09

2.87

Exp

8.4

Results with the Yale potential are similar.

K-Bands in 10B
(M. Bouten*, M.C. Bouten)

In order to eliminate the discrepancies mentioned
in the previous Annual Scientific Report for 10B, some

test calculations were carried out. The results suggest
that the order of the two K-bands could probably be
brought into agreement with experiment if the in-
trinsic states are allowed to become triaxial. To settle
this question definitely, however, will require some
quite extensive calculation.

Form factors for electron scattering in 10B and
12C
(M. Bouten*, M.C. Bouten)

The wave functions obtained for the ground state
and low-lying excited states in I0B and 12C have been
tested by calculating form factors for elastic and
inelastic electron scattering.

In 12C, the results are quite satisfactory for the
elastic and for the inelastic form factors of the lowest
2 + and 4 + states. The only disagreement occurs in
the OH—> 2 + transition for q2 greater than 6 fm"2.
In that region, although the order of magnitude of
the results is acceptable, the shape of the experimental
curve remains unexplained.

In 10B, comparison with experimental data is only
possible for elastic scattering. Good agreement is also
obtained here.

The dependence of our results on the force used
was also studied. We found that the results obtained
with the realistic Yale potential are not very different
from those obtained with a modified Volkov force.

New rotational structure in light nuclei
(F.Arickx**, M. Bouten*, P. Van Leuven**)

Configuration interaction calculations on 8Be, taking
into account 0 hu, 2 hto and 4 hw shell model confi-
gurations, reveal a new kind of classification of the
energy levels. Whereas in the simple shell-model pic-
ture each configuration produces truncated rotational
bands [SU(3)] , after configuration mixing we obtain
families of continuing rotational bands. The classifica-
tion in families gives rise to a new quantum number
the physical origin of which remains to be found.

Theory and application of the generator co-
ordinate method
(M. Bouten*, L. Lathouwers**, P. Van Leuven**)

From the theoretical point of view, the question of
complex generator co-ordinates and the natural expan-
sion of kernels in the Hill-Wheeler equation has been
studied.

The method has also been applied to the non-
adiabatic vibrations of the H+2-molecular ion. On this

* L.U.C. Hasselt
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example, some numerical aspects of the method could
be tested.

The work as a whole is a fine example of cross-
fertilization between nuclear and molecular physics.

International seminar on generator co-ordinates
in nuclear physics
(M. Bouten*, P. Van Leuven**)

From 16.9.74 to 28.9.74, an international seminar
on the generator co-ordinate method (GCM) took

place at S.C.K./C.E.N., attended by about tventy spe-
cialists in this field from five different countries. The
meeting consisted of two parts: Part 1, where the
results obtained in the respective institutes during the
past two years were presented, and Part 2, where
open problems were discussed by separate working
groups. The proceedings are being prepared and will
be published.

* L.U.C. Hasselt
** R.U.C. Antwerpen

5.3. RADIOBIOLOGY

5.3.1. Acute effects of radiation

5.3.1.1. Biochemical indication of radiation
damage
(G.B. Gerber, J.P.Decock, J.Deroo)

EURATOM contract No. 095-72-1-BIO B

Experiments were continued to test different bio-
chemical parameters in urine for their utility to assess
radiation injury. A total of 30 different tests were
performed in rats exposed to doses of 100, 200, 300,
400, 600, 800, 1000, 1500 and 2000 R of whole-body
irradiation. Deoxycytidine, creatine and taurine ex-
cretion are the most sensitive indicators of radiation
damage, but do not show any further increase at
higher doses. Uric acid, sialic acid, RNAse, ß-glucuro-
nidase also react after higher doses. A laboratory ma-
nual has been prepared for the different assays in
order to obtain information under standardized con-
ditions after an accident. The experiments are being
continued using different conditions of partial body
exposure.

•**, N.Gilliavod*
5.3.1.2. Gastro-intestinal syndrome

(G.B. Gerber*, C.Watters
B.Bessemans****)

Contract Deutsche Schutzkommission

Early after irradiation, different systemic reactions
take place, among which changes in gastro-intestinal
motility and, later after higher doses, shock play an
important part. We have studied the role of the
angiotensin-renin aldosterone system in the pathogene-

* EURATOM
** Canadian trainee

*** Argentinian trainee, supported by EULEP and
the Schutzkommission

**** Supported by the Schutzkommission

sis of this shock. Even before a general fall in blood
pressure takes place, aldosteron in plasma and urine,
and renin in plasma increase significantly. Changes
were also observed in kidney blood flow and glome-
rular filtration, as well as in the response of blood
pressure to catecholamines.

5.3.1.3. Effects of X-irradiation and radiomimetic
substances on the synthesis of ribosomal
and messenger RNA's and on the struc-
ture and formation of polyribosomes
(W. Baeyens, R. Goutier, V. Vangheel)

EURATOM contract No. 095-72-1-BIO B

The effects of the combined administration of X-
irradiation, thyroid hormones and adrenocorticotropic
hormone have been studied in collaboration with Dr
M. Lemaire, from the Department of Radiotherapy,
University of Liege.

The main conclusions of this work are the follow-
ing.
1. When given separately, total body X-irradiation,

triiodothyronine (T3) or ACTH produce a stimu-
lation of the liver protein synthesis in vivo and in
vitro.

2. This effect is significantly enhanced in thyroidec-
tomized animals.

3. The stimulation observed by giving X-irradiation
and T3 to the same animals is lower than the sti-
mulation obtained by administering each treatment
separately, indicating a mutual inhibition. This
inhibition is tentatively postulated to be mediated
by adrenal hormones, released a short time after
irradiation during the stress reaction and inducing
the synthesis of some genetic repressor molecules.

We investigated the RNA polymerase activity of
nuclear acidic proteins isolated and purified from calf
thymus bv Dr R. Hacha and Prof. E. Fredericq (Labo-
ratory of Physical Chemistry, University of Liege).
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Out of eleven fractions, only two displayed signifi-
cant enzyme activity. Research on the role of nuclear
and cytoplasmic acidic proteins in the radiation syn-
drome will be further developed in our laboratory.
As a first step, a study UP the influence of cytoplasmic
protein factors on the transport, in vitro, of ribo-
nucleoproteins from the nucleus to the cytoplasm was
started. The ribonucleoproteins are prelabelled in vivo
by injection of l4C-orotate before or after irradiation.

A preliminary study of the experimental conditions
has already been achieved by developing suitable me-
thods for the preparation of clean, intact nuclei, the
partial purification of the cytoplasmic protein frac-
tions and the optimal incubation conditions. Further
attempts to purify and characterize the cytoplasmic
factors will be necessary to increase the sensitivity and
specificity of the system.

When comparing the transport from nuclei derived
from irradiated animals, to the transport from control
nuclei, the differences observed are small and depend
on the irradiation conditions. A systematic kinetic-
study is being performed, using one single dose of
total-body X-irradiation, at different intervals before
sacrifice, the nuclei being labelled with various pulses
of l4C-orotate.

5.3.1.4. Research on Acetabularia and Chlamy-
domonas
(W.Baeyens, S. Bonotto, P.Charles, E.Du-
jardin1*, B. Felluga2*, E. Fagniart, D. Hour-
siangou-Neubrun3*. R. Kirchmann, M.C Lo-
ni4*, P.Lurquin, A. Mazza2*, I.O. Ndoite5*
C.Nicolas6*, G.Nuyts, S. Puiseux-Dao3*, C.
Sironval1*, G. Tramontano2*, C. van der Ben'*,
D. van der Ben1*)

Several laboratories have collaborated in the rea-
lization of the research programmes. Two unicellular
plants were used: a marine aiga Acetabularia mediter-
ranea and a freshwater alga, Chlamydomonas rein-
hatdi.

It was found that gamma radiations (^Co) inhibit
the morphogenesis in Acetabularia. However, a post-
irradiation treatment with gibberellic acid reduces this
inhibition. Gamma radiations strongly reduce also the
synthesis of DNA. When the total DNA or the chloro-
plast DNA is prepared by molecular sieving on Sepa-
harose 4 B, three main peaks are obtained, containing
respectively the DNA, the chlorophylls and the most
acid soluble molecules (Fig. 5.3.I.). The chloroplast

DNA prepared by the sepharose procedure has been
visualized with the electron microscope: it is consti-
tuted by displays and by free molecules (Fig. 5.3.2.).
Some circular molecules were also found.

'* Departement de Botanique, Universite de Liege
24 Listituto Intemazionale di Genetica e Biofisio>, Naples
3* Laboratoire de Biologie Cellulaire Vegetale, Universite de

Paris VII
4* Unite de Genetique Moleculaire, U.C. Lr.uvain
5* I.A.E.A. fellow
«* EURATOM fellow
7* Institut Royal des Sciences Naturelles de Belgique

Fig. 5.3.1. — Molecular sieving oj A c e t a b u l a r i a chloro-
plast DNA on sepharose 4B: peaks 1, 2 and 3
contain respectively the DNA, the chlorophylls
and the acid soluble substances.

The studies on the lamellar organization of Aceta-
bularia chloroplast were continued. It was found that
chloroplasts isolated from the tip, middle and basal
region of the stalk behave differently with regard to
their fluorescence emission at low temperature, after
they are repeatedly frozen and thawed. This fact
suggests that the lamellae of the chloroplasts of the
three regions of the cell are differently organized.
The same low-temperature fluorescence technique has
been applied to the study of the chloroplasts of enu-
cleated cells and of regenerating fragments..

Acetabularia collected in the sea (Fig. 5:3.3.) have
been used for a study on their morphology and eco-
logy.

The freshwater alga Chlfimydomonas has been uti-
lized to study the effect of low doses of gamma
radiations (continuous irradiation) on cellular growth
and the biosynthesis of chlorophylls.

5.3.2. Long-term effects of ionizing radiation

5.3.2.1. Radioleukemias

5.3.2.1.1. Quantitative modifications of the white
pulp of the lymphoid t issues of C57B1
mice treated with RadLV/D
(J.R. Maisin., J.M. Jadin, M. Lambiet-Col-
lier, G. Mattelin, C. Biesemans-Vangenech-
ten, P. Castagnoli-Ricciardi**, A. Ryngaert)

F.R.S.M. contract 20.286

In the lymphoid nodules of the spleen of mice
treated with the RadLV/D virus, we have followed

* Institute of Pathology, Universite de Liege
** EURATOM trainee
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ig. 5.3.2. — Free molecules of A c e t a b u l a r i a chloroplast DNA, visualized by the electron microscope.

the variations in size of the lymphoid nodules, the
total percentage of the labelled nuclei and the number
of grains per nuclei after an intraperitoneal injection
of tritiated thymidine and the mitotic index.

The mitotic index and the number of labelled nuclei
increase significantly, but temporarily, the second day
after treatment, A second increase occurs 13 days
later, which reaches a maximum at about 30 days and
stays at this level until death. The second day after
treatment, the number of labelled lymphoblasts and
immunoblasts is greater in the treated mice than in
the controls. Some of the labelled immunoblasts mi-
grated from the lymphoid nodules to the red pulp of
the spleen. The increase in the number of labelled
nuclei, the second day after the injection of the viral
acellular extract, is due partly to an immunological
reaction of the host. This reaction could also be ex-

plained partly by an increase in DNA synthesis which
precceds the viral multiplication in the target cells.
This last hypothesis needs to be verified.

5.3.2.1.2. Stereological analysis of spleen cells
during virus induced leukemia
(LJ . Simar*, J. Boniver*, P. Castagnoli-
Ricciardi**, J.M. Jadin, J.R. Maisin)

F.R.S.M. contract 20.286

The sterological methods have been used in order
to analyse the modifications of small lymphocytes,
reticular cells, blast cells and plasma cells during
the development of the reticulo-sarcoma induced by

* Institute of Pathology, Universite de Liege
** EURATOM trainee '
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Fig. 5.3.3. — Calcified A c e t a b u l a r i a cells collected in the
sea.

the RadLV/D. The following parameters have been
studied: the nucleo-cytoplasmic ratio, the surface den-
sity of endoplasmic reticulum and of Golgi mem-
branes, the surface and volume density of mitochon-
dria, the numerical density of microvesicles, the volu-
me density of multivesicular bodies, the volume
density of lysosomes.

These studies make it possible to compare the
modifications of the different cells infected by the
virus, to establish which cell types present the major
morphological transformations and to detect the ear-
liest ultrastructural modifications appearing in spleen
cells during oncogenic transformation.

5.3.2.1.3. Further studies on rat lymphosarcoma
originally induced by the mouse leuke-
mia virus RadLV/D
(L. Baugnet-Mahieu, G. Mattelin, C. Baes,
J.R. Maisin)

F.R.S.M. contract 20.286

leukemia to the R strain of rats can be summarized as
follows.
- The inoculation of new-born or adult irradiated rats

with acellular extracts of spleen and lymphnodes
from RadLV/D infected mice yields, after 6 to 12
months, a few cases of thymic lymphoma, or spleen
and lymphnodes lymphosarcoma.

- After many passages, the frequency of the tumors
was much increased, the spleen lymphosarcoma ap-
pearing after 3 to 6 weeks, the thymic lymphoma
only after several months.

- Numerous C-type particles have been observed in
the lymphoid organs and can be purified from the
blood plasma of those rats.
In an attempt to select a subline of leukemic rats

presenting reproducible parameters for biochemical
studies (tropism, kinetics of cancerization, etc.), we
are now comparing various ways of induction:
1. acellular extracts from "fast" (spleen and lymph-

nodes) or "slow" (thymus) lymphosarcoma;
2. crude plasma;
3. virus purified by column chromatography (Sepha-

rose) or gradients (sucrose, Ficoll), or a com-
bination of both methods.
In order to determine if this represents a true

adaptation of the RadLV/D from the mouse to the
rat, or the stimulation of a latent endogenous virus,
via an exogenous viral agent, to a strain of rats
showing a low spontaneous incidence of leukemia, we
have injected various preparations (acellular extracts,
crude or purified plasma) from leukemic rats to one
month-old C57B1 or BALB/c mice. After 4 months,
all the mice are still alive and no symptoms of leuke-
mia have been observed.

5.3.2.1.4. Non-histone nuclear proteins in normal
and leukemic t issues
(L. Baugnet-Mahieu, J. Gilles,
A. Michaux*, R. Goutier)

F.R.S.M. contract 20.286

The transformation of cells from the normal to the
neoplastic state is accompanied by disturbances in the
control mechanisms of gene expression. One such
mechanism is, at the level of the transcription, the
involvement of the chromatin components functioning
as regulatory molecules. Apart from the histones,
which are considered as the main gene repressors,
the most recent studies indicate that the non-histone
chromosomal proteins play a key role in the regulation
of gene expression.

Therefore, using the DNA synthesis as an index
of the cellular activity, we are now studying the
synthesis of non-histone nuclear proteins, by incor-
poration of labelled amino-acids in isolated spleen
cells from normal and Rauscher infected mice. After

Our first attempts to transmit RadLV/D-mediated * Universite de Liege
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incubation, the cells are fractionated into cytoplasmic
nuclear sap, histone and non-histone protein fractions.
Preliminary results indicate a general stimulation of
the incorporation of labelled precursors into the leu-
kemic cell proteins. Further characterization of the
fractions is being performed by column chromato-
graphy and polyacrylamide gel electrophoresis. In the
same way, we will also study the phosphorylation of
the non-histone nuclear proteins, which appears to
be closely related to the regulation of DNA-histone
affinities.

5.3.2.1.5. Titration of RadLV/D in the blood of
leukemic mice
(L. Baugnet-Mahieu, C. Baes, J.R. Maisin)

F.R.S.M. contract 20.286

By comparing the infectious titer of blood com-
ponents in RadLV/D infected C57B1 mice, we ob-
served in the "red blood cell" fraction (RBC), an
infectivity similar to that of the whole blood.

To verify the hypothesis of a possible contamination
of RBC by lymphocytes, the red blood cells were
separated from white cells by column chromatography
on a mixture of Sulphoethylcellulose and Sephadex
G25. By this technique, more than 90% of intact red
blood cells were recovered in the eluate and the con-
tamination by lymphocytes was negligible ( < 1 %).
The infectious titer of the purified RBC fraction was
found to be of the same order of magnitude as that
of untreated RBC controls. This indicates that the
infectivity of the RBC fraction could hardly be ex-
plained by a lymphocyte contamination.

5.3.2.1.6. Importance of T-cells during murine
leukemogenesis
(JJM.Jadin, P.H. Lambert", M.J. Auder-
set*, U. Van Gorp, J.R. Maisin)

F.R.S.M. contract 20.286

The athymic mouse mutant Nu/Nu is immunologi-
cally deficient, but that deficiency can be restored by
intraveneous injections of T-cells. No viruses can be
detected by electron microscopy inside the organs of
our non-treated Nu/Nu mice.

Intraperitoneal injections of an acellular extract of
murine leukemia viruses (RadLV/D, RLV) in Nu/Nu
mice do not induce leukemia. Injections of such ex-
tract in reconstituted Nu/Nu mice induce a leukemia
only if the Nu/Nu mice were reconstituted with cells
of mouse sensitive to the RadLV/D or RLV viruses.

5.3.2.1.7. Epidemiology of murine leukemia
(J.M.Jadin, U. Van Gorp)

Murine leukemia could be transmitted transversally

from leukemic mice to normal mice with the aid of a
blood-suckling vector like flea (Xenopsylla cheopis)
or rcduviidae (Triatoma megista).

5.3.2.1.8. Studies on L-cell virions from different
sublines of L-cell strains
(S. Boris*, M. Janowski, A. Sassen, F. Sche-
pens, L.Geenen**, A. Michaux***)

A.S.L.K./C.G.E.R. contract

The virions released by four different sublines of
L-cells, grown in spinner cultures treated with genta-
micin, were further characterized by studying their
physico-chemical properties. They were concentrated
and purified by equilibrium sedimentation in sucrose
gradients. Their buoyant density is 1.158 g.cm'3. Upon
incorporation of 3H-uridine, they were shown to con-
tain a 70 s RNA component. The detergent-disrupted
virions synthesized in vitro DNA molecules, sedi-
menting in close association with their high molecular
weight RNA template. This phenomenon demonstrat-
ed the virions to contain RNA-dependent DNA poly-
merase. Finally, the electrophoretic profiles of the
major viral polypeptides in sodium dodecylsulfate
polyacrylamide gels were comparable to those ob-
served in the case of Rauscher leukemia virus.

5.3.2.1.9. LC virus growth in L-cells contaminated
with mycoplasma
(S. Botis*, M. Janowski, A. Sassen, F. Sche-
pens, L. Geenen**, A. Leonard, J.M. Jadin,
J.R. Maisin)

3H-uridine labelled L-cell culture fluids were ana-
lysed by sucrose gradient sedimentation. Supernatants
of mycoplasma contaminated cultures produced 3H
peaks at buoyant densities of 1.22 -1.24 g.ml"1 (myco-
plasma peak) and 1.16-1.18 g.ml"1 (viral peak). Less
uridine 3H labelled virus was recovered from super-
natants of mycoplasma contaminated cultures, viral
degradation was observed and the viral RNA was also
degraded to low-molecular-weight species. Treatment
of contaminated L-cell cultures with gentamicin was
effective, the 1.22 -1.24 g.ml"1 peak was lost, a good
efficiency of 3H-uridine incorporation into the virion
was obtained and no viral or viral RNA degradation
was observed. Electron microscope studies confirmed
that virus production in L-cells was not affected by
gentamicin; high concentration of gentaniicin affects
the chromosome structure and the mitotic index. In
conclusion, our studies confirm the efficiency of the
gentamicin treatment for mycoplasma contaminated
tissue cultures.

* Laboratoire d'Immunopathologie de l'O.M.S. Höpital Can-
tonal, Geneva, Switzerland

* Trainee from the Stefan S. Nicolau Institute, Bucharest,
Roumania

** Supported by S.C.K./C.E.N.
*** University of Liege
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5.3.2.1.10. Chromosome studies on different
sublines of L and L 929 mouse cell
strains
(A. Leonard, S. Boris*, F. Schepens)

F.R.S.M. contract 20.286

Chromosome studies have been performed on two
different sublines of L and L929 mouse cell strains
used in our laboratory to compare different strains
of LC. virus. Each strain showed caryotypes deviat-
ing from the normal mouse complement and was
cytologically identifiable. The average chromosome
numbers were 54.89 and 63.35 respectively for the
two L-sublines and 64.96 and 66.30 for the two L929
sublines. In both L-sublines the range of distribution
of chromosome numbers was narrower than in the
L929 sublines.

5.3.2.1.11. Leukemia virus specific sequences in
mouse DNA
(M. Janowski, L. Baugnet-Mahieu, A. Sas-
sen)

A.S.L.K./C.G.E.R. contract

Twenty to thirty virus-specific copies, complemen-
tary to in vitro synthesized RLV (Rauscher leukemia
virus) - specific 3H-DNA, are present either in normal
or leukemic spleen DNA of BALB/c mice. Molecular
hybridization experiments have shown that, in the
leukemic spleen chromatin, these viral DNA sequences
are transcribed in vivo and in vitro in the form of
RNA while they are mute at the level of non leukemic
chromatin.

5.3.2.1.12. Purification of RNA-dependent DNA
polymerase (reverse transcriptase)
from leukemic mouse spleen
(M. Janowski, G. Nijs, A. Sassen)

A.S.L.K./C.G.E.R. contract

Rauscher leukemia virus-infected BALB/c mouse
spleens were used 2s a source of reverse transcriptase
in order to purify relatively large amounts of this
enzyme. At the present stage, the purification proce-
dure consisted in isolating the microsomal fraction
from the disrupted tissue eluting the enzyme with
detergent in a buffer solution of high ionic strength,
and performing a chromatography through a phospho-
cellulose column. A 2000-fold purification was achiev-
ed in this way. Further purification is at present
under way.

5.3.2.1.13. Characterization of viral proteins
(M. Janowski, A. Sassen, S. Boris*, F.. Van
der Plaetse, F. Schepens, L. Geenen**
J.Wuyts)

A.S.L.K./C.G.E.R. contract

In order to establish the relationship between the
virions associated with various mammalian leukemias,
the extent of immunological cross-reaction between
the viral proteins are studied. Virions from different
sources (Rauscher leukemia, radiation-inducible leu-
kemia, various sublines of L-cells) were shown to
display very similar electrophoretic patterns in poly-
acrylamide gels, as far as the major polypeptides are
concerned.

Various Chromatographie methods are currently
used to fractionate and purify the viral proteins or
polypeptides. The major polypeptide (p30) of the
Rauscher leukemia virus was isolated. By radioimmu-
noassay, the level of this antigen was determined in
various leukemic extracts. The present results confirm
our previous observations, i.e. the low level of p30
in most RadLV-infected tissues as compared to that
in Rauscher virus-infected tissues.

5.3.2.1.14. Immune status modifications of
RadLV/D infected mice
(A. Sassen, F. Vanderplaetse, J. Wuyts)

A.S.L.K./C.G.E.R. contract

During the RadLV/D leukemia, proliferation of
reticular cells is in part responsible for the increased
spleen and liver weight and could also cause the de-
creased humoral antibody response. In order to test
this hypothesis, a carbon clearance test was performed.
Although the gross phagocytic index was higher in
leukemic mice than in the controls, the reverse finding
was observed after correction for the differences in
tissue weight.

5.3.2.2. Influence of chemical protectors on
long-term effects induced by ionizing
radiations
(J.R. Maisin, G. Mattelin, M. Lambiet-Col-
lier, C. Biesemans-Vangenechten, A.M. Ryn-
gaert)

EURATOM contract No. 095-72-1-BIO B

Our experiments on the effect of sulphydryl radio-
protectors given separately or in mixture (2-ß-amino-
ethylisothiouronium-Br-HBr + serotonin + gluta-
thion + mercaptoethylamine + cysteine) on the life
span and the causes of death of male BALB/c and
C57B1 mice whole-body irradiated with single or

* Trainee from the Stefan S. Nicolau Institute, Bucharest,
Roumania

* Trainee from the Stefan S. Nicolau Institute, Bucharest,
Roumania

** Supported by S.C.K./C.E.N.
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multiple doses of X-irradiation were continued.
BALB/c mice were exposed to 100 or 175 R and
C57B1 mice to 350 or (">0 R of X-rays, autopsied at
death and the tissues analysed with an optical micro-
scope. The results on a total of 1200 mice can be
summarized as follows.

BALB/c mice
The median survival time of mice irradiated with

100 and 175 R is lower than the mean survival time
of non-irradiated ones (for 175 R, P < 0.01). The
median survival time of the protected irradiated mice
lies between that of the two other groups, but is not
significantly different from both. After small doses
of X-irradiation, protection against life shortening can
therefore not be ascertained with statistical certainty,
as was earlier showen for acute effets.

As to the causes of death, the incidence of myeloid
leukemias in the non-protected mice irradiated with
100 and 175 R is significantly higher than in the
control ( P < 0 . 0 5 ) and in the irradiated (100R)
protected ones (P < 0.05). The percentage of lung
cancer is more elevated in the mice irradiated with
100 and 175 R (38.796 and 34.99o respectively) than
in non-irradiated controls (28.9%) or in protected
mice irradiated with 100 R (30.4%), but these re-
sults are not significant; this is also true for the
incidence of sarcomas.

C57B1 mice
The mean survival time of protected mice exposed

to doses of 350 or 650 R of X-rays is significantly
higher than that of irradiated non-protected ones. The
higher survival of the protected mice is due mostly
to a lower incidence of thymic lymphoma. The protec-
tion given by a mixture of radioprotectors against this
type of leukemia is, however, not as pronounced as is
the case for BALB/c mice. The reason for this dif-
ference is now being investigated. The incidence of
lung carcinoma is significantly higher in mice exposed
to a dose of 350 R of X-rays than in non-irradiated
controls. After an exposure to 350 R of X-rays, the
percentage of adenomas or cancers of the liver is

. significantly higher in the irradiated mice than in the
non-irradiated ones, whether the mice had been pro-
tected or not.

5.3.2.3. Late effects in irradiated brain

5.3.2.3.1. Studies on late biochemical effects of
irradiation on the brain
(G. Gerber***)

EURATOM-EULEP contract No. 092-72-1-BIO C

The late biochemical effects of irradiation on the
brain at dose of 2.2 kR have now been studied for a

period of 18 months. Charges in lysosomal enzymes
and DNA were observed during the first month after
exposure and, later on, an increase in serotonin. Ex-
periments, now under way using a higher dose of
radiation (4.4 kR), reveal more important changes in
biogenic amines already during the early period after
exposure.

5.3.2.3.2. Ultrastructura! studies of the cerebral
cortex
(E. Reynders-Gianfelici**, H. Reyners*, J.-
M. Jadin)

EURATOM-EULEP contract No. 092-72-1-BIO C

A quantitative method for evaluation of the im-
portance of pinocytosis phenomena in cerebral cortex-
capillaries has been proposed. The method involves
the counting of labelled "caveolae intracellulares" in
endothelial cells using horse-radish peroxidase as a
tracer molecule. A mean pinocytic value per capillary
is then computed. It is demonstrated that the values
obtained by irradiation of the brain is twice that
in control animals. This information may provide an
ultrastructural quantitative approach to the blood
brain barrier and to other problems related to vascular
permeability of the cerebral cortex.

5.3.2.4. Late effects in irradiated lung
(G. Gerber*4*)

EURATOM-EULEP contract No. 092-72-1-BIO C

Biochemical studies in irradiated lung show an in-
crease in lysosomal enzymes as well as changes in
fibrolytic activity and DNA. Later, collagen increases
as fibrosis develops. The first series of experiments
using a dose of 3 kR has been terminated and is now
extended to other doses.

5.3.3. Genetic effects of radiations and
chemicals in mammals

5.3 3.1. Chromosome damage induced by
gentamicin in mouse L-cells
(A.Leonard, S.Botis*)

F.R.S.M. contract 20.286

Many cell cultures, particularly mammalian cell
cultures growing in the presence of antibiotics, are
frequently contaminated by mycoplasma. Such un-
detected infections can be an important source of
artefacts in many experiments requesting cell cultures.
The effects of gentamicin, a broad-spectrum antibiotic
derived from Micromonospora purpurea currently

*** EURATOM
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used to eradicate mycoplasma contamination, have
been studied on a mouse L-cell strain. A culture in
the presence of gentamicin, 500 u.g.ml"', followed by
two passages with 100 u.g.ml' did not induce obvious
changes in the numerical chromosome characteristics
of the L-cell strain. When the initial treatment with
gentamicin was followed by five passages with 100
(Jig.ml"1, the proportion of cells showing 60 chromo-
somes falls to less than 30%. Similar relation between
duration of treatment with gentamicin and importan-
ce of chromosomal effects was also observed for the
structural chromosome aberrations. The results imply
that the use of gentamicin should be combined with
a continuous control of the cell strain characteristics.

5.3.3.2. Study of radioinduced chromosome
aberrations by banding pattern
techniques
(A.Leonard, G.Decat)

EURATOM contract No. 095-72-1-B10 B

A densitometric analysis has been performed on
mouse chromosomes from in vivo preparations stained
with Giemsa after trypsinisation. The photographic
negatives (or positives) are examined by means of a

microphotometer consisting of a stand with carrier
scanning in XY directions and a photomultiplier with
an analog output to a synchronized X-t, X-Y, or Y-t
recorder. The width of the slit used was 0.1 mm for
the negatives and 0.25 mm for the positives, the wave
length being 560 nm. The characteristic curves ob-
tained by analysing the same chromosome after dif-
ferent durations of trypsinization (1 = 0"; 2 = 5 " ;
3 = 10"; 4 = 20"; 5 = 30") suggest that a tryp-
sinization step is not always necessary to get an analy-
sable banding pattern. No loss of information occurs
when trypsinization time is increased from 0 to 30".
the number and position of the different peaks re-
maining similar. In general, the best results are ob-
tained when the chromatids are long and tightly coiled
together. Identification of the different chromosomes
has been made according to the conclusions of the
Committee on Standardized Genetic Nomenclature for
Mice. The identification curves obtained (Fig. 5.3.4.)
for each chromosome and each chromatid were, in
general, very characteristic and reproducible in each
pair. It must be pointed out, however, that the corres-
pondence between the numbers used in this figure
and these recommended by the Committee cannot be
considered as absolute.

X Y

Fig. 5.3.4. — Results of the microdensitometric analyses of the mouse karyotype.
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TABLE 5.3.2.
Results of the oocyte examination

Treatment Oocytes
examined

j Oocytes with
i anomalies

Chromosome anomalies
RIV I CIV j Fragment

0
25
50

100
200

101
63

108
100
85

5.3.3.3. Study of the chromosome rearrange-
ments induced in female germ cells by
ionizing radiations
(N.Gilliavod*, A.Leonard)

EURATOM contract No. 095-72-1-BIO B

Our observations on female mice given 0, 25, 50,
100 or 200 R of X-irradiation have been completed
and the results compared with the recent data of
Searle and Beechey (1974) (see Table 5.3.2.).

Owing to the time-consuming method used, the
number of dividing oocytes examined in each group
must remain small compared with the numerous sper-
matocytes that can be analysed in the experiments
with male mice. Therefore, the relatively small num-
bers of dividing oocytes that were studied could
possibly explain how that, in the present experiments,
the percentage of cells with apparent multivalents
decreases after doses higher than 50 R, whereas in
the experiments of Searle and Beechey (1974) it
increases up to 400 R. However, one cannot exclude
the possibility that the C57B1 inbred females are
more sensitive than the F, (C3H/HeH $ X 101/H S )
females. Because of the comparable radiosensitivity
to cell killing of oocytes in maturing mouse follicles
(LDioo = 2000 R) and human maturing (LDioo =
5000 R) and primordial (LDSo = 2000R) follicles,
the observations on mouse oocytes may permit an
estimate of the sensitivity of human oocytcs to in-
duction of chromosome rearrangements. If this were
so, induction of chromosome rearrangement in human
female germ cells and transmission of such transloca-
tions to the Fi offspring represents a potential risk.

5.3.3.4. Study of the chromosome rearrange-
ments induced by ionizing radiations
(A.Leonard, G.Decat, Ch. Deknudt)

EURATOM contract No. 095-72-1-BIO B

To estimate the genetic hazards of environmental
mutagens for human populations, it is important to
know to what extent the experimental data from the
mouse can be extrapolated. In that respect, some
interesting observations were made recently by Bre-
wen and Preston (1973, 1974) who claimed that
the frequency of chromosome dicentrics induced in
leukocyte cultures by a given dose of ionizing radia-
tions was approximately proportional to the number
of chromosome arms of the species. In our experi-
ments the dicentric yield induced by different doses
of X-irradiation was studied in the leukocytes of four
species having roughly the same number of chromo-
some arms. The four species used were (Table 5.3.3.)
Sus scrofa, Ovis aries, Capra hircus and Bos taurus.
No consistent difference was observed between S.
scrofa and O. aries, whatever the dose at exposure.
The number of dicentrics was always higher after
exposure of goat leukocytes but, in agreement with
the Brewen's results, the best fit for the dicentric
data in the three species was to the model Y = cD3.
In contrast with the results obtained with S. scrofa,
O. aries and C. hircus the exposure of cattle leuko-
cytes to X-irradiation induced a very low yield of
dicentrics. Some selective elimination resulting from
intensive cell killing could possibly explain this low
incidence of dicentrics.

TABLE 5.3.3.
Yields of dicenlric chromosomes in the four species

Species

S. scrofa
O. aries
C. hircus
J3. taurus

Number of
chromosomes

38
54
60
60

Number of
chromosome

arms

64
60
60
62

Dose(R)

100

2.00
4.00
3.50
2.50

200

10.25
9.00

17.00
2.50

300

36.75
32.00
53.00
2.00

400

75.00

82.00
3.75

* Trainee from the Stefan S. Nicolau Institute Bucharest,
Roumania
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5.3.3.5. Influence of blood storage on
the induction of chromosomal
abnormalities by X-irradiation
(Gh. Deknudt, A. Leonard, G.Decat)

EURATOM contract No. 095-72-1-BIO B
The yield of chromosomal abnormalities was studied

in cultured lymphocytes irradiated in vitro after dif-
ferent periods of storage (24, 48, 72 h) in plastic
or glass containers. The blood was cultured, under
standard conditions, for 48 h immediately after irra-
diation and 200-400 metaphases were examined for
severe chromosomal aberrations. Blood stored for 48
h and 12 h displayed a higher yield of abnormalities
after irradiation than that stored for 24 h. No dif-
ferences could be discerned in this pattern between
blood stored in plastic containers and that stored in
glass containers.

5.3.4. Study of integration, replication and
biological expression of foreign DNA
administrated to different organisms

3.3.4.1. Fate of heterologous DNA in plants

5.3.4.1.1. Integration and replication of bacterial
DNA in barley root cells
(L. Ledoux, R. Huart)

Having recently met difficulties in reproducing
previous results obtained with barley, we decided to
reevaluate the conditions necessary for DNA uptake,
integration and replication.

Barley seeds (proctor variety) were peeled after
2 h agitation in 0.5 N-HjSO.,, washed with distilled
water and soaked in 5% Ca(OCl)2 for 2 h, followed
by several washings. Seeds were cut in and placed
in a drop of M. lysodeikticus 3H DNA for 2 h in the
dark at 24°C in sealed dishes. Humidity was kept low
so that root hairs abundantly developed. The seeds
were then transferred to unlabelled M. lysodeikticus
DNA (ML) for 36-72 h, then in 14C thymidine for
3 - 6 h ; all steps were monitored for bacterial conta-
mination. DNA were prepared from root meristems,
root elongation-differentiation zone, scutellum and
coleoptile. They were analysed in CsCl and by hy-
bridization techniques.

We checked the importance of DNA size for in-
tegration in plant tissues, and it appears that the MW
had to be higher than 5X 106 and lower than 15 X 106.
At higher MW, the DNA is found free in the tissue;
at lower MW it is degraded.

