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ABSTRACT
The Commissariat a l'Energie Atomique (CEA) operates three research reactors at Saclay.
Each of them is equipped with a Neutron Radiology facility. Osiris is involved in studies of
nuclear fuel rod behaviour during accidental events. The underwater NR facility alloys to
obtain images of the rods before and after power ramp. The Orphee installation is devoted to
industrial application of NR including non destructive testing and real time imaging. The
main activity concerns the examination of the pyrotechnic devices of the Ariane launcher
programmes. Other areas of interest are also described.

1. Background

The CEA became deeply interested in neutron radiology in 1966, thirty years ago.
Following in the footsteps of our American and British friends, the earliest French
installations saw the day at the pool-type reactors of the nuclear research centres in
Cadarache, Grenoble, Saclay, and then Fontenay aux Roses. First with immersed devices,
and then on beams extracted outside biological shieldings for industrial applications. Some
of the early pioneers are well known, including Jean Louis Boutaine, Jean Pierre Perves,
Gerard Farny and Andre Laporte, who all played a major role in the development of this
new technique

A 1972 report [1] lists twelve installations on seven CEA pool-type reactors. Added
to these is a liquid reactor operating in pulsed mode, of which three copies were built at
the Valduc, Marcoule and Cadarache centres. The CEA even considered selling this
installation to industry, but failed in the endeavour. The production of neutrons by nuclear
reactions using accelerators was also intensively researched in Grenoble, particularly by
the team of Mrs. Breynat. Since then, neutron imaging activities have declined
considerably, and the few remaining applications are essentially concentrated in Saclay.

The most important recent steps are indicated below:

1973 : commissioning of an installation specialised in the examination of
irradiated PWR fuels (Isis reactor).

1981 : commissioning of the last immersed device in the pool of the Osiris
reactor.

1982 : commissioning of the industrial installation associated with the Orphee

reactor and final shutdown of the Triton reactor in Fontenay aux Roses.

1984 : commissioning of the installation of the Scarabee reactor in Cadarache.

1986 : commissioning of the tangential beam on the Isis reactor in Saclay.



440

1988 : final shutdown of the Mehisine reactor in Grenoble.

Another major deadline has already been set:

1997 : planned final shutdown of the Siloe reactor in Grenoble.

The Saclay installations are mounted on three reactors, Isis, Osiris and Orphee.

2. Nuclear applications of neutron radiography

The CEA conducts research on the physicochemical behaviour of nuclear fuels for
pressurised water reactors (PWR). The safety engineers of the installations need to know
the extreme conditions liable to cause failure of the zircaloy clads. Destructive tests on
fuel rods with various bumups are performed in the hot laboratories for Electricite de
France (operator of the French power plants) and Framatome (power plant builder and
fuel producer). Major projects today are concerned with MOX (mixed U/Pu oxide) type
fuels.

Neutron radiographic inspection is performed when the irradiated fuels arrive at
Saclay. The Isis reactor was equipped in 1973 with a highly efficient installation which
simultaneously examines five rods 4 m long in an automatic sequence. Thirty-five
successive overlapping pictures provide a complete image of the rods, and the whole
sequence takes 4 h.

The direct technique combines boron and lithium converters with cellulose nitrate
film

Two major events led us to interrupt the operation of this installation in 1994:

(1) Decision by the CEA to discontinue examinations of irradiated rods in
Saclay, and to transfer them to Cadarache.

(2) Kodak discontinued the production of very long CN85 film.

This examination prior to destructive tests is now carried out by X-radioscopy in
Cadarache.

Osiris is an experimental pool reactor that went critical thirty years ago next
October. After the shutdown of the Siloe reactor in Grenoble at the end of 1997, and until
the commissioning of the future reactor dedicated to nuclear power research programmes
in 2005-2010, Osiris will be the CEA's only material testing reactor. Experiments
conducted on Osiris are essentially material irradiations (nuclear fuels, metallic specimens,
electrical cables and optical fibres, radioisotopes for medical use, ceramics for fusion,
doped silicon etc.).

