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Résumé

On a développé des instruments et des techniques permettant
de protéger les réacteurs approvisionnés en combustible en cours
de marche, en particulier ceux de la filière CANDU. Une démonstra-
tion est en cours sur le site de la centrale nucléaire Douglas
Point au Canada. Les matières nucléaires irradiées se trouvant
dans certaines zones - le réacteur et les bassins de stockage du
combustible épuisé - sont contrôlées au moyen d'appareils photo-
graphiques, de caméras de télévision et de scellés. On procède
à une comp jbilité matières en comptant les grappes de combustible
épuisé durant le transfert du réacteur au bassin de stockage et
en plaçant ces mêmes grappes dans une enceinte sur laquelle des
scellés sont apposés après inspection et vérification clés grappes.
L'évolution de la puissance du réacteur est enregistrée au moyen
d'un détecteur à trace. Un contrôle de redondance est assuré
afin que la défectuosité d'un élément ne vienne pas invalider
tout le système des garanties. Plusieurs instruments et systèmes
protecteurs ont été développés et évalués; entre autres, un
système de surveillance muni de caméras Super 8, un autre muni
de caméras de télév.-' sion, un compteur de grappes de combustible
épuisé, un détecteur de fausses grappes, un abri pour entasser
les grappes de combustible épuisé et des scellés installablcs sous
l'eau et pouvant répondre à une interrogation ultrasonique. Les
informations fournies par ces divers instruments devraient accroître
l'efficacité des garanties de l'Agence et leur emploi, de concert
avec d'autres dispositifs, facilitera l'inspection des sites où
se trouvent des réacteurs.
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ABSTRACT

Instrumentation and techniques applicable to safeguarding reactors
that ar« fuelled on-power, particularly the CANDU type, have been developed.
A demonstration is being carried out at the Douglas Point Nuclear Generating
S ta', ion in Canada. Irradiated nuclear materials in certain areas - tne
reactor and spent fuel storage bays - are monitored using photographic and
television cameras, and seals. Item accounting is applied by counting
spent-fuel bundles during transfer from the reactor to the storage bay and
by placing these spent-fuel bundles in a sealed enclosure. Provision is
made for inspection and verification of the bundles before sealing. The
reactor's power history is recorded by a Track-Etch power monitor.
Redundancy is provided so that the failure of any single piece of equipment
c.oes not invalidate the entire safeguards system. Several safeguards
instruments and devices have been developed and evaluated. These include
a super-8-mm surveillance camera system, a television surveillance system,
a spent-fuel bundle counter, a device to detect dummy fuel bundles, a cover
i:or enclosing a stack of spent-fuel bundles, and a seal suitable for under-
water installation and ultrasonic interrogation. The information provided
by these different instruments should increase the effectiveness of Agency
safeguards and, when used in combination with other measures, will facilitate
inspection at reactor sites.
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INTRODUCTION

There are now 10 CANDU1 nuclear power reactors operating in the world,
with a further 16 under construction. These are located in five countries.
International Atomic Energy Agency (IAEA) safeguards are being applied to
all these reactors under the terms of the Non-Proliferation Treaty or other
agreements. Better equipment arid techniques for the application of safe-
guards have been developed over the past two years through an IAEA Research
Agreement between the IAEA Department of Safeguards and Inspection, the
Canadian Atomic Energy Control Board and Atomic Energy of Canada Limited
(AECL). This paper describes the problems encountered, the techniques and
equipment developed, and the practical demonstration of the application of
enhanced safeguards to the CANDU reactor.

The CANDU reactor differs from light water reactors in many respects,
some of which affect the way in which safeguards can be applied. The most
significant differences are:

- The CANDU reactor uses natural uranium fuel in small bundles rather than
enriched uranium in large assemblies.

1Canada Deuterium Uranium

The papers presented by Canada are reproduced with permission of the
International Atomic Energy Agency and the authors. They include :

IAEA-CN-36/177 AECL-S705 IAEA-CN-36/183 AECL-5710
IAEA-CN-36/178 AECL-5706 IAEA-CN-36/184 AECL-5711
IAEA-CN-36/179 AECL-S7O7 IAEA-CN-36/185 AECL-5712
IAEA-CN-36/180 AECL-5708 IAEA-CN-36/197 AECL-5713
IAEA-CN-36/181 AECL-5709 IAEA-CN-36/580 AECL-5714

Egalement disponible en français



- 2 -

- The CANDU reactor is refuelled on-power, and continuously. Usually
several bundles are replaced each day, whereas light water reactors are
shut down periodically for refuelling.

- CANDU spent fuel bundles accumulate at a relatively high rate in the
storage bays, compared to the number of fuel assemblies in light water
reactor bays.

- CANDU refuelling can be done at either end of each of the several hundred
pressure tubes in the reactor core, while in light water reactors, a
single outlet is available when the pressure head is removed.

SAFEGUARDS TECHNIQUES AND OBJECTIVES

The objective of applying IAEA safeguards to reactors is to ensure
that if diversion of significant amounts of nuclear material from its
reported use occurs, it will be detected. To satisfy this objective, the
safeguards adopted should meet a number of criteria:

Adequate Coverage - All diversion routes should be under inspection to
ensure detection if diversion occurs.