With DNA of about 107 daltons, satellite peaks
with densities ranging between 1.711 g and 1.727
g.cm"3 were obtained, depending on the preparations
of the plant DNA. These satellites contained both
3H and I4C labelled and were always found in the

elongation-differentiation zone of the root and some-
times in the scutellum. The nature of these molecules
was characterized by denaturation and renatursition
in the presence of ML or barley DNA at either low or
high cot, at 65°C or 78°C. The renatured molecules
were run in CsCl gradients; they were also melted in
hydroxylapatite, as were the double-stranded satellite
DNA obtained.

Up to now, all results have indicated that the
satellites contain (3H)M1 DNA, (I4C)ML and (14C)
barley DNA, and the foreign DNA was therefore
integrated and replicated in the barley tissues. Its
localization is being analysed.

5.3.4.1.2. DNA mediated genetic correction of
thiamineless Arabidopsis thaliana
(L. Ledoux, R. Huart, M. Mergeay, M. Ja-
cobs*)

Results, obtained by treating thiamineless mutants
of Arabidopsis thaliana with bacterial DNA indicate
that the genetic defect of the mutants can be corrected
only with DNA bearing a thiamine information.

When the correction is attempted in selective con-
ditions, about 0.7% of the treated plants grow and
set fruit. This progeny and the following ones, ob-
tained by self ing, behave as homozygotes; the correc-
tion is hereditary. Results of back and test crosses
indicate that the correction is dominant, nuclear (and
not cytoplasmic) and strongly bound to the genome.
The correction appears to be added to the mutation
and not substituted for it: the correction behaves as
an extragenic suppressor.

Using DNA from thia" bacteria harbouring a thia+

plasmid, corrections were obtained in similar propor-
tions (13 among 1430 treated germinating plants).
However, most of the fruits set by the corrected
plants led to Fl seedlings with the mutant phenotype.
This indicates that the plasmidial information is active
in the treated population but can rarely be transmitted
to the progeny. Experiments with labelled plasmids
should help us clarify this point.

5.3.4.2. Micro-organisms - Analysis by ultracen-
trifugation in CsCl gradient of the DNA
of B. subtilis strains 200 A and 166 A
(P.Charles, J.Remy, M.Mergeay)

200 A and 166 A are subline of B. subtilis mutant
transformed two years ago by treatment with Strepto-
myces coelicolor DNA. The DNA extracted from these
bacteriae were analysed by ultracentrifugation in ce-
sium chloride gradients.

No molecules with the density of the donor DNA
(St. coel.) were observed even after 4 successive
rebanding of the left hand part of the distribution
(where St. coel. DNA should sediment).

* V.U. Brüssel
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5.3.4.3. Tumor cells and animal tissues

5.3.4.3.1. Study of the radioactivity found in
organs of animals artificially
contaminated with organic tritium
(P.Charles, J.Remy, R.Kirchmann)

EURATOM-CEA contr. No. SC 001/061-72-1 PST F

Homogenates of different organs of treated animals
were analysed by molecular filtration on agarose 4B.
Little (if any) radioactivity is found in the DNA
containing fractions. Most of the radioactivity is ob-
served in fractions corresponding to other cells com-
ponents such as RNA, polysaccharides, proteins, etc.

5.3.4.3.2. Fate of M. lysodeikticus tritiated DNA
in L929 cells
(P.Charles)

L929 mouse cells were incubated for 2 h in a
serum-free medium containing (3H) M. lysodeikticus
DNA and for 24 h in a normal medium.

The DNA extracted from the washed cells (2 times
in saline) were analysed by ultracentrifugation in ce-
sium chloride gradients. At equilibrium, a shoulder
was observed on the heavier part of the distribution.
Fractions corresponding to this shoulder were pooled
and rebanded in CsCl gradient.

Molecules with approximately the density of the
bacterial DNA were tben observed together with
molecules having the density of the cell DNA.

5.3.4.4. Plant cells in culture

5.3.4.4.1. Uptake of bacterial DNA by Chlamy-
domonas reinhardi
(P.F. Lurquin, R.M. Behki*)

Escherichia coli 3H-DNA supplied to vegetative
cultures of wild-type ( m t + ) and CW15 (mt4-;
mutant lacking the cell wall). Chlamydomonas rein-
hardi cells could bind to the cell wall of the wild type
and to the cell membrane of CW 15 mutant cells.
The extent of this binding decreased with time and
was to a large degree (over 90%) DNAse-sensitive.
Nevertheless, about 0.01% of the bacterial DNA re-
mained irreversibly associated with the cells when
they reached the stationary phase. The irreversible
binding of the donor bacterial DNA to Chlamydomo-
nas cells could be increased by treatment of the cul-
tures with polycations such as DEAE-DEXTRAN,
poly-L-lysine and poly-L-ornithine. Although the CW
15 cells rapidly degraded bacterial DNA in the culture
medium, wild type cells showed only a small effect
on the molecular weight of the donor DNA.

Visiting scientist from the Chemistry and Biology Research
Institute, Research Branch, Ottaw. , Ontario, Canada

The acid-insoluble radioactivity, bound irreversibly
to WT ( + ) cells, consisted mainly of oligonucleoti-
des with a small proportion present as less depoly-
merized donor DNA. No radioactivity, however, was
found to be associated with the recipient high mole-
cular weight Chlamydomonas DNA.

No labelled donor DNA could be recognized in the
cells given bacterial 3H-DNA in early stationary pha-
se. Instead, radioactivity found in Chlamydomonas
DNA corresponded to reutilization of 3H-thymine
derivatives released as a result of 3H-DNA degradation.
The degradation of donor DNA and its reutilization
by host cells is more apparent in dying or dead cells.
No evidence for the integration of detectable amounts
of donor DNA sequences into the host cell DNA
was obtained.

5.3.4.4.2. Search for donor DNA sequences in
Arabidopsis tissue culture treated with
bacterial DNA
(P.F. Lurquin, Y.Hotta*)

3H-DNA from E. coli or M. lysodeikticus was sup-
plied to growing callus tissue from Arabidopsis tha-
liana. CsCl density gradient centrifugation analysis
showed the complete absence of radioactivity banding
at the density of donor DNA, whereas high amounts
of radioactivity were found associated with the reci-
pient DNA peak. This DNA was further analysed by
liquid DNA-DNA reassociation kinetics in the presen-
ce of unlabelled donor DNA (cot analysis). No donor
DNA sequences were detected by this technique,
meaning that 99.99% of the radioactivity in the plant
DNA corresponded to degradation and reutilization of
the donor 3H-DNA.

Double label (3H/14C) experiments, combined with
thermal chromatography on hydroxyapatite of rapidly
renatured plant DNA sequences, confirmed the above
findings.

5.3.5. Radioactive contamination of the environ-
ment and the metabolism of some radio-
elements

5.3.5.1. Study of the transfer of tritium in food
chains (part of a co-ordinated IAEA pro-
gramme on the cycling of tritium in dif-
ferent types of ecosystem)

IAEA contract No. 1305/ • *:

5.3.5.1.1. Influence of chei.;' v form of 3H in
effluents on the rate of transfer in milk
(R.Kirchmann, G.Koch, J.VandenHoek**,
A. Bossus, E. Fagniart)

Contract Ministry of Public Health

* Department of Biology, University of California, San Diego,
U.S.A.

** Laboratory for Animal Physiology, Wageningen
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A single dose of 144 u-Ci 3H, present in 1.51 of
liquid effluents, was administered in the drinking
water of a lactating cow. The results obtained indicate
that the major part of the tritium of this effluent is
transferred in the water of the milk, but that a part
is also incorporated in the dry matter. Furthermore,
the transferability of 3H present in effluent is lower
(0.085%) than when 3H is ingested as tritiated water
(0.227%).

5.3.5.1.2. Study on the uptake of tritium by va-
rious crops through tritiated irrigation
water, in field conditions
(R. Kirchmann, V. Athalye*, E. Fagniart,
A.Bossus, G.Koch)

Seven species of cultivated plants (potatoes, rye-
grass, carrot, sugar beet, peas and barley) were spray-
ed with THO at a dose of 1 mCi.nV2. Measurements
of the tritium content in plant organs, 24 h after the
spray, show that tritium is distributed both in the
aerial parts and in the roots; between 0.6 and 1.7%
of the tritium is incorporated in the dry matter.
Determinations of 3H content of the plants during
the subsequent growth are in progress.

5.3.5.2. Contamination of freshwater fish by
*Mn and "Co
(C. Nicolas*1', R. Kirchmann)

EURATOM contract No. 095-72-1 BIO B

The ^Co and MMn contamination of minnows, living
in the Meuse river, has been investigated. Both radio-
isotopes enter rapidly into living fish, and in the
Meuse, small amounts of radioactive waste orginating
from a nuclear power station are present. Maximum
MCo and 54Mn concentrations in fish are reached with-
in a few days after fish-radioisotope contact. Fed fish
accumulates more 54Mn and '"Ci, and faster, than star-
ving ones, but release depends upon several factors.

54Mn and ^Co take-up by dead fish is tenfold that
by living ones, and the dead fish uptake curve is more
regular than that for living ones. Furthermore, no
peak of activity is registered during a sixteen-day
contamination period.

The activity distribution in different organs was
studied during both uptake and release periods. In
all experiments performed, the external organs retain
mostly 54Mn, whilst ""Co is taken up more readily by
kidneys and genital tracts. Muscle tissue is relatively
little contaminated when comparing activities on a
weight basis.

In 1973. the estimated dose received by the gastro-
intestinal tract of people eating 15 kg of fish per year
was respectively 2.34 larem per year for MMn and
0.23 u.rem per year for "°Co.

5.3.5.3. In situ study of a natural aquatic eco-
system contaminated with tritiated liquid
effluents
(R. Bittel*, R. Kirchmann,
E.Van GeUer-Bonnijns, G.Koch)

The system was investigated for about a year by
determination of the tritium concentration in water
and sediment samples, as well as in plant and animal
organisms. The emphasis was placed on measurement
of the tritium incorporated in organic matter, the
specific activity of the combustion water being deter-
mined in each case. It is higher than that of the stream
and pond water by a factor of as much as 100. This
conflicts with observations, made in situ and in labor-
atory aquaria, regarding the transfer of tritium in
the form of tritiated water, so that one must look for
biologically available tritiated compounds in the ef-
fluents. I t would appear, therefore, that the physico-
chemical state of the tritium is a sensitive parameter
of particular importance for predicting and evaluating
population exposures.

5.3.5.4. Radioactive contamination of the aquatic
systems: Uptake of 3H by the freshwater
algae Chlamydomonas and Scenedesmus
and by the marine algae Acetabularia and
Porphyra
(S. Bonotto, E. Bonnijns-Van Gelder,
E . Fagniart, R. Kirchmann, I.D. Ndoke**,
G. Nuyts, C. Piron-Fraipont***)

The small unicellular algae Chlamydomonas and
Scenedesmus are particularly useful for the study of
the radioactive contamination of fresh water. Chlamy-
domonas' reinhardi was grown on minimal medium
added with increasing amounts of tritiated water. The
growth of the cultures was checked by cell counting
and the uptake of 3H into the total organic matter
and the DNA was measured. Scenedesmus sp. has been
used to assess the .3H contamination originating from
the discharge in the aquatic environment of waste
released by a radioisotope production unit. Research
on tritium contamination was extended to the marine
algae Acetabularia mediterranea, and Porphyra, a plant
intensively cultivated for human nutrition.

* A.G.C.D. trainee
** EURATOM trainee

* Association EURATOM-CEA, Departement de protection,
Fontenay-aux-Roses, France

** I.A.E.A. fellow
*** Departement de Botanique, Universite de Liege

BLG 506/75 5-37



5.3.5.5. Mobilization of alkaline earth metals from
the skeleton
(O. Vanderborght, S. Van Puymhroeck,
V.Svoboda*)

Further improvements were performed in the spe-
cific mobilization of the heavy alkaline earth metals
from the skeleton in mammals. The most important
results were:
a. the increase of the urinary excretion of Sr by

injection of sodium alginate;
b. the increased blood levels of Ra, obtained for the

first time this year by alginate treatment. Indeed,
the enhancing (by algin treatments) of 85Sr and
133Ba in plasma of animals with an old radio-
contamination with these isocopes, could previously
be obtained for ^Ra.
Further studies revealed an important influence of

some algin treatments on the distribution of Sr and
Ba between the soft tissues. A study of a possible
protective action of algin treatments on the haemo-
poietic system of mice with a E6Ra and a '"Sr conta-
mination has been started.

5.3.6. Non-radioactive contamination of the
environment

5.3.6.1. Toxicity of lead
(G. Gerber", J. Deroo, N.Gilliavod*1*)

EURATOM contract

Absorption of lead as a function of age, site of
absorption and amount of Ca in the diet, was studied
using an in vivo preparation. Transfer of lead via the
of spiralization and one cell with 3 X-chromosomes
were observed in the survivors but, in general, the
chromatid and chromosome aberrations recorded were
essentially of the same type in controls and in
intoxicated cows.

placenta and the milk to the young was investigated
in mice given 210Pb under different dietary regimen.
The young mice were sacrificed at various ages
and organs assayed for radioactivity. Studies on bio-
chemistry of the brain from suckling mice exposed
to lead showed differences in biogenic amines and
DNA.

5.3.6.2. Cytogenetic investigations on leucocytes
of cattle intoxicated with heavy metals
(A.Leonard, Gh.Deknudt, M.Debackere*)

EURATOM contract

After an intoxication of cattle with heavy metals,
resulting in the death of 6 animals, cytogenetic in-
vestigations were performed on 9 survivors. A few
chromatid and chromosome breaks, one disturbance

5.3.6.3. Transfer of lead in the food chain
(R. Kirchmann, S. Bonotto, R. Impens**, E.

Greenhouse experiments on foliar contamination of
Zea mays L., one month old, have shown that the
major part of the deposited lead (labelled with 210Pb)
remains located at the site of deposition; less than
2 % is translocated to the other parts of the plant.

On the other hand, the feeding of two lactating
cows by corn plants contaminated by 210Pb(NO3)2 was
performed; some results are shown in Table 5.3.4.

5.3.6.4. Study of the environmental contamina-
tion by lead and of its effects on the
marine alga Acetabularia mediterranea
(R. Kirchmann, S. Bonotto, R. Impens**, E.
Van Geltfer-Bonnijns, E.Fagniart, G.Nuyts)

The study of the environmental contamination by
lead is being performed along two main directions:
1) survey of a number of places important for their
particular position (near industries, cities, highways,

TABLE 5.3.4.

Time elapsed
since ingestion

(days)

1
2
3
5
9

21

Percentage of 2l0Pb ingested with ths forage
(stems of Zea mays)

Excreted in
feces

10.95
44.16
28.21
3.89
0.02
0.004

Excreted in
urine

1.5 X 103

7.3 X 103

8.8 X 10-3

4.4 X 10-3

1.7 X 10-3

< 2.8 X 10-4

Secreted in
milk

4.5 X 10-4

2.7 X 10-3

3.4 X 10-3

1.9 X 10-3

5.2 X 10-4

1.0 X 10-4

* I.A.E.A. trainee
** EURATOM

"** Argentinian trainee supported by EULEP and the Schutz-
kommission

* R.U.Gent
** Faculte des Sciences Agronomiques de l'Etat, Gembloux
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etc.) by the analysis of samples mainly constituted by
Plantago major L., Ligustrum sp., Trifolium repens L.
and Tussilago farfara L.; 2) experimentation in the
laboratory or in the greenhouse, under controlled
conditions.

A higher plant, Zea mays L., is used to study the
uptake, retention and toxicity of lead; 210Pb is utilized
as a tracer in some experiments. A unicellular marine
alga, Acetabularia mediterranea Lamouroux, is the
object of most investigations on the effects of lead
on plant morphogenesis and development.

Production of laboratory animals by the
Radiobiology department
(J. Van de Wiele, M. Willocx)

1971 1972 1973 1974

Radiobiology Rats
Mice

3,470 3,291 4,160 3,745
11,671 14,704 24,496 20,664

Outside Rats
Mice

2,224
2,889

5,887 10,310
4,190 5,194

9,354
7,630

Total 20,254 28,072 44,160 41,393

Number of animals in use for experiments:

Rats Mice
01.01.1974 1,200 5,210
31.12.1974 1,502 4,261

5.4. EXPLORATORY RESEARCH PROGRAMMES

5.4.1. Exploratory research in chemistry
(L.H.Baetsle)

5.4.1.1. Radiochemistry
(P.De Regge, R.Boden)

Although fast reactor fission yields are known for
most of the fission products, there is need for more
reliable data on the yields in the valley between the
two mass peaks. This region is most sensitive to the
neutron energy distribution. The fission yields in the
mass region 105 to 116 will be determined by mass
spectrometric analysis of Pd, Ag and Cd fission pro-
ducts in highly irradiated fuel from experiments in
BR2, in Rapsodie and DFR for the study of the
influence of the neutron energy spectrum on fission
product formation.

A first campaign on MFBS 6 fuel irradiated in BR2
under cadmium screen up to 100,000 MWd.f1 was
started by ion exchange fission product separation
operations. Starting with about one gram of TJO2 fuel,
Pd, Ag and Cd were separated and purified from the
fuel and the bulk of the fission products according to
the procedure depicted in Fig. 5.4.1. The presence of
Pd in the purified fraction was clearly demonstrated
by precipitation of the yellow Pd-dimethylglyoxime
complex. Cd was identified by its pink dithizone com-
plex in chloroform. Ag was followed throughout the
separation scheme by using the fission product 11OmAg
as a tracer.
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Fig. 5.4.1. — Separation scheme for the isolation of Pd, Ag
and Cd fission products from highly irradiated
fast reactor fuel (numbers indicated at ion ex-
change steps give sequence of eluation opera-
lions).
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5.4.1.2. Association S.C.K./CE.N.-K.U. Leuven
(M.D'hont*, L.H.Baetsle, P. De Regge)

Chemical and electrochemical study of iodine
compound? in acid solutions
(E.Jottier*)

The basic knowledge of the behaviour of various
iodine compounds in spent fuel dissolver solutions is
important for their removal. It has been shown that
the main fraction of iodine in the HNO3 solution
is oxidized to 103". An experimental study of the
electrochemical reduction of IO3' to I' has been done
in H2SO.1 and HNO3 solutions. Electrochemically
formed HNO2 oxidizes I" to I2. The influence of the
electrode potential, the pH and the mass transfer in
the solution has been studied. Optimal conditions for
the removal of iodine can be selected. The proposed
reaction mechanism for the IO3" reduction has been
investigated with fast sweep voltametry, cyclic volta-
metry, chrono-amperomerry and voltametry on a
rotating disc electrode.

Evidence has been found of an autocatalytic reac-
tion mechanism, consisting of a heterogeneous (on
the electrode surface) and a homogeneous (near the
electrode surface) cycle with regeneration of an ex-
cess of the electrochemical active compound. With
the help of a mathematical model or '.he rotating disc
reaction mechanisms, the first and sc\ .̂d order kine-
tic constants have been calculated. An accurate de-
scription of the different processes has been obtained
by computer simulation of the chromo-amperometric
experiments. Taking into account the adsorption on
the electrode surface, the electromechanical reaction,
the mass transfer and the diffusion parameters of all
the particles involved, a complete agreement was
observed between the experimental results and those
derived from a theoretical model.

5.4.1.3. Chemical engineering
(W.R.A. Goossens)

Bubble size measurements
(M.Put)

Based on the knowledge that the bubble size is
the most critical parameter in any mathematical
description of a fluidized bed, histograms of bubble
size have been measured with the help of a light
probe. Maxwell-Boltzmann statistics for the energy of
the randomly rising bubbles were thus found. In
order to apply this experimental procedure for the
characterization of gas distributor effects, the light
probe has been improved mechanically and electronic-
ally. Adaptation of the mechanic support to a 80 cm
fluid bed column is in progress.

* K.U. Leuven

Design specifications of perforated plates
(A. Francesconi)

A design procedure for perforated plates as gas
distributors for fluidized beds has been developed
based on experimental results and on literature data.
This procedure allows to compute the most economic
pitch of a perforated plate.

5.4.2. Exploratory research in metallurgy
(JJ.Huet)

Fabrication of superconducting materials
(L. De Wilde, J. Ketels, G. Michiels-De Leyn)

Niobium-tin, more particularly the intermetallic
NfeSn compound, is considered as a very promising
superconductor for use in very high magnetic fields.
Due to the brittleness of this intermetallic compound,
normal wire drawing of superconductors containing
the NbsSn phase is impossible.

An exploratory research has been started in view
of fabricating wires containing niobium filaments
enbedded in a bronze (Cu-Sn) matrix. A final ther-
mal treatment of these wires should result in super-
conducting Nb3Sn filaments in a copper matrix. Up
to now, extrusion tests have been performed on
mixtures of niobium and bronze powders in a copper
container. Extruded bars of 15 mm diameter have
been obtained without difficulties. These bars have
to be further cold worked to elongate the niobium
particles to fine filaments. Thermal treatments at
700 and 1000°C have been carried out on extruded
samples, in order to study the transformation of such
a niobium-bronze structure to a NhjSn-copper com-
posite. Microprobe analyses showed a preferential
penetration of Sn into the Nb grains without any
interdiffusion of Cu and Nb. The composition of the
diffusion layers has been determined to be stoichio-
metric NhiSn, independent of the reaction temper-
atures applied; the penetration depth of course in-
creases with rtiction temperature and time.

5.4.3. Reactor physics and computational
methods

5.4.3.1. Development of neutron radiography for
fuel examination
(L. Leenders, N. Maene)

Neutron radiography installation at BR1

A programme was started in order to investigate
the possibilities to detect plutonium oxide grains of
less than 500 \xm in mixed oxide fuel for thermal
reactors by neutron radiography at the BR1 reactor.
Preliminary flux measurements showed that the neu-
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tron flux level in the beam DX25 would permit neu-
tron radiography by the direct method i.e. by irradiat-
ing X-ray films in contact with a metal converter. Ga-
dolinium was selected as a converter because of its
excellent resolution properties. At 600 kW reactor
power, the thermal neutron flux is 4Xl05n.cnT!.s"1

and the gamma to neutron flux ratio is below
10"6 mRad/n.cnV2. A series of pictures was taken to
determine the best compromise between film sensitiv-
ity, aperture and exposure time. With an aperture
ratio of about 1/60 and STRUCTUR1XD4 film, the
exposure time is about half an hour and the resolution
is about 200 um. The maximum film size of 200 by
250 mm is imposed by the dimensions of the channel.
The beam is very well thermalized and contains al-
most no epithermal neutrons. On the basis of these
data, the design and construction were started of the
equipment necessary to examine a rack loaded with
long fuel pins (120cm in a first stage).

Neutron radiography of gadolinium containing
fuels

Irradiations of gadolinium containing fuels in BR2
are being prepared (§3.2.3.2.). As part of this
programme, it is intended to study the gadolinium
burn-up by neutron radiography of the rods at inter-
mediate steps of the irradiations.

Thanks to the very large photographic contrasts
produced by the presence of gadolinium in the fuel,
the photographic plate analysis is possible by the use

of a microscopic densitometry technique. Some densi-
tometry modules were therefore added to the QUAN-
TIMET 720 installation and adequate photographic
plates were chosen and supplied. They have the fol-
lowing advantages:
- their global resolution (175 lines.mm"1) is com-

patible with the required geometrical precision
(±0.01 mm);

- their glass-support allows good adjustment of the
microscope and prevents geometrical deformations.
Calculations of the converter response (% trans-

mission) performed for three typical fuels to be
irradiated (gadolinium content of 1, 2 or 3%) and
for converters normally used at BR2 (see Fig. 5.4.2.)
lead to the conclusion that another type of converter
must be selected to achieve a sufficient sensitivity
with respect to variations of the gadolinium content.
An adequate converter should have a resonance some-
where in the 0.025 eV to 1 eV energy range; therefore
I76Lu (En = 0.14eV), 151Eu ( E R = 0 . 4 6 e V ) and
l91Ir (ER = 0.65 eV) will be investigated experiment-
ally.

5.4.3.2. Proposed new treatment of the up-scat-
tering cross-sections in the discretized
Boltzmann equation
(L. Fouarge)

The flux charts and reactivity values for BR2 and
BRO2 configurations are determined by neutronic
calculations with two-dimensional triangular mesh
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codes, TRIBU (diffusion) and DIAMANT (trans-
port), each with two thermal neutron groups. Self-
scattering and up-scattering cross-sections increase the
convergence time.

In both cases, the convergence slackening is due
to the fact that, at each iteration, the flux chart cal-
culation is made with fission neutron sources which
are partially those of previous iterations. The remedy
is to connect the group calculation with the current
iteration neutron sources. If in a multi-group calcula-
tion, an upscattering cross-section links two groups, it
is proposed to eliminate from the discretized flux
equation of one of these groups, the flux expression
of the other group.

A discretized equation formulation was therefore
established for the diffusion code TRIBU, which
connects the up-scattering - down-scattering coupled
neutron group pair with the current iteration source.
This equation is related to 19 mesh points instead of
7 in the classical method.

The same treatment was applied to the discretized
equation of the two-dimensional triangular mtsh trans-
port code DIAMANT. This case is more difficult for
the following reasons.
- The self-scattering cross-section plays a part of

"down-scattering - up-scattering coupling" between
the different directional neutron groups in a same
energy interval.

- The transport calculation requires for each direction-
al group a calculation progression in the direction
of the calculated group.

- The discretized equation is different if the group
direction in the mesh triangle is basis-top than if
it is top-basis.
To overcome these difficulties, the discretizeci

equation was adopted to the treatment of two mesh
triangles together, i.e. a mesh parallelogram.

This study is being continued, trying to apply, to
the two-dimensional triangular mesh transport cal-
culation, the "symmetric decomposition of positive
definite band matrices" proposed by R.S. Martin and
J.H. Wilkinson. This would permit to write a calcula-
tion code with direct resolution, instead of successive
iterations.

5.4.4. Exploratory research in technology

5.4.4.1. Investigations on critical heat flux
(W. Hebel*, P. Dirven, H. Bugter*)

The maximum heat flow rate which can be dissi-
pated from a heated rod surrounded by a stagnant
water annulus contained in a thimble tube cooled
at its external wall, depends on the phenomenon of
critical ("burn-out") heat flux.

The knowledge of the parameters determining this
limit is important for the safe design of irradiation
devices and for the general understanding of the event
of critical heat flux.

During the test series, a heating rod power of
900 Wxm-1 (310\y.cm-2 heat flux at the rod's sur-
face) has been achieved, without reaching the "burn-
out" limit.

This beating rate, realized with a rod of 9.2 mm
diameter, in a water annulus of 10 mm thickness at
a pressure of 40 ata, is much higher than those of
similar test results reported in literature where "burn-
out" has occurred.

It has therefore been assumed that the critical heat
flux is not basically a function of the heat flux at the
heating surface, but of other conditions and para-
meters which will be further investigated by continued
tests.

Fig. 5.4.3. shows a heating rod destroyed by burn-
out, where the heating surface melted when reaching
film boiling conditions.

* EURATOM
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5.4.4.2. Helium analysis by gas chrornatography
(A.Falla)

In the scope of the construction of the helium loop
"HE 1" (see §2.2.2.) for out-of-pile purification,
corrosion and material testing, an automatic gas
Chromatograph was purchased to check the gas com-
position at various points of the loop.

The equipment includes the following components:
- a sampling device which can operate on six connec-

tions in the loop;
- a porapak and a molecular sieves column which are

successively switched in series and in parallel to
obtain a preliminary separation of Xe, CO: and
H2O from the other impurities;

- a two-channel ultrasonic detector which checks the
sound, velocity in each adsorption column effluent
and detects CO: and Xe peaks at the porapak column
outlet and Ne, Hi, O2, Ar, N2, Kr, CH, and CO
peaks at the molecular sieves column outlet.
The gas Chromatograph is able to achieve a com-

plete gas analysis in 17 minutes; this period of time
is reduced to 11 minutes when no CO is expected.

The automatic operation of the Chromatograph is
controlled by a punched card programmer. The com-
missioning tests with He carrier gas have shown sen-
sitivity levels of 0.1 vpm for O2, N2, Ar, CH4, Ne, CO,
Xe, Kr, CO2 and 5 vpm for H:. The lower sensitivity
for H2 is due to the smaller difference between sound
velocities in hydrogen and helium.

For other analyses (air, inert gas), the gas chroma-
tograph can be operated with other carrier gases such
as nitrogen, argon or oxygen.

The installation has been operational since early in
1974 and, before its connection to the loop "HE 1",
it has been used for helium quality tests for both
S.C.K./C.E.N. and for other laboratories.

5.4.4.3. Heat transfer studies in liquid metals
(F. Caboun", G. Vanmassenhove)

Heat transfer in concentric tubes is of special
interest for the in-pile sodium loops in BR2. The
fission power in a fuel bundle under irradiation is
evaluated by measuring the flow rate and the temper-
ature increase of the sodium over the bundle. The
large temperature increase in the bundle and the
concentric arrangement, result in a very steep temper-
ature gradient in the adjacent sodium flows in the
in-pile section. In these sodium flows, the average
sodium temperatures must be measured. The matter
has been evaluated theoretically, but the good heat
transfer properties of liquid metals and the insufficient
stabilization length of the flows at the outlet of the
fuel bundle, make the theoretical analyses extremely
difficult and not sufficiently reliable.

To complete the knowledge, a test rig has been
designed for simulating the configuration of two
concentric pipes with flowing sodium at temperature
differences exceeding 200KI. At different levels a
total of 100 thermocouples is installed to measure
the temperature profiles in the two flows. The nec-
essary temperature difference of 200 to 300°C be-
tween the inlet and outlet is achieved with an air
cooler of 500 kW capacity. The test equipment is
under construction and will be installed in the Na3
loop during the first half of 1975.

5.4.4.4. Liquid metal level determination in irra-
diation devices
(G. Vanmassenhove, J. Dekeyser)

In the design of an irradiation device filled with a
liquid metal, the level of the liquid in the rig is
of major importance. Since, in cadmium screened rigs,
radiography does not give satisfactory results, the non-
destructive method of liquid metal level determination
by eddy current has been investigated for this partic-
ular case. The first part of the test programme was
concentrated on simple geometries inside the irradia-
tion rig.

The tests have been performed successfully with
distinct excitation and pick-up coils and at excitation
frequencies between 300 and 500 Hz, depending on
the type of rig. The investigations are now being ex-
tended to capsules with a much higher complexity.

5.4.4.5. Investigation of thermocouple behaviour
(F.Mathieu*, R.Meier*)

Drift of sheathed chromel/alumel thermocou-
ples in ambiant air

The test series concerning drift of sheathed chro-
mel/alumel thermocouples exposed to ambiant air has
been completed. The main conclusions are the follow-
ing [374].
- The high positive drift emfs, observed in the re-

gions exposed to temperature gradients, are due to
corrosion of the sensitive wires by air components
- oxygen, nitrogen, moisture - entering into the
sheaths at one end and diffusing slowly over dis-
tances of several meters through the mineral insula-
tion during long term exposure.
This result confirms the importance of careful cold
end sealing of sheathed thermocouples.

- The reason for the negative drift emfs, observed in
the regions which were exposed to uniform temper-
ature, is not yet clearly understood. Complementary
tests should provide a clear answer to the question
whether these negative values are due to chemical
attack of the wires by air components diffusing

* Skoda Works, National Entreprise, Pilsen, Czechoslovakia
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through the stainless steel sheaths, or whether they
are exclusively due to metallurgical changes in the

chromel and alumel alloys.

Generation of erasable emfs in thermal gra-
dients

After long term and vacuum high temperature

treatment of an annealed sheathed thermocouple
cable, subsequent homogeneity monitoring of the
cable with a moving furnace discloses rather high
emfs at the abscissae, which were located in the
temperature gradients. These emfs disappear during
the following run of the furnace and therefore are
called "erasable emfs".

guide tube for
thermocouple

section BB

o
u

A-o
o

at

section A A

— B

Fig. 5.4.4. — Main characteristics of thermocouple irradiation rig.
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Several tests have been carried out in order to
collect more information on this henomenon and a
report is being prepared for presentation.

An attempt failed to measure life drift directly, but
this disclosed the permanent drift generating capability
of steep thermal gradients when combined with pe-
riodic quenching. A detailed investigation of this un-
expected behaviour is scheduled for 1975.

Thermoelectric noise

As thermoelectric emfs are generated in thermal
gradients and as industrial thermocouple conductors
are never ideally homogeneous, any perturbation of
a thermal gradient is liable to change the electrical
output. This is especially true, if thermal convection
eddies are present and one must be prepared to be
faced with thermoelectric noise.

A paper [352] has been presented on the results of
a test series, run in order to assess thermoelectrically
generated noise in sheathed thermocouples and in
other low level instrumentation cables.

Thermocouple irradiation

The thermocouple irradiation rig has been assem-
bled, calibrated and commissioned.

It contains 3 inconel sheathed chromel/alumel
thermocouples, 1 platinum/platinum-10% rhodium
thermocouple and 1 tungsten-3% rhenium/tungsten-
25 9o rhenium thermocouple. The first irradiation is
scheduled for early 1975.

Fig. 5.4.4. gives the main features of the thermo-
couple rig.

Miscellaneous

- Registration of BR2 thermocouple failures has been
continued. Up to now, data have been collected for
more than 600 thermocouples.
An overall intermediate result is that, out of 550
thermocouples with thermal irradiation doses of
10:i to 1022 n.cnv2, about 200 failures were recorded.

- A test section for long-term chromel/alumel thermo-
couple drift measurements in a sodium environment,
representative of fast reactor operating conditions
has been installed on the Na2 loop.

- Emfs resulting from mechanical stresses in sensitive
wires and from incomplete annealing have been
measured.
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Chapter 6

NON-NUCLEAR RESEARCH AND DEVELOPMENT

INTRODUCTION

As in previous years, S.C.K./C.E.N. devoted about 1096 of its total R & D effort to non-nuclear projects,
mainly related to environmental problems. The main incentive of this diversification policy was to apply S.C.K./
C.E.N.'s experience, facilities and equipment to various multidisciplinary programmes in fields where public
action or initiatives had to be taken. This explains why most of this R & D is carried out under contract with
various national authorities and is supported by underlying development work, which will be of the utmost
importance for possible future broadening of the scope of non-nuclear activities.

Following the preliminary feasibility study made in 1972, S.C.K./C.E.N. continued its active contribution
fot the installation, in 1975, of an automated network for telemonitoring the air quality in Antwerp, Brussels,
Charleroi, Gent and Liege, on behalf of the Ministry of Public Health. Under contract with the same Ministry,
the operation was pursued of a nationwide network of 15 stations for assessing heavy metals'contamination.

Based on the positive results of the campaigns in 1972 and 1973 for SO2 pollution measurements on the
left bank of the Scheide, S.C.K./C.E.N. was asked by the Staatssecretariaat voor Streekeconomie, to organize
similar campaigns with mobile stations, in order to determine the actual levels of particular pollutants in the
region of Tessenderlo, Brugge-Zeebrugge and Boom-Vilvoorde. These measurements have been completed by a
mathematical assessment of the environmental impact of new industries or pollution abatement proposals.

The air pollution measurement programme further concerned general development work on a pilot network,
comprising a fully automatic multipurpose calibration unit for testing monitoring equipment, linked by appropriate
interfaces to a minicomputer for data acquisition, validating and processing; mathematical models and a data bank
for handling information on emission and relevant meteorological parameters are also regularly updated; finally,
some investigations w^re continued for determination of particulate matter and asbestos in the air.

In the field of effluents and waste handling, the continued assessment (in collaboration with representatives
of the utilities and of the Belgian oil sector) of future SO2 release by Belgian power stations, indicated no major
incentive for further development of flue gas desulphurization techniques. For scaling-up of gas cleaning procedures
and devices, a flexible mock-up installation "MISTRAL" has been constructed and operated for testing the dust
retention efficiency of a panel bed filter loaded with sand, which was also investigated for HC1 purification of
effluents resulting from incineration of chlorinated compounds such as PVC.