The neutron radiography device yet described [2] is a pyramidal collimator used as a
means of systematic imaging for fuel irradiation programmes and as an analytical means to
back up the in-line electrical instrumentation. The behaviour of the fuel rod clad in a
transient phase is tested on Osiris by means of power ramps on short 60 cm rods. The
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experiments take place in an irradiation loop that reproduces the service temperature and
pressure environment. Neutron radiographic examinations of fuel rods before and after the
ramp offer an indispensable complement to destructive testing and gamma scanning. The
quantification of the residual inter-pellet space helps to estimate the linear power extracted
from the rods. The device uses simple and proven techniques:

transfer technique with the use of dysprosium converters,

tightness by the formation of an ice seal in the pool by liquid nitrogen circulation.

Users expressed the need for a real-time radioscopy system, but the construction of
a unit is faced with serious difficulties, and the project is currently under examination.

3. Industrial applications

The operation of the installation associated with the Orphee reactor began in 1982,
when the Triton reactor was shut down for good. We celebrated the fifteenth anniversary
of Orphee's first criticality last December. My predecessor, Andre Laporte, was solely
responsible for designing and supervising the construction of this installation, which is still
one of the world's best.

The irradiation cell is installed at the end of the G4 neutron guide [3]. The neutron
fluence rate is 9 x 108 n.cm'2.s"'. The beam has an area of 25 x 150 mm2. The spectrum is
enriched with cold neutrons by a liquid hydrogen cold source placed in the heavy water
tank. The average energy is 7 x 10"3 eV and the beam contains no gamma pollution. The
rooms lying 70 m from the reactor are readily accessible from outside the building.

Orphee runs about 250 days per year. Subtracting weekends and holidays, this
leaves nearly 180 days of availability to satisfy our clients. This graph shows the pattern of
activity since 1982. A majority of our clients are French. Most of our work is concerned
with production controls on pyrotechnic equipment, 70 % of it connected with the
European Ariane space programmes.

So far, fifty-nine Ariane 4 launch vehicles (V87) have been launched, with only three
failures. This rocket has three superimposed stages, and is equipped with strap-on
boosters tailored to match the payload mass. The most powerful version can send 4.81
into geostationary orbit. The missions of the pyrotechnic devices of this launch vehicle
essentially include:

release of the strap-on boosters after combustion,

stage separation,

opening and jettisoning of the payload faring,

destruction of the launch vehicle in the case of a malfunction.

Depending on the versions, between 400 and 500 parts are inspected by NR in
Saclay for each launch vehicle. Launchings range from eight to ten per year. The neutron
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radiograms are used by the manufacturers of the objects tested. Their discretion means
that we have no information about the scrap rate detected by the examination. Yet it is
certain that none of the launching failures can be ascribed to the pyrotechnic device. The
steady increase in the mass of the satellites has led to the development of a new European
heavy launch vehicle, Ariane 5, to replace Ariane 4 completely by the year 2000.

This new rocket features simpler design, with better overall reliability. Pyrotechnic
devices continue to be used, but the total number of elements is smaller. The chief
innovation is the generalised adoption of structural separation by sealed expandable tubes
instead of traditional explosive cords. The explosive is confined in a flat tube near the
structure to be cut, which contains a weaker small-section zone. The pressure generated
by detonating the explosive deforms the tube, and the force applied causes the structure to
break, tripping the separating devices of the two parts. The tube must remain totally sealed
to avoid polluting the surrounding surfaces.

Neutron radiography of all the qualification devices began in 1994 in Saclay. The
principle of 100% neutron radiographic inspection was adopted for about 330 different
parts. The transmission lines of the explosion logic represent 200 elements for a total
length of 400 m. During the qualification phase, neutron radiography and X-ray
examination helped to identify nine different types of defect on the ends of the lines, some
of which caused operating failures during the working tests.