Sensitivity - The instruments, techniques and procedures used should detect
the movement of the minimum significant quantity of nuclear material across
a diversion boundary.

Timeliness - Detection of diversion should occur promptly.

Reliability - There should be a high degree of assurance that instruments
and techniques are capable of continuous operation.

Redundancy - No matter how reliable, instruments do fail. The system
should be designed so a single component failure does not invalidate the
entire system.

Tamper Indicating - Unattended instruments should indicate when they have
been tampered with.

Minimum Interférence - The application of safeguards should not significantly
interfere with the operation of the facility.

Easy Data Reduction - The data generated from the safeguards program should
provide direct, easily detected, evidence of diversion.

Under this program, the safeguards techniques and equipment for CANDU
reactor facilities were designed both to be practical and to meet these
criteria to the greatest possible extent.

DEVELOPMENT AND TESTING OF SAFEGUARDS TECHNIQUES AND EQUIPMENT

To develop and test the safeguards techniques and equipment it was
necessary to choose a test facility providing conditions that closely
approximated those that would be encountered in the various CANDU reactors.
The Douglas Point Nuclear Generating Station, the prototype for commercial
CANDU power reactors, is being used by us for this safeguards test and
development program. With this facility we can be sure that the safeguards
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developed will, in general, be applicable to CANDU power reactors. Some
modifications would be needed, to allow for variations between reactors.

To develop safeguards for any reactor, it is essential first to
determine:

- the possible diversion routes,
- the extent of diversion possible through each route,
- the difficulty of employing each route,
- means of effecting diversion through each of these routes.

This information was provided by diversion studies of the Douglas Point
station conducted by the engineering consulting firm of Dilworth, Secord,
Meagher and Associates; one of these studies had been undertaken five years
ago and a second was done concurrently with the test program at Douglas
Point. [1]

Two measures may be used to detect the diversion of significant
quantities of nuclear materials: (1) material accounting, and (2) sur-
veillance and containment. In the CANDU reactor system the nuclear material
is contained in welded containers - the fuel bundle. Because, within narrow
limits, all bundles for a given CANDU reactor contain the same amount of
uranium, material accounting can be applied by counting fuel bundles. This
special case of material accounting is called "item accounting". On a
random basis bundles will be verified by non-destructive techniques both
to determine the amount of uranium in unirradiated fuel bundles and to
ensure irradiated spent fuel bundles are in fact not dummies. Material
accounting is the simplest and most direct method of ensuring that there
has been no diversion. However, if the nuclear material is in an inacces-
sible area (for example, the reactor core) or if there are too many fuel
bundles to count easily, it is necessary to employ other methods. One
alternative is surveillance cameras which can observe the movement of
irradiated nuclear fuel, even when the IAEA inspection staff are not at the
facility. Seals used on possible abnormal exits in the containment shell,
e.g. flanged openings, will ensure that any bundles being moved f-om the
reactor do so through normal exit routes which are monitored by surveillance
cameras. Seals can also be applied to simplify repeated checking of stored
fuel bundles. The demonstration of these methods as a safeguards scheme
suitable for CANDU power reactors is now being undertaken at the Douglas
Point reactor.

DESCRIPTION OF THE CANDU FACILITY

A CANDU reactor obtains its power from pellets of natural uranium
oxide encased in zirconium tubes and fastened together, as shown in Figure
1, to form a CANDU fuel bundle. The weight of uranium and the number of
tubes in a bundle can vary between reactors. The fuel bundle for the
Douglas Point reactor is 500 mm long, about 81 mm in diameter, and contains
about 13.4 ± 0,4 kg of uranium. The Douglas Point reactor normally contains
3672 of these bundles and discharges about 200 bundles a month when
operating at its normal thermal power of 657 MW. The uranium discharged
from the reactor has produced about 8000 MWd/tU and each irradiated fuel
bundle contains about 35 g of fissile plutonium.

The basic layout of a CANDU reactor is shown in Figure 2. The fresh
fuel is loaded into one of the fuelling machines which pushes it into one
of the horizontal pressure tubes that pass through the reactor core. As
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fresh fuel bundles are pushed into the reactor by one fuelling machine, the
second fuelling machine at the other side of the reactor receives the
irradiated fuel bundles pushed out of that pressure tube. The fuelling
machines discharge irradiated fuel bundles into a fuel transport system
which carries them to the spent fuel storage bay.