The second phase of the research contract with the Ministry of Public Health was initiated with laboratory
R & D for treatment of industrial waste waters of the proposed collector for the Kempen region. Removal of
phosphate from waste waters by precipitation-coagulation with Al+ + + and Fe+ + + salts, was also further studied
under contract with ICWB/CIPS. With regard to solid waste handling, the H2O2 destruction of about 1200 tons
of cyanide waste, on behalf of the Ministry of Labour and Employment, was successfully completed.
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As a result of its earlier studies on waste inventories which have been extended to other provinces,
S.C.K./C.E.N. is also actively involved in the organization and technical preparation (in collaboration with the
Government, industry and the Economische Raad voor Antwerpen) in the founding of a Provincial Waste
Management Company.

Renewed interest for fuel cell development led to an agreement with Belgian public and industrial partners
for carrying out a large demonstration programme based on electrodes developed by S.C.K./C.E.N. In the
meantime, scaling-up of fabrication techniques and improvement of electrodes was further pursued, as well as
R & D on a patented multilayer electrode concept and on general electrocatalysis.

6.1. AIR POLLUTION MEASUREMENT PROGRAMMES
(X. de Maere)

Because of their multidisciplinary character, most of the programmes were carried out with the support
of many S.C.K./C.E.N. departments, particularly the departments of Chemistry, Radiation Measurements and
Control, Reactor Studies and Applied Mathematics.

Some programmes were developed in close collaboration with official bodies such as the Institute of
Hygiene and Epidemiology, the Staatssecretariaat voor Vlaamse Streekeconomie, the Stadslaboratorium van Ant-
werpen and the Royal Meteorological Institute.

6.1.1. The Belgian network for the determination
of heavy metals
(F. Bosnians, I.Delespaul, J. Kretzschmar,
F. Lievens, M. Put, J. Vandervee)

This programme, started in April 1972 under con-
tract to the Ministry of Public Health, was continued
in a nationwide network of fifteen stations.

The average daily air concentration of Pb, Cd, Zn,
Ni, Mn, Cu, Cr, Fe, Sb, Ba and V (collected on a
suitable filter paper by means of a carbonvane rotary
pump with an average flow rate of 20 m3.h"') was
measured on a routine basis by emission spectrometry.
Software changes were introduced into the on-line
computation programme in order to improve the
accuracy of the individual analysis. The results are
processed on computer for statistical evaluation.

A report was prepared describing the general or-
ganization of the network, the accuracy of the analyt-
ical method and the statistical evaluation of the results.
It gives a.o. comments and information on:

- seasonal and regional variations of the levels of the
different pollutants;

- their cumulative frequency distributions;
- accuracy versus sampling frequency;
- number and location of the stations.

6.1.2. Automated networks for measuring the air
quality in urban or industrial areas
(H. Bultynck, H. Depuydt, J. Kretzschmar,
F. Lievens, M. Loos, H. Peperstraete, G. Van
Roosbroeck)

S.C.K./C.E.N., under contract to the Ministry of
Public Health and in close collaboration with the
Ministry of Public Works and the Royal Meteorologi-
cal Institute, continued its programmes related to the
installation of a network for monitoring the air quality
in Antwerp, Brussels, Charleroi, Gent and Liege.

Early in 1974, the final elaboration was completed
of the technical specifications for more than 150 mon-
itors, measuring 20 different pollutants or meteoro-
logical parameters in 68 Remote Terminal Units
(RTU) and for the teleprocessing equipment linking
the RTU's with 5 Regional Data Reduction Centres
(RDRC) for acquisition, validation and treatment of
the data. The automated networks in each of the
five towns are planned to be operational at the end
of 1975. S.C.K./C.E.N.'s contribution mainly deals
with application software for the RTU and RDRC,
commissioning tests of the monitors "on the bench"
and "in the field" (see §6.1.4.) and interpretation
models.

A progress report has been prepared.
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6.1.3. Campaigns with mobile stations for the
determination of pollution levels in indus-
trial or urban areas
(G.DeBaere, J. Kretzschmar, F.Lievens, H.Pe-
perstraete, T. Rymen, H. Vandenborre)

Based on the positive results of the campaigns,
organized in 1972 and 1973, to determine the actual
levels of SO: on the left bank of the Scheide, S.C.K./
C.E.N. was asked by the Staatssecretariaat voor Streek-
economie to organize similar campaigns in some other
industrial areas in Belgium.

The main objective of those campaigns is the deter-
mination of the actual pollution levels of some specific
pollutants, in order to derive, by means of an ap-
propriate mathematical model, the environmental im-
pact of new industries.

6.1.3.1. Air pollution measurements in the region
of Tessenderlo

This programme was started in October 1973
and implied the development and optimalization
of appropriate methods for collecting air samples
and measuring traces of ethene, Cl", MVC, EDCj.i,
EDC12 and SO2. More than 1700 samples of SO2,
300 samples of Cl" and 500 of ethene, MVC and EDC
were collected by means of mobile stations in an area
of about 60 km2, during a period of about 8 months.

One fixed station was installed to monitor con-
tinuously the pollution levels and the meteorological
situation. The final report was discussed in December
with the public authorities and the management of
the industries concerned.

Mathematical models were used in order to evaluate
the effectiveness of corrective measures to be taken
or proposed by the industries.

The intervention of the S.C.K./C.E.N. was request-
ed in the case of abnormal or emergency situations.

6.1.3.2. Air pollution measurements in the region
of Brugge - Zeebrugge

This programme was carried out in close collabora-
tion with the Westvlaamse Economische Raad and
the Stadslaboratorium van Antwerpen.

During a campaign of 5 months, more than 2000
air samples were analysed for SO2. The preplanned
organization offered the opportunity to make some
comparisons between the statistical significance of
results obtained by "at random" sampling, by "up
and downwind" sampling and by continuously mon-
itoring the air in a fixed station.

6.1.3.3. Air pollution measurements in the region
of Boom - Vilvoorde

A preliminary programme was started for optimiz-
ing the analytical methods for measuring NOX, F',

specific chlorinated and aromatic hydrocarbons and
particulates in those areas. The campaigns are to be
performed in 1975.

6.1.4. The pilot network of S.C.K./C.E.N.
(H.Bultynck, J. Claes, R.Harnie, J.Kretz-
schniar, M. Lamproye, M. Loos, H. Peperstrae-
te, J. Vandervee, G. Van Roosbroeck)

This network consists of three essential parts:
- a fully automatic multipurpose calibration unit

(MCU) (Fig. 6.1.1.) for the calibration of moni-
toring equipment "on the bench" under various
conditions of temperature, relative humidity, com-
position of the mixture, etc.; in this MCU, the
carrier gas (maximum flow rate of 3000l.lv1) can
be accurately loaded with various pollutants; a cryo-
stat controls the humidity level of the carrier gas;

• a PDP-8E minicomputer with the appropriate peri-
pherical equipment for the acquisition, validation
and processing of the data;

- telecommunication links by appropriate interfaces,
lines, modems, etc.
A very flexible software was developed, tested and

optimized, enabling the pilot network to be used as
a "multipurpose" tool for commissioning tests, cal-
culation of availability scores, interpretation of filter
outputs, etc.

6.1.5. Mathematical models
(F. Bosnians, H.Bultynck, G. Cocquyt, G. De
Baere, J. Kretzschmar, J. Vandei-vee)

On several occasions the existing mathematical mo-
dels have been used at the request of private and
public organizations. These models have been develop-
ed in order to evaluate the pollution produced by
point or area sources, to derive the diffusive capacities
of different sites, to investigate the impact of new
industries and to carry out statistical evaluation of
data from networks.

Special subroutines were developed which take into
account the orographic characteristics of a region and
the pollution due to domestic heating. Optimization
and calibration of the existing models will be con-
tinued in 1975.

The storage of all available information on immis-
sion, emission and relevant meteorological parameters
in a suitable "data bank" is continuing.

6.1.6. Particulates - Asbestos
(S. Berckmans, J.P. Deworm, J. Kretzschmar,
J. Pauwels)

6.1.6.1. Determination of particulate matter

Two air monitors with a ß-radiation absorption
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Fig. 6.1.1. — Multipurpose calibration unit of the pilot network for air pollution measurements.

detector have been tested under real operating con-
ditions in the ambient air. The telecommand, the ac-
quisition and the validation of the data were perform-
ed by the PDP-8E of the pilot network. The results
of both monitors were compared on one hand with
the results of an "Integrating Nephelometer" and on
the other hand with those of the gravimetric deter-
mination of the total mass collected on cellulose and
membrane filters.

A one-year comparative study between the Integrat-
ing Nephelometer and the gravimetric method for the
determination of total suspended particulates produced

interesting results as to their relative possibilities and
limitations.

6.1.6.2. Airborne asbestos particles

Calibrations of the method developed to determine
different types of asbestos fibres in ambient air are
in progress. A prototype of an automated sampling
equipment for collection on membrane filters was
constructed. Air sampling in the neighbourhood of an
existing emission source performed on a periodic basis
of 24 h, enabled the results to be correlated to atmos-
pheric conditions.

6.2. MEDICAL AND BIOLOGICAL ASPECTS OF POLLUTION

See § 5.3.
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6.3 POLLUTION ABATEMENT AND WASTE HANDLING

6.3.1. Gas-cleaning technology
(W.R.A. Goossens)

6.3.1.1. Abatement of the sulphur release by po-
wer stations
(W.R.A. Goossens, E.Cadron*, G.Dar-
mont**, G. Dumont, J. Michielsens*, J. Mul-
kens*, CPetteau**, M.Van Antro**)

Discussions with the Belgian Economic Authorities,
the Oil Federation, the Utilities Federation and others
resulted late in 1972 in the creation of a Belgian task
force on flue gas desulphurization. This task force
investigated the development stage of flue gas de-
sulphurization, made a reconnaissance of oil gasifica-
tion and evaluated the problem of the sulphur release
by Belgian power stations.

S.C.K./C.E.N. actively contributed to this task force
and was responsible for the report to be issued early
in 1975.

The development stage of flue gas desulphuri-
zation

The technical development stage of flue gas de-
sulphurization has been evaluated using literature data
and information collected during technical visits to
various Western European semi-pilot installations.
This evaluation has indicated that the technical feasi-
bility and reliability of flue gas desulphurization pro-
cesses at a power station scale is still questionable,
and that mostly secondary pollution problems are
encountered.

The economical analysis of flue gas desulphurization
was performed using a case study for a full-load 300
MW(e) power station fired with fuel oil containing
3 wt. % of sulphur and equipped for flue gas desul-
phurization at 90% sulphur removal efficiency. This
study has shown that for mid 1972 economic condi-
tions, the capital cost for flue gas desulphurization
lies between $ 4 1 and 64 per kW and the total cost
is about $ 10 per ton of fuel oil. Constraints such as
site availability and possibilities for integration of a
flue gas desulphurization unit into the steam cycle
have not been included in this analysis.

Reconnaissance of oil gasification processes

Reconnaissance of oil gasification processes on the
basis of assessment of one specific process and one
visit to a coal gasification unit shows that gasification
has reached almost the same stage of development as

* Representative of the Belgian Oil Sector
** Representative of the Belgian Utilities

flue gas desulphurization. Large-scale demonstrations
are planned and problems of secondary pollution re-
m?iin to be solved.

As oil gasification produces fuels of rather low
caloric value, its use as a head-end process for power
stations involves the introduction of pressurized boil-
ers and gas turbines in order to maintain the thermal
efficiency of the stations at a reasonable level. The
high pressure required to make stations "sulphur- and
dust-free", appreciably reduces the space requirement
compared with conventional power stations. The gasi-
fication process appears to be technically feasible but
the economics depend on the price difference between
low-sulphur and high-sulphur fuels.

The total sulphur emission problem in Belgian
power stations

In order to assess the total sulphur emission pro-
blem for Belgian power stations, a forecast was made
of the Belgian electricity production. This forecast
was based on an annual growth rate of 7% and on
an accelerated increase of the nuclear sector, estimat-
ed to rise from about 10% in 1975 to 35% in 1980
and 60% in 1985; furthermore, a maximum use of
gaseous fuel was postulated.

Assuming gaseous fuel to be sulphur-free and liquid
and solid fuel to have an average sulphur content of
3.36 wt. % and 1.12 wt. % S respectively, the fore-
cast shows a peak value of total sulphur emission of
about 350,000 tons of SO2 per year at the end of
this decade. Under normal circumstances, this peak
value will be of the same order as that of 1973.

Conclusions

This study showed no major incentive to develop
flue gas desulphurization techniques, but indicated
that the reduction in total sulphur emission should
be achieved by applying partial desulphurization of
residual fuel oils which is a combination of direct and
indirect desulphurization on atmospheric residual oil.
In 1980, this procedure will cost about 880 FB per
ton fuel oil. General application of this technique in
1980 will result in an average sulphur content of
2.48 wt. % in liquid fuel for power generation, giving
a 26% reduction in the previous sulphur release fore-
cast for 1980.

The easiest way of tackling local sulphur release
problems would be the present practice of combining
high stacks with blending or multi-firing techniques.
The flexibility of these techniques also makes it pos-
sible to adapt operating conditions to suit the local
atmospheric conditions.

An ultimate back-up solution is offered by the gasifi-
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cation process which might become available on power-
station scale in the near future.

6.3.1.2. Pilot-scale development of gas-cleaning
technology
(A. Francesconi, R. Harnie)

The flexible mock-up installation "MISTRAL"
(Mock-up Installation for Scaling-up and Tesüng Re-
circulating Antipollution Loops) has been assembled.
Scale-up procedures for nuclear and non-nuclear gas
purification devices will be developed in this installa-
tion, which at present comprises a fluid-bed column
with an inner diameter of 80 cm, a panel-bed filter
with an effective flow area of 1 nr, an air lift for
recycling of solids and a device for dust/sand separa-
tion.

Dust retention on a sand bed has been studied
in this installation using the flow-sheet shown on
Fig. 3.6.1. A fly ash feeder has been developed to
load the carrier gas with simulated dust smaller than

m at a mass flow rate between 176 and

1580 g.h"'. The filtration efficiency was determined
from inlet and outlet dust concentration, measured by
gravimetry of a millipore membrane filter mounted in
an isokinetic sampling line.

Preliminary runs at an air flow rate of 400 mMv1

and an inlet dust load of 430 g.h"1 yielded dust reten-
tion efficiencies larger than 99% for 1.5 mm sand
particles in a panel bed 4.5 cm thick; this efficiency
decreased to 9496 by recirculating the sand at a mass
flow rate cf 1700 kg.h"1. Various problems related to
gas leaks, sand erosion and obstruction of the conidure
plate had to be solved; this led to a twin louvre panel
bed design and limitation of the maximum gas velocity
to 90 cm.s'1 to avoid sand entrainment.

Further, a 2* factorial design experimental campaign
has been performed with the sand at rest, using para-
meter levels within the following range:
- panel thickness (L) : 3.8 - 8.9 cm
- gas flow rate (G) : 150 - 200 mMv1

- inlet dust concentration (c,): 0.32 - 0.48 g.m"3

- average sand particle size : 0.9 - 1.5 mm

1:
2:
3:
•»:
5:
6:
7:
8:
9:

10:
11:
12:
13:
14:
15:
16:

Compressor
Aftercooler
Water separator
Air receiver
Drain valve
Air filter
Flow meter
Fluidization reactor 0 800 mm
Bed-overflow
Gas lift reactor
Separator (gas-solid)
Panel bed filter
Vibratory screen
Gas lift panel bed filter
Separator (gas-solid)
Distributor

M : manometer
A : shut-off valve
RK: regulating valve
Lo : pressure regulator

Fig. 6.3.1. — Flow sheet of the pilot installation MISTRAL.
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These tests demonstrated .that a minimum efficien-
cy of 98 % could be guaranteed.

Statistical analysis of the data gave the best results
when the outlet dust concentration was taken as de-
pendant variable. This leads to the following regres-
sion equation:
c, = 3.124 + 3.422 Dp — 0.6604 L ± 1.11 mg.ml

The flow rate and the inlet dust concentration had
no significant effect under these operating conditions
and the interactions between the various parameters
were negligeable. The hourly pressure drop increase
over the panel bed could be expressed by: A P =
0.8537 + 0.0176 G — 2.233 Dp ± 0.63 mm H2O.h'.

These results have been applied to the design of a
panel-bed filter for the gas purification system of the
new radioactive waste incinerator under development
(see S 4.1.1.).

6.3.1.3. The behaviour of chlorine compounds in
gaseous effluents
(L. Meynendonckx)

A process analysis showed that incineration of chlo-
rinated compounds might produce up to 2.4 vol. %
HC1 in the gaseous effluents. Laboratory experiments
have therefore been performed to investigate the in-
teraction of HC1 with the sand of a panel bed filter
and with various construction materials. Although the
sand seemed to react slightly with HC1 at 600°C, no
general caking phenomenon was observed; however,
some construction materials (such as stainless steel)
showed some corrosion which was enhanced by the
presence of oxvgen in the carrier gas and which also
resulted in a slight local caking of the sand particles
near the metallic sheet. Only Inconel 400 did not
show any attack.

6.3.1.4. Testing of demisters
(J. Claes, R. De Bruyne*, W.R.A. Goossens)

In the test bank for demisters, constructed last
year, the performance of Bekinox (which is the
registered trade mark for stainless steel wires and
fibres developed by N.V. BEKAERT) demister filling
has been determined using fibre diameters between
4 and 25;',m. These fillings trapped quite efficiently
mist droplets in the 0.1 to 1 p,m range at gas flow
rates lower than 25cm.s''; they were however less
efficient at gas flow rates between 1 m.s"1 and 3 m.s'1.
The mist trapping efficiency, determined by the num-
ber of droplets present in the carrier gas, was higher
than 95%, and the pressure drop remained below
20 mm H2O. The data obtained could be fitted to
the Friedlander model expressing the combined effect
of diffusive, interceptive and inertial trapping.

6.3.2. Liquid effluents

6.3.2.1. The industrial waste collector for the
Kempen region
(G. Spaepen, J. Claes, V. Corthouts, A. Joos-
ten, T. Van Elsen)

The second phase of a research contract with the
Ministry of Public Health was continued. Based on
the sampling results at the various industries, a survey
was made of the probable composition in the different
holding tanks. The phenomena in these holding tanks
were studied on a laboratory scale and flows from
various holding tanks are combined in order to deter-
mine the compositions for the chemical and biological
treatment on a pilot scale. The results permit the
determination of the types of effluents that can
be accepted, the present and future possibilities for
branching industries and the conditions for the start-
up and operation of the purification plant.

6.3.2.2. Handling of industrial liquid effluents
(J. Broothaerts, J. Van Olmen*, A. Joosten)

The studj' of phosphate removal from waste waters
by precipitation-coagulation with Al+ + +- and Fe+ + +-
salts was carried out under contract with ICWB-CIPS.
In all tests, samples from the S.C.K./C.E.N. "cold-
effluents" treatment plant were used; for some tests
KH-.PO4 was added to reach PQ»""-levels of up to
180 mg.l-1.

The influence of pH, phosphate concentration and
molar ratio [ M ] / [ P ] was determined by conventional
Jar Test procedures. With AbXSO-tK the highest
removal was obtained at pH 5-6, with FeCh at pH 7.
At these optimum pH values, the removal of total
phosphates increases linearly in the range 0 to 2
[ M ] / [ P 1 for waste waters containing 10 to 20 mg
POr.11.

In PQi-enriched waste water, the influence of pH
is less pronounced, and an almost constant removal
was obtained in the range pH 5 to 8 for POr-con-
centrations of 50-180 mg.!"1 at [ M ] / [ P ] = 1 to 2.

In the normal operational conditions of the waste
water treatment plant, the pH value varies between
6 and 8, the total phosphate concentration between
10 and 25 mg PQr.1 '1 . A constant dose of 150
mg.l1 Ah(SO.i)3.18 aq is fed to the mixing tank,

which makes the [Al]/[P]-molar ratio 1.3 to 3.3,
depending on the PO.f"-level of the water. Constant
removal efficiencies larger than 90% are obtained in
these conditions. One should add that this treatment
also results in a 20 to 5096 decrease in the chemical
oxygen demand (COD).

Tests in a 3 m3.h"' pilot plant showed a gradual

* N.V. BEKAERT, Zwevegem, Belgium
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increase of phosphate removal with operational time:
at start-up, in the absence of a sludge blanket, PQi"-
removal was 68%, but after 8 h it was 90%.

The evaluation of sludge production and filtration
characteristics completed the study.

6.3.3. Solid waste handling

6.3.3.1. Destruction of cyanide residues
(N.VandeVoorde*, K.Peeters*, M.Fevery*)

The cyanide destruction campaign, started at the
end of 1973, was continued during the first half of
1974.

Applying the perhydrol wet oxidation process at a
rate of 200 tons per month, 1175 tons of cyanide
waste products were destroyed.

The inventory of these residues revealed a total
number of 17,098 drums in which the CN-concentra-
tion varied between a few hundred ppm and 15 weight
percent.

The over-all oxidation efficiency was evaluated as
exceeding 99.996; the CN-concentration in the liquid
process effluents was found to be only 15% of the
permissible level. Off-gas treatment was proved to be
very efficient since the MPC values for cyanic acid
in the stack were never reached.

Finally, 175 m3 of sludges were obtained from
centrifugation of the insoluble residues in the oxida-
tion reactor. This sludge was used as biological shield-
ing (concrete mixture) in radioactive waste insolu-
bilization.

6.3.3.2. Organization and management
(G. Spaepen, V. Corthouts, W. Goossens,
H. Hoeyberghs, A. Joosten)

The inventories of industrial solid waste (Contract

with the Ministry of Public Health) and the further
improvement and use of the computer optimization
model, showed the necessity of a total management
system for all solid waste. Accordingly, and also urged
by government and industry, ERA (Economische Raad
voor Antwerpen) was charged with the final prepara-
tion for founding the Provincial Waste Management
Company. S.C.K./C.E.N. participates in the steering
committee and is responsible for technical matters
regarding storage, treatment and disposal of industrial
waste, the integration schemes with refuse and sludge,
the choice of sites and techniques for treatment of
difficult waste and the organization of the dispatching
function of the Waste Centres.

At the same time, the inventory results made avail-
able from the other Belgian provinces are analysed
using the computer model. Recently, the activity of
the group was extended to matters of energy recovery
and recycling of materials.

6.3.4. Anti-pollution consortium
(G. Spaepen, F. Decamps**)

ECOTECNIC offers the combined technical and
financial services of five partners to construct large
building projects for anti-pollution technology. The
main task in the first half year has been to blend
together the know-how, organizational and other dif-
ferences of the firms into an operational working unity.
During the second half of the year ECOTECNIC bid
in all public "calls for tenders" which were of suffi-
cient size and technology to fit its objective. ECO-
TECNIC developed an original scheme of combined
sludge-drying and incineration which it introduced in
the tenders. Contacts with private firms were focussed
on water purification, including long-term exploitation
offers.

BELGONUCLEAIRE ** ECOTECNIC

6.4. FUELL CELLS AND APPLIED ELECTROCHEMISTRY
(G. Spaepen, W. Adriansens, A. Blanchart, C. De Brandt, M.Leynen, G.Van Bogaert, J. Van Roy, Ph. Vermeiren)

Renewed intrest in industry led to an agreement
for carrying out a large demonstration programme
for fuel cells based on the S.C.K./C.E.N. technology.
S.C.K./C.E.N. has been assigned the task of further
development of the electrode, including electrocatalysis
and advanced electrode structure; industry takes care
of pilot-scale fabrication of electrodes, stack assembly
and demonstration of the power source in different
applications.

The place of H2 - air fuel cells in several possible
future energy schemes was evaluated; internal reports
are available giving extensive information on energy
conversion factors, hydrogen or all-electricity economy,
development of traction for public transportation, etc.

The electrode fabrication procedure was analysed
with regard tc large-scale production. The results were
used to build a prepilot production line and to develop
the units for the pilot line. Much attention was paid
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to the mixing and crushing operation, the rolling mill
and the furnaces for thermal treatment. Hundreds of
electrodes were prepared using the prepilot line. The
reproducibility of the fabrication was measured by
the physical and electrochemical techniques earlier
developed to this purpose. Endurance tests continued
in the laboratories of several firms.

The multilayer electrode structure (S.C.K./C.E.N.
patent) was further studied in detail. The relation-
ships between cell performance and the important
fabrication factors were checked and confirmed. Stu-
dies for the improvement of the electrode were start-

ed and led to variants of multilayer electrodes, which
are now being life tested. The patent situation was
accordingly adapted.

The electrocatalysis work was continued within the
scope of the association K.U.L.-S.C.K./C.E.N. Results
extended to nickel confirmed earlier pulse activation
tests. Some insight was gained into the irreversible
character of nickel as a tk-catalyst for high current
densities. The potential zones for restoring catalytic
activity were scanned as well as the corrosion areas
for different media.

BLG 506/75 6-9



Chapter 7

THE BR2 MATERIALS TESTING REACTOR
AND ASSOCIATED FACILITIES

INTRODUCTION

During 1974, the BR2 reactor and its associated facilities continued their regular operation.

The reactor was first put in service in 1963, since when it has largely contributed to the development of
many large nuclear projects within the European Community; it has also been used for carrying out irradiations
for other countries.

In 1969, an agreement came into force between S.C.K./C.E.N. and the Gesellschaft für Kernforschung
(GfK) Karlsruhe, under which the reactor occupation is shared equally hy the German research centres
(Karlsruhe, Jiilich and other) on one hand, and by S.C.K./C.E.N. and EURATOM on the other hand. This
contract is part of the collaboration programme en fast reactors between the BENELUX and the Federal Republic
of Germany. Special arrangements are made for experimenters who are not covered by this agreement.

The reactor has been used for development programmes concerning sodium cooled fast reactors, gas cooled
reactors, light water reactors and homogeneous reactors, as well as for applied research on fissile and structural
materials and nuclear transmutations, for radioisotopes production, for neutron radiography, for pilot scale gamma
irradiations and for basic research in nuclear and solid state physics. In 1974, the reactor was primarily used
for the sodium cooled fast reactor and gas cooled reactor development programmes, which accounted for more
than 75% of the total reactor occupation.

The experimental load occupied on average 68 reactor channels. Some 220 irradiation devices were loaded,
not counting standard isotope production capsules and measuring equipment. Two mixed oxide (U02-Pu02) pins
of 6 mm diameter, irradiated under cadmium at 350 W.cm1, reached a burn-up of 110,000 MWd.f1, whereas a
bundle of eighteen pins, also of mixed oxide, irradiated in the 500 kW in-pile sodium loop, attained a burn-up
level of 81,000 MWd.f1. A new in-pile sodium loop has been loaded for the irradiation, under cadmium at
1000 W.cm"1, of three twin (U,Pu)C pins. In addition, six swept loops were in pile for the irradiation of UO2

coated particles.

The reactor was in operation for a total of 217.3 days (248.7 in 1973). The power level varied between
38.5 MW and 84.5 MW. Operating incidents caused less loss than in previous years: 15.8 days compared
with 27.6 in 1973 and 21.2 in 1972. Nevertheless, the operating coefficient (61.89o) was lower than in
1973 (65.7%) and in 1972 (64.7%) since soms routine shut-downs were extended in order to carry out
exceptional work, such as modification of the reactor core configuration and inspection of the beryllium matrix.

In spite of the continued effort to optimize the fuel loading according to the needs of the experiments,
the specific fuel consumption has increased: this was in particular due to the fact that several fuel elements had
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to be unloaded untimely, because of observed fission product release. The average effective burn-up level of
the new standard fuel elements loaded during the year passed from 47.6% in 1973 to 34.9% in 1974.

Several important tasks were carried out, either to improve the experimental facilities or to increase
the performance, safety and detailed knowledge of operation characteristics of the reactor. As examples we may
cite: the design and operation of a new core configuration of the reactor, the use of a new type of fuel element
for the irradiation of loops in the 200 mm channels, the installation of a loading device for sodium loops to
be irradiated in the peripheral channel H 3 of the reactor and the loading of two new measuring probes for
the continuous in-pile measurement of thermal neutron flux and nuclear heating.

The BR2 reactor and its associated facilities are part of the S.C.K./CE.N. Reactor Division which is under
the direction of G. Sticnnon.

The operating personnel includes both S.C.K./C.E.N. and EURATOM staff. On 31st December 1974, it
totalled 225.

Analysis and planning of reactor utilization, safety 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. Brenez, W. Hebel*, F. Mathieu*, G. Vanmassenhove, P. Dirven,
A. Falla, J. Dekeyser, F. Moons, J. Parent, R. Penninckx, R. Pirard, M. Soenen, P. Vanderstraeten, J. Van Looy,
A. Verwimp, P. Vets, A. Bastogne, H. Bugter, R. Catteeuw, C. De Cloedt, J. De Keyser, W. Detavernier,
G. Geboers, J.Hermans, J. Leunen, R.Meier, R. Oris, A. Sencie, J. Swinnen.

Materials testing and commissioning was carried out by G. Rottenberg, Cl. D. Burkholz*, S. Claes, J. De
Clercq.

Work p_'iformed 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. Vanhaelewijn, H. Lenders*, P. Palenberg*, J.P. Pele*. A. Wouters, A. Angeletti*, A. Beeckmans de West-
meerbeeck, J. Challe, H. Nosbusch*, J. Archambeau, P. Boonen, P. Deckx, M. Dehu, G. Deprez*, A. Geoffroy,
H. Massage, Y. Michaux, L. Morlion, M. Noel, J. Schutyser, J. Steylemans, V. Stuelens, M. Van Loven.

7.1. DEVELOPMENT, CONSTRUCTION AND OPERATION
OF IRRADIATION DEVICES FOR THE BR2 REACTOR

(W. Hebel*, P. Dirven, A. Falla, J. Van Looy, P. Vets, J. Dekeyser, F. Moons, R. Penninckx, R. Pirard,
W. Detavernier, J. Hermans, J. Swinnen)

The development of irradiation technology for BR2. excluding work for large in-pile loops being reported
in previous chapters, covers the following activities.

- Studies and tenders for irradiation devices at the request or experimenters.
- Conception, design, construction, testing and operation of various instrumented and non-instrumented in-pile

test sections as well as their out-of-pile control and safety equipment.

* EURATOM
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- Technical advice, support and supervision for experimenters using BR2.
- Development and improvement of special techniques, linked to or arising from the problems set by the

experimental desiderata, such as:

- temperature control of specimens by vacuum or gas mixtures;
- nuclear heat production control by axial displacement or by variation of neutron absorption (e.g. 3He or

boric acid screens);
- in-pile temperature measurement by high-temperature thermocouples;
- in-pile measurement of dimensional changes by linear induction transducers;
- in-pile measurement of fission gas pressure by strain gauge pressure transducers;
- fuel heating rate measurement by temperature gradients in cruciform geometry;
- neutron flux measurement by self powered neutron detectors;
- rupture detection of fuel cladding by gas tagging;
- high-temperature brazing;
- liquid metal filling of specimen capsules;
- co-extrusion of different structural materials;
- machining and welding of refractory metals (e.g. niobium and molybdenum);
- electronic data acquisition and processing.

- Development and improvement of calculation tehniques for heat transfer, axial and radial temperature
distribution, neutron flux distribution (e.g. neutron self-shielding effects), fuel burn-up, isotope build-up,
fission gas release rate, biological shielding, thermal balance, mechanical stresses and hydrodynamical problems.

- Out-of-pile testing and investigation of special heat transfer problems such as the critical heat flux through a
stagnant water annulus and the thermal calibration of irradiation devices.

- Analysing and reporting of the irradiation conditions and results.
- Co-ordinating and follow-up of the planning of irradiation experiments in collaboration with the different

experimenters.

The main irradiation devices for the BR2 reactor, realized or supervised during 1974, are summarized in
Tables 7.1. and 7.2.

Besides the above-mentioned irradiation experiments
which started in 1974, the design was continued or
initiated for numerous other projects on the account
of GfK (Karlsruhe), KFA (Jülich), BELGONUCLE-
AIRE, S.C.K./C.E.N., INT (Bucharest), DRAGON
Project (Winfrith) and KEMA (Arnhem).

The irradiation programmes concerned mainly the
development and improvement of sodium cooled fast
reactors, of gas cooled high temperature reactors and
of light water reactors as well as the production of
radioisotopes.

The major irradiation devices of proven design or
under development are briefly characterized hereafter,
together with the progress achieved during 1974.

1. The "MOL 3" or "DISP" rigs

These devices are sodium or sodium-potassium alloy
filled capsules for irradiation of structural material
specimens and measuring probes at high temperatures
(300 to 700°C) in the central channel of BR2 fuel
elements, for investigating mainly the effect of fast
neutron dose on the samples.

Fig. 7.1. shows a cross-section through the core
part of this type of rig. It is temperature controlled
by means of He-Ne gas mixture or by vacuum.

New irradiation projects have been studied such
as MOL 3 B 6, MOL 3 G, MOL 3 H, MOL 3 H I ,
MOL 3 I and MOL 3 K, all for account of GfK.

The rigs can be surrounded by a thermal neutron
flux cadmium screen.

2. The "FAFNIR" and "FASOLD" rigs

These devices are conceived for fuel rod irradiations
in NaK filled capsules under fast neutron flux (cad-
mium screen) at fuel pin heating rates between about
400 to 1400 W.cm"1. They allow measurement of fuel
cladding and fuel centre temperature as well as of
fission gas pressure build-up.

A cross-section through the core part of these rigs
is shown on Fig. 7.2.

Engineering and constructing work was done for
new irradiation demands from GfK in the scope of the
carbide fuel development programme ("MOL 11").
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TABLE 7.1.

Irradiation devices designed and constructed by S.C.K./C.E.N. Technology Department

Experimenter

GfK,
Karlsruhe

KFA Jülich

KFA Jülich

KEMA Arnhem

BN-S.C.K./C.E.N.
Association

S.C.K./C.E.N.

IRE

Code name

MOL 1 A 1

MOL 8 D 1

MOL8D2

MOL11B3

MOL 16-1

MOPS C8

MOPS CIO

MNK 09
MNK 10

LISA 3

P7

P8

P9

P17-2

P17-3

CEB12

DISP4

CFC4D

CFC2

POM-STUC 3

Xe-Mo

Specimens

Cladding materials

UO,-PuO2 fuel rods

(U,Pu)C fuel rod

UO2-PuO2 fuel rods

Coated fuel particles

UC fuel rods

UO,-ThO2 particles
in aqueous suspension

UO2-PuO2 fuel rods
(pre-irradiated)
UO,-PuO2 fuel rods
(pre-irradiated)
UO2-PuO2 fuel rods

UO2-PuO2 fuel rods

UO,-PuO2 fuel rods

UO2-PuO2 fuel rods
with Zircaloy cladding

Cladding materials

UO2 fuel rods
with ferritic cladding

UO2-PuO2 fuel rods
(simulated fission products)

Carbide fuel discs advanced
concepts

Uranium tubes with Al
cladding

Characteristics

- low temperature <100°C

- fast neutron irradiation under
Cd screen

- central temperature measure-
ment

- fast neutron irradiation under
Cd screen

- fission gas pressure measure-
ment

- calorimetric device with clad-
ding temperature control and
fuel heating rate measurement

- cladding rupture detection
- axial displacement mechanism

- fission gas sweeping circuit
- temperature control
- axial displacement mechanism

- up to 1500 W.cnr1

- central temperature and fission
gas pressure measurement

- temperature control by gas
mixture and electrical furnace

- reloadable open basket
- intermittent inspection
- reloadable open basket
- intermittent inspection
- reloadable open basket
• intermittent inspection
- automatic power cycling by ax-

ial displacement
- reloadable open basket
- intermittent inspection
- reloadable open basket
- intermittent inspection

- thermal neutron flux irradia-
tion (2.5 to 3xl014n.cnr2.s-')

- 500 to 700 W.cm-1

- cladding temperature:
350-400°C

- fission power monitoring by
thermocouples

- temperature control by vacuum
- 300°C

- calorimetric device with clad-
ding temperature control and
fuel heating rate measurement

- cladding rupture detection

- calorimetric device with clad-
ding temperature control and
fuel heating rate measurement

- very high fuel performance
with accelerated burn-up

- heating rate measurement

- isotope production in hydraulic
rabbit irradiation device

Loading date
(BR2 reactor

cycle

05/74

10/74

06/74

10/74

07/74

04/74

04/74

01/74
01/74

09/74

01/74

05/74

09/74

08/74

11/74

02/75

06/74

06/74

10/74

02/74

02/74
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TABLE 12.