These defects are listed in the table below, showing those which are detectable by
neutrons, by X-rays, and their effect on operation. Note that three critical defects can only
be detected by neutron radiography, fully justifying the systematic inspection of these
products.

Type of defect Visible with X-
rays

Visible with
NR

Potential
in-service failure

Mechanical assembling
N°l

Damage of cord during
the welding

Mechanical assembling
N°2

Bad settling of Hexogen
in the cone

Bad settling of Hexogen
in the rod

Alignment of cord

Two washers
instead of one

Lack of Hexogen in
the cord

Excess of welding
flux

Yes

Yes

Yes

No

No

Yes

Yes

No

No

No

Yes if damage
on Hexogen

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No

Yes if damage
on Hexogen

No

Yes

Yes

No

No

Yes

No

Ariane 5 solid propellant boosters (273 t each) are composed of three segments
assembled together by tenon and mortise. As demonstrated by the terrible accident to the
American Challenger shuttle, the tightness of this type of assembly is crucial. The Fig. 1
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reproduces the neutron imaging of a flat mock-up of this connection. The material is
30 mm thick steel. The image faithfully reproduces the double O-ring selected by the
engineers. The neutrons also help to observe all the artificial defects created specially in
this material. Unfortunately, on-site inspection in French Guyana is unfeasible, and only
leak tests are performed.

Fig. 1 NR of Ariane 5 booster connection flat mock-up.
Artificial defects in Nitrile Orings (two parallel lines in white )

4. Metallurgical applications

The production controls regularly performed in Saclay in this area concern the
localisation and/or quantification of natural boron dispersed in aluminium alloy plates.
These plates are prepared by co-lamination of a composite containing a boron core
obtained by powder compression. They serve as edge plates for fuel elements of our
research reactors (Siloe, Osiris, Orphee). Boron is used as a burnable poison with reserve
reactivity, and to flatten the axial neutron flux distribution.

The Orphee reactor has a very compact and highly reactive core. The safety
authorities have imposed a complete quantitative inspection of the boron content of each
plate. This quantification is carried out by comparative densitometry with standards of
known boron content present in each picture. A special machine was developed, ran by a
PC. Accuracy of 3 % is obtained for each of the 130 measurement points on the surface of
the boron core (7 x 60 cm2).

Samples of welded boron steel sheets have also been tested by neutron radiography.
This material is used in storage baskets for irradiated fuel elements and for the
manufacture of transport casks.

Examinations have also been performed on samples of aluminium/lithium alloy
prepared by microgravity [4].
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5. Analytical services

Our services are sometimes enlisted on occasional problems faced by industrial
firms. A recent example concerns the automotive industry. A brake hose crimping machine
became maladjusted during a production phase. More than twelve thousand suspect parts
were scrapped while awaiting a non-destructive testing method that could identify the
acceptable parts. The problem was to measure the distance between the end of the flexible
hose and the bearing plane of the metal fitting, with a maximum clearance of less than
1 mm. You can see from the Fig.2 that this is a typical case which is ideally resolved by
neutron imaging. In the present case, considerable efforts to reduce the cost of the
operation have been made and the company is going to convince the final client before
testing the whole batch.

Fig. 2 NR of break hose ends. The hose external diameter is 10 mm.
Correct crimping on the left, two others have to be scrapped

6. Transfer of activity to industry

Our organisation, like many others, is prone to budget cutbacks. The resulting
downward spiral in our staffbegan many years ago. The CEA had a staff of over 23,000 in
1984, and only 17,500 at the end of 1994. This policy has led management to refocus the
organisation on its main research functions and to abandon production activities for
private companies. On our modest scale, we have asked our industrial clients to test
alternative sources to reactors. Sodern was naturally contacted with this aim, to determine
the applications that could be satisfied using the demonstrator installed at Limeil
Brevannes. Evaluation tests were recently initiated. The CEA will continue, as in the past,
to offer neutron radiology services if the private sector fails to meet expectations.