Max. 81.7 mm

1 ZIRCALOY END PLATE
2 URANIUM DIOXIDE PELLETS
3 ZIRCALOY FUEL SHEATH
4 ZIRCALOY WIRE WRAP
6 ZIRCALOY BEARING PAD

Fig . l . The Douglas Point Fuel Bundle

1 CALANDRIA

2 FUELLING MACHINE VAULT DOOR

3 FUELLING MACHINE VAULT

4 FUELLING MACHINE

5 FUELLING MACHINE MAINTENANCE AREA

6 WINDOWS

7 MAIN AIRLOCK

6 EMERGENCY AIRLOCK
9 AIRLOCK OOORS

10 SPENT FUEL TRANSPORT SYSTEM
11 STORAGE BAY GANTRY CRANE
12 SPENT FUEL INSPECTION BAY
13 SPENT FUEL STORAGE 8AY

©

Fig.2. Plan View of th? Douglas Point Reactor

I
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DETECTION OF DIVERSION

The major safeguards concern in these ieactors is the plutonium con-
tained in the irradiated fuel bundles. The safeguards techniques developed
have therefore been principally, but not exclusively, directed to the
detection of diversion of the irradiated fuel bundles. The fresh unirradi-
ated uranium fuel bundles can be readily verified in storage.

The instruments and techniques under development are designed to
facilitate the establishment of a safeguards scheme which, when complemented
by accountancy measures, would provide assurance to the inspector that
safeguarded material has not been diverted.

Details of syr.tem for detecting diversion

Diversion from the reactor building can be detected by use of sur-
veillance and containment. Seals and radiation monitors can be used to
cover some possible diversion paths, e.g. blow-out panels, through the
containment shell. Other diversion routes can be protected by the use of
secure unattended surveillance devices such as film and television cameras.

Diversion from the fuel transport system would be difficult and in
most CANDU-type facilities, would require modification of the system.
Access to the trench containing the transport system requires the removal
of large concrete blocks which can be sealed in such a way that their
removal would provide evidence of tampering.

The spent fuel bay has the greatest supply of easily accessible
irradiated fuel. Moreover, the building containing the storage bay has
several exits. Nevertheless it is possible to install equipment which
counts the number of bundles that enter the bay and to install cameras that
survey the bay area to detect the removal of fuel bundles. The bundles in
storage in the bay can be observed and counted. Subsequently stacks of
these bundles can be covered and these covers sealed in place.

Means to achieve redundancy

Surveillance cameras within the reactor building can detect the
removal of bundles from the reactor if this is done in any way other than
chrough the fuel transport system. Egress points through the containment
shell (e.g. the air locks) can also be monitorsd by surveillance cameras.
Redundancy is provided since any fuel bundles must first be removed from
the reactor, which is observed by these cameras, and then pass through the
air locks which are also under observation.

Once the fuel bundles have entered the fuel transport system they can
be counted by secure and unique radiation monitors. Thus the number of
bundles traversing the fuel transport system is known. The redundancy
check is by cameras which view the exit of the storage bay.

A further level of redundancy may be applied to the reactor-vault/
reactor-containment building area by monitoring the reactor power level.
If the profile of gross reactor power versus time is known, an estimate of
the fuel throughput and the plutonium production can be made. This
throughput should agree with the compiled figures from the fuel storage
bay. The monitoring of the reactor power level can be used only as a long-
term check, and the data that it provides cannot be highly precise. Thus
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it violates our "timeliness" and "sensitivity" criteria. However, it still
is useful because it pictures the long-term trend of the reactor operation,
and it provides a back-up for the information gathered by the rest of the
safeguards system.

SAFEGUARDS INSTRUMENTS AND TECHNIQUES

The system being developed for safeguards complements the normal
nuclear materials accounting activities. It is highly instrumented, and
uses some novel equipment. Some of this equipment had been developed by
the IAEA for other safeguards programs and some has been developed as part
of this program.

The following equipment is being used and is now undergoing operational
development anil testing at Douglas Point:

- A system based on a super-8-mm surveillance camera which can be triggered
by either a fixed-interval or a random-interval timer.

- Two variants of the surveillance camera which have additional triggers.
One is equipped with a motion detector and the second with a detector
which triggers when a set gamma radiation level is reached. These
cameras were developed and built by Sandia Laboratories in the U.S.A.
The surveillance camera and its variants will be located in the storage
bay and within the reactor containment building to observe the fuelling
machine vaults.

- A secured unattended surveillance system using a highly sensitive tele-
vision camera and a specially designed time-lapse recorder operating in
a pulse mode with a capacity of 189 000 frames. It was developed by the
IAEA in cooperation with the Austrian firm, Psychotronlc Elektronische
Gerate. This equipment >.ill be used as ar alternative to the film cameras
described above.

- A bundle counter which is capable of counting the number of bundles
passing its location, either singly or in pairs, and is able to indicate
the direction of travel was built by Sandia Laboratories in the U.S.A.

- A bundle monitor which can establish if a fuel bundle has significant
radioactivity, indicating that it has probably been irradiated in a
reactor is to be used underwater in the spent fuel storage bays, it was
designed and built by AECL.

- A cover designed to enclose a stack of fuel bundle trays is used in the
storage bay to secure quantities of previously counted spent fuel
bundles. It was designed and built by AECL.

- A special seal for the fuel bundle tray cover can be installed and
checked ultrasonically underwater. It was developed by Euratom at Ispra,
Italy.

- A Track-Etch power monitor which measures and records the neutron flux
is placed in the reactor shielding to measure reactor