Irradiation devices constructed outside S.C.K./C.E.N. but technically supervised
by Technology Department

Experimenter

GfX,
Karlsruhe

Code name

MOL 2-38

MOL 2-39

M 0 L 3 H

MOL 5 B 7

MOL 12 B 2

Specimens

Pressurized cladding tubes

Thermocouples and
permanent magnets in
sodium

Tensile rods in NaK

Fuel pellets in NaK

Characteristics

- creep rupture test as a function
of neutron dose

- temperature and pressure

• 650°C
- temperature control

- 400-700°C
- creep measurement
- temperature control

- compressive creep measurement
at high temperature

Loading date
(BR2 reactor

cycle

08/74

06/74

09/74

06/74

06/74

BR2 cooling water

rig enveloping tube, O.D. 25.4 mm

thermal barrier: gas gap with variable heat conductivity
for temperature regulation

specimen capsule tube, I.D. 20 mm

liquid metal (NaK) filling as heat transfer medium

irradiation target (e.g. tensile sample)

Fig. 7.1. — MOL 3 or DISP device, core part cross-section.
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BR2 cooling water

thermal neutron screen: cadmium tube co-extruded between
two stainless steel tubes, O.D. 25.4 mm

heatfiux barrier: gas gap

specimen capsule tube

liquid metal (NaK) filling as heat transfer medium

fuel rod specimen, O D. 6....8 mm

FAFNIR

BR2 cooling water

thermal neutron screen: cadmium tube co-extruded between
two stainless steel tubes, O.D. 25.4 mm

specimen capsule tube (Nb), O.D. 16.4 mm

liquid metal (NaK) filling as heat transfer medium

fuel rod specimen, O.D. 8 mm

F/15OLD

Fig. 7.2. — FAFNIR and FASOLD device, core part cross-section.
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3. The "CIRCE" rigs

They are used for the irradiation of high perform-
ance fuel pins (up to 1500 W.cm'1) in NaK filled
capsules under thermal neutron flüx.

The particular design of the test section (cruciform
copper capsule) allows an exact measurement of the
fuel pin power; the rigs may further be equipped
with a monitoring system for fuel cladding rupture
and with cladding thermocouples.

Fig. 7.3. shows a cross-section through the core
part of the rig.

New irracli :tion projects have been studied and
prepared such as CIRCE U K for KFA Jülich, as
well as CIRCE 2 S and CIRCE 6 D for S.C.K./C.E.N.

A peculiarity of the CIRCE 2 S device is the meas-
uring technique of volumetric fuel pin swelling by
means of a bellow system linked to a linear inductive
transducer.

Another variety of this type of rig, the "FFC"
(fast flux CIRCE) device, has been studied. It
includes a surrounding cadmium tube for irradiations
under fast neutron flux.

BR2 cooling water

rig envelope tube, O.D. 28(29) mm

copper cross

heat flow measurement: thermocouple pairs

liquid metal (NaK) filling as heat transfer medium

fuel rod specimen, O.D. 6....8 mm

Fig. 7-1. — CIRCE device, core part cross-section.

4. The "CFC" rigs

These devices are calorirnetric in-pile sections si-
milar to CIRCE but, in addition, allow the regulation
of fuel cladding temperature by means of a gas tap
with variable heat conductance as shown on Fig. 7.4.
They are used for investigating the compatibility be-
tween fuel and cladding.

Design and construction work was considerably in-
tensified during 1974 for numerous irradiation ex-
periments for account of GfK (MOL 16 programme)
and of S.C.K./C.E.N. (CFC programme).

5. The "POM" rigs

For the POM type device, which allows the irra-
diation of individual fuel discs at very high fission
rating (about 10,000 W.cm'1) for achieving rapidly
high fuel burn-up values, design and construction work
was continued for S.C.K./C.E.N. ("POM STUC"
series).

A cross-section through the core part of the device
is given on Fig. 7.5.
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BR2 cooling water

rig enveloping tube, O.D. 29 mm

thermal barrier: gas gap with variable heat conductivity
for temperature regulation

copper cross

heat flow measurement: thermocouple pairs

protecting tube

liquid metal (NaK) filling as heat transfer medium

fuel rod specimen, O.D. 6....(8) mm

Fig. 7.4. — CFC device, core part cross-seclion.

BR2 cooling water

rig enveloping tube, O.D. 29 mm

thermal diffusor: SAP or Zr matrix

heat flow measurement: thermocouple pairs

fuel disc specimen, 0 10 X 1.5 mm

Fig. 7.5. — POM device, core part cross-section.
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6. The "CPUR" rigs

They serve for the irradiation of coated fuel par-
ticles at high temperatures (900 to 1500°C). The
rigs are equipped with temperature regulation by gas
mixture and with a fission gas sweeping and monitor-
ing system for investigating the fission product release
rate of the coated particles.

Design and construction work was started and con-
tinued for several new in-pile test sections for account
of KFA (experiments "MOPS C" 8, 9, 10 and U as
well as "MOPSE" 12, 13, 14, 15 and 16) and of
DRAGON Project (experiment "VC 6-1500").

More information on the CPUR devices can be
found in § 2.2.3.

7. The "CEB" rigs

Designed mainly for the irradiation of light water
reactor fuel pins with fission power measurement and
a certain possibility of cladding temperature regulation
by changing the boiling point in a stagnant water
annulus surrounding the NaK filled specimen capsule,
these rigs serve for the S.C.K./CE.N.-BELGONU-
CLEAIRE programme on plutonium recycling in
thermal reactors.

Fig. 7.6. shows a cross-section through the core
part of the in-pile section.

Construction and assembly of a new rig (CEB 12)

was pursued in view of loading into BR2, foreseen
for early 1975.

8. The " P " rigs

These are open reloadable irradiation baskets for
light water reactor fuel rods which are to be examined
regularly and intermittently during the irradiation
campaign. In general, these baskets are only instru-
mented by a water sampling system connected to the
channel outlet for monitoring fission products in case
of fuel cladding rupture.

For the BELGONUCLEAIRE-S.C.K./C.E.N. pro-
gramme on LWR fuel development, several new irra-
diation projects have been pursued and different rigs
have been loaded into the reactor.

A particular task linked to the P-type irradiation
experiments, and in general to all low enriched fuel
irradiations, is to follow the fuel burn-up by calcula-
tions. Considerable progress could be achieved in
improving the computerized calculation methods by
a better knowledge of the effective cross-sections of
the fuel isotopes and by the feedback of results from
post-irradiation burn-up analyses.

9. The "PWC" rigs

For the irradiation of light water reactor fuel rods,
the development of a new type of irradiation device,

BR2 cooling water

rig enveloping tube, O.D. 43 mm

boiling water annulus

protecting tube, O.D. 28 mm

copper cross

fuel rod specimen, O.D. 9....11 mm

liquid metal (NaK) filling as heat transfer medium

heating rate measurement: thermocouples

Fig. 7.6. — CEB device, core pari cross-section.
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called Pressurized Water Capsule (PWC), has been
started.

A short description of its characteristics is given in
§3.5.

10. The "VNS" power cycling device

In order to investigate the behaviour of light water
reactor fuel rods under transient power fluctuations,
study and construction work has progressed for the
realization at BR2 of a power cycling device, called
"VNS" (Variable Neutron Screen). This new equip-
ment uses the gaseous isotope 3He having a particular
elevated absorption cross-section for thermal neutrons;
by varying the gas pressure of 3He in a tubular annulus
surrounding the testing fuel rods, fission power tran-
sients can be performed according to specified modes.

More information on the VNS device is given in
§3.5.

11. The "DGR" pressurized water loop

A detailed design study has been completed on this
new equipment which aims at the construction at
BR2 of a thimble tube with an individual cooling
circuit of forced water flow.

The rather high costs resulting from an evaluation
for realizing the proposed design has delayed the start
of construction; a simplified and modified lay-out is
now being examined.

12. "INF" measuring probes

These probes, so-called selfpowered neutron flux
detectors, allow to measure the instantaneous neutron
flux ("INF") in different reactor channels or in
in-pile test sections. They are based on the principle
of electron emission by neutron capture.

Design and construction work has progressed for
putting a first INF device in operation beginning
1975.

Apart from the activities on development and
construction of irradiation devices, the operation of
numerous experiments at BR2 has been pursued, to-
gether with maintenance and repair work of the
out-of-pile control installations.

Close contact has been held and assistance granted
to the working groups of GfK and KFA, delegated
to BR2 for operating and co-ordinating their own
irradiation experiments.

7.2. BR2 TESTING AND COMMISSIONING SERVICE
(G. Rottenberg, Cl.-D. Bürkholz*, S. Claes, J. De Clercq)

During 1974, 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 S.C.K./C.E.N. in carrying out their own equipment or maintenance
programmes.

In addition, some effort was devoted to the improvement of working techniques, so as to keep pace
with the general increase of skills in the experimental field.

7.2.1. Commissioning of experimental irradiation
devices

. Table 7.3. reviews the main types of new devices
which went through testing and commissioning pro-
cedure in 1974.

In addition, other devices were commissioned such
as:
- 6 control panels for instrumented rigs;

* EURATOM
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8 cadmium screens for reactor control rods;
50 sample holders for dosimetry in hydraulic rabbit;

1 start-up source for BR3;
3 protection tubes for active rigs;
2 transport baskets for ATR type fuel elements;
3 reactor safety tubes;

20 reactor irradiation baskets with suspension rods;
10 safety locking rings for reactor plugs;
1 cadmium screen for ATR type fuel element;
1 thermal simulation rig for BR2.
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TABLE 7.3.
Main new devices which went through Testing and Commissioning in 1974

Type of device

In-pile sections for loops

Instrumented fissile material rigs
Non-instrumented fissile material rigs or
capsules
Instrumented rigs for material irradiations
Non-instrumented rigs for material irra-
diations

Cobalt in control rods

Iridium capsules
Various isotope capsules
Fissile material capsules in hvdraulic rab-
bit

Total

Manufactured by

GEX
alone

1

10

7
1

1

6

1

27

Client
alone

1

5

146
20

221

Jointly

—

Total

1

11

7
6

1

6
49

147
20

248

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 manu-
factured by S.C.K./C.E.N. 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 Com-
missioning service for supervising the installation, for
subsequent acceptance tests and for starting opera-
tions.

7.2.3. Technical assistance to other departments
of S.C.K./C.E.N. for further programmes

The Testing and Commissioning service was asked
to give assistance to many other projects under way
at S.C.K./C.E.N. Besides many minor contributions,
more important problems were solved such as:
- chemical cleaning of several thousands of meters of

stainless steel tubes;
- photographic laboratory work (reproduction of X-

ray and photographic films, paper prints);
- co-operation for the preparation of various fuel pins;
- tightness tests on 10 cryostats.

7.3 OPERATION AND UTILIZATION OF THE REACTOR
(A. Angeletti*, J. Archambeau, J.-M. Baugnet, A. Beeckmans de West-Meerbeeck, W. Boeykens, P. Boonen,
J. Challe, P. Deckx, M. Dehu, G. Deprez*, J.-M. Gandolfo*, H. Lenders*, F . Leonard, H. Massage, Y. Michaux,
L. Morlion, M. Noel, H. Nosbusch*, P . Palenberg*, J.-P. Pele*, J. Schutyser, J. Steylemans, V. Stuelens, R. Van-

haelewijn, M. Van Loven)

In 1974, the reactor was operated for 217.3 days (248.7 in 1973) dissipating a total of 16,320 MWd
(20,643 in 1973). Operating incidents caused less loss of running time than in previous years: 15.8 days compared
with 27.6 in 1973 and 21.2 in 1972. The operating coefficient was nevertheless lower than that previously
attained (61.8% in 1974 compared with 65.7% for 1973 and 64.796 for 1972) since some routine shut-downs
were extended in order to carry out exceptional work, such as modification of the reactor core configuration
and inspection of the beryllium matrix. Experimental equipment occupied on average 68 reactor channels,
compared with 76 channels in 1973.

EURATOM
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7.3.1. Reactor operation

7.3.1.1. Operating characteristics

The reactor was operated using the core configura-
tion 7 and 8, with the variants listed in Table 7.4.

At cycle 3/74, with the loading of the MFBS 7 sodium
loop in channel H 3, the core configuration was mo-
dified: the configuration 7 centred on the H 1 channel
was replaced by the configuration 8 around channels
H 3 and H 1, the channel H 3 containing a driver
fuel element of the new type S XIII s (see Fig. 7.7.).

TABLE 7.4.

BR2 - Configurations 7 and 8 - Variants used in 1974

Variants
used

7B

7B-Be

8

8A

8B

Cycles

1/74

2/74 and 4/74

3/74, 5/74
and 8/74

6/74,7/74,
9/74 and 10/74

11/74

Number
of fuel

elements

38

38

36

33

32

Control rods

6 compensation
2 regulation

6 compensation
2 regulation

7 compensation
1 regulation

7 compensation
1 regulation

7 compensation
1 regulation

Plus in Hi

Al-f 6 elements
type S Ills

Be

Be

Be

Be

Plug in H3

Be

Be

element tvpe
XlIIs"

element type
Xllls

element tvpe
XIIIs'

Number of
flux traps*

2

5

3

3

4

Nominal
reactor
power
MW

73.5

70

80

77

74.5

A reflector channel surrounded by fuel elements, and thus possessing an elevated thermal neutron flux.

Fig. 7.8. to 7.10. show the distribution of the fuel
elements and control rods in the beryllium matrix for
the different variants of the new core configuration 8.
Tables 7.5. and 7.6. give a typical set of nuclear
characteristics for the configuration 8 A, which was
most used in 1974; in the other variants, the irradia-
tion conditions are almost identical, since the fuel
charge is altered appropriately.

Reactor operation being a series of cycles, ^he oper-
ating year does not coincide with the calendar year,
and trie operating year 1974 ran from 14th January
1974 to 1st January 1975. The nominal operating
cycle was of four weeks duration: 7 days shut-down
and 21 days operation, giving a theoretical operating
coefficient of 75%. The 352 days making up the
operating year 1974 would have permitted 13 cycles,
but only 11 were realized, two being cancelled due
to extensions of the scheduled shut-downs and time
lost by the operating incidents, as explained in detail
in § 7.3.2.

The overall distribution of the reactor states is as
follows:

Fig. 7.7. — BR2 cross-section at reactor mid-plane through
H3 channel with the MFBS 7 loop.

7-12

- in operation
- scheduled shut-downs
- extensions of scheduled

shut-downs
- operating incidents

(unscheduled shut-downs)

217.3
77.0

41.8
15.8

351.9

days
days

days
days

days

BLG

61.8%
21.9%

11.8%
4.5%

100 %
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CONTROL ROD

o
IR. 7.8. — BR2 configuration 8.
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CONTROL ROD

o
Fig. 7.9. — BR2 configuration 8A.
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CONTROL ROD

o
Fig. 7.10. — BR2 configuration 8B.
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TABLE 7.5.

Nuclear characteristics of the BR2 configuration SA
A. Fuel element channels

Power = 77 MVP Conditions at start of cycle 9/74

A Fuel element "alloy".
C Fuel element "Cermet" 330 g type (50mg )
G Fuel element "Cermet" 400g type (60 mg a U.cnr 2 ) .
(1) Neutron flux at 50 mm below reactor mid plane.
(2) Unperturbed neutron flux on the centre line of the fuel element [n]o°-5Vo at 2200 m.s-'.
(3) Nuclear heating of an aluminium sample placed on fuel element axis at position of maximum flux.

Reactor
channel

A 30
A 90
A150
A210
A270
A330

B 0
B 60
B240
B300

C 19
C 79
C101
C139
C161
C199
C221
C281
C319

D 0
D 60
D120
D180
D240
D300

E 30
E33O

F 14
F166
F254
F346

G120
G24O
H 3

Fuel elements

Number of
tubes

6NG
6NG
6NG
6NG
6NG
6NG

6NG
6NG
5NG
6NG

6NG
6NG
6NG
61 G
6NG
6NG
61 G
6NG
6l G

61 G
61 G
6NG
6NG
6NG
6NG

6NG
6NG

5NG
61 G
6NG
6NG

6NG
6NG

13S G

Average
burn-up

%

37
38
24
37
38
23

40
32
29
39

0
0

13
27
0

24
0
0
0

0
0
0

42
0
0

4
0

39
37
0
0

15
7
0

Maximum flux (1)
101-» n.cm-2.s-' (p fast

Thermal (2)

3.3
3.2
3.1
3.1
3.2
3.0

3.4
3.0
2.7
3.2

2.0
1.9
2.2
3.0
2.1
2.4
1.8
1.8
2.0

1.9
1.6
1.8
2.6
1.6
1.7

1.6
1.5

2.2
2.5
1.2
1.5

1.6
11

E > 0.1 MeV

5.9
5.6
6.1
5.5
5.5
6.3

5.7
5.7
5.0
5.3

6.0
5.4
5.2
5.1
5.9
5.0
5.2
4.8
5.7

5.4
3.8
4.8
4.3
4.5
4.4

3.7
38

3.4
3.6
2.9
3.6

3.3
2.6

cp thermal

1.8
1.8
2.0
1.8
1.7
2.1

1.7
1.9
1.8
1.7

3.0
2.9
2.4
1.7
2.9
2.1
2.9
2.7
2.9

2.9
2.4
2.7
1.7
2.9
2.7

2.4
2.4

1.6
1.4
2.4
2.4

2.1
2.3

Maximum
nuclear (3)

heating
(W.g-'Al)

11.9
11.2
11.9
10.7
11.1
13.3

12.8
12.0
11.2
12.4

13.5
12.0
11.6
12.1
13.0
10.4
11.6
11.2
13.2

12.5
9.6

11.7
8.7

10.5
10.6

8.",
9.4

7.9
8.0
7.7
9.1

7.5
6.1
5.9

Nominal power ranged from 70 MW to 80 MW,
depending on the core configuration used; but during
each cycle, the power level is adjusted in order to
give the optimum irradiation conditions for the entire
experimental load, while still respecting various im-
posed power limits. Thus the actual power level varied
between 38.5 MW and 84.5 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, in order to carry out various checks, to choose
the optimum full power level, and to find the best
distribution of the control rod heights to suit the
various experiments.

During the year, the total integrated power readied
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TABLE 7.6.

Nuclear characteristics of the BR2 configuration 8A
B. Reflector channels

Power 771OT

Reactor
channel

F46
F194
F314
G60
G300

H23
H37
H323
H337

Kll
K49
K109
K169
K191
K251
K311
K349

LO
L60
LV*
L180
L240
L300

N30
N33O
P19
P41
P101
P161
P199
P259
P319
P341

Hl/0°
Hl/120°
H1/240°
H2/90°
H2/210°
H2/330"
H4/9O°
H4/2100

H4/33O0

H5/30°
H5/15O0

H5/27O0

Maximum flux

Thermal

3.2
3 1
3.3
3.U
3.0

2.2
2.3
2.8
2.2

2.3
2.2
3.0
2.5
2.2
2.1
2.2
2.3

1.9
1.5
2.1
1.5
1.6
1.5

1.4
1.4
1.3
1.1
1.1
1.9
1.2
1.2
1.3
1.3

7.6
7.4
7.8
1.6
3.5
2.8
3.0
1.4
3.0
2.1
2.1
1.6

Epithermal
10»3 n.cm-.s1

2.0
2.0
2.2
1.6
1.6

1.5
1.3
1.6
1.5

1.2
0.9
1.6
1.8
0.8
1.4
0.9
1.2

0.7
0.4
1.2
0.5
0.8
0.4

0.6
0.6
0.5
0.5
0.3
1.1
0.2
0.4
0.5
0.5

3.8
3.1
3.7
0.4
1.5
1.1
1.2
0.5
1.5
1.1
1.2
0.4

Maximum nuclear heating
W.g1 Al

4.7
4.8
5.6
2.9
3.1

3.4
2.6
2.7
3.5

2.5
1.3
2.2
3.1
1.3
2.4
1.4
2.6

1.3
0.6
2.4
1.0
1.5
0.7

0.8
0.8
0.8
0.5
0.6
2.0
0.4
0.6
0.6
0.8

8.2
7.8
7.7
0.7
2.4
2.0
2.3
0.9
2.6
2.0
2.6
0.7

16,320 MWd (20,643 in 1973) corresponding to ^
consumption of 19.6 kg a U . The total number of
fresh standard fuel elements used was 133 (132 cer-
met and 1 alloy) compared with 130 in 1973 (of
which 118 cermet and 12 alloy). In addition 6 Sills
and 2 S XIIIs driver elements for the sodium loops

were used, all of cermet type (in 1973, 30 Sills cer-
met). The mean burn-up level of the standard ele-
ments put into service was 34.9%. The highest rated
element is of cermet type 400 g B5U and attained a
mean value of 68% burn-up, corresponding to 80%
at its hot plane.
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The six tube cermet elements used in 1974 contain-
ed either 330 g ^'U together with 2.8 g natural boron
and 1.4 g natural samarium as burnable poisons, or
400 g 35U and 3.8 g boron and 1.4 g samarium, com-
pared with 240 g ^ U for the alloy elements, without
poison.

The alloy elements are now only used in order to
obtain a high thermal neutron flux in some particular
channel.

Table 7.7. gives the main operating parameters for
1974.

7.3.1.2. Ca'culation of the reactor loading

Due to the presence of highly absorbing rigs, the
loading of several sets of experiments demanding
identical conditions, the routine use of elements con-
taining burnable poisons, and the presence of 3He in
the beryllium matrix, the reactor loading has attained
such a complexity that simple calculation is no longer
feasible.

The calculation programme, developed in 1972 for
the IBM 360-44 computer, was regularly used in
1974 for the definition of the load and the main

TABLE 7.7.

BR2 - Operating parameters 1974

Reactor operating characteristics

Power rating, nominal
Total operating time
Average operating time per cycle
Energy dissipated, total
Energy dissipated per cycle, average
Fissile charge at start of cycle (35U)

70 to 80 M\V
217.3 davs

19.8 davs
16,319.7 MWd
1,483.6 MW'd

11.7 to 13.1 kg

Circuits characteristics

Flow (m-llr1)
Inlet temperature (°C)
Inlet pressure (kg.cnv2)
Ap across pressure vessel (kg.cnv2

pH
Resistivity (ß.cnv1)
Flow in purification line (m3.lr')
Activity ßYdxCi.cnv3)

Primary

6,700 - 7,000
40-50
12.5
2.8

5.3 - 7.0
2-6X106

20-25
< 10-1

Secondary

4,000-5,000
20-30

—
—

5.5-6.5
105

100
<io-6

Pool

400
35-45

—
—

5.5-6.5
10*
20

< 10-1

Fuel elements

Temperature, maximum nominal at hot spot (°C)
for inlet temperature of 40°C
Heat flux maximum (W.cnr2)
Water velocity between plates (m.s-1)

152

470
9.4

Liquid effluent production

Cold <10-5iiCi.cnr3

Warm 10"5 to 10-2u.Ci.cnr3

Hot >10-2uCi.cnr3

387 m3

16,010 m3

1,700 m3

Gaseous effluents

Ventilation of containment building
Ventilation of machine hall
Radioactivity at chimney

38,000 mMr1

83,000 m3.h'
5xlO-8uCi.cnv3

Consumption

Electricity
Demincralized water
Uranium-235

20.6 X106 kWh
413,075 m3

19.6 kg
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characteristics of the core channels; at the end of the
year, it was adapted to the new S.C.K./CE.N. com-
puter 370-135. Bearing in mind the amount of temper-
ature control available in most of the rigs and the
procedure used when starting up with a new rig in
the reactor, this method of calculation has been found
to be satisfactory.

The determination of the load of the reflector
channels is based on a more empiric method and
some improvement has still to be done.

For this purpose in particular, in the routine shut-
down period of cycles 3/74, 7/74, 9/74 and 10/74,
a set of physics measurements at low power was
carried out, using in the core a series of elements of
different types and burn-up, and in the reflector a
series of absorbers. These measurements permitted an

increase in the precision of the flux-map, gave reactiv-
ity data concerning the fuel elements and the exper-
iments and helped to determine perturbation factors
and self-shielding effects of different plugs used in
the reflector.

During 1974 there were 20 start-ups, involving the
putting into service of 407 instrumented rigs (241 in
the core, 166 in the reflector) of which 19 were
started up for the first time. At five start-ups the
irradiation conditions did not satisfy certain exper-
iments; the reactor loading was consequently modified
according to the observations made.

An analysis of the operating incidents reveals no
shut-down caused by the irradiation conditions (neu-
tron flux and gamma heating) falling outside the
limits imposed by the experimenters. However, to

TABLE 7.8.
Evolution of the operating parameters of the BR2 reactor

A. General data since date of commissioning

Year

1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974

Totals

Configuration

5
5

5 and 6
6
6
6
6
6

6 and 7
7
7

7 and 8

Number of days
operating

r.54.5
;:26.5
J89.8
219.8
174.4
213.9
229.3
218.0
203.9
230.4
248.7
217.3

2,526.5

Nominal power
(MW)
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

Energy produced
(MWd)

3,292
7,595
8,599

12,576
10,564
13,168
15,155
15,057
14,478
17,568
20,643
16,320

155,015

TABLE 7.9.
Evolution of the operating parameters of the BR2 reactor

B. Operating analysis 1970-1974

Reactor state
Operational
Routine shut-downs
Extension of routine shut-downs
Unscheduled shut-downs
Large scale maintenance work

Totals

Operating coefficients
Theoretical
Actual

1970

Days

218.0
96.0

5.9
15.7
30.5

< i )

366.1

59.5
26.2

1.6
4.3
8.4

100

71.5
59.5

1971

Days

203.9
70.0
13.0
15.3
67.2

(2)

369.4

%

55.2
19.0
3.5
4.1

18.2

100

75
55.2

1972

Days I fo

230.4
77.0
27.3
21.2

355.9

64.7
21.6

7.7
6.0

100

75
64.7

1973

Days | %

248.7
77.0
25.0
27.6

378.3

65.7
20.4

6.6
7.3

100

75
65.7

1974

Days

217.3
77.0
41.8
15.8

351.9

%

61.8
21.9
11.8
4.5

100

75
61.8

(1) Repairs to cooling tower basin
(2) Replacement of main heat exchangers and cooling tower packing
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TABLE 7.10.
Evolution of the operating parameters of the BR2 reactor

C. Ri actor power and uranium consumption

Core configuration
Plug in central channel HI
- ben-Ilium
- aluminium + 6 I l l s fuel elements
- beryllium with Xl l l s fuel element in

channel H3

Power (1)
- nominal (MW|
- integrated (MWd)

Uranium consumption
- Mass of 235U (2) (g)
- Number of elements "alloy"

"cermet"

- Average apparent burn-uo (3) (%)
- Specific (3) (elements/103 MWd)

1970

6K-Be
6K

67 and 70
15,057

18,119
177+24 I l l s

2

40.7
12.5

1971

6K,7A,7B

70
14,478

17,415
53 + 18 Ills
114 + 6 Ills

33.2
12.3

1972

7BBe
7B

70 and 73.5
17,568

21,132
11

142+ 18 Ills

38.0
9.0

1973

7B-BL-
7B

70 and 73.5
20,643

24,830
12

118 + 30 I l l s

47.6
6.7

1974

7B-Be
7B

8, 8A, SB

70 to 80
16,320

19,630
1

132 + 6 I l ls
+2XIIIs

34.9
8.7

(1) Read from I6N measuring chain
(2) Thermal balance
(3) Fresh elements loaded in standard channels

reconcile the often opposing demands of the various
rigs, it was usually necessary to modify the reactor
po'v?r during the cycle, and on some occasions to
finish a cycle with one or more control rods partly
inserted. During several unscheduled shut-downs, ad-
vantage was taken of the opportunity to modify the
reactor loading in order to obtain better irradiation
conditions for the rigs.

7.3.1.3. Evolution of reactor operation

Regular operation with an experimental load began
in 1963. Tables 7.8. to 7.10. give a general review
of the evolution of the operating parameters since
then.

As to the future, one will try to adapt the irradia-
tion capacity according to the planned experimental
loading. The various points now being studied are:
- the irradiation conditions which could be obtained

under cadmium in the H 1 channel or the outer
200 mm channels, the rig being surrounded either
by six elements type Sills or by a driver fuel ele-
ment of the new type S XIIIs;

- the increase of the maximum hot spot specific power
to be raised from the 470 W.cnv2 level at present
permitted to 550 or 600 W.cm"2 and of the total
power dissipated which must be raised above 100
MW (~ 85MW at present); this power increase
is required by the simultaneous irradiation of several
large loops, all requiring highly rated performances;

- an improved flow distribution of the reactor primary

circuit water coolant in order to avoid difficulties
when more heat must be dissipated.

7.3.2. Operating incidents

The difference between the theoretical operating
coefficient, 75%, and the value of 61.8% reached,
was due to the loss of 57.6 days running time, caused
by extensions of routine shut-downs and by operating
incidents leading to unscheduled shut-down.

The routine shut-downs were extended by 41.8
days, as follows.
- Modification of the reactor core configu- 37.4%

ration and loading of the nev MrBS 7
sodium loop
(manipulations, flux and reactivity meas-
urements)

- Physics measurements 20.0%
(thermal neutron flux distribution, per-
turbation factor and self-shielding effect
of absorbers, antireactivity effect of ex-
periments)

- Inspection of the reactor beryllium ma- 18.8%
trix

- Various operations 23.8%
(replacement of the stainless steel mat-
tresses of the North main heat exchang-
er, inspection of the neutron beam-tubes
T2-T5 and T7 and of the pool water leak
observed, leak test of the reactor con-
tainment building, etc.)
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There were 22 unscheduled shut-downs, which in-
volved a loss of running time of 380.3 hours, i.e. 15.8
days (27.6 in 1973 and 21.2 in 1972). Table 7.11.
gives details.

Five shut-downs were due to initial irradiation con-
ditions not being satisfactory and these caused 53%
of the duration of the unscheduled shut-downs.

Three shut-downs were due to high fission product
activity in the primary circuit. The reactor was shut-
down when the 131I level reached a value of 10'2

IJiCi.cm"3, the maximum tolerated level (which is 5%
of the maximum credible accident figure).

An analysis of the observations carried out leadu to
the conclusion that the fuel elements themselves were
the source of the fission products, and not any of the
experiments having fissile material in single contain-
ment.

After each reactor refuelling shut-down, every un-
loaded fuel element went through the defect fuel
element detection system. For the period May 1973
(cycle 5/73) to December 1974 (cycle 11/74). Table
7.12. gives the number of defect fuel elements detect-
ed.

The following parameters were investigated to give
information on the source of the defects:
- distribution of the defect fuel elements among the

various fabrication batches;
- distribution of the defect fuel element versus the

mean burn-up at the defect detection time;
- variation of the maximum heat flux;
- variation of the characteristics of the primary water.

The investigations carried out do not give any clear
correlation between these parameters and the defects
detected.

Hot cell examinations on a few characteristic defect
fuel elements are now progressing. After a complete
disassembly of the fuel element, the plates are visually
examined on both sides, submitted to neutron radio-
graphy and gamma-scanning. The defects are photo-
graphed and some of them are examined by metallo-
graphy techniques.

The observations available up to now on the plates
of 4 fuel elements indicate that one defect is due to
a fabrication error already known, while the other
defects can be explained by impurity grains present
in the raw aluminium before rolling or introduced in
the cladding during the plate fabrication process.

TABLE 7.11.
BR2 - Operating incidents (unscheduled shut-downs)

Type of incident

Control rod failures
Heat exchanger leaks
Fission products in

the primary circuit
Other reactor equip-

ment failures
Human errors
Experiments
- Initial irradiation

conditions not satis-
factory

- Rig failure

Total

1970

Num-
ber

3
2

3

6
1

1

16

Duration
(h)

46.3
14.7

142.2

159.6
0.4

14.4

377.6

1971

Num-
ber

2

7
1

4
1

15

Duration
(h)

91.5

43.7
3.4

173.2
55.4

367.2

1972

Num-
ber

1

5
2

2
4

14

Duration
(h)

50.4

127.5
47.8

55.4
227.1

508.2

1973

Num-
ber

1

4

4

2

2
3

16

Duration
(h)

0

268.0

214.4

0.3

114.9
63.9

661.5

1974

Num-
ber

1

3

6*

2

5
5

~22

Duration
(h)

0

0

120.0

0.5

202.4
57.4

380.3

* Electric power perturbation (5 cases, 3 being due to a storm) and failure of Diesel emergency electric power supply.

TABLE 7.12.

Number and type of defect BR2 fuel elements detected from May 1973 to December 1974

Loaded
Defect
Defect after 1 cycle

Alloy

13
0
0

Cermet
330 ga5U

73
27
0

Cermet
400 g ^ U

264
57
15
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7.3.3. Reactor equipment

During the scheduled shut-down of cycle 3/74

360° 270" 780° 90° 0'

•363

•H3

-57

-157

-257

-357

(March 1974), the beryllium channels were visually
examined by means of a TV-camera. A large number
of channels showed several cracks (see Fig.7.H.),

315° 135' 45° 'iS7 picture C A
channel drawing seal« « 1/i picture scale: 9/10

Fig. 7.11. — BR2 BERYLLIUM MATRIX — example of observed cracks in channel C199 (date of examination: 7-2-75).
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which were not observed during the previous examina-
tion in October 1971 and are mainly localized in the
central fuel element channels.

The safety analysis indicated that the reactor pro-
gramme is not affected by the observed cracks and
this conclusion will remain valid as long as no signific-
ant modification appears. It has been decided to
proceed with a surveillance programme and to prepare
the replacement of the present BR2 matrix by the
BR02 matrix, BR02 being the zero energy model of
BR2.

A second and a third examination was carried
out respectively during the routine shut-downs 5/74
(May 1974) and 9/74 (October 1974). They reveal-
ed no variation for the major part of the channels.
In some channels new cracks appear or old cracks
extend, as can be foreseen assuming that the cracking
process is mainly a function of the fast neutron fluence
received by the beryllium pieces. In order to follow
better the evolution of the situation, some character-
istic defects are photographed at each examination.
Comparison of the various photographs does not
reveal a fast evolution of these defects.

The inspection of the primary side of the main
heat exchangers, carried out during the shut-down
3/74, indicated that the stainless steel meshing
(placed around the tube bundles at the inlet end in
March 1972 to reduce tube vibrations) were rather
damaged and needed to be replaced. The meshing
of the North heat exchanger were replaced by new
ones during the shut-down 9/74; the work was ham-
pered by the rather high irradiation field (from 1 to
2 rem.h"1) and the fission product surface contamina-

tion. The damage to the meshing of the other two
heat exchangers was found to allow their replacement
to be postponed for a few months.

The surveillance programme of the secondary side
of the h.̂ at exchangers was continued: the corrosion
observed at the end of cycle 5/73 does not seem to
progress. The main action taken is to empty frequently
(after each cycle) the secondary circuit and to clean
the cooling tower basins.

Various works were carried out, either to facilitate
the use of the reactor installation by the experimenters
or to improve the performance, safety and knowledge
of characteristics of the reactor. In addition to the
change of core configuration and the use of the new
fuel element SXIIIs, the following most important
tasks were carried out:
- installation of a loading device for sodium loops to

be irradiated in the peripheral channel H 3 of the
reactor;

- studies in preparation of the BR2 hot cell building
extension;

- continuation of the modernization of the reactor
control instrumentation and health physics equip-
ment;

- pressure measurements across several reactor chan-
nels in order to check the flow distribution of the
primary coolant;

- preparation of the transfer of the BR02 reactor from
the Technology building to the BR2 process hall;

- loading of two new measuring probes for the con-
tinous in-pile measurement of thermal neutron flux
and nuclear heating.