7. Dynamic imaging

The only serious investigation completed in Saclay was presented at the last World
Conference in San Francisco by Jacques Du Parquet [5]. The behaviour of the new
generation of Freon-free refrigerants was analysed by neutron radioscopy. This project is
now nearly finished, and we have had no new applications apart from a few feasibility tests
on oil flows in automobile gearbox casings. In actual fact, prospecting is not very intense.
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because our beam is now virtually completely occupied in routine production control
activities. It would indeed be unfortunate if we were to entice new clients and then make
them wait interminably before catering to their needs.

8. Autoradiography on paintings

This activity uses up very little beam time because the irradiations are performed at
weekends. After having been dazzled by the work described by Dr. Fischer in our last
world conferences, we proposed a joint project with the research laboratory of the Musee
du Louvre. The question asked by all the curators was: "How can we be sure that
irradiation is not harmful to the picture in the long term?" We nevertheless succeeded in
working on a valueless painting in 1995, and the early test results are encouraging. We
actually copied the procedures described in the bibliography, sometimes referring to Dr.
Fischer for advice. A second and more constructive step is currently under way with the
help of a trainee student. A model of samples of different pigments has been made, and
will be tested for a closer assessment of the technique potential.

9. Technical developments

The Laboratoire Leon Brillouin (LLB), which finances and uses the Orphee reactor,
has a plan for an overall improvement in its experimental facilities. This project, if
validated by the Board of Administration, consists in modernising a number of
spectrometers and in modifying the neutron guides, of which the passage cross-section
will be doubled (150 x 50 mm2 instead of 150 x 25 mm2). A new arrangement of the
spectrometers would give us a much better flux (plus 40 percent). These major projects
are scheduled during a long-term shutdown of about six months, when the zircaloy reactor
vessel is replaced in late 1997.

For over fifteen years, the converters used for production control have been massive
sheets of natural gadolinium. Since maintenance on these converters is difficult, we asked
the CEA metallurgists in Grenoble to prepare vacuum-vaporised deposits coated with an
abrasion-resistant layer. Titanium nitride was selected in the form of a 0.3 urn layer. We
measured a loss of densitometric efficiency of 5 percent, which was deemed acceptable.
We had flat converters measuring 150 x 340 mm2 and semi-spherical converters prepared
to inspect 20 cm diameter coils. Our colleagues in Grenoble, having learned from this
experience, are ready to examine any request they receive.

10. International relations

My predecessor Andre Laporte and I were always convinced of the value of
exchanges with our foreign colleagues. The CEA has always been represented at the
meetings of the Euratom Group of specialists in neutron radiography of the European
Community, since the first meeting in 1979. Joseph Domanus was the chief artisan of the
success of these meetings, for which he deserves our thanks. 1993 marked a sweeping
change in our habits, because our Group was broadened to include the whole of Europe
under the impetus of Joze Rant. The principle of the creation of this new Group was set
down in Portoroz in Slovenia at a meeting of the European Nuclear Society. Russian
colleagues participated in our meetings for the first time, and we have held a similar
meeting every year since then: in Saclay in 1994, followed by Budapest in 1995, where I
handed the chairmanship of the Group to Marton Balasko.
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11. Conclusions

In conclusion, it is clear that activities around neutron imaging have declined in
recent years. At the CEA, we nevertheless consider ourselves as privileged. Although
reduced in number, we have succeeded in preserving research reactors and installations.
These facilities operate with a high level of safety, and we are envied by many. Moreover,
requests for inspections are received steadily from industrial firms, essentially from the
aerospace industry. If I credit the declarations of the players in this area, Europe is
determined to maintain a major role. Neutron imaging will accompany this development in
France, just as it has done for more than twenty-five years.
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