TABLE 7.13.

BR2 • Average distribution of the uses of the channels

Purpose

1. In the pressure vessel

study of radiation effects
- fuel and fuel pins
- structural material
transmutation programmes
- production of actinium

and transplutonium elements
- cobalt-60
- various radioisotopes
multi-purpose equipment
(rabbit, self-service thimble)
measuring probes and mock-ups
beryllium matrix samples

2. Outside the pressure vessel

fundamental physics research
multi-purpose equipment
(pool tubes, neutron radiography)

Total

Number of channels occupied

1970

15
9

2
17
3

2
4

—

6

1

59

1971

24
6

4
16
3

2
8

—

7

1

71

1972

28
6

1

13
4

2
7

—

7

2

72

1973

23
7

3
12
4

2
10
7

6

2

76

1974

19
5

1
8
2

3
16
6

6

2

68
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7.3.4. Reactor utilization

On average, 68 reactor channels were occupied by
experimental equipment, compared with 76 in 1973.
The average distribution of the uses of the channels
is given in Table 7.13.

Fig. 7.12. shows the relative importance of various
types of irradiations which took place in the core and
in the reflector, excluding the multipurpose devices,

FISSILE MATERIALS

Fig. 7.12. — Utilization of the reactor BR2 in 1974.
Based on "fast irradiation units"
U cm* x 102" n.cm-2 (£ > 100 keV)]

measuring probes, beryllium matrix samples, and the
nuclear models of FAFNIR rigs necessary to balance
the reactor loading.

This distribution is based on the fast irradiation
units (U.I.R.) produced; a U.I.R. is defined as the
product of a unit of volume (1 cm3) multiplied by the
integrated dose of neutrons above 100 keV, in units
of 1020 n.cm"2. The fast flux is used because the utiliza-
tion of the reactor is principally directed towards
irradiation programmes requiring fast neutron fluxes;
in 1974, irradiations for the sodium cooled fast reactor
programme accounted for 58.7% of the reactor utiliza-
tion, and irradiations for the high temperature gas
reactor programme for 20.2%.

The curves given in Fig. 7.13. represent the evolu-
tion of reactor use from 1963 to January 1975, 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 reflector

(excluding the rabbit HR 1, the self-service thim-
bles DG 36, the measuring probes, the beryllium
samples and the FAFNIR models);

- the annual production in the core and in the re-
flector (on the same basis as the hourly production).
Analysis of these curves leads to the following

conclusions:
- the hourly production varies greatly, due to the

inherent nature of a testing reactor and to the
variation in the demand for radioisotopes;

HOURLY PRODUCTION
Units or irradiation per haur

cor»
—letal I I . . I -O.«Ä. ,

ANNUAL
'ntooucnoN tui)

•*V

•ITS.»'

US»1

HIO*

srf

2,51 «I5

H I ' I " »

F/g. 7.7J. — Evolution of the occupation of the reactor BR2 from January 1%3 to January 1975.
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the hourly production in the core is greatly influen-
ced by the presence of a sodium loop in the channels
H 1 or H 3;
a growing interest is shown in the BR2 reactor, as
indicated by the continuous increase until 1973 in
the number of channels occupied (from 13 in 1963
to 76 in 1973. See Fig. 7.14.). The small decrease
observed in 1974 was to some extent due to a
smaller number of standard channels used for the
production of '"Co, this production being now main-
ly carried out in capsules loaded in the reactor
control rods;
services rendered increased regularly from 1963 to
1966, as shown by the curve for annual production.
Production decreased in 1967, due to a reduction
in the number of days operation (alpha contamina-
tion incident and a decrease in the average hourly
production of cobalt-60 and other isotopes. In 1968,
the increase recommenced and the production at-
tained in 1973 was the highest ever. For the reasons
explained above, the 1974 production is lower.

6 0 -

!"iV:i!

1963 1951. 1965 1966 1967 19GB 19G9 1970 1971 1972 1973 1971

Fig. 7.14. — BR2 - Average number of reactor channels
occupied.

7.4. HOT LABORATORIES

7.4.1. Very high activity cells (60 000 Ci - 3 MeV)
(A. Geoffroy, F. Leonard, A. Wouters)

Compared with previous years, the utilization factor
of the cells decreased, due chiefly to the more frequent
intervention for maintenance and repair of the ma-
chines. Their progressive replacement is now being
planned.

The evolution of the cells occupation is given in
Table 7.14.

The work carried out in the dismantling cell con-
sisted mainly of the dismantling of irradiated fuel
elements of both BR2 and BR3 reactors, and of fuel
rigs. The dismantling, inspection and photography of
BR2 fuel elements became necessary since the reactor
had to be shut down several times due to high fission

TABLE 7.14.

Hot cell statistics

- dismantling cell
- occupation (h)
- utilization factor (%)

- observation cell
- occupation (h)
- utilization factor (%)

1971

1047
50

722
35

1972

1666
80

950
46

1973

1500
76

916
46

1974

1223
59

38
792
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product activity in the primary circuit. For the BR3
fuel elements, it should be noted that, after disman-
tling and examination of the fuel pins, the element was
reassembled for reloading in the BR3 reactor. Other
cell work consisted of the dissolution of aluminium
capsules containing grains or discs of cobalt, which
had been irradiated in BR2 control rods or in standard
irradiation rigs. For some of the irradiated fuel pins,
immersed in NaK, puncture of the capillary tube, con-
necting the fuel pin with the pressure transducer meas-
uring the fission gas pressure, has also been carried
out.

The dismantling of the important MOL 7B loop
was started at the end of the year, after careful
preparation of procedures and materials.

The main work carried out in the observation cell
consisted of dimensional measurements on fuel pins
and structural materials, autogamma radiography (es-

Manipulation
time

less than 10 h

from 10 to 30 h

more than 30 h

Number

1972

22

9

24

55

1973

24

30

33

87

1974

29

29

21

79

pecially on leaking BR2 fuel plates, in order to
determine flux distribution and hence burn-up of the
fuel), leak test (dry sipping) and activity measure-
ments of recovered ""Co sources. Several gamma scan-
nings were performed by means of a Ge-Li detector,
in the scope of the Irradiated Fuel Physics programme
(§3.2.-3.3.).

In total, 79 operations took place in 1974, their
duration ranging from a few hours to several days
or weeks, as shown in the table.

As detailed procedures for the dismantling have
been elaborated and applied, the decontamination time
was lower than in the past (87 h in 1974 as compared
to 280 h in 1973 and 156 h in 1972). Only one large
decontamination was necessary; it took place before
the general maintenance period of about 3 weeks.

The lead shielded window, cracked in 1973 during
work on cobalt source, has been replaced by a new,
dry one (without oil filling), having a better visibility.

As usual, various series of apparatus have been
designed and constructed for the different experiments
to be dismantled.

Finally, it should be mentioned that it has been
decided to extend the BR2 hot cell building, in order
io carry out long duration post-irradiation program-
mes on devices irradiated in BR2 as well as on large
fuel assemblies of nuclear power plants.

7.4.2. Medium activity laboratory

The work performed in the medium activity labo-
ratory (L.M.Ä.) is described in the previous chapters
and in § 8.4.

7.5. STUDIES IN SUPPORT OF THE IRRADIATION PROGRAMME
AND OF REACTOR OPERATION

(M. Dandoy, J. Debrue, Ch. De Raedt, L.Fouarge, L. Leenders, N. Maene, R. Menil, J. Vincent, V. Willekens)

7.5.1. Neutronic studies on BR2 irradiation de-
vices

The MFBS 7 loop

Work performed in connection with the irradiation
in this loop is described in § 1.2.3.

The MOL 7B loop
In the scope of the non-destructive post-irradiation

examination of the fuel pins irradiated in the MOL 7B
loop, the fast neutron dose received by the pin clad-
ding tubes during the irradiation will be determined

by measurement of the gamma activity of ^Mn produc-
ed in the steel. For quantitative calibration purposes,
cladding tube samples were irradiated separately in
BR2 from February to December; appropriate mo-
nitoring was ensured.

An effort was made to improve the neutronic cal-
culations of the radial fission power distribution in a
18 fuel pin bundle.

Results from calculations made with the one-
dimensional (cylindrical geometry) multigroup neu-
tron transport code DTF-IV and with the two-
dimensional (triangular mesh) few-group neutron
transport code DIAMANT, put into operation in
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1974 (see § 1.6.2.), were compared with experiment-
al results obtained during 1972 by BR02 measure-
ments with the MOL 7B mock-up and reported in
[170, p . 8.33].

Fig. 7.15. shows the geometrical models used. With
the DTF-IV code, no distinction can be made between
the "outer" (b) and "corner" (c) pins, as only two
separate concentric annuli of the 6 inner and the 12
outer pins can be considered. The DIAMANT code,
on the other hand, allows this distinction to be made
but requires much more preparation than the DTF-IV
calculations, more particularly to obtain a 40-to-5
group reduction. The calculated fission power distri-
butions are compared with the experimental results
in Table 7.15., which also gives the values calculated

previously with the GMS II code. This code has now
been abandoned since the DTF-IV code is fully opera-
tional. The table shows that:
- both the DTF-IV and the DIAMANT results are

in good agreement with the experimental values;
- the DTF-IV code gives better results than GMS II

because of the DTF-IV library being more adapted
to BR2 calculations, and of the improved calculation
model used;

- the passage from 40 to 5 neutron groups practically
does not decrease the accuracy of the DTF-IV cal-
culations;

- the accuracy of the DIAMANT (DSN transport
code) results is only slightly dependent on the an-
gular discretization order N (N = 2 or N = 4) .

Stainless sleet rod Fuel ceil ?nnu

Cadmium screen.

Stainless steel tubes.

luminium
.Water

iasgap
lAtuminium simulating

sedurn

FVel cells

Cd
«Gas SS

Ö20 • »I

Fig. 7.15. — Improvement of the geometrical description of a fuel pin bundle in neutronic calculations by the use oj a two-
dimensional transport code as applied to the MOL 7B sodium loop
A. Actual loop lay-out

a: inner pin
b: oiiter pin
c: corner pin

B. DTF-IV one-dimensional model
C. DIAMANT two-dimensional model

TABLE 7.15.

Calculated and experimental fission power distribution over the 18 fuel pins of the MOL 7B
mock-up irradiated in BR02. All values are normalized to 1.000 as average value over the IS

fuel pins

Location of
the fuel pin

in the bundle
(see Fig. 7.15. A)

inner pin (a)
outer pin (b)
corner pin (c)
average outer pin

Number
of

fuel pins

6
6
6

12

Calculated results

one-dimensional calculations

GMS-II
40 nroups

DS4

0.903

1.049

DTF-IV
40 groups

DS4

0.866

1.067

DTF-IV
5 groups

DS4

0.873

1.064

two-dimensional calculations

DIAMANT
5 groups

DS2

0.878
1.032
1.090
1.061

DIAMANT
5 groups

DS4

0.874
1.031
1.094
1.063

Experimental
results

( ± 1 % )

0.875
1.024
1.102
1.063
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The MOL 7C loop

The neutronic calculations performed for this fast
reactor safety experiment are described in § 1.7.1.3.

The "GSB" helium loop

The irradiation of this loop, which will require a
modification of the BR2 configuration, will take place
in a type 210 driver fuel element located in channel
H4. The important reactor physics work performed
for this irradiation, in the scope of development of
gas cooled fast breeders, is described in § 2.1.

Irradiation of fuel pins in BR2 reflector chan-
nels

As the neutron flux available in BR2 reflector chan-
nels is often too high to meet the power rating spe-
cified and as the flexibility for changing the irradiation
channel is limited, different combinations of alumi-
nium and stainless steel screening tubes are used in
order to adjust the pin power. An important series
of thermal and epithermal flux measurements has
been performed inside such devices located in differ-
ent channels in BR2, as described in § 7.5.2. Meas-
urements in BR02 on plutonium-bearing fuel and the
associated calculation provided information about the
effect of the screens proposed for the P17 irradiation
series on fuel densification (see § 3.2.2.).

7.5.2. Theoretical and experimental support to
the operation of the reactor

The transition from the BR2 configuration 7B to
the off-centred configuration 8 with the MFBS 7 loop
loaded in the peripheral channel H3 was prepared by
BR02 measurements in 1973. On the basis of these
measurements and of related calculations, a report
was written on the new core design. It mentions
estimated values of the hot spot conditions, total reac-
tor power and control rod worth. The main design
criteria however concerned the compatibility in the
MFBS 7 loop with the irradiations on hand in the
standard fuel channels; moreover, it should also be
possible either to irradiate the MOL 7D lonp or a
similar loop in the central H i channel or lo load the
beryllium plug in the same channel without important
modifications of the configuration.

The flux distribution in the standard channels was
first determined in BR02 for a homogeneous core and
compared with calculations by the TRIBU-code. The
agreement was satisfactory (discrepancies smaller than
109b for all channels). The experimental distribution
was also used TO determine a rather complete flux
map in the BR2 loading based on the low flux irra-
diation LF 3/74/Abs. The local flux perturbations due
to heterogeneities in the burn-up of the fuel elements
were taken into account. Here the agreement was
generally better than 10%. By means of the same
TRIBU code, the BR2 operation with configuration 8

SECTOR C 1.2

SECTOR B 1.
MEAN

SECTOR A

1 2 3 4 5 6
137,

PLATE NI -60»

ANGLE

40°
RADIAL DISTRIBUTION OF Cs ACTIVITY

Fig. 7.16. — Microscopic burn-up distribution for a 44% burned BR2 fuel element.

0 +20°
137

LATERAL DISTRIBUTION OF Cs ACTIVITY AVERAGED
OVER THREE SECTORS

60°
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was simulated. For one of the loadings the evolution
of flux and power density in the MFBS 7 loop and
the surrounding driver fuel element was followed for
three reactor cycles without replacing the driver fuel.
During the first cycle the reactivity in the driver fuel
increases due to the burn-up of the burnable poison;
this causes a 159b power density increase in the loop
which was confirmed in BR2 at full power operation.
The way to overcome this difficulty is to adjust the
core size periodically as a function of driver fuel
burn-up by loading and unloading fuel elements in
the nearby standard channels. This solution was tested
in BR02 and applied to BR2 with good results.

Additional low flux measurements were carried out
at BR2 prior to the start-up of cycle 9/74, in order
to complete the data obtained from the low flux runs
before the start-up of cycle 3/74, for investigating
more closely the irradiation, conditions in the reflector
channels. In three separate runs perturbation meas-
urements were made by replacing the hollow beryllium
plugs around the rigs by hollow steel and aluminium
plugs.

After the end of the MFBS 7 irradiation in H3,
the helium cooled GSB loop will be loaded in channel
H4. Therefore a set of new configurations were tried
out which include the channels H i and H4. Contrary
to the present configuration where a beryllium plug
is loaded in the channel H I , it is anticipated that this
channel will contain the MOL 7D loop during most

of the time. In the BR02 configuration 17 I, the flux
distribution was found satisfactory for starting pre-
liminary experiments on the GSB loop (see §2.1.) .

Detailed neutronic calculations of the fission power
distribution in the driver fuel element surrounding
the MFBS 7 loop in the H3 channel were performed
with the TRIBU code. As the agreement with the
experimental values was good, it is planned to apply
this method to optimize the future type 200 driver
fuel elements to be used for integrated loop exper-
iments in the peripheral channels.

The G134, G139, GlOl and P254 BR2 fuel
elements, which released fission products, were dis-
mantled for post-irradiation examination after an ave-
rage burn-up level of respectively 7, 21, 44 and 45 %.
Burn-up distributions in the GlOl and P254 elements
have been determined by Ge-Li gamrna-spectrometry
scanning of the individual plates (measurement of the
l37Cs activity); the results complete the fine structure
measurements usually performed on fresh fuel ele-
ments in BR02. A proper choice of the collimator
size allowed to achieve a good geometrical resolution
in the lateral distributions along the plates, while
avoiding fluctuations associated with the heterogeneity
of the "̂ 'U content. Typical results are given in Fig.
7.16. for the GlOl element. The axial foim factor
and the radial form factor are respectively 1.33 ±0.02
and 1.30 ±0.09.
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Chapter 8

SUPPORTING ACTIVITIES AND SERVICES

8.1. REACTORS AND APPLIED MATHEMATICS

8.1.1. PWR Power Plant Simulator
(O.Breulet, G.Cocquyt, J.F.DeGreef, A.Heu-
se, G. Vloemans)

In 1974, it was decided to install a simulator at
the BR3 nuclear power plant for training the operation
personnel of PWR nuclear power plants, since a plant
and a simulator both have capabilities which com-
plement each other for training purposes. A plant
presents reality and completeness but remains limited
in availability, due to other tasks to be accomplished,
safety constraints, dead times, etc., whereas a simula-
tor only simulates the basic plant operation principles.
The big advantage, however, is flexibility in operation
by learning these basic principles and by practicing
situations which are not allowed to be provoked in
real plants but which can nevertheless take place
accidentally.

Know-how and experience gained by S.C.K./C.E.N.
during the last ten years in the field of simulation
made it possible to accept the following scheme.
- In 1974, acquisition of an AD-5 analog/hybrid com-
puter to replace our old analog computer; it is equip-
ped for one field of the two with the computing ele-
ments necessary for implementing the existing simula-
tor and for linking the existing simulator control panel
to the new computer.
- In 1975, completion of the AD-5 computer with
the computing elements of the second field as well as
the simulator control panel.
- In 1976, adding to the AD-5 a digital computer to
obtain the full hybrid system (perhaps linked to the
local IBM 370/135) and construction of an industrial
control panel for the simulator.

The first phase of the scheme became operational
by the end of 1974. The new equipment was im-
plemented for training the crews of the Fessenheim
and BR3 nuclear plants.

8.1.2. Computer services

Hardware services
(O.Breulet, R.Caron, G.Cocquyt, A.Heuse, G.Vloe-
mans)

Maintenance and operating services were provided
for several small size computers used for on-line data
handling of experiments.

Several special purpose elements were built for
these computers such as: motorcontrollers for PDP-8/
E teletypes, a PDP-11/20 interface adapter for a four
channel data collector and a hardware "break-point"
debugging aid for the PDP-8/E computer. Operating
services were also provided for the TRIGA Mark II
nuclear reactor of Kinshasa. More details are reported
in the relevant chapters of the present report.

Software services
(J. Bonnijns, F. Bosnians, D. Christyn, G.Cocquyt,
H.R. Deckers, L . De Corte, H. Depuydt, P. Jansen,
G. Peperstraete, R. Smolders, J. Vandervee, G. Van
Roosbroeck)

Software services, including the maintenance of
basic software, were provided for several projects and
programmes, and are reported in the relevant chapters
of the present report.

The following subroutines for general use have been
developed or adapted:
- subroutine IPLOTS, which gives the operator use-

ful information to identify the computer plotted
graph(s) by the author's name and datf (Calcomp-
plotter Programming);

- subroutine SYMBOL, which selects a single symbol
among 128 possibilities by simply introducing an
index value (Calcompplotter Programming);

- subroutine PICKUP, which indicates the position of
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a character in a given character string;
- subroutine ADRSRT, which sorts an array in ascend-

ing order and produces an ordering vector for
sorting associated arrays.

Computing equipment
(H.R. Deckers, J.F.DeGreef, R.Schoonlau)

By the end of 1974, the IBM 370/135 system (re-
placing the local computer IBM 360/44) has been
installed at S.C.K./C.E.N. The configuration com-
prises a processing unit with 320K bytes-memory,
a disk storage 3333, a disk storage 3330, a magnetic
tape 3411, a magnetic tape 3410, a printer 1403,
a card read/punch 2540, a paper tape reader 2671,
a controller 3704 supporting 14 terminals 2741 and
4 terminals TTY. A S/7 with 10K words of main
memory will be added in 1975 as front-end processor
for linking some minicomputers connected on-line for
data handling of experiments. The IBM 370/135 will
work under VM/370, CP/CMS.

An on-line system became operational, which com-
prises an IBM 3277/3284 display/print station linked
to the CIV/CTI Centre for Information Processing
of the Ministry of Economic Affairs via a 2400 b.s"1

line. This svstem will have access to the INIS data

bank of nuclear documentation through the STAIRS
programme.

The RJE terminal MDS-2400, linked via a 4800 b.s1

line to the CIV/CTI Centre for Information Process-
ing, was kept operational throughout 1974 for the
large reactor physics calculations.

Software preparation for new system
(370/135 VM/370)
(H.R. Deckers, G. Peperstraete, R. Schooniau, J. Van-
dervee, G. Van Roosbroeck)

In order to allow a smooth transition to the new
computer, the new system was generated beforehand
on a 370 computer of the IBM-data centre in Diegem.
This included system generation, transfer of IBM and
installation subroutine packages and urgent user pro-
grammes and development of software for devices not
supported by the standard IBM CMS software (paper
tape reader and CALCOMPPLOTTER).

Utilization time of the computers

Table 8.1.1. shows how the utilization time was
distributed over the main task group of S.C.K./C.E.N.

TABLE 8.1.1.

Task group

Designation

0 Support tasks
1 Fast reactors
2 Thermal reactors
3 Nuclear R & D
-t Basic and exploratory research
5 Non-nuclear projects
6 Protection
7 Administration tasks
8 Work for third parties

Total

Time sharing

Total

Local computer
IBM 360/44

h
(Total time)

1331.7
359.0
39.2
19.5

920.4
257.8
182.8
124.0
29.3

3263.7

750

4013.7

%

40.8
11.0
1.2
0.6

2S.2
7.9
5.6
3.8
0.9

100.0

CIV/CTI computer
IBM 370/158

(Ministry of Economic Affairs)

h
(CPU time)

23.61
65.17
11.69
5.90
7.87

0.35
1.16

115.75

°o

20.4
56.3
10.1
5.1
6.8

0.3
1.0

100.0
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8.1.3. Support to the operation of the TRIGA
Mark II reactor of CR.E.N.-K.

(Briki Ngonga Ngenji*, M. De Proost, A. Heuse,
L. Leenders)

Since 1972, the TRIGA Mark II reactor of
C.R.E.N.-K. has worked satisfactorily at a powev of
50 kW. This first phase allowed the C.R.E.N. staff
to gain experience with the reactor before increasing
the power level. The second phase consisted of bring-
ing the reactor to a steady state operation of 1 MW
and to a pulsed mode operation.

In April 1974, an S.C.K./C.E.N. team, together
with the C.R.E.N. engineer trained at Mol, left for
Kinshasa in order to contribute to a programme in-
cluding the following steps:
- general check of the installation, adaptation and

commissioning for the pulse mode operation (April-
May);

- start-up of the pulse mode operation with the
50kW-core (June);

- start-up of the 1 MW steady state operation and
check of the pulse mode operation with the 1 MW-
core (July).
During the second phase, about 50 pulses were

performed with the following characteristics:
- reactivity : from 0.9 to 2.9 $;
- maximum power : from 50 to 1000 MW;
- period : from 24 to 3 ms.

As illustrated in Fig. 8.1.1., the results obtained
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Fig. 8.1.1. — Maximum power of a pulse as a function of
prompt reactivity for various TRIGA-type reac-
tors.

- C.R.E.N.-K. (Centre Regional d'Etudes Nuclcaires de Kin-
shasa, Zaire)
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with this reactor are close to those obtained with
other TRIGA reactors. Fig. 8.1.2. gives a picture of
the core, as obtained during the Cerenkov-fTash given
by the pulse.

Fi&. 8.1.2. — The TRIGA Mark U reactor of C.R.E.N.-K.;
photograph oj the Cerenkov-flash given by a
pulse.

For the 1 MW steady state operation, the core cali-
bration gave results in close agreement with other
TRIGA reactors, particularly for the reactivity of the
control rods, the power calibration, the fuel temper-
ature and the power coefficient. At the end of the
calibration programme, demonstration of steady state
operation at 1 MW power level during a few hours
proved that all radiation levels were within the accept-
able limits.

Since July 1974, the reactor has been operating
very satisfactorily in both operation modes. An official
ceremony was held at the C.R.E.N.-K. on November
21, during which the pulse mode operation of the
reactor was inaugurated by the President of the Re-
public of Zaire, who had the opportunity to initiate
a pulse of 2 s. The collaboration between C.R.E.N.-K.
and S.C.K./C.E.N., supported by the A.G.C.D., is
continuing as part of the general agreement signed
between the governments of Zaire and Belgium. For
1975, the collaboration programme comprises three
main aspects:

- S.C.K./C.E.N. continues to support C.R.E.N.-K. in
operating the reactor and using it for different
research programmes;

- development of the health physics department, mo-
nitoring of personnel and installations;

- further training at Mol of C.R.E.N.-K. staff.
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8.2. MATERIALS RESEARCH

8.2.1. Metallurgical services
(J. Pelsmaekers)

X-ray analysis
(J. Dresselaers, J. Pelsmaekers, J. Buttiens)

Major X-ray analysis contributions were given to the
projects related to canning materials and carbide fuels.
Development work was concluded for measurement
of intensity corrected pole figures with the automatic
three-circle goniometer CAD-3, to determine the
texture in dispersion-strengthened ferritic steel tubes
(Fig. 8.2.I.).

F/'g. 5.2.J. — (220) pole figure for dispersion strengthened
jerritic steels tube.

Scanning electron microscopy
(L. Knaepen)

Major SEM-contributions were given to the follow-
ing projects and third parties.
Mixed oxide fuel: study of the morphology of UO2

powders, control of the powder compaction at the
surface of UO2 pellets and examination of surface
imperfections of pelletizing-dies by means of replicas.
Materials development: surface examination of fuel
pins submitted to a corrosion test for 6000 h at 650°C
in the Na3 loop; control of the grain size of fine
powders for the fabrication of dispersion-strengthened
ferritic steels; examination of specimens submitted to
creep tests under different conditions.

Solid state physics: investigation of blister distribution
in Re- and SAP disc surfaces, irradiated with 20 kV
He+ ions and of the diffusion of oxygen in UOC-MO-
Exploratory research for G.C.F.R.: study of the outer
and fracture surfaces of AI2O3 layers of coated particles.
V.U.B.: examination of calcifications of blood vessels
of the human brains, the plexus choroi'dens and the
epiphyse.

In addition to SEM analyses, preliminary qualitati-
ve energy dispersive examinations were done by the
new EDAX apparatus on different steel specimens.

Electron microprobe
(A. Cools, J. Pelsmaekers)

The microprobe MS46 was mainly operated for the
fuel and materials development programmes. Increas-
ing work has been done on fuel-cladding compatibility
studies and on sodium as well as on aqueous corrosion.

A new application area has successfully been opened
by adapting appropriate techniques for preparation of
plutonium bearing specimens to the requirements of
the cold electron microprobe.

Optical microscopy
(M. Heylen-Geladi, L. Driesen)

Optical microscopy services were rendered to fuel
and materials development programmes for sodium
cooled and high temperature reactors, as well as to
basic studies and exploratory research.

Besides the conventional techniques used in these
supporting activities, methods of applying epitaxial
films were generalized and the interference film micro-
scopy was further developed. The original results
obtained by interference film microscopy will be em-
phasized in connection with microspectrophotometry,
and thus become one of the most interesting features
of scientific optical microscopy.

8.2.2. Services rendered by the Fuel Group
S.C.K./C.E.N.-BELGONUCLEAIRE
(P.Diels, AJ.Flipot)

Ceramography and autoradiography

Support was given to the fuel development for fast
reactors (oxides and carbides), thermal reactors and
HTR. A large number of samples were also examined
(Zircaloy, steel and fuel pellets) in the scope of
industrial fabrications carried out by BELGONUCLE-
AIRE for General Electric, Asea and Sena.

•*.« «
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X-ray analysis

The X-ray analysis has contributed to the study
of various problems such as Pu diffusion in mixed
oxide fuels, evaluation of the stoichiometry of UO;-
PuO: fuels and control of mixed carbides.

8.2.3. Physical characterization of solids
(F.Gorle, P.Henrion, W.Timmermans, W.Van
Lierde")

Physical characterization of various types of pow-
der by means of density measurements, porosimetry
and sedimentation, has been carried out for various
research programmes of S.C.K./C.E.N.

Flow properties of powders

In order to investigate the flow properties of pow-

ders, the shear stress apparatus has been installed in
a glove-box and a number of tests have been perform-
ed on UO: powders of various origins.
After consolidation by compaction at a well defined
pressure, the powders are submitted to a series of
normal compressive stresses below the consolidating
stress. This allows the determination of a family of
yield loci, corresponding to the different densities
of the powder resulting from different compaction
states. Analysis of such yield loci allows one to
determine the flow characteristics of the powder.

Characterization of UO2 powders

In order to provide assistance in the development
of fabrication techniques for UO:-PuO2 fuels, a pro-
gramme was set up for establishing possible correla-
tions between fabrication results and the physical
characteristics of the powders. Results on UO: pow-
ders are expected for mid 1975.

8.3. SUPPORTING CHEMISTRY SERVICES
(L.H. Baetsle;

8.3.1. Chemical analyses
(F. Lievens, L. Vandevelde, J. Remy-Defraigne,
I. Delespaul)

The analytical service received 10,860 samples and
carried out 67,024 analyses as listed in Table 8.3.1.

The analyses were performed for the following
programmes: oxide fuels (3616), caribde fuels (447),
ferritic canning materials (401), reactor and waste

waters (1595), heavy metal pollution network
(54,530), pollution by organo chlorides (3438), pol-
lution by SO2 (1830), pollution by HC1 (107), and
others (1060).

By using ion selective electrodes, it was possible to
determine pollution levels for fluoride and ammonia
down to 1 ng.nr3. The sampling in the field was
carried out with absorbers containing 10 ml of solu-
tion through which 60 1 of air was drawn in one hour.

TABLE 8.3.1.

Emission spectrography
X-ray fluorescence
Gas analyses
Atomic absorption analyses
Wet chemical analyses
Physico-chemical analyses
Radioactive samples
Pollution: heavy metals

organo chlorides
SO2

HC1

Samples

580
84

210
81

225
572
456

5450
1268
1830

107

Determinations

4769
160
244
110
794
593
449

54,530
3438
1830

107

* Deceased
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In the laboratory, the pH, ionic strength, and com-
plexation was adjusted and the ion activity measured
within 2 to 20 minutes.

Ion selective electrodes were also used to determine
cyanide carbon in sodium. The sodium samples are
dissolved in water and acidified with HjSCX Cyanide
is separated by distillation and, after adjustment of
the pH of the distillate to 12, the ion activity is meas-
ured. With this method, 0.01 ug of carbon as cyanide
per gramme of sodium can be determined.

Gases evolved from molten nitrate and nitride bath
were analysed using a small mass spectrometer. The
gases resulted from thermal and radiolytic decomposi-
tion, or from reaction with metallic sodium. The inter-
pretation of the mass spectrometric fragmentogramme
was not an easy task and other analytical methods
will be developed.

The determination of traces of oxygen and nitrogen
in metals was carried out using carrier gas fusion tech-
niques. For oxygen in copper and iron, good results
were obtained.

8.3.2. Radiochemical analyses
(P. DeRegge, R.Boden, M. Monsecour)

8.3.2.1. Radiochemical services

AbouT 30 plutonium samples and 6 uranium samples
were analysed for various projects of BF.LGONUCLE-
AIRE and S.C.K./C.E.N.

Three 1MAu tracers were calibrated and forwarded
to BIRACO-Olen for metallurgical studies.

Gun powder residues were analysed for Pb and Sb
by atomic absorption and neutron activation analysis
at the request of the court of justice.

8.3.2.2. Mass spectrometry of solid samples
(H. Vandenborre, R. Boden)

A surface ion source mass spectrometer has been
installed in the Chemistry department, for isotopic
analysis of uranium, plutonium and fission product
samples (Fig. 8.3.I.). This MM 30 instrument was

Fig. 8.3.1. — The MM 30 mass spectrometer.
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developed at AWRE Aldermaston and manufactured
by VG Micromass Ltd under UKAEA licence. In this
instrument, ions from a triple-filament source are
accelerated by a voltage of 7.5 kV and deflected
through 90° along a 12-in radius path by an electro-
magnetic field which can be varied, by the field me-
mory unit, in order to scan the different mass/cha<y,e
ratios.

The isotopes of natural uranium and NBS uraniun
standards (59b, 2096 and 5096 enriched 235U) were
measured by using a discontinuous scanning of the
different m/e values, i.e. by using the peak jumping
method. The ion beams are detected on a Daly detec-
tor system or on a Faraday bucket. In both cases, the
signal is fed into an integrating digital voltmeter. The
mean value and the standard deviation on the mean
are calculated for each set of 15 ratios.

A comparison has been made between the observed
and the expected error, calculated on the basis of ion
statistics, numerical errors and amplifier noise. The
noise on the filament control unit, surface effects on
ion emission and peak shape errors are not included.
From these results, it can be concluded that on NBS
uranium standards, the isotope ratios can be measured
with a precision of about twice the theoretical ex-
pected error.

8.3.2.3. Automation of analytical methods
(H.Vandenborre, R.Bodcn, G.Dircx, M.Put,
F.Ven)

A PDP-11 computer programme has been developed
for the treatment of mass spectrometric data on ura-
nium samples. Subroutines are included for the back-
ground and mass discrimination corrections, for the
rejection of outlier values on a statistical basis and for
the calculation of the at.% and wt.% composition.

8.3.3. Instrumentation and automation of analyt-
ical methods and experiments
(M.Put, F.Ven)

In view of the automation of different analytical
methods, a PDP 11 /20 computer is now in use with
the following characteristics:
- PDP 11/20 16 bit processor;
- 24 k of core memory;
- high speed paper tape reader and punch;
- RK05 disk memory with 1.2 M words storage;
- LA 30 dec writer;
- programmable real time clock;
- interfaces necessary for the connection of the differ-

ent apparatus.
The MBLE emission spectrometer type PV 8200

has been interfaced to the PDP 11/20 computer and
programmed for the direct conversion of the analytical
data to concentrations.

The Philips X-ray spectrometer type PW 1410 has
been interfaced to the PDP 11/20 computer. Pro-
grammes have been written for the computation of
the calibration curves and the calculation of the con-
centrations.

For the VG Micromass Ltd spectrometer type
MM 30, the interfacing is in progress.

A fast coincidence meter for the measurement of
fast y-ray coincidence has been developed and cali-
brated.

8.3.4. Testing of filters
(W.R.A.Goossens, G. Collard)

Iodomethane trapping on activated carbon has been
investigated under specific working conditions propos-
ed by the European Nuclear "Working Group on Safety
Filters for Exhaust Gases, in order to establish a
standard procedure for determining the performance
of activated carbon filters. These experimental con-
ditions are: room temperature; an iodomethane inlet
concentration of 3.2 mg.m'3; a gas humidity of 100%;
a superficial velocity of 23 cm.s'1; bed heights of 5
and 10 cm. Up to now, Sutcliffe-Speakman carbon has
shewn better trapping efficiencies than Norit RKJ 0.8
active carbon.

8.4. MEDIUM ACTIVITY LABORATORIES (LMA)
(A.C.Demildt)

During 1974, LMA carried out post-irradiation work for various irradiation experiments of mixed oxides
(Rapsodie, MFBS 6, CFC 01), carbides (HR 3) and ferritic steels (DISP 03) for fast reactors, as well as on LWR
fuel irradiated in BR3 and SENA, on HTR fuel from the MFBS 6 Appendix and the MOPS-CO2-VCO2
experiment. Moreover, contributions were made to the Reprocessing and the Actinium-Thorium projects. Apart
from these activities, reported in previous chapters, attention was paid to the following underlying work.
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8.4.1. Microprobe analyses
(J. Ketels, J. Van De Velde, C. Van Loon)

In view of future analyses on irradiated fuel sam-
ples, experience was gained on microprobe examina-
tions by studies on fresh BR2 elements, on compati-
bility between SiC coated particles and Nimonic 754
and 2ONi-25Cr-Nb steel for G.C.F.R., on interaction
of MnTe and MnTe^ compounds with austenic steels,
and on superconducting materials.

8.4.2. Improvement of techniques for studies on
irradiated materials
(J. Van De Velde, C. Van Loon, J. Vanderstee-
ne)

A test unit for creep of tube samples under internal
pressure (Fig. 8.4.1.) and a fuel pin marking machine
have been developed and used for studies on Rapsodie

Fig. SA.l. — Unit for creep tests on irradiated lubes under
internal pressure.

cladding samples. Equipment for tensile tests at high
temperatures is being adapted to hot cell operations,
and a burst test apparatus is being developed.

A research programme has been started for the
recovery and analysis of fission gas, for the decrudding
and analysis of fuel elements and for mercury density
measurement of uranium-plutonium oxide fuel.

For recovery of coated particles from irradiated
HTR fuel, oxidation of the compacting graphite was
studied on the thermobalance; with a gas mixture
composed of 50% O:- 50% N:, the combustion rate
of non-irradiated material was about 2.5 mg.min"1 at
850°C; at the same temperature, only 0.1 mg.min1

was obtained with irradiated material in a pure O:
atmosphere.

For molten salt disaggregation experiments on fresh
UO:-PuO:, a dry nitrogen glove box has been installed
in a normal oc-box. A campaign for the recovery of
150 g plutonium as oxalate from PuFj absorbed on
AbOj and NaF was successfully completed.

8.4.3. Technical support
(A.Hermans, G. Hoyaux*, C. Lambiet, A.Da-
niels )

The following new cells, complete with instrumen-
in the course of the year:
tation, have been installed and became operational
- a hot cell for machining and cutting irradiated fuel,

cladding and structural materials;
- a hot cell for preparing metallographic samples;
- hot cells for deposition of noble metal layers on

samples for microprobe analysis and for deconta-
mination of the samples prior to their transfer to
the microprobe apparatus;

- the existing S.P.C. hot cell has been completely
adapted for chemical treatment and separation of
Xe and Mo isotopes from irradiated enriched UO->,
by IRE;

- the "Lemer" hot cell has been adapted for final
Mo purification.

8.5. PROTECTION
(R. Boulenger**, G. Fieuw)

8.5.1. Health physics
(H.Bultynck, J. Colard, J.P.Deworm, J.Dul-
cino, L. Ghoos**, P. Govaerts, P. Gubel, G.
Koch, J.MarJein, G. Penelle**, W.Siegers,
Th. Zeevaert)

* EURATOM
"•'•* Contröle-Radioprotection

8-8

8.5.1.1. Monitoring of personnel, installations and
transport

External dosimetry

Routine monitoring by film dosimetry of some
1,500 permanent workers at S.C.K./C.E.N. was per-
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formed on the same basis as previous years. Moreover,
almost 6,000 film badges were used by visitors and
occasional workers in controlled areas. This involved
development and analysis of some 140,000 film dosi-
meters and 12,500 TL external dosimeters.

In addition to the figures given in Table 8.5.1. on
total dose distribution, it should be mentioned that
1,149 weekly doses exceeded 100 mrem, which means
a considerable increase in comparison with previous
years. For 169 persons, 60% of them working at
BR3, the annual dose varied between 1,250 mrem and
a maximum of 4,736 mrem. The increase is mainly

TABLE 8.5.1.
Total dose distribution

Doses in mrem

250 -1250

1251-2500

2501 - 5000

>5000

Max. toial dose
(in mrem)

1970

186

77

29

1

5258

1971

298

98

60

4

5633

1972

216

54

47

1

5037

1973

175

42

10

1

5405

1974

279

122

47

4736

due to the dismantling operations of the BR3/3A core
and to a lesser extent to repair works of the BR2 heat
exchangers as can be deduced from the comparison
with figures for 1971, when similar operations were
carried out. For 50 workers, 90% of which had been
involved with the BR3/3A dismantling operations,
irradiation exposures were temporarily restricted in
order to avoid reaching the maximum permissible dose.
As TL-dosimeters constitute fast and easy devices for
the determination of doses, their use has been largely
generalized during the above mentioned operations.

No over-exposures of the fingertips were recorded
by LiF-fingerdosimeters.

Transport

There were 941 applications for transport authori-
zations for radioactive and fissile materials; 2 convoys
were escorted by Health Physics personnel; 13 trans-
ports were carried out by S.C.K./C.E.N., the re-
mainder by other firms.

Internal contaminations

Within S.C.K./C.E.N., 114 incidents of minor im-
portance were registered; 31 persons were treated in
the Decontamination Facility. Occasional controls, re-
quested for after incidents were quantitatively com-
parable with those of 1973.

HUMCO - Routine measurements
(J.Colard, D. Nuttinck)

During 1974, the following examinations have been
performed:
1,862 whole body measurements;

385 thyroid measurements for I23I, '^I and 13II
detection;

8 wound measurements for ^'Pu/^'Am detection;
9 lung measurements with proportional counter

for 39Pu assessment;
9 lung measurements with thin Nal crystal for

an incident with 341Am.
248 whole body measurements showed contamina-

tions with radionuclides like ~Na, 32P, ^Mn, 58Co, '"Co,
65Zn, 75Se, 85Sr, S6Rb, wMo, 95Zr-Nb, l03Ru, 106Ru, 141Ce,
I4JCe, '"Xe, l34Cs, 137Cs, 2("Hg. All cases were below
1 °o MPBB except 1 case at 11 % with 32P and 5 cases
(with 2(BHg, wCo or ll*Ru) between 1 and 596 MPBB.
154 examinations of the thyroid showed contamina-
tions, all below 80% of the 13II MPB and 20% of
the 125I MPB).

One case of Ra contamination of a wound was
measured following an incident in a hospital.

Many contaminations with foZn were observed
among people working at a cyclotron and the BR3
reloading operations gave rise to a significant number
of light contaminations with 54Mn, M C o and 134l37Cs.

Excreta measurements
(K.Hofkens, J.Luysterborg, F.Verhoeven, C.Weyers)

During the year, a total of 3,872 nuclides were
determined in urine; the most important were B9Pu
(2,049), 3H (774), U (527), »Ra (289) and 24lAm
(120).

Furthermore, 215 determinations of a emitters in
nose blow samples, 13 determinations of 3H and 4
determinations of 39Pu and 241Am in faeces were per-
formed. For the workers of the Tritium laboratory,
about 700 samples were analysed: 7 cases of contam-
ination exceeding 30 nCi.ml"1 were detected, 6 being
due to contamination with tritiated water and 1 to a
labelled compound which was excreted rapidly.

The analyses revealed no major contamination by
Ac, Th and Ra or by U and transuranium elements.

Analytical support was also provided for bio-assay
measurements outside S.C.K./C.E.N.

Tritium contamination problems

256 smear samples for contamination checks of
surfaces in the laboratory were taken and measured
by liquid scintillation; 234 exceeded the D.I.L. of
2,500 dps.dnv2.

Moreover, 659 smear samples for detection of hand
contamination were taken and measured by liquid
scintillation; 361 exceeded the D.I.L. of 250 dps.dm"2.
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The atmospheric 3H activity was continuously mon-
itored at the working places by means of a tritium
monitor, type DDH700; the present alarm level of
5.10'6Ci.m"3 was reached on 12 occasions. In 1974,
about 558 Ci of tritium was released into the atmos-
phere, 7 1 % of which by ventilation of laboratories
and 29% by the glove-box exhausts.

Iodine contamination problems

The total 131I-activity discharged through the BR1
stack reached 385 mCi in 1974; this figure should be
compared with the derived working level (BR1) of
1.3X 10'7Ci.s"\ corresponding to a total release of
335 mCi during one month.

The maximum thyroid I31I contamination, detected
in personnel occupied in the laboratory, amounted to
819b of the reference level of 75 nCi.

Plutonium laboratories

Although large quantities of plutonium were handl-
ed for the fabrication of fuel elements and for research
work, only 20 minor incidents were reported.

From about 50,000 air samples taken during 1974
in the working places around the glove boxes, only
34 exceeded 8 MPC.h (MPC = 2X 1012 Ci.nf3), with
a maximum of 192 MPC.h; from these 34 samples,
71 % were situated between 8 and 40 MPC.h and
20% between 40 and 80 MPC.h. The distribution is
log-normal with a 50% value of 20 MPC.h and a
geometrical standard deviation of 2.5. The 95% value
is 88 MPC.h.

Actinium programme

At the end of September 1974, due to cracking of
the plexiglass windows of the ai box, it was decided
to evacuate the ~sTh and ^Ra in sealed sources and
the niAc-fraction to the <X4-glove box for purification.
The inner chemical substructure of the (Xi and a:
boxes were decontaminated with an organic solvent
and afterwards with highly concentrated acids. The
^Rn-release at the stack of LMA varied between
1 and 2XlO'6Ci.s"' with a mean release rate of

BR2

Some leaking fuel elements induced anomalous fis-
sion product levels in the primary coolant, especially
during th ; cycles 1/74, 4/74, 6/74 and 7/74 giving,
at the end of the cycle, up to 5.10'3 u.Ci.cm"3 for 131I
contamination in the pvimary circuit. These fission
product contaminations of the primary coolant caused
some premature shut-downs of the reactor. The
frequency of reaching a certain activity level at the
end of a cycle is indicated in Fig. 8.5.1. for I31I, 88Kr,
I33Xe and the total of noble gases and halogens. Two

interventions were carried out by "Linde" personnel
to replace the damaged stainless steel mesh in the
primary heat exchangers; the maximum permissible
exposures were not exceeded.

BR3

During the first half of the year, the plant was
shut down for refueling operations. During the dis-
mantling operations, doses of up to 1 R were received
by the workers in one hour; in no case however the
M.P.D. of 3 R/13 weeks was reached. These high
doses were received in the proximity of the reactor

Number of cycles during
which A is exceeded

A(Ci.nr3)

ig. 8.5.1. — Fission products contamination of primary BR2
coolant.

cover and MC-pumps where dose rates of up to
lOR.h1 were noted; surface contaminations up to
500 dps.dm"2 were regularly measured. Only one sig-
nificant airborne dust contamination was observed,
and this was during replacement of the O-rings on
the reactor cover. The stack release was continuously
monitored and amounted to 228 Ci and less than
1.5 mCi for noble gases and 131I respectively.

The Y whole body exposure of the permanent and
occasional workers amounted to 142.5 and 124 man-
rem respectively; the corresponding figures in 1973
were 19.5 man-rem and 0.3 man-rem.

Waste disposal

19 minor incidents (mostly in the a-zone) occurred
without causing problems with regard to the protec-
tion of personnel.

The container discharging unit was adapted, so the
waste from dismantling operations of the actinium
facilities could be treated without air and surface
contamination.

8-10 BLG 506/75



8.5.1.2. Environmental monitoring

Site survey

- The monitoring programme in the vicinity of S.C.K./
C.E.N. was continued. Measurements on samples
from twenty different wells and ponds, taken twice
a month, revealed no abnormal values. In May, a
water leak due to a defective vent was detected on
the pipe line for discharging waste waters into the
Molse Nethe, causing contamination of the surround-
ing soil. The contaminated sand was removed until
the residual activity was less than 100 dps.dm'2.
Activity measurements of the drinking water of the
nearby farm gave no values above existing back-
ground countings.
Routine controls of the radiation level on the site
of S.C.K./C.E.N. by a vehicle equipped with the
4 " X 4 " Nal crystal, enabled four minor radioacvive
sources to be recovered; checks of the surroundings
revealed no abnormal values.
Twenty environmental dosemeters (TLD), changed
every two months, are placed on and around
the S.C.K./C.E.N. site. The background radiation
amounts to about 35 mRad.year1.
A maximum value of 1930 mRad.year'1 was obtained
at PCS5, situated near the two storage fields, east
and west of the waste disposal plant.

- Milk and grass samples were collected off-site, in
order to check any significant release of 13II. 13II ac-
tivity in milk was always found to be less than
25 pCi.l'1. 137Cs and '"Sr activities in milk were
measured in four weeks bulked samples; the 137Cs
activity varied between 3 and 23 pCi.l1, the MSr
activity between 3 and 15 S.U.
The 3H activity in the milk was always less than
2000 pCi.l-1.

Nethe river basin

- The maximum authorized monthly activity release
into the Mol-Nethe is 4500 mCi. This amount con-
sists of a sum of partial activities weighted, with
respect to their nature, as follows:

5(totala) + (total ß) + 30(90Sr) + 3(I31I) +
300 (-"Ra) + 0.001(HTO).
The total radioactivity released during 1974 reached
6 1 % (the same as in 1973) of the permitted value.
The greatest contributions were due to *hs ""'Sr
activity and the total ß-activity with respectively
269b and 24% of the total disposed activity (Table
8.5.2.).

- Monitoring at the ten sampling stations of the Nethe
River basin, each equipped with continuous samplers,
was continued to check the contribution to the radio-
active background of the water basin of waste water
released by S.C.K./C.E.N. Results were satisfactory,
even after the increased wSr release in August.
A small fluctuation in 3H activity was observed in
the drinking water of 4 water mains from PIDPA
Westerlo: the maximum 3H concentrations before
and after treatment were 10,000 pCi.l"1 and 2,300
pCi.l"1 respectively.

8.5.1.3. Emergency organization

Regular checks were made as part of the Emergency
Plan Organization.

8.5.1.4. Testing of air filters

In situ testing of HEPA filters

The efficiency of the HEPA filter banks is routinely
tested in situ once a year and after replacement of
the filters. In total, 192 filter banks were tested in
different laboratories and power plants; 25 (13%) of
them showed an unacceptable penetration ( > 0 . 1 % ) .
Table 8.5.4. shows the number of tests and results for
previous years. In new facilities outside S.C.K./C.E.N.,
28 filter banks were tested; corrective measures had
to be taken at 11 banks (39%) .

8.5.1.5. Safety studies
(O. Corbisier, G. Penelle*, C. Van Bosstrae-
ten*)

Safety studies have been carried out for the BR2

* Controle-Radioprotection

TABLE 8.5.2.

Activity discharged in the Nethe River (weighted mCi)

Isotope ^_^^-—

1972

1973

1974

a*Ra

63

109

66

a-global

85

499

902

9°Sr

9,939

5,764

13,996

1311

932

3,634

2,749

3H

3,274

7,562

2,512

ß-global

12,063

15,587

12,911

Total

26,356

33,155

33,136
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TABLE 8.5.4.

Year

1972

1973

1974

Number of filter banks tested

148

184

192

Unsatisfactory filter banks

(penetration >0.19o)

Number

36

24

25

Percentage

24

13

13

reactor, the BR3 reactor, in-pile experiments in BR2,
new cells to be built for the BR2 and for the LMA
extensions.

The Advisory Committee for the Prevention of
Nuclear Accidents approved the loading and the
power operation of the BR3 reactor with core 3B.

BR2 and BR3 suffered mechanical defects which
required special attention. In BR2, cracks appeared
in the beryllium matrix and, in BR3, a control rod
became detached from its driving mechanism; in both
cases, a safety evaluation was performed and the
operation of the reactors was allowed under well
defined conditions.

8.5.2. Safety development work and supporting
studies

8.5.2.1. Health physics instrumentation
(M. Lamproye, M. Loos)

- A wide range (1 mR.h'1 to 300 R.IT1 ) portable ß-y
surveymeter has been developed. It consists of an
air filled ionizaiion chamber and solid state am-
plifier (varactor bridge). The wail thickness of the
ionization chamber is 300 mg.cm'2 of near tissue
equivalent material, with the possibility of decreas-
ing it to 7 mg.cm"2 by opening a window.

- A security Pu detection unit was set up, to monitor
all plutonium movements in and out the controlled
areas. The system gives an alarm on the presence
of 50 mg Pu at a distance of 1.5 m.

- A noble gas detection unit was developed to measure
Xe and Kr at the BR3 reactor building. The prin-
ciple of the unit is that the gases to be measured
(ß-emitters) pass through the inside of the counter.
The detection limit is approximately 5X10"6

pCi.cnr3.
- A new type of charcoal cartridge (in plexiglass) for

the I31I monitors was realized in order to easy the
refilling and decontamination operations.

8.5.2.2. Studies on internal contamination

HUMCO - Apparatus for radioactive lung
burden determination

(D. Nuttinck, R. Leduc, J. Colard)

The Xe-CH4 proportional counter, designed for Pu
monitoring in the lung, has been used for some
routine cases. The long-term stability of the amplifica-
tion factor of the gas in the counter has now been
checked over 26 months; no degeneration has oc-
curred.

Contribution of the human body to the background
of the thin Nal crystal used for 241Am assessment has
been investigated, in order to improve the detection
limit of this radionuclide to about 0.3 nCi.

The large Nal(Tl) crystal of 292 mm 0 X 103 mm
height, mounted with lead collimator, has been cali-
brated for 232+2-sTh detection in the lungs, with Th
sources inserted in the plastic lungs of a chest phan-
tom.

The detection limit is about 0.5 nCi 228Th by meas-
urement on the 2.6 MeV of 20sTl.

Contamination by Th of up to ~2 .5 nCi has been
detected in workers of a third company; the maximum
permissible lung burden of the Th + daughters pro-
ducts has been calculated to be 3 nCi.

HUMCO - Data handling
(C.Ballaux*)

A new computer programme was taken into routine
use; the libraries were extended up to 24 (8"X4";
and 18 (12"X4") Nal(Tl) standards.

Interpretation of excreta measurements
(F. Staes, J. Mermans)

In order to assess the irradiation doses due to the
intake of tritiated substances (both in clinical pharma-

* Contröle-Radioprotection
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cology rind in the case of incidental contaminations),
the systematic biological study, in collaboration with
the University of Liege, was continued.

The remits available from mice injected with phar-
macologically representative substances show, as could
be expected, that the irradiation doses and the critical
organs depend on the chemical form in which the
radionuclide is received. The data handling is being
pursued in order to try to establish the best relation-
ship between excreta and organ contamination.

8.5.2.3. Dosimetry development
(L. Ghoos*)

- A substantial improvement was realized for develop-
ing thernioluminescent dosimeters, by introducing a
new system which gives a reliable, firm contact be-
tween the heating planchet and TL detector. With
the previous system, the contact was very much de-
pendent on the actual state of the planchet and, in
normal practice, for a dose of 500 mR, results could
differ by a factor of two. According to the new
method, the detector is placed upon a heating plan-
chet, perforated with holes regularly distributed over
the surface. Under the planchet, a slight negative
pressure is applied by which the detector is pressed
against the planchet. In the slide, a teflon adapter
ensures an excellent leaktightness. A manometer on
the suctioning line indicates whether a firm contact
between detector and planchet has been realized.

- The use of a thermoluminescent dosimeter with two
detectors of resp. 7 mg.cm'2 and 300 mg.cnv2 has
proven to be very successful as a supplement to the
film-dosimeter in circumstances where the dose re-
ceived must be followed daily.

- The work on the FAUNA Computer programme
was continued in order to treat the results for LiF-
detectors used as extremity dosimeters.

- The dosimeter for environmental radiation monitor-
ing was further developed and at present the fol-
lowing set-up is being used.
About 100 mg of CaSO.i:Dy-powdcr in a vial is
protected by 0.3 mm of lead to flatten energy
response. Two other detectors are placed in the
polyethylene cylindrical holder: both are TLD-700
ribbons, one bare and one covered by 1 mm of
aluminium.

- The development was started of a neutron dosimeter
based on the method of fission track detection in
thin plastic foils.

8.5.2.4. Nuclear spectrometry
(J.Colard, J.P. Culot*, C.Ballaux*)

Methods

During 1974, the main effort was devoted to the

Controle-Radioprotection

development of computerized procedures for the pro-
cessing of Ge(Li) spectra in fast routine analysis.

The adopted relation for the fitting of the Ge(Li)
efficiency curve is: R(E) = (AE* + BE3).(l-e?E)5

where R(E) is the efficiency at energy E, and A,a,
B,ß,y,8, are coefficients calculated by the FATAL
subroutine, from non-linear least squares fitting of
experimental results.

These results are obtained by measurement of stan-
dard solutions calibrated by absolute counting proce-
dures (4TI and coincidence counting) with radio-
nuclides having well-known y-emissions, such as -4lAm,
lwCd, 57Co, wCe, ^Hg , 1BBa, «8Au, l37Cs, «"Co or with
radionuclides emitting a large range of y, such as a(1Ra
or 56Co.

From a literature compilation, a table of y-ray
energies and intensities of the most commonly en-
countered radionuclides in a nuclear centre has been
prepared and distributed to various spectrometry la-
boratories in Belgium.

Processing of Ge(Li) routine spectra
The Plurimat System became operative for routine

analysis of Ge(Li) spectra in September 1974. It
includes:
- a Multi-20 digital computer with 24 K memory and

teletype;
- a permanent display of the spectrum on a cathode

ray screen (with character generator);
- an Ampex TMZ magnetic tape unit, 9 tracks, 800

BPI, 19.2 K octects/second;
- interface to pulse height analysers INTERTECHNI-

QUE SA 44, SA 40 B, with multiplexer realized by
the Electronics department;

- an X-Y fast recorder.
A sophisticated programme has been developed for:

- transfer of spectrum (up to 2000 channels) from the
multi-channel analysers to the memory of the Multi-
20;

- automatic peak location (Philippot's method);
- non-linear subtraction of background (Philippot's

method);
- efficiency calculation for the adopted sample detec-

tor configuration;
- peak processing with optional radionuclide identifi-

cation (main table of 150 y-peaks and alterable
table of 20 y-peaks);

- multiplet analysis;
- activity calculation (p.Ci) with correction for decay

during measurements and delay between the referen-
ce time and the measurement;

- input-output management (teletype, magnetic tape,
X-Y recorder).
About 500 spectra have been analysed with the help

of this programme. All these spectra have been stored
on magnetic tape for further treatment, if necessary.
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Routine analyses

5,074 samples have been analysed by y- or a-
spectrometry including 329 activation analyses of Al,
V, Na, Cl or I in samples from petroleum and pharma-
ceutical industries.

High sensitive determination of iodine isotopes
in milk

By adding thimerosal as preservative, a mean week-
ly milk sample can be rapidly analysed for its I29I
and/or I31I content. The iodine is separated by anion
exchange, and tlit column directly measured in a
3 " X 3 " Nal(Tl) well-type detector. For raw milk
with metabolized I3II and thimerosal, a mean chemical
yield of 82% is obtained. The detection limits are
l p G °'I and 1.5 pG I29I ( ~ 8 n g ) if 1 litre milk
is analysed, corresponding to maximal doses lower
than 1 f> mrem/year for the critical population group.

Neutron activation analysis of 129I down to this
detection limit is not possible without a rather long
separation method (KBr), which is not desirable for
routine measurements.

A topical report is being prepared.

Absolute measurements

During 1974, 60 sources of various kinds were
prepared and/or calibrated and 25 different solutions
standardized by 4 ft Csl, 4 it ($, 4 (2) -re a, 4 (2) n aX
and 4 it ßy counting.

Intercalibrations for a few isotopes showed the
following differences from the values indicated by
the supplier: '"Co: + 2 . 2 % (C.E.A.), MNi: + 2 . 8 %
(C.E.A.), l4oBa-14OLa: +1 .2 and + 4 . 5 % (Amersham),
B5U: -0.5% (R.C.N., GfK) and 241Am: from <-0.1
to + 2 . 1 % (C.B.N.M., R.C.N., GfK).

The absolute disintegration rate of a 7Be solution
was determined by 45 eV Auger-electron - 477 keV
y-ray coincidence counting. Taking into account the
rather large corrections, the result obtained was in
good agreement with that indicated by the manufact-
urer (+39&).

The 4 Tt X-y pressurized counter has been modified
allowing pressures up to 6 kg.cm"2 and voltages above
10 kV.

8.5.2.5. Radiophysical inventory
(R. Boulenger*, G.Koch, J. Dulcino, J. Vyn-
ckier, A. Lacroix)

General radioactive fall-out in Belgium

As in previous years, airborne dust and rainwater
were sampled daily on the S.C.K./C.E.N. site at Mol
and at four places outside S.C.K./C.E.N. (Brasschaat,
Kleine-Brogel, Schaffen and Florenncs). The total a
and ß activities were measured after a five-day delay.
In addition, the activity of 90Sr was measured in uuth
dust and rainwater samples bulked for one month.
The activity levels remained low.

* Controle-Radioprotcction

TABLE 8.5.5.

Type of food

Milk

Eggs

Meat

Vegetables

Fruit

Potatoes

Maximum values

pCi.I' or kg1

6.6

5.9

4.0

39.5
(spinach)

7.1
(orange)

4.1

pCi.g-' Ca+ ¥

5.8

11.8

114

68.0
(carrot)

71.4
(apple+pear)

67.3

Minimum values

pCi.F or kg'

1.5

1.0

0.1

1.0
(tomatoes)

0.5
(banana)

1.7

pCi.g' Ca++

1.1

2.4

1.4

7.1
(salad)

11.3
(orange)

20.0
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In the dust, the mean monthly a activities varied
between 0.43 and 4.55 fCi.m'3, the mean monthly
ß activities between 0.02 and 022 pCi.m"3 and the
monthly wSr activities between 0.92 and 0.13 fCi.m*3.
In rainwater, the mean monthly a activities varied
between 0.24 and 1.32pCi.l'\ the mean monthly
ß activities between 10 and ISOpCi.l"1 and the
monthly ""Sr activities between 0.10 and 0.92 pCi.l1.

These values are very similar to those measured
during 1973, and the activity levels at Mol were not
significantly different from those observed in other
places in Belgium.

Alimentary chain
(Contract S.C.K./C.E.N. - Ministry of Public Health)

'"Sr and 137Cs contaminations were measured in
samples taken all over Belgium by the "Institut
d'Hygiene et d'Epidemiologie". Limits of ""Sr conta-
mination of some main foods are given in Table 8.5.5.

We have studied the separation of iodine from milk,
in order to improve the sensitivity of the measurement
of 131I and 129I. After isolation of iodine as palladium
iodide (Pdk) and ß counting, the sensitivity is 0.25
pCi.l1 for 131I and 1 pCi.l1 for 129I.

Special inventory - Biological cycle Olen-Tes-
senderlo
(G.Koch, J. Baton)

226Ra was measured in samples originating from
this site.

Special 3H measurements

Tritium has been measured in various samples after
combustion and collection of tritiated water.

For radiation monitoring purposes, several thou-
sands of tritium samples were measured (hand con-
tamination, surface contamination, sewers).

The tritium content of samples coming from fuel
pin punctures carried out in LMAwas a So determined.

At the request of the Ministry of j?ublic Health,
the campaign undertaken in 1971 for tritium deter-
mination in the Nethe river has been pursued.

Special measurements of ^Rn in drinking water
(G.Koch, J.Colard, J.Baton)

Following the detection, in the beginning of 1973,
of ~Rn in tapwater at Vise, a campaign of sampling
and measurements was undertaken, showing 222Rn con-
centrations of 20 - 30,000 pCi.l1.

8.6. RADIOACTIVE WASTE PROCESSING
(N. Van de Voorde*, H. Spriet*, R. Awderlin", K.Faeters*, C.Francois*, G.Dumont, J.Claes)

Collection, transport, processing and interim or ultimate storage of radioactive residues are the major
assignments fulfilled by the S.C.K./C.E.N. Radioactive Waste Disposal Department, operated by BELGO-
NUCLEAIRE. In addition, the Department was also entrusted with the decontamination of nuclear equipment,
laboratories, sites and work clothing, either as a routine job or following accidental contamination, both inside
and outside S.C.K./C.E.N. The drinking and demincralized water production facilities of S.C.K./C.E.N. are also
run by the department.

Global operational statistics can be summarized as follows:
- initial stock of processed or stored waste on 1.1.74: 2,570 m3;
- total waste volume delivered: 227,492 m3 (282,760 m3 in 1973);
- total waste volume processed: 227,991m1 (282,330 m3 in 1973);
- final stock unprocessed or stored waste on 31.12.74: 2,666 m3.

* BELGONUCLEAIRE
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8.6.1. Radioactive liquid waste

Operational statistics for 1973 and 1974 were as follows:

Cold suspect liquid waste

- total volume delivered (m3)
- dry sludge production (kg)
- average radioactivity (jj.Ci.ml1)

a
ß-T
"»Sr

Intermediate level radioactive liquid waste

- total volume delivered (m3)
- dry sludge production (kg)
- average radioactivity (nCLml"1)

a
ß-r
"OSr

- average decontamination ( % initial activity removed)

a
ß-r
*>Sr

1973

116,000
4,502

1.99X10-8

1.72 X10-*
24.32X10-8

134,300
23,719

8.4X10-5
0.8 XlO-3

5.8X10-5

98.96
84.96
96.60

1974

110,000
9,378

144X10-8

1.77 XlO-6

7.20 XlO-8

103,000
22,538

24.7X10-5

1.1 XlO-3

7.3x10-5

98.70
87.40
96.70

Warm liquid waste
After sufficient decay and monitoring, a volume of

13,736 m3 warm liquid waste (13,010 m3 in 1973)
was released into the intermediate level liquid waste
treatment plant.

Processing of radioactive sludges
20,187 kg of dry filtered radioactive sludge concen-

trates (23,719 kg in 1973) were homogeneously dis-
persed into hot bitumen. A final volume of 43.5 m3

sludge/bitumen mix was obtained, which was loaded
into 367 steel drums of standard size or in concrete
lined drums, when necessary, to keep the maximum
dose rate on any surface of the package below the
prescribed level.

Total reduction factor
Volume of effluent treated per m3 resulting mix:

- cold suspect liquid waste : 5,500 (7,464 in 7 3 )
- intermediate level liquid waste: 2,112 (2,272 in 7 3 )

River disposal
Treated and monitored liquid waste discharged

into the Nethe river amounted to 293,900 m3 (302,900
m3 in 1973).

The radioactivity released (33,136 mCi; cf Table

8.5.2.) equals 6196 of the total weighted activity
release permitted in one year.

8.6.2. Radioactive solid waste

Global results for 1973 and 1974 were as follows.

1973 1974
Delivered volumes (m3)
- combustible solid waste
- compressible solid waste
- non-combustible and uncompressible

wastf
- oversized non-combustible waste
- miscellaneous waste
- high level solid waste
Total volume delivered (m3)
Total volume processed (m3)
Sea dumping (m3)
Volume unprocessed or stored waste
on 31.12, 1974 (m3)

Processing results can be summarized as follows.

Combustible waste: 424 m3 low-level combustible was-
te was incinerated and gave rise to a final processed
volume of 16.5 m3 radioactive ash, ultimately incor
porated in bitumen and placed in concrete lined drums.
Reduction factor: 25.7 (23.07 in 1973).

727
145

452
130
43
18

1,515
1,450
1,383

510
522

96
89
24
10

1,251
1,792

1,059 838

* « » • - -
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Compressible waste: 1,274 m3 non-combustible and o.-
coiitaminated combustible waste were baled, bitumin-
ized and conditioned in the a-treatment plant.
Reduction factor: 2.43 (2.67 in 1973)

Non-combustible and uncompressible waste: a total
volume of 94 m3 waste was incorporated into hot
bitumen and packed into steel drums.

High level storage: the delivery of 10 m3 medium- and
high-active materials or residues packed in standard
tins, plastic boxes or other containers, brought the
total volume waste store on 31.12 1974 up to 119 m3.

The total radioactivity stored amounted to:
70,231 Cioc,ß,Y ( 57,645 Ci in 1973)

646.6 g plutonium ( 802.5 g in 1973)
20,285 g natural uranium (164,896 g in 1973)

Interim storage SITE I

On 31.12 1974, 4,602 drums and concrete con-
tainers (1.375 metric tons) of insolubilized solid

waste were stored on the site of the Waste Disposal
Plant in view of future ultimate disposal.

The total activity stored amounted to: 150 Ci a.ß.y,
3000 Ci tritium, 315 g plutonium, 34,543 g natural
uranium and 21 g thorium.

8.6.3. Decontamination - Intervention - Laundry

- Intervention and decontamination teams carried out
cleaning of warm and hot laboratories, reactor equip-
ment or facilities as routine or emergency assign-
ments (total 16,099 h in 1974; 13,960 h in 1973).

- Laundry decontamination teams treated 33,065 kg
(28,182 kg in 1973), monitored 22,955 kg (30,572
kg in 1973) and ironed 13,540 kg (19,851kg in
1973).

8.6.4. Water production and supply

The water production plant supplied 350,000 m3

drinking water (405,000 m3 in 1973) and 420,000 m3

demineralized water (509,300 m3 in 1973).

8.7. TECHNICAL SUPPORT
(R. Vanhaelewyn)

8.7.1. Technical services
(E. deDorlodot)

8.7.1.1. Mechanical services
(J. Van der Auwera, E. Colagnon, J. Colsoul,
A. Francart)

During 1974 this service treated 2,856 work orders,
divided as follows:
- design and drawing office : 81
- manufacture by outside firms: 131
- main workshop : 1,208
- assembly and maintenance : 735
- specialized workshop : 701

The main jobs were:
- for BR2, the construction of equipment for the

installation of BR02 in the storage canal (to this
end, the y radiation apparatus RITA has been
moved); baskets for radiation experiments; pieces
for reactor operation such as safety tubes, control
rods and transport containers for fuel elements; the
study of a new dismantling apparatus for use in
the hot cell has also been started;

- for BR3, the construction of equipment for transfer
of active ion exchange resins to the Waste and new
studs for the reactor cover;

- for LMA, the study and construction of containers,
glove-boxes and lead radiation shieldings, the con-
struction of a puncture apparatus;

- a line of 5 glove-boxes with special tools, furnaces
and equipment for the study of uranium carbide
fuel, to be installed in the laboratory 100 of the
Chemistry building;

- a second profile measuring instrument for the di-
mensional monitoring of UO2-PUO2 pellets;

- rolling mills, equipment and control apparatus for
production of electrodes for the fuel cells program-
me;

- the assembly of the cooling circuit of the Metallurgy
building and the study of a cooling circuit for the
Chemistry building.

8.7.1.2. Electrical service
(H.Beckx)

In 1974, the service received 391 work orders.
The most important jobs were:
- the electric equipment for the extension of the

Metallurgy building;
- feeder and control panels for electric furnaces and

nuclear equipment;
- the installation of a new control device in the
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central heating station of the Site II ;
- the changing from 220 V to 380 V power circuits

in the Waste buildings and in the main entrance
building as well as new alarm panels for technical
control, radiation control and fire alarm in this last
building;

- a new telephone cable between Eurochemic and
S.C.K./CE.N. and the renewal of the old telephone
cables in buildings BRl and Physics.

8.7.1.3. Civil engineering
(J. Schoofs)

In 1974, the service treated 1,266 work orders and
some 1,000 interventions for maintenance and small
repairs.

The mein jobs were the achievement of the new
extension (a floor on the West wing) of the Metallur-
gy building and the beginning of the extension of the
BR3 building and of the water purification station.

The following small constructions are nearly finish-
ed: a workshop for maintenance of electrical motors,
a new storage room for fuel elements and the exten-
sion of llie main workshop.

The study for the extension of the hot laboratory
of the Chemistry building has been started and the
service has given technical support to the study and
preparation of the orders for the extension of LMA
and BR2.

8.7.1.4. Ventilation and central heating
(E. Neeskens)

In 1974, the service received 105 work orders.
The main jobs were the heating installation of the
exension of the Metallurgy building, the study of
the heating of the BR3 extension, the connection
of the water purification station and main entrance
to the district heating and the preparation for con-
necting three buildings of the Waste plant. Eight
laboratories in various departments have been air-
conditioned. A new ventilation stack for the East-
wing of the Chemistry building has been designed.
The service has continued the transformation of the
central heating regulation in different buildings, which,
together with reducing the room temperatures, have
resulted in 16% or 2.9 MFB gain in heating expen-
diture as compared to 1972.

8.7.1.5. Printing
(HJ.Fredrix)

In 1974, the printing workshop was completely
re-installed and the new equipment has been put
into operation, among which one should mention an
offset press for printing up to 32 X 46 cm format, a
binding and covering machine and a cutting machine.

8.7.1.6. Inspecvion
(R. Heiremans)

This service is responsible for the reception of
all the works carried out by the different groups of
the technical services. Moreover, the reception service
deals with the sale of materials and equipment which
are of no further use to S.C.K./C.E.N.

8.7.2. Electronics and instrumentation
(L. Birard)

8.7.2.1. Studies
(E. Musyck, J. Lauwers, R. De Clerck, J. Ro-
ge)

The modernization of the electronic equipment of
the radiological monitoring stations placed around the
site has been started. The preliminary study has been
terminated and the detailed study progresses well.
Some prototype modules have been made: a Sealer
type 5C1, a Display type 10C1, an Alarm reset Unit
type 17C5 and a Test Unit 17C6.

The IBM programme "MATRAN" has been studied
for research of the structure of shift registers of n
memory elements and having n"1 interfaced feedback
loops.

A "Rod-Level Convenor" type 17M5 was studied;
this apparatus deduces the position of a control rod of
the BR2 reactor, from digital signals of its movement.

The study and construction were completed of a
"reactor power programmer" type 19M13 for BR2.
This instrument allows automatic start-up of the reac-
tor with linear power rise, the rate of rise and the
nominal power level can both be preselected.

A "Data Logger" type ?7M4 was made and is to
be included in a set-up for measurement of magnetic
susceptibility. This apparatus transmits to a computer,
through a punched tape, different measurements of
weight, temperature, magnetic field as well as the
duration of these measurements.

A "Counter" type 5B1 was developed for the
counting of metallurgical faults.

A digital timer EL9T2 has been constructed; this
allows time measurements up to 100 h with a resolu-
tion of 1 ms and an accuracy which is better than
0.01%.

A "DTU Display" type 10M2 was developed to
obtain the remote output of a digital volf.neter in
the quality control.

A reference Clock type 9T3, intended to be connect-
ed to a computer, was developed. It is synchronized
and set to the exact time through signals received
from a German n>dio transmitter (DCF77).

The schematic diagram of the Pu Monkor 12M1,
constructed about 10 years ago, was improved to
ensure better reliability.
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8.7.2.2. Quality control
(S. Vandevijvere, Y. Bortels, F. Geyzen)

The automatic test installation was extended with
a DTU display 10M2 and 3 dual integrators 18N1.

Several programmes were developed for data han-
dling by the HP 9830 c alculator, whose memory was
extended to 8K.

Reliability tests were made on 84 instruments or
prototypes built by S.C.K./C.E.N.; commissioning of
15 industrial apparatus delivered by external com-
panies was carried out.

Characteristics of several components and industrial
building blocks (surface barrier detector, EHV blocks,
DPM's) were tested under different conditions of
temperature and supply voltage.

8.7.2.3. Non-nuclear instrumentation
(H. Van Trappen, G. De Wilde)

The most important tasks performed in 1974 were
the following.
- Construction of a device for automatic temperature

regulation of a furnace for the thermal treatment of
diamonds.

- Construction of twn Tgninon Control units 19T2,
for weldir.g Pu bearing fuel cans. These units supply
high voltage with a safety start and automatic stop.
Also for the same purpose, a programmer for a
welding source was made.

- For the Solid State Physics department, an electronic

beam conirol has been constructed which allows
modulation of the X and Y deflections -with two
different frequencies, 449 Hz .<>A 547 Hz, to obtain
a uniform surface heating of tr • target with Lissajous
figures.

- Construction of the high frequence section of the
Reference Clock type 9T3 mentioned in § 8.7.2.1.

8.7.2.4. Construction
(A. Lambert)

105 components were constructed for various de-
partments, industrial companies and public institutions.

8.7.2.5. Repair works
(J. DePooter)

346 repairs were carried out on apparatus of various
kinds and origins.

8.7.2.6. Relations with industry and with public
and private institutions

In collaboration with the Reactor Studies depart-
ment, an apparatus containing several neutron meas-
uring unit"! was assembled and tested, to check the
approach to the critical mass during the loading of
the TIHANGE power plant reactor.

Seven "aß Hand and Foot Monitor" were com-
missioned as part of a contract of collaboration with
a private company.

8.8. UNDERLYING TECHNOLOGY DEVELOPMENT

8.8.1. High temperature brazing
(F. Mathieu*, R. Meier*, J. Parent)

The MF high temperature brazing installation has
been used mainly as a support facility for BR2 irradia-
tion rig construction. About 40 joints and instrumen-
tation cable penetrations have been brazed without
any failure for the assembly of 18 rigs. The most
frequent material combinations are stainless steel/
stainless steel, stainless steel/inconel and stainless
steel/niobium, the filler material being Nicrobraz 30
and in some cases Nicrobraz 50.

Before proceeding to complex geometries, for which
experience is limited, preliminary tests are generally
carried out on dummy pieces - a total of 25 during
1974 - in order to identify the optimal parameter
settings of the inductive generator.

During the brazing process, the temperature is

* EURATOM

measured with small diameter thermocouples and
digitally indicated in real time, making close control
of the different operations a standard procedure.

The development work and performance assess-
ment of brazing sleeves has been continued. In parti-
cular, it was found that under conditions where the
brazing temperature appreciably exceeds nominal va-
lues or where the brazing process extends over large
periods of time, the sleeves efficiently protect the
instrumentation cable sheaths from erosion. Fig. 8.8.1.
shows two thermocouple and heating cable penetra-
tions of the 500 kW Na-loop, one without and the
other with brazing sleeves.

For future investigation of material compatibility
at high temperatures and behaviour of brazed joints
during long term exposure to various media, it is
planned to connect an inductively heated, high temper-
ature furnace, consisting of a 250 - 300 mm long
tungstene cylinder with an inner hole of 8-10 mm
diameter, to the high impedance output of the existing
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Fig. S.S.I. — 500 kW Na-loop instrumentation cable penetration without (left) and with (right) brazing sleeves.

installation. Different solutions to this problem have
been examined.

8.8.2. Central real-time data acquisition system
(F.Mathieu*, R.Meier*)

The following hardware has been added to the
existing computer operated real-time data acquisition
system:
- graphic CRT display;
- line printer (80/132 columns, 200 lines per minute);
- ASR38 teletype (80/132 columns);
- I / O extender with 31 additional input/output chan-

nels;
- floating point hardware;
- magnetic tape drive (to be used either with the

data acquisition system or with the Fourier analyser).
In addition, a general purpose permanent signal

collecting network has been installed, which joins
the most important test areas of the Technology &
Energy department to a central signal selection panel
in the computer room.

During 1974, the system was essentially used for
data acquisition and data processing of test program-
mes and to a lesser degree for routine surveillance of
loop operation. This tendency will probably also pre-
vail in the future.

The outstanding data handling capabilities of the
computer were especially appreciated for the follow-
ing programmes:

- investigation of coolant mixing between subchannels
of a sodium cooled fast reactor fuel assembly (cf
§1.3.1.);

- data acquisition via a remotely operated terminal,
data reduction and thermal balance evaluations of
the Na loops irradiated in the BR2 reactor;

- critical heat flux measurements in stagnant water;
- creep tests in the Na2 loop.

Other current applications are related to process
control, high temperature brazing, measuring equip-
ment calibrations, loop parameter surveillance, han-
dling of data recorded on tape, etc.

Besides programme development for new applica-
tions, several modifications of the basic software
(drivers, file handling, etc.) have been made in order
to increase the overall flexibility of the system.

8.8.3. H4 water loop
(F.Mathieu*, J.Parent)

The stainless steel water loop H4 was used through-
out the year principally for the following programmes:
- coolant mixing in fuel bundles;
- critical heat flux measurements in stagnant water;
- evaluation of high flux heater performance;
- thermal calibration of irradiation rig mockups.

The operation of the loop was satisfactory, except
that overflow of the cooling water drains of the
main pumps occurred occasionally. Adequate action to
eliminate this source of trouble has been taken.

* EURATOM * EURATOM
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J. DEVREESE, R. EVRARD, E. KARTHEUSER

[190] Self-consistent equation of motion approach to the polaron problem

J. DEVREESE, E. KARTHEUSER

[200] Density dependence of the effective mass in SnTe
L. LEMMENS, J. DEVREESE

Vereniging van Biologen, BRÜSSEL (Belgium), 27.3.1974.
[201 ] Biologisch onderzoek in de nukleaire wetenschappen

O. VANDERBORGHT

Lehigh University, Bethlehem (USA), 1.4.197*
[202] Polarons in Insulation Solids: Electron which cannot sireak

J. DEVREESE

University of Rochester, New York (USA), 2.4.1974.
[203] Self consistent theory of optical absorption by polarons

J. DEVREESE

Reaktortagung 1974 des Deutschen Atomforum, BERLIN (Germany), 2-5/4/1974.
[204] Dynamical adsorption of iodine on molecular sieves

G. COLLARD, J. BROOTHAERTS, J. STEVENS, W. GOOSSErJS

[205] A new transport technique for irradiated materials

P. HEYLEN, H. LECERF, J.P. ROMBAUX, J. VAN IMPE, R. DE BEUKELAER

[206] Comparative technical and economical evaluation of main conditioning lines and head-ends for fast breeder fuels

P. HEYLEN, J.WURM, J.C. ETIENNE, H. LECERF, J.P. ROMBAUX, J.VAN IMPE

[207] Determination of power peaking due to plutonium fuel densification
L. LEENDERS, H. VAN DEN BROECK

8th Meeting of the European Tumour Virus Group, AVIEMORE (Scotland), 2-5/4/1974.
[208] Electron microscope and physicochemical studies on L-cell virions from different sublines of L strain cells

S. BOTIS, M.JANOWSKI, P. RICCIARDI-CASTAGNOLI, L. BAUGNET-MAHIEU, C. BAES, J. WERENNE, A. SASSEN

Bell Laboratories - Murray Hill, New Jersey (U.S.A.), C.4.74.
[209] Self-consistent Equation of Motion Approach to the Polaron Problem

J. DEVREESE

Naval Research Laboratories, Washington D.C. (U.S.A.), 4.4.74.
[210] Mobility and optical absorption of polarons with a self-consistent equation of motion approach

J. DEVREESE

Nederlandse Vereniging voor stralingshygiene, DEN HAAG (Nederland), 5.4.74.
[211 ] Follow-up in een bestralingsongeval

M.H. FAES

58e Congres de l'Association des Anatomistes, Liege (Belgium), 7-11/4/1974.
[212] Evolution des lesions du cortex cerebral irradie

Etude ultrastructurale des modifications de la barriere hematoencephalique chez le rat apres irradiation
J.M.JADIN, J.R. MAISIN, E. GIANFELICI, H. REYNERS

Technische Hogeschool Eindhoven, Afdeling der Technische Natuurkunde, EINDHOVEN (The Netherlands), 9.4.74.
[213] Study of magnetic interactions in some spinels by neutron inelastic scattering

S. HAUTECLER

Ronde Tafelconferentie, Brüssel (Belgium), 23.4.1974.
[214] De kernenergie en haar toepassingen

Colloquia Elektronenmikroskopie, Technische Hogeschool Twente, Twente (The Netherlands), 23.4.74.
[215] Voor- en nadelen van hoogspanningselektronenmikroskopie - Toepassingen van H.S.E.M.

J.VAN LANDUYT
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Seminarie over projekt 'MOL 7C-, KARLSRUHE (Germany), 2S-26/4/74.
[216] Hydraulic and thermal assessment of the loop

A. VERWIMP •*•

Universite Libre de Bruxelles, Faculte des Sciences Appliquees, Bruxelles (Belgium), 3.5.74.
[217] Determination des interactions magnetiques dans des spineiies par diffusion inelastique de neutrons thermiques

S. HAUTECLER

Reunion du Groupe des Radioecologistes EuropeensMddrid (Spain), 5-8/5/74.
[218] Utilisation des bioindicateurs en radioecologie

R.KIRCHMANN

Universitaim Instelling Antwerpen, Departement Natuurkunde, Antwerpen (Belgium), 6.5.74.
[219] Het project E.S.I.S.

J. DEVREESE

3rd International Conference on 'Advances in welding processes'', Harrogate (England), 7-9/5/74.
[220] Resistance butt-welding of dispersion hardened ferritic steel?

S. de BURBURE

Voordrachten KVIV ANTWERPEN, 8.S.74.
[221] Analog to Digital, Digital to Analog Converters en Verplaatsingsdetectoren

G. COCQUYT
[222] Simulatie op digitale rekenmachlnes van complexe logische schakelingen

G. COCQUYT

Seminar on Inelastic scattering of neutrons U.I.A., Antwerpen (Belgium), 8.5.1974.
[223] Acoustical magnons in Mnt 7Fe, 3O4

D. SCHEERLINCK, W. WEGENER

[224] Rotational motions of some molecules encaged in D2O clathrates
J. VANDERHAEGHEN, W. WEGENER

Minicomputers in Data Communications, FLORENCE (Italy), 8-10/5/74.
[225] A network for automatic processing of air quality and meteorological data

G. VAN ROOSBROECK

ANS Conference on Gas-cooled Reactor, GATLINBURG (USA), 8-10/5/74.
[226] The progress of the GBR association in the design and development of the gas-cooled breeder reactor

J.M. YELLOWLEES, Ph. VAN ASBROECK and al.
Seminar at the Institut für Radiochemie der Technischen Universität München, München (Germany), 9.5.74.
[227] Chemistry of gram scale production of actinium

LH. BAETSLE

Vosbergen Konferentie, Vlieland (The Netherlands), 13-16/5/74.
[228] A new method for collective states

P. VAN LEUVEN
[229] De hermetische operator-methode

M.BOUTEN
Universitaire Instellingen Antwerpen, Antwerpen (Belgium), 14.5.74.
[230] The direct observation of defects by electron microscopy

S.AMELINCKX
1rst World congress filtration, Paris (France), 14-17/5/74.
[231 ] Application of a fluidized bed and a shallow fixed bed for the. removal of submicron particles from a gas stream

J.CLAES, G. DUMONT, F. DECAMPS, W. GOOSSENS
Journe'es d'Etude sur les metaux, alliages et oxydes de non-e'quilibre, Mons (Belgium), 16.5.74.
[232] Structure en domaines des alliages ordonnes

S.AMELINCKX
Joint Meeting of Electron Microscopic Societies of Belgium and Holland, Rotterdam (The Netherlands), 16-17/5/74.
[233] The study of lattice defects by means of electron microscopy and electron diffraction

S.AMELINCKX
[234] Application of X-ray elemental analysis in transmission electron microscopy

P.DELAVIGMTTE
[235] Dislocation loops contrast in zinc and graphite

J. VAN LANDUYT, G. VAN TENDELOO, S. AMELINCKX
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Specialist Meeting on Resonance Parameters of Fertile Nuclei and ^Pu, Saclay (France), 20-22/5/74.
[236] Conclusions of sessions on resonance parameters of fertile nuclei

H. CEULEMANS

[237] Neutron cross-section measurements on 236U below 2 keV
L.MEWISSEN, F. POORTMANS, J.THEOBALD, H.WEIGMANN. G.VANPRAET

[238] Neutron scattering cross-section measurements on 238U in the resolved energy range
F. POORTMANS, L MEWISSEN, G. ROHR, G. VANPRAET, H. WEIGMANN

[239] The low energy neutron induced fission cross-section of ̂ 'Pu and the temperature dependence of the Westcott grfactor
C. WAGEMANS, A.J. DERUYTTER

[240] A review of 240Pu resonance parameter data
H. WEIGMANN, G. ROHR, F. POORTMANS

[241] Investigations of resonance neutron capture in 23*U
H. WEIGMANN, G. ROHR, F. POORTMANS, L. MEWISSEN, G. VANPRAET

4th Meeting of the European Environmental Mutagen Society, Heidelberg (Germany), 20-24/5/74.
[242] Genetic and cytogenetic hazards of heavy metals in mammals

A. LEONARD

Instituut voor Theoretische Fysika, Katholieke Universiteii Nijmegen (The Netherlands), 22/5/74.
[243] Electron phonon interactie in polaire halfgeleiders

J. DEVREESE

Universite Catholique de Louvain, Louvain-la-Neuve (Belgium), 27.5.74.
[244] The generator co-ordinate method for molecular vibrations

L. LATHOUWERS

Colloque annuel de la Societe Francaise de microscopie electronique, Rennes (France), 27-30/5/74.
[245] Nouvelle structure lacunaire dans le Systeme Zr-AI

R.V. NANDEKAR, P. DELAVIGNETTE

Symposium on »Theory of Lightest Nuclei», Liblice (Czechoslovakia), 29-31/5/74.
[246] A PHF calculation in intermediate coupling for light nuclei

M.BOUTEN, M.C. BOUTEN

Kvantkemiska Gruppen, Universiteit Uppsala, Uppsala (Sweden), 5.6.74.
[247] Generator co-ordinates

P. VAN LEUVEN

Reunion scientifique generate de la Societe Beige de Physique, Aigemene wetenschappelijke vergadering van de
Belgische Natuurkundige Vereniging, Mons (Belgium), 0-7/6/74.
[248] Configuration interaction in "Be

F.ARICKX
[249] Resonantie-struktuur in 26Ra + n

H. CEULEMANS
[250] Etude des isotopes de fission du Ru de court Jemps de vie

P. FETTWEIS, P. del MARMOL
[251] Localized vibrations of interstitial hydrogen in CeH2

S. HAUTECLER, P. VORDERWISCH
[252] Bound states and the criteria of ferrell

L. LEMMENS, A. BROSENS, J. DEVREESE
[253] Collective excitations of the polaron-gas

L. LEMMENS, J. DEVREESE
[254] Neutron resonance parameters of 23tU

L.MEWISSEN, F. POORTMANS, G. ROHR, J.THEOBALD, H.WEIGMANN, G.VANPRAET
[255] Conduction in extended and localized states in amorphous semiconductors

P. NAGELS, R. COLSON, M. DENAYER, R. GEVERS
[256] New vacancy structure in Zr-AI system

R.V. NANDEDKAR, P. DELAVIGNETTE
[257] Alfa-stralingsschade en heliuminplantatie in molybdeen

J. ROGGEN, J. CORNELIS, C. JANSSENS
[258] Spin waves in Mn, ,Fe, 3O4 spinel from inelastic neutron scattering

D. SCHEERLINCK, 'W. WEGENER, U. BRABERS, E. LEGRAND, S. HAUTECLER
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[259] Blister formation on rhenium
L. STALS, R.V. NANDEDKAR, J.VAN GUYSSE, P. DELAVIGNETTE

[260] Electron phonon induced cyclotron resonance in polar semiconductors
J. VAN ROYEN, L LEMMENS, J. DEVREESE

[261 ] Verhoiiding van de ternaire tot de binaire fissiewerkzame doorsneden door thermische en resonantieneutronen in 241Pu
geinduceerd
C. WAGEMANS, A.J. DERUYTTER

10th International Chemical Engineering Conference, Paris (France), 70-73/6/74.
[262] Boucle d'essai pour la purification des gaz d'une usine de reiraitement de combustible irradie

J. CLAES, J. BROOTHAERTS, J.VAESEN, A. ZAHLEN, W. GOOSSENS
[263] Oxydation de I'hydrogene en lit fixe

G. COLLARD
7th A.S.T.M. International symposium on effects of radiation on structural materials, CATLINBURG (USA), 7 7-73/
6/74.
[264] The swelling behaviour of ferritic steels

C.JANSSENS, L. STALS, J.VAN LANDUYT, M. SNYKERS, W. VANDERMEULEN
Oxford University, Clarendon Laboratory, Oxford (Eng'and), 14.6.74.
[265] Magneto optics of polarons

J. DEVREESE
Round Table, Mol (Belgium), 20.6.74.
[266] De kernenergie

S.AMELINCKX
Symposium on -Pollution de l'environnement et la consequence pour la sante de I'homme-, Paris (France), 24-
28/6/74.
[267] Etude de la contamination de fourrages et legumes par le plomb et les metaux lourds

E. DELCARTE, R. IMPENS, E. FAGNIART, P. MANGNIOT, R. KIRCHMANN
Fifth Colloqium on Microwave Communication, Budaoesc (Hungary), 24-30/6/74.
[268] Theory of the elliptic disk and ring resonator

J.G. KRETZSCHMAR
SNR-2 seminar on Fuel cycle research and development, Bensberg (Germany), 27.6.74.
[269] Prospects of improved fuels for large fast breeder reactors

I. LAFONTAINE*, A.J. FLIPOT, E. VANDEN BEMDEN*

European Meeting of the fuel cells manufacturers, Brussels (Belgium), 28.6.74.
[270] The fuel cell programme at S.C.K./C.E.N., Mol, Belgium

G. SPAEPEN

Fiist World Congress of Environmental Medicine and Biology, Paris (France), 1-5/7/74.
[271 ] Influence of alginate as a diet additive on mineral metabolism

O. VANDERBORGHT, S. VAN PUYMBROECK, J. COLARD
Technical Meeting on Chemical Analysis of Airborne Particulates, Ispra (Italy), 8-9/7/74.
[272] Evaluation of Emission Spectrometry for measuring toxic elements in airborne particulates

L.H. BAETSLE
4th International conference on Thermal Analysis, Budapest (Hungary), 8-13/7/74.
[273] High temperature thermal analysis apparatus

R. LECOCQ
C.E.C. Meeting on comparative tests of activated and impregnated charcoals, LUXEMBURG, 10.7.1974.
[274] Methyliodide adsorption on activated carbon

G. COLLARD, W. GOOSSENS
Me Gill University,Montreai(Canada), 10/7/74.
[275] Studies on Sr mobilisation by alginate

O. VANDERBORGHT
3eme Symposium International sur Acetabularia, Paris (France), 11-12/7/74.
[276] Rapid preparation and characterization of A c e t a b u l a r i a chloroplast DNA

S. BONOTTO, P. LURQUIN, W. BAEYENS
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Wisconsin Radiobiology Conference, Wisconsin (USA), 11-12/7/74.
[277] The pathogenesis of radiation pneumonitis

J.R. MAISIN

Chalk River Nuclear Center, Ontario (Canada) 12.7.74.
[278] Inhibition of assimilation and mobilisation of the heavy alkaline earth metals

0 . VANDERBORGHT

5th International Congress of Radiation Research, Seattle (USA), 14-20/7/74.
[279] Radiation-induced changes in rat liver polyribosomes

W. BAEYENS, R. GOUTIER

[280] Late biochemical effects in locally irradiated rat brain

G.GERBER

[281 ] Long term survival and causes of death in chemical protected and non-protected mice
J.R. MAISIN, G. MATTELIN. M. LAMBIET-COLLIER

[282] Specific mobilization of the heavy alkaline earth metals from the skeleton
O. VANDERBORGHT, S.VAN PUYMBROECK, J. COLARD

12th International conference on the Physics of Semiconductors, Stuttgart (Germany), 15-19/7/74.
[283] Conduction by small polarons in LiNbO3y single crystals

P. NAGELS, R.CALLAERTS, M. DENAYER

2nd John Innes Symposium, Norwich (England), 15-20/7/74.
[ 2 8 4 ] D N A m e d i a t e d g e n e t i c c o r r e c t i o n o f t h i a m i n e l e s s A r a b i d o p s i s t h a l i a n a

L. LEDOUX, R. HUART, M. MERGEAY, P. CHARLES, M. JACOBS

Internationa! Courses on Environmental Sciences, Gast Colleges Delfi, DELFT (The Netherlands), 23-25/7/74.
[285] Mathematical models for air pollution

G. COCQUYT

[286] Data management for the computation of pollution models

G. COCQUYT

[287] Applications of mathematical models

[288] Determination of the air quality of unknown regions by means of mobile campaigns

[289] Interpretation of air pollution data

J.G. KRETZSCHMAR

Argonne National Laboratory (Illinois-USA), 25/7/74.
[290] ^ R a and 85Sr metabolic changes induced by algin treatment

O. VANDERBORGHT

University of Cambridge, Cavendish Laboratory, Cambridge (England), 25-26/7/74.
[291 ] Electrical conductivity, thermopower and hall effect of amorphous chalcogenides

P. NAGELS

EPA Governmental Laboratory, Cincinnati (USA), 26/7/74.
[292] Alginates and mineral metabolism

O. VANDERBORGHT

International Summer school on genetic manipulations with plant materials, Liege (Belgium), 4-17/8/74.
[293] Molecular hybridization and its application to RNA tumor virus research

M. JANOWSKI

[294] Isolation and gradient analysis of DNA

P. CHARLES

[295] Fate of exogenous DNA in plants
L. LEDOUX • - . .

[296] Use of DNA to correct mutations in higher plants *---..__
L. LEDOUX ~ • - ~ ~ ^ _ ___

[297] Use of molecular sieving to study DNA uptake by the C h l a m y d o m o n a s ~*
P. LURQUIN

International Center for Theoretical Physics, Trieste (Italy), 13/8/74.
[298] Recent advances in the physics of polarons

J. DEVREESE
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Vlllth International Seaweed symposium, Bangor (United Kingdom), 7 7-24/8/74.
[ 2 9 9 ] R a d i o b i o l o g y of n o r m a l and b r a n c h e d A c e t a b u l a r i a m e d i t e r r a n e a

S. BONOTTO, R. KIRCHMANN

[300] Rapid preparation of algal DNA by gel filtration
P. LURQUIN, W. BAEYENS, S. BONOTTO

International symposium on Leishmaniasis Ecology. MONTPELLIER (France), 19-23/8/74.
[301] Etude comparative des Leishmanies

J.M.JADIN

3rd International Congress of Parasitology, Munich (Germany), 24/8-1/9/74.
[302] Electron microscopic study of Leishmania during the endocytosis process

J.M.JADIN

[303] Hepatic and renal lesions in C57B1 mice induced by trypanosomiasis
J M. JADIN

9th Meeting of the Federation of European Biochemical Societies, Budapest (Hungary), 25-30/8/74.
[304] Radiation-induced alterations in the synthesis of ribosomal and informosomal particles in rat liver

R. GOUTIER, W. BAEYENS

2nd Symposium about the genetics of industrial microorganisms, Sheffield (England). 26-31/8/74.
[305] DNA uptake in streptomyces virginae

P. ROELANTS, V. KONVALINKOVA, M. MERGEAY

Second International Symposium on Neutron Capture Gamma Ray Spectroscopy and Related Topics, Pettcn (The
Netherlands), 2-6/9/74.
[306] Experimental developments in (n,v) spectroscopy

P. VAN ASSCHE

[307] Neutron resonance capture investigations as a means of studying the coupling conditions in sub-barrier fission
H.WEIGMANN, G. ROHR, T.VAN DER VEEN, G.VANPRAET

European meeting on transformation, Varsovie (Poland), 2-6/9/74.
[ 3 0 8 ] C o r r e c t i o n o f t h i a m i n e d e f i c i e n c y in A r a b i d o p s i s t h a l i a n a by e x o g e n o u s D N A

L. LEDOUX, R. HUART, M. MERGEAY, P.CHARLES

Europhvsics study conference on dissociation of dislocations, Beaune (France), 9-12/9/74.
[309] Fine structure of dislocations

S.AMELINCKX

[310] Dissociation and plasticity of layer crystals

P. DELAVIGNETTE

[311] Shear structures in rutile and crystallographic shear propagation
J. VAN LANDUYT

International Conference on Nuclear Structure and Spectroscopy, Amsterdam (The Netherlands), 9-13/9/74.
[312] Configuration mixing in 8Be and the quadruple force

F. ARICKX, M. BOUTEN, P. VAN LEUVEN

[313] Intermediate coupling in the deformed shell model
M. BOUTEN, M.C. BOUTEN

Kursus over «Afvalbehandeling» (ECOCHEM), Brüssel (Belgium), 13.9-10.10.74.
[314] Problematiek van de vaste afval in Belgie aan de hand van gegevens betreffende de provincie Antwerpen

G. SPAEPEN

International Seminar on Generator Coordinates in Nuclear Physics, Mol (Belgium), 15-28/9/74,
[315] Generator co-ordinates as ar approximation to Shell model: rotational structure in "Be

F. ARICKX

[316] Natural expansion of the intrinsic generator wave function

L. LATHOUWERS

[317] Complex generator co-ordinates
L. LATHOUWERS

36th Meeting of the Euratom Working Group on Reactor Dosimetry, Grenoble (France), 17-18/9/1974.
[318] Measurement of integral fission cross-sections in the BSU thermal fission neutron spectrum

A. FABRY
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76th Meeting of the Euratorr, Hot Laboratories Committee. WINFRITH (England), 1S-19/9/74.
[319] Dismantling of irradiation devices containing up to 10 litres of sodium

A. GEOFFROY, J. VAN DE VELDE, A. WOUTERS

Vth Annual Meeting. Bucharest (Rumania). 19-23/9/74.
[320] Use of gel filtration for the rapid preparation of DNA from the algae A c e t a b u l a r i a and P r o p h y r a

S.BONOTTO, G.NUYTS, R. KIRCHMANN

[ 3 2 1 ] S tudy of the environmental contamination by lead and of its effects on the marine alga A c e t a b u l a r i a
m e d i t e r r a n e a
R. KIRCHMANN, S. BONOTTO, R. IMPENS

Erasmus Universiteii, Rotterdam (The Netherlands), 21 Sep:. 74.
[322] Mineral metabolism and specific influence on alkaline earth metabolism in mammals

O. VANDERBORGH?

Leefmilieu negendaags, organisatie van de afvalsektor, Aalsc (Belgium), 21/29/9/74.
[323] Technische aspecten van de milieuverontreiniging

G. SPAEPEN

Vlth International Congress of infectious and parasitic diseases, Warsaw (Poland), 22-28/9/74.
[324] Immunipathology of trypanosomiasis

J.M.JADIN

12th Conference on vacuum microbalance techniques, Villeurbanne (France), 23-26/9/74.
[325] Experiences with a data processing system for magnetic susceptibility measurements

A. VAN DEN BOSCH

[326] Static magnetic susceptibility measurements on NBS-SRM aluminium
A. VAN DEN BOSCH

EAES Symposium on 'Relations between Nucleai research organisations and industry, LONDON (England), 26-
27/9/74.
[327] Relations between S.C.K./C.E.N. and the nuclear industry in Belgium

S.AMELINCKX, P. DEJONGHE

Reunion Francaise de ferroelectncite, Nantes (France), 27-28/9/74.
[328] Etude des domaines ferroelectriques par microscopie electronique

P. DELAVIGNETTE

Gesellschaft für Strahlen- und Umweltforschung, Munich (Germany), 1-5/10/74.
[329] Chromosome aberrations induced in mammals by heavy metals

A. LEONARD

Specialist Meeting on Fuel and Materials, Cadarache (France), 2-4/10/1974.
[330] Preliminary irradiation results on AIN coating

JJ. HUET

[331] A prospective view of GBR pin fuel developments

Ph VAN ASBROECK

EAES Symposium on Emergency organization in nuclear research centres, Petten (The Netherlands), 3-4/1074.
[332] L'organisation et la coordination des moyens d'intervention en cas d'accident majeur au C.E.N./S.C.K. ä Mol

G.FIEUW, H. BULTYNCK
International review course on reactor burn-up physics, Mol (Belgium), 7-18/10/74.
[333] Destructive burn-up analysis

L.H. BAETSLE

[334] Contribution of zero energy reactor physics experiments to the validation of burn-up calculation

J. DEBRUE

[335] t Experimental techniques for measuring burn-up
' T. DRAGNEV, L. BAETSLE

Vlleme reunion du groupe defauts ponctuels, Strasbourg (France), 9-11/W/74.
[336] Defauts ponctuels dans le tungstene ä haute temperature

J. CORNELIS

[337] Interpretation des stades III et IV dans les metaux cubiques centres

J. NIHOUL

[338] Interactions des defauts ponctuels avec des gaz inertes dans des metaux cubiques centres
L. STALS
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Institute of solid state physics, Polish Academy of Sciences, ZABRZE (Poland), 12-23/10/74.
[339] Some features of electrical transport in amorphous chalcogenides

P. NAGELS
[340] Properties of the amorphous system CdGexAs2

P. NAGELS
6th Meeting of the working group 'Nuclear corrosion', Karlsruhe (Germany), 15-16/10/74.
[3<t 1 ] Influence of dynamic sodium on the creep properties of stabilized austenitic stainless steels

H.TAS, F. CASTEELS, M. SCHIRRA
Jahreskongress der Gesellschaft für Aerosolforschung, Bad Soden (Germany), 16-19/10/74.
[342] Measurement of asbestos in ambient air as preparation and support for an epidemiological study

J.P. DEWORM, J. PAUWELS, G. FIEUW

Colloquium : De energiebronnen, Leuven (Belgium), 18/10/74.
[343] De nucleaire energie

G. VANMASSENHOVE

Xlth International cancer congress, Florence (Italy), 20-26/10/74.
[344] Comparative investigations on virions produced by various L-cell sublines

S. BOTIS, M.JANOWSKI, A. SASSEN, P. RICCIARDI-CASTAGNOLI. L. BAUGNET-MAHIEU, J.WERENNE, J.M.JADIN,
J.R. MAISIN

[345] Preliminary studies on rat lymphoid leukemia induced by a leukemia mouse virus
J.R. MAISIN, P. RICCIARDI-CASTAGNOLI, G. MATTELIN, L. BAUGNET-MAHIEU, M.JANOWSKI, S. BOTIS, J.M.JADIN

[346] Importance of T-cells during murine leukemogenesis
J.M.JADIN, P.H.LAMBERT, M.J. AUDERSET, U. VAN GORP, J.R. MAISIN

EPS Condensed matter conference on phonons, Budapesc (Hungary), 21/10/74.
[347] Mobility of polarons in polar semiconductors

J. DEVREESE, R. EVRARD
[348] Free carrier absorption and conductivity in polar semiconductors

W. HUYBRECHTS, J. DEVREESE
Journees d'etudes sur la fission, Cadarache (France), 21-23/10/74.
[349] Is the ternary fission yield for neutron induced fission correlated with the resonance spin ?

C. WAGEMANS
EACRP Specialist meeting on reactor noise - From critical facilities to power plants, ROME (Italy), 21-25/10/74.
[350] Unwanted noise generation in thermocouples

F.MATHIEU, R.MEIER, M. SOENEN, M. DELCON
[351 ] Generation de bruit ärasite d'origine thermoelectrique dans les thermocouples gaines et dans les cables d'instrumen-

tation bas niveaux
F.MATHIEU, R.MEIER, M. SOENEN, M. DELCON, C. NYSTEN

[352] Thermoelectrically generated noise in sheathed thermocouples and in other low level instrumentation cables
F.MATHIEU, R.MEIER, M. SOENEN, M. DELCON, C. NYSTEN

Post Universitaire Cursus «Electronics voor Medici, Dierenartsen en Biologen, Universiteit van Gent, 25.10.74
[353] Filters voor medische apparatuur

G. COCQUYT
[354] Teruggekoppelde Systemen en stabiliteit

G. COCQUYT

2nd International Symposium on chromosome aberrrations by industrial chemicals, Milan (Italy), 27-29/10/74.
[355] Genetic and cytogenetic effects of lead and cadmium in mammals

A.LEONARD, Gh. DEKNUDT, N. GILLIAVOD

Winter Meeting of the American Nuclear Society, Washington (USA), 27-31/10/74.
[356] Stabilized carbide as a fast reactor fuel

W. VAN LIERDE, A. DELBRASSINE, L. COHEUR, F. GORLE, G. VERSTAPPEN
Informatievergadering, MOL, 28.1C.1974.
[357] Gas breeder reactor information meeting (oxide fuel concept)

Ph. VAN ASBROECK

Technische Hogeschool Eindhoven (The Netherlands), C.11.74.
[358] Electron-phonon interaction in polar semiconductors

J. DEVREESE
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Belgian Israelian Symposium on groundwater hydrology, Brussels (Belgium), 7.11.74.
[359] The underground migration of radionuclides in the vicinity of nuclear plants

L.H. BAETSLE

Invited lecture, C.N.R.S., Bellevue (France), 8.11.74.
[360] Observation par microscopie electronique des defauts dans les oxydes

P. DELAVIGNETTE

Natuurkunde Colloquia, Antwerpen (Belgium), 9.11.74.
[361] Shear-strukturen in niet-stoechiometrie en Studie door elektronenmikroskopie en diffraktie

J.VAN LANDUYT

Verbond der Vlaamse Academici, Leuven (Belgium), 15.11.74.
[362] De kernenergie

S.AMELINCKX

Voordracht Genootschap Regeltechniek KVIV, ANTWERPEN, 21.11.74.
[363] Programma's met demonstrate van tijdsoptimale processcontrole

G. COCQUYT

Voordracht H.R.T.O., AN7WERPEN, 22.77.74.
[364] De energiecrisis, de pollutie en het wereldbeleid op basis van computerberekeningen

G. COCQUYT

Studiegroep voor Plantenphysiologie, MOL (Belgium), 23.17.74.
[365] Gebruik van plantaardige indikatoren voor toezicht van nukleaire installaties

E. BONNUNS-VAN GELDER, R. KIRCHMANN
[366] Nouvelles recherches sur le DNA chloroplastique d 'Acetabu l a r i a m e d i t e r r a n e a -

S. BONOTTO
[367] Disponibilite biologique du tritium rejete sous forme organique dans les effluents

R. KIRCHMANN

Socie'te de Chimie Industrielle, Branche beige, Brussels (Belgium), 26.11.74.
[368] Les programmes de recherche du C.E.N.

S. AMELINCKX

Reactor Meeting of Deutsches Atomforum/KTG, NÜRNBERG (Germany) Nov. 74.
[369] Zusammenfassung einiger Ergebnissen von laufenden Arbeiten an Chromel/Alumel Mantelthermoelementen,

sowie Übersicht über das weitere Programm
F. MATHIEU, R.MEIER, A. SIEBERTZ, M. SOENEN

European conference on irradiation behaviour of fuel cladding and core component materials, Karlsruhe (Ger-
many), 5-5/72/7974.
[370] Irradiation embrittlement of ferritic steels

S.U. CHEEMA, Ph. VAN ASBROECK, J.VAN DE VELDE, W. VANDERMEULEN

[371 ] The swelling behaviour of ferritic steels
C.JANSSENS, L. STALS, J.VAN LANDUYT, M. SNYKERS, W. VANDERMEULEN

[372] Dispersion-strengthened ferritic alloys and austenitic stainless steels embrittlement after irradiatior up to KPn.cm'2

between 500 and 700°C
Ph. VAN ASBROECK, W. VANDERMEULEN, S.U. CHEEMA, J.J. HUET, J. VAN DE VELDE

Association beige de Radioprotwtion, Journee du Tritium, Bruxelles (Belgium), 7.12.1974.
[373] Transfert dans le cycle biologique du tritium des rejets

R. KIRCHMANN

International Colloquium on High temperature thermometry, Petten (The Netherlands), 12-13112/1974.
[374] Drift of sheathed chromel/alumel thermocouples associated with corrosion of sensitive wires by diffused air

F. MATHIEU, R. MEIER, G. VANMASSENHOVE, M. DELCON, A. DE DEYNE

Katholieke Universiteil van Leuven, Departement Metaalkunde, Leuven (Belgium), 13.12.1974.
[375] Toepassing van inwendige wrijvingsmetingen in het materiaalonderzoek

R. DE BATIST

Milieutechniek (Ecochem), Mol (Belgium), 13.12.74.
[376] Prospektieve kampanjes voor de bepaling van de luchtverontreiniging

Gelijkvormigheidstesten voor monitoren - Algemene filosofie
J. KRETZSCHMAR
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Appendix 3

THESES BY MEMBERS OF S.C.K./C.E.N.

[377] Internal friction in rhenium
M. CALLENS-RAADSCHELDERS
Doctor in de Wetenschappen, U.I.Antwerpen (1974)

[378] Parameters van neutronenresonanties in 236U
L MEWISSEN
Doctor in de Wetenschappen - K.U. Leuven (1974)

[379] Elastische en inelastische neutronenverstrooiing aan magnetische spinellen
D. SCHEERLINCK
Doctor in de Wetenschappen, R.U.Gent (1974)

[380] Domeinstrukturen in niet-centrosymmetrische kristallen
M.SNYKERS
Doctor in de Wetenschappen, U.I.Antwerpen (1974)

[381] Ordeningsverschijnselen in het Ni-Mo-systeem
G. VAN TENDELOO
Doctor in de Wetenschappen, U.I.Antwerpen (1974)
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Appendix 4

PATENTS APPLIED FOR AND GRANTED IN BELGIUM
AND IN OTHER COUNTRIES

A. PATENTS APPLIED FOR
- Procede de mesure de la dose d'irradiation rssutronique, dispositif et moniteur pour la mise en oeuvre de ce procede

F. MATHIEU
Patent applied for by S.C.K./C.E.N.
France (Applied for on 25.4.1974, n° 74 14 370)
USA (Applied for on 26.4.1974, n° 464,444)

- Werkwijze ter beinvloeding van een aan een elektrode verlopende electro-katalytische reaktie
G. SPAEPEN, J.B. VANDENBORRE
Patent applied for by S.C.K./C.E.N.
France (Applied for on 29.5.1974, n° 74 18 547)
Germany (Applied tor on 29.5.1974, n°P2426 183.4)
Great Britain (Applied for on 28.5.1974, nc23 595)
USA (Applied for on 23.5.1974, n° 472,844)

- Procede de desactivation du sodium et/ou de stockage d'elements de combustible nucleaire irradies
P.R. HEYLEN, J. VAN IMPE, H. LECERF
Patent applied for by S.C.K./C.E.N. - ENI - BELGONUCLEAIRE
France (Applied for on 16.7.1974, n° 74 24 619)
Germany (Applied for on 19.7.1974, n° P2434971.1)
Great Britain (Applied for on 18.7.1974, n°31 818)
Italy (Applied for on 19.7.1974, n° 25.372 A/74)
USA (Applied for on 19.7.1974, n° 490,105)

- Conteneur pour le transport de materiaux irradies et procede de fabrication de ce conteneur
J. VAN IMPE, H. LECERF, P.R. HEYLEN
Patent applied for by S.C.K./C.E.N. - ENI - BELGONUCLEAIRE
France (Applied for on 16.12.1974, n° 74 41.294)
Germany (Applied for on 17.12.1974, n°P24 59 697 2)
Great Britain (Applied for on 17.12.1974, n°54 364)
USA (Applied for on 17.12.1974, n° 533,505)

- Thermo-element

R.MEIER
Patent applied for by S.C.K./C.E.N.
Belgium (Applied for on 18.6.1974, n° PV 0/145557)

- Bouchon destine ä la fermeture d'urc gainage et procede de fabrication d'un tel bouchon
S.de BURBURE.
Patent applied for by S.C.K./C.E.N.
Belgium (Applied for on 14.8.1974, n° PV 0/147.634)
The Netherlands (Applied for on 23.10.1974, n°74 13871)

- Procede de conditionnement de combustible nucleaire irradic
P.HENRION, W. CLAES
Patent applied for by S.C.K./C.E.N.
Belgium (Applied for on 17.5.1974, n° PV 0/144 448)
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- Procede de desactivation du sodium et installation de desactivation du sodium
H. LECERF, P.R. HEYLEN, J.C. ETIENNE
Patent applied for by S.C.K./C.E.N. - ENI - BELGONUCLEAIRE
Belgium (Applied for on 7.10.1974, n°PV 0/149275)

- Afvoerinrichting voor kernbrandstoftabletten
A. WUYTS, R. LEMAIRE, A. LOOS
Patent applied for by BELGONUCLEAIRE and S C.K./C.E.N.
Belgium (Applied for on 6.2.1974, n° 140 593)

- Inrichting voor het afvoeren van splijtstoftabletten
A. SMOLDERS, J. VAN HOOLST, L. VERBELEN
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
Belgium (Applied for on 28.6.1974, nc 146011)

B. PATENTS GRANTED
- Werkwijze om een bundel splijtstofelementen voor de opwerking te ontdoen van hun omhulsel

W. GOOSSENS, G. DUMONT, R. HARNIE
Patent applied for by S.C.K./C.E.N.
France (Granted on 20.5.1974, n° 71.07424)

- Fluidisatiekolom
F. DECAMPS, G. DUMONT, W. GOOSSENS
Patent applied for by S.C.K./C.E.N.
Great Britain (Granted on 24.7.1974, n° 1 349 110)
Norway (Granted on 26.6.1974, n° 129237)

- Poison pour combustible nucleaire
R. GILISSEN, A.J. FLIPOT
Patent applied for by S.C.K./C.E.N.
Italy (Granted on 10.10.1974, n° 981.925)

- Perfectionnements ä la fabrication d'electrodes pour piles ä combustible
C. VANLEUGENHAGHE (SERAI)
Patent applied for by SERAI, transferred to S.C.K./C.E.N.
Germany (Granted on 19.12.1974, n° 1 904 768)

- Conteneur pour le transport de materiaux irradies et procede de fabrication de ce conteneur
J. VAN IMPE, H. LECERF, P.R. HEYLEN
Patent applied for by S.C.K./C.E.N., ENI, BELGONUCLEAIRE
Belgium (Granted on 17.12.1973, n° 808 731)

• Thermoelement

R. MEIER
Patent applied for by S.C.K./C.E.N.
Belgium (Granted on 15.7.1974, n° 816.492)

- Bouchon destine ä la fermeture d'un gainage et procede de fabrication d'un tel bouchon
S. de BURBURE de WEZEMBEECK
Patent applied for by S.C.K./C.E.N.
Belgium (Granted on 30.8.1974, n° 818.879)

- Procede de desactivation du sodium et installation de desactivation du sodium
H. LECERF, P.R. HEYLEN, J.C. ETIENNE
Patent applied for by S.C.K./C.E.N., ENI, BELGONUCLEAIRE
Belgium (Granted on 31.10.1974, n° 820.774)

• Procede de conditionnement de combustible nucleaire irradie
P. HENRION, W. CLAES
Patent applied for by S.C.K./C.E.N.
Belgium (Granted on 14.6.1974, n° 815.189)

- Combustible nucleaire contenant des lanthanides
A. FLIPOT, R. GILISSEN
Patent applied for by S.C.K./C.E.N.
France (Granted on 18.2.1974, n° 2.032.383)
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- Methode de lubrification
A. FLIPOT, A. SMOLDERS
Patent aoplied for by BELGONUCLEAIRE and S C.K./C.E.N.
Norway (Granted on 11.09.1974, n° 129.837)
Rumania
URSS

- Fabrication de pastilles de combustible nucleaire
A. FLIPOT, R. GILISSEN
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
Australia (Granted on 31.01.1974, n° 444,911)
France (Granted on 18.02.1974, n° 2.032.382)

- Anneau de maintien du combustible
S. de BURBURE de WEZEMBEECK
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
France (Granted on 13.5.1974, n° 2.051.797)

- Werkwijze en tank voor het opslaan van brandstofelementen

R. VERBEKE, P. HEYLEN
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
France (Granted on 25.2.1974, n° 2.096.409)

- Perfectionnements aux barreaux combustibles pressurises
A. FLIPOT, P. PAPELEUX. I. LAFONTAINE
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
Canada (Granted on 2.4.1974, n° 959.978)
France (Granted on 16.9.1974, n° 2.135.232)
Great Britain (Granted on 3.6 1974, n° 1,362,761)
Italy (Granted on 29.9.1974, n° 955.206)
The Netherlands (Granted on .... n° 145.384)
USA (Granted on 8.4.1974, n° 3,836,431)

- Procede de fabrication de barreaux combustibles pressurises
P. PAPELEUX, A. FLIPOT, I. LAFONTAINE
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
France (Granted on 16.09.1974, n° 2.135.233)
Italy (Granted on 29.09.1973, n° 955.207)

- Procede de fabrication de pastilles de precision
A. FLIPOT, A. SMOLDERS
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
Great Britain (Granted on 19.09.1974, n° 1,374,952)

- Verbeteringen bij het opwerken van brandbare afvalstoffen

A.TAEYMANS, G. DUMONT, W. BALLEUX
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
Switzerland (Granted on 31.10.1974, n° 556.684)
USA (Granted on 12.11.1974, n° 3,847,094)

- Perfectionnements au traitement des residus combustibles

A TAEYMANS, G. DUMONT, W. BALLEUX
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
Belgium (Granted on 15.10.1973, n° 804.923)

- Perfectionnements aux barreaux combustibles nucleaires
P. DE BOECK, P. PAPELEUX
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
Belgium (Granted on 31.10.1973, n° 805.601)

- Afvoerinrichting voor kernbrandstoftabletten

A. WUYTS, R. LEMAIRE, A. LOOS
Patent applied for by BELGONUCLEAIRE and S.C.K./C.E.N.
aelgium (Granted on 28.2.1974, n° 810 662)

- Inrichting voor het afvoeren van splijtstoftabletten
A. SMOLDERS, J. VAN HOOLST, L. VERBELEN
Patent applied for by BELGONUCLEAIflE and S.C.K./C.F.N.
Belgium (Granted on 15.7.1974, n° 817.013)
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Appendix 5

SEMINARS HELD AT S.C.K./C.E.N.

SOLID STATE PHYSICS

A. By S.C.K./CE.N. personnel

- 31.1.1974
Localized vibrations of interstitial hydrogen in the fee CeF2 lattice
S. HAUTECLER

B. By guest speakers

- 8.1.1974
Combination of grain boundary and particle reinforcement in a Fe-Cu alloy
Dr. It. Günter STANIEK (K.U.L)

- 2.5.1974
Void nucleation and growth during 1 MeV electron irradiation
B.N. SINGH (Danish Atomic Energy Commission, Research Establishment Rise, Roskilde, Denmark)

- 15.5.1974
1. General thermodynamics of energy sources
2. Physical aspects of solar cells
Prof. H.J.C. BERENDSEN and Dr. GRIMBERGEN (Rijksuniversiteit Groningen)

- 22.10.1974
Cinetique de croissance et mecanisme de rupture des carbures metalliques
Prof. Dr. A. DESCHANVRES (Universite de Caen, France)

- 6.11.1974
Electron microscopy of dislocation loops in solids
Dr. S.M. OHR (Institut für Festkörperforschung, Jülich)

- 28.11.1974
- Rotational behaviour of molecules and molecular groups in crystals
- Plastic phase transition in solid CD4

A. HULLER (Kernforschungsanlage, Jülich)

NUCLEAR PHYSICS

B. By guest speakers

Theory of Nuclear Reactions
Series of Lectures in February and March, 1974
C. MAHAUX (Universite de Liege)

- 3.5.1974
Spins of nuclear states, determined by capture of polarized thermal neutrons
F. STECHER-RASMUSSEN (Reactor Centrum Nederland)

- 21.6.1974
Standard Neutron Fields and Integral Reaction Rates for Nuclear Energy Development
Dr. J.A. GRUNDL (National Bureau of Standards - Washington)

- 28.6.1974
Inelastic electron scattering work at the Linac of T.H. Darmstadt
E. SPAMER (Technische Hochschule Darmstadt)
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- 18.7.1974
Deexcitation of atoms with multiple inner-shell vacancies

C.P. BHALLA (Kansas State University, U.S.A., and FOM-lnstituut voor Atoom- en Molekuulfysika, Amsterdam)
- 24.7.1974

Lattice parameter mapping by X-ray diffraction and fundamental physical constants
M. HART (H.H. Wills lab.. Univ. of Bristol)

- 9.9.1974
Photofission experiments at the N.B.S.
C D . BOWMAN (National Bureau of Standards - Washington D.C., U.S.A.)

- 25.11.1974
The role of the Joint European Torus (JET) project in the present controlled fusion research programs
J.P. POFFE (Euratom JET Design Team, Culham, G.B.)

RADIOBIOLOGY

A. By S.C.K./C.E.N. personnel
- 9.1.1974

Le tritium artificiel dans I'environnement
Ir. R. KIRCHMANN

- 16.1.1974
Le contrdle genetique de la morphogenese chez les acetabulaires
S. BONOTTO

- 23.1.1974

Etudes immunopathologiques dans les affections induites par stimulation antigenique chronique
J.-M.JADIN

- 13.2.1974
Les plasmides - 1 . proprietes genetiques

2. structures
P. LURQUIN, M. MERGEAY

- 6.3.1974
Repression et derepression des genomes viraux integres dans le DNA de souris normales et leucemiques
M. JANOWSKI

- 3.4.1974
Initiatie van eiwitsynthese en informosomen
W. BAEYENS

- 8.5.1974
Leucemie radioinduite et leucemie Rauscher - Orientation des etudes biochimiques
L. BAUGNET-MAHIEU

B. By guest speakers

- 20.2.1974
Role of bacterial DNA plasmids in crown gall tumor induction
Prof. J. SCHELL (Laboratorium voor Genetika - Rijksuniversiteit Gent)

- 27.3.1974
Nucleic acids and crown gall tumors
Prof. J. NESTER (Prof. University Washington, Seattle)

- 11.6.1974
Les bases biologiques du traitement du cancer mammaire
Prof. H. TAGNON (Institut Jules Bordet)

• 13.6.1974
Principes et premieres applications d'une chimiotherapie - Lysomotrope des leucemies
Dr. A. TROUET (Universite Catholique de Louvain)

- 25.9.1974
DNA repair and carcinogenesis
Prof. J.L. VAN LANCKER (University of California, USA)

- 30.9.1974
Phenomenes physiques extra-terrestres affectant des systemes physico-chimiques et des organismes vivants sur terre
Madame CAPEL-BOUTE (Dir. Centre interdisciplinaire de Recherches et d'Etude? des Facteurs de l'Ambiance (C.I.R.E.F.A.)
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- 11.10.1974
Virus cancer program of the N.I.H.
Dr. MOLONEY (Associate Director for Viral Oncology, National Institutes of Health, Bethesda)

- 16.10.1974
Radiation induction of malignant lung tumors in the mouse
J.M. YUHAS (Biology Division - Oak Ridge, Tennessee)

- 7.11.1974
Effets des polluants de l'air
Prof. O.f lONDIA (Universite de Liege)

- 25.11.1974
Tritium measurement programs in trobay environment
YENGAfl T.S. (Bhabha Atomic Research Centre, India)

- 27.11.1974
DNA binding proteins in meiotic cells
Yasuo HOTTA (University of California)

- 16.12.1974
Principes de la lysomologie appliquee ä la therapeutique d'affections cellulaire
P. JACQUES (U.C. Louvain)

CHEMISTRY

A. By S.C.K./C.E.N. personnel
- 4.1.1974

La place de la pile ä combustible dans revolution du secteur energie ä court- et long-terme
A. BLANCHART

B. By guest speakers
- 23.1.1974

Adsorption of noble gases on activated charcoals
ANANTHA KRISHMAN

- 15.10.1974
System engineering approach to problems of chemical engineering
Prof. Dr. Vladimir HLAVACEK (Institute of Chemical Technology, Technical University Prague)

MISCELLANEOUS

- 6.3.1974
Luchtverontreiniging door stikstofoxyden (Seminarie)
Koninklijke Vlaamse Ingenieursvereniging, Genootschap Gezondheidstechniek

- 6.6.1974
Belgian section of the American Nuclear Society
Energy problems
Prof. Dr. H.K. SCHNEIDER (Energie Wirtschaftliches Institut der Universität Köln)
Mr. P. WYART (Organisation des Producteurs d'Energie Nucleaire, O.P.E.N.)
Development of uranium enrichment in Europe
Mr. BAROUFFA (Direction Generale de l'Energie de la C.E.E.)
Prof. BOGAARDT (Ultra-centrifuge Nederland N.V., U.C.N.)
Mr. PECQUEUR (EURODIF)

- 17.6.1974
Virtuele machines (VM/370) en het nieuwe computersysteem van het S.C.K.
Ir. J.C.ADAM

- 2.7.1974
Het MULTI-20-systeem: de toepassingen en de aansluiting op het centrale IBM 370/135 systeem
Le Systeme MULTI-20: les applications et la connexion au Systeme central IBM 370/135
J.P. CULOT

- 9.7.1974
Kommunikatie tussen IBM 370 en satellietsystemen via IBM S/7
Communication entre le Systeme IBM 370 et les systemes satellites via IBM S/7
Ir. F. LAUWERS (Systems Engineer - IBM Belgium)

- 16.10.1974
VM/370 en CMS voor RAX-gebruikers
H.R. DECKERS (S.C.K./C.E.N.)
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Appendix 6

EXTERNAL RELATIONS

As outlined in the report, S.C.K./C.E.N.'s collaboration
with various Belgian, foreign and international organizations
was pursued.

Programmes related to the fuel cycle have been continued
in the framework of the Association with BELGONUCLEAIRE.
Development of fast reactors is carried out according to
the terms of the Memorandum of Understanding within the
Debenelux countries. BR2 is operated on the basis of an
agreement between S.C.K./C.E.N. and GfK-Karlsruhe. Most
of S.C.K./C.E.N.'s basic and exploratory research is covered
by contracts and exchange of information with Belgian uni-
versities and international organizations.

Beyond these major basic co-operation agreements and
unformal collaboration, the following most important contracts
were concluded in 1974:
- with Bekaert for determining the characteristics of Bekinox

demisting devices;
- with BELGONUCLEAIRE for the study of a fourth core

for BR3;
- with CEA for irradiation of fuel assemblies in BR3;
- with CREN-K, and supported by the AGCD, for providing

support to the operation of the Centre, including the TRIGA
reactor, and this as part of a broader agreement on tech-
nical and scientific co-operation, which the Belgian govern-
ment signed with the Republic of Zaire;

- with EIR and UKAEA for a carbide irradiation experiment
in DFR;

- the installation and operation of the ETL loop for testing
LWR fuel assemblies;

- with EURODIF, USSI and JET for delegating S.C.K./C.E.N.
personnel;

- with GfK for the M0L7D and MOL7C experiments;
- with I.A.E.A. - on safeguards and development work;

- for technical assistance by S.C.K./C.E.N.
staffmembers in Argentina, Bulgaria, Rou-
mania and Zaire;

- for the implementation of a United Nations
Development Programme for the develop-
ment of nuclear technology in Roumania
and according to which S.C.K./C.E.N. pro-
vides experts' assistance, irradiations and
post-irradiation services;

- with KFA for the GSB irradiation experiment;
- the study of extensions of the LMA and of the waste

treatment plant;

- with the Ministry of Public Health for development work,
on pilot scale, related to the "Kempense collector", for
continued analyses on the pollution by heavy metals and
for the installation of an automatic air pollution measure-
ment network;

- with the "Staatssecretariaat voor Vlaamse Streekeconomie"
for inventory studies on solid waste and for determining
the atmospheric pollution levels in several regions;

- with the utilities which will operate the Tihange and Doel
power plants for assistance in case of nuclear accidents;

- with TRABEL for the study of the new BR2 hot cells;
- with WESTINGHOUSE ELECTRIC CORPORATION for post-

irradiation work on LWR-fuel and irradiation experiments
in BR3.

The agreement with Union Miniere on the development
of isotopic heat and neutron sources, with SYNATOM on
the operation of BR3 and with IBAS/SIMETHA for industrial
medicine came to an end.

During 1974, S.C.K./C.E.N. continued to give advice on
nuclear matters to the Belgian Authorities, participated to
working groups organized by the Commission of the Europ-
ean Community, the Nuclear Energy Agency of OECD, IAEA,
EAES, etc. It played a major role in the foundation of the
Belgoprocess Syndicate, comprising representatives of the
Belgian Authorities and of Synatom, for evaluating the possi-
bilities for continuing the operation of the Eurochemic re-
processing plant.

With regard to training, one should mention the services
provided by BR3 and the associated simulator for educating
operating crews for the BR3 and the Fessenheim plants, the
important number (281 of which 98 foreign) of students or
qualified scientists which received further training at S.C.K./
C.E.N. In addition to courses and lectures, listed in appendix
5, an international Review Course on Reactor Burn-up Phy-
sics, sponsored by the IAEA and the Belgian Government
was organized by S.C.K./C.E.N. at Mol from 7 to 18 October
1974.

Moreover, in the scope of an agreement between the
USSR, the Netherlands and Belgium, S.C.K./C.E.N. partici-
pated to a tripartite symposium held in Dubna in June 1974
on radioactive waste treatment, storage and disposal.

Finally, in 1974, S.C.K./C.E.N. has received more than
1800 visitors.

BLG 506/75 31



Appendix 7

PERSONNEL OFFICE

S.C.K./C.E.N. PERSONNEL

Table 1 gives a survey of personnel on December 31, 1974.
The figures between brackets represent the changes com-
pared with December 31, 1973.
The average age on December 31, 1974, was 40,49 years.

TABLE 1

Class

Professional staff

Technical and administrative staff

S.C.K./C.E.N. personnel working at other
centres or agencies

TOTAL

SC.K./C.E.N*

317 ( + 29)

954 ( + 34)

9 ( -5)

1.280 (+58)

BR2 reactor and associated facilities

EURATOM

49 (+4)

175( + 1)

1(+1)

225 ( + 6)

S.C.K./C.E.N.

14C—2)

16( + 2)

30

Total BR2 personnel included

PERSONNEL ADMINISTRATION

85 persons were recruited during the year. 27 persons left
S.C.K./C.E.N.: 2 deaths from natural causes, 1 death by
accident, 8 retirements and 13 resignations and the expira-
tion of 3 temporary contracts.

32

There were 112 internal transfers, of which 98 involved
scientists or technicians and 14 administrative personnel.
In 1973 these figures were respectively 32, 25 and 7.
736 missions were organized to 28 different countries; this
shows an increase of 28 compared with 1973.
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Appendix 8

FINANCE

ACCOUNTS ON DECEMBER 31, 1974

RECEIPTS

A. ORDINARY RECEIPTS

Grants

1. Financing of the institute

Operating receipts

2. Radiobiology programme supported by the
Ministry of National Education

3. Contracts

4. Miscellaneous

5. BR2 receipts

5.1. Foreign customers

5.2. Belgian customers

6. Grants for EURATOM personnel

7. BR3 receipts

In Belgian Francs (FB)

1,033,700,000

27,500,000

41,245,171

74,156,263

159,791,993

29,643,499

25,429,100

21,313,725

379,079,751

B. EXCEPTIONAL RECEIPTS

8. Subsidy for the BR3 4th reactor core

9. Subsidy for exceptional investments

74,595,460

183,061,386

C. RECEIPTS COVERING FINANCIAL EXPENSES

10. State grant to cover interests on loons and taxes

11. State grant to cover amortization of loans

1,103,244

15,880,000

TOTAL RECEIPTS
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16,983,244

1,687,419,841
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ACCOUNTS ON DECEMBER 31, 1974

EXPENDITURE

A. OPERATING EXPENDITURE
In Belgian Francs (FB)

1. Personnel
1.1. S.C.K./C.E.N.
1.2. SYNATOM
1.3. EURATOM
1.4. BELGONUCLEAIRE-Waste
1.5. Other

2. Administration
2.1. Rent computer
2.2. Technical training and missions
2.3. Documentation
2.4. Public relations
2.5. Insurance third party liability (nuclear)
2.6. Other administration expenses

3. Materials, energy and services
3.1. Materials and supplies
3.2. Fissile materials and fuel cycle expenditures
3.3. Energy
3.4. Work entrusted to third parties

TOTAL OPERATING

864,565,735
18,141,485
25,429,100
43.810,331
21,066,153

12,761,283
6,737,617
2,730,702

733,366
6,100,862

28,026,028

141,491,457
103,545,967
47,020,783
52,887,326

EXPENDITURE

973,012,804

57,089,858

344.945,533

1,375,048,195

B. CAPITAL EXPENDITURE
In Belgian Francs (FB)

1. Equipment
1.1. Running expenses
1.2. Exceptional expenditure

2. General services and site works
2.1. Running expenses
2.2. Exceptional expenditure

2.2.1. Exceptional investments
2.2.2. Enriched uranium for BR2

71,268,756
2,689,855

15,825,128

32,847,358
70,295,261

TOTAL CAPITAL EXPENDITURE

C. FINANCIAL EXPENSES

1. Loans
1.1. Interests and taxes

1.1.1. Covered by the Ministry of Economic Affairs 1,103,244
1.1.2. Not covered by the Ministry of Economic Affairs

for loan on mortgage 261,000
1.2. Amortization of loans

1.2.1. Covered by the Ministry of Economic Affairs 15,880,000
1.2.2. Not covered by the Ministry of Economic Affairs

for loan on mortgage 600,000
2. Payment in full of BELGONUCLEAIRE capital 20,000,000
3. Payment in full of EURODIF capital through SOBEN 58,752,137

TOTAL FINANCIAL EXPENSES

TOTAL EXPENDITURE A + B + C

192,926,358

96,596,381

1,664,570,934
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Appendix 9

LIST OF ABBREVIATIONS

ACDA
ACEC
A.G.C.D.
ANL
A.S.LK./C.G.E.R.
ATR
BWR
CBNM
CEGB
CEA
C.G.E.R./A.SL.K.
C.I.P.? /I.C.W.B.

CIV/CTI
C.R.E.N.
CRM
CTI/CIV
DFR
DNB/OPI
DNE
EAES
EBES
ECOTECNIC
EIR
ENEL
ENI
ERDA
ESARDA
EULEP
FNRS/NFWO

F.R.S.M.
GBRA
GCFR
GfK
GKN
H.F.R.
H.O.R.T.O.K.
HTR
IAEA
ICWB/CIPS

Arms and Control Disarmament Agency (USA)
Ateliers de Constructions Electriques de Charleroi, Charleroi (Belgium)
Administration Generale de la Cooperation au Developpement (Belgium)
Argonne National Laboratory (USA)
Algemene Spaar- en Lijfrentekas / Caisse Generale d'Epargne et de Retraite (Belgium)
Advanced Test Reactor
Boiling Water Reactor
Central Bureau for Nuclear Measurements - EURATOM, Geel (Beigium)
Central Electricity Generating Board (United Kingdom)
Commissariat ä l'Energie Atomique (France)
Caisse Generale d'Epargne et de Retraite / Algemene Spaar- en Lijfrentekas (Belgium)
Commission Interministerielle pour \B Politique Scientifique / Interministerielle Commissie
voor Wetenschapsbeleid (Belgium)
Centrum voor Informatieverwerking / Centre de Traitement de l'lnformation (Belgium)
Centre Regional d'Etudes Nucleaires de Kinshasa (Republic of Zaire)
Centre de Recherches Metallurgiques, Liege (Belgium)
Centre de Traitement de l'lnformation / Centrum voor Informatieverwerking (Belgium)
Dounreay Fast Reactor (United Kingdom)
Dienst voor Nijverheidsbevordering / Office de Promotion Industrielle (Belgium)
Dido Nickel Equivalent
European Atomic Energy Society
Verenigde Energiebedrijven van het Scheldebekken, Schelle (Belgium)
Industrial consortium for ecology (Belgium)
Eidgenossisches Institut für Reaktorforschung, Würenlingen (Switzerland)
Ente Nazionale per I'Energia Elettrica (Italy)
Electro-Navale & Industrielle, Aartselaar (Belgium)
Energy Research and Development Administration (USA)
European Safeguards Research and Development Association
European Late Effects Project
Fonds National de la Recherche Scientifique / Nationaal Fonds voor Wetenschappelijk
Onderzodk (Belgium)
Fonds de la Recherche Scientifique Medicale (Belgium)
European Association for Gas Breeder Reactor, Brussels (Belgium)
Gas Cooled Fast Reactor
Gesellschaft für Kernforschung mbH, Karlsruhe (Federal Republic of Germany)
NV Gemeenschappelijke Kernenergiecentrale Nederland
High Flux Reactor, Petten (The Netherlands)
Hoger Rijkstechnisch Onderwijs voor Kernenergie, Mol (Belgium)
High Temperature Reactor
International Atomic Energy Agency, Vienna (Austria)
Interministeriele Commissie voor Wetenschapsbeleid / Commission Interministerielle pour
la Politique Scientifique (Belgium)
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I.I.K.W./l.l.S.N.

I.IS.N./U.K.W.

INDC
INIS
INT
IRE

IRM/KMI
I.R.S.I.A./I.W.0 N.L.

I.W.O.N.L/I.R.S.I.A. :

J.E.T.

KFA
KMI/IRM
KNK
K.U.Leuven
LMFBR
L.U.C. Hasselt
MMN
NATO
NBS
NEA
NFWO/FNRS

PFR
PWR
OECD
OPI/DNÜ
RAPSODIE
RCN
R.I.T.
R.U.C. Antwerpen
R.U. Gent
RWE
SENA
SBK
SEP
TNO
TUI
T.U.V.
U.C. Louvain
UKAEA
U.L. Bruxelles
USSI
VENUS
V.U. Brüssel

Interuniversitair Instituut voor Kernwetenschappen / Institut Interuniversitaire des Sciences
Nucleaires, Brussels (Belgium)
Institut Interuniversitaire des Sciences Nucleates / Interuniversitair Instituut voor Kern-
wetenschappen, Brussels (Belgium)
International Nuclear Data Committee, IAEA, Vienna (Austria)
International Nuclear Information System, IAEA, Vienna (Austria)
Institute for Nuclear Technology, Bucharest (Roumania)
Institut National des Radioelements / Nationaal Instituut voor Radio-elementen, Fleurus
(Belgium)
Institut Royal Meteorologique / Koninkhjk Meteorologisch Instituut (Belgium)
Institut pour I'encouragement de la Recherche Scientifique dans l'lndustrie et l'Agriculture /
Instituut tot aanmoediging van het Wetenschappelijk Onderzoek in Nijverheid en Landbouw
(Belgium)
Instituut tot aanmoediging van het Wetenschappelijk Onderzoek in Nijverheid en Landbouw /
Institut pour I'encouragement de la Recherche Scientifique dans l'lndustrie et l'Agriculture
(Belgium)
Joint European Torus
Kernforschungsanlage, Julien (Federal Republic of Germany)
Koninklijk Meteorologisch Instituut / Institut Royal Meteorologique (Belgium)
Kompakte Natriumgekiihlte Kernenergieanlage, Karlsruhe (Federal Republic of Germany)
Katholieke Universiteit Leuven (Belgium)
Liquid Metal Fast Breeder Reactor
Limburgs Universitair Centrum, Diepenbeek (Belgium)
Metallurgie et Mecanique Nucleaires, Dessel (Belgium)
North Atlantic Treaty Organization
Nationa' Bureau of Standards (USA)
Nuclear Energy Agency (O.E.C.D.), Paris (France)

Nationaal Fonds voor Wetenschappelijk Onderzoek / Fonds National de la Recherche
Scientifique (Belgium)
Prototype Fast Reactor, Dounreay (United Kingdom)
Pressurized Water Reactor
Organization for Economic Co-operation and Development, Paris (France)
Office de Promotion Industrielle / Dienst voor Nijverheidsbevordering (Belgium)
Experimental Fast Reactor, Cacarache (France)
Reactor Centrum Nederland, Petten (The Netherlands)
Recherche et Industrie Theiapeutique, Genval (Belgium)
Rijksuniversitair Centrum, Antwerpen (Belgium)
Rijksuniversiteit Gent (Belgium)
Rheinisch-Westfälisches Elektrizitätswerk AG, Essen (Federal Republic of Germany)
Societe d'Energie Nucleaire Franco-Beige des Ardennes, Chooz (France)
Schnell-Brüter-Kernkraftwerkgesellschaft mbH, Essen (Federal Republic of Germany)
N.V. Samenwerkende Electriciteits-Productiebedrijven, Arnhem (The Netherlands)
Organisatie voor Toegepast Natuurwetenschappelijk Onderzoek (The Netherlands)
Europäisches Institut für Transurane, Karlsruhe (Federal Republic of Germany)
Technischer Ueberwachungs-Verein, Baden (Federal Republic of Germany)
Universite Catholique de Louvain (Belgium)
United Kingdom Atomic Energy Authority (United Kingdom)
Universite Libre de Bruxelles (Belgium)

Societe de Construction d'Usines de Separation Isotopique, S.A.R.L., Bagneux (France)
Vulcain Experimental Nuclear System
Vrije Universiteit Brüssel (Belgium)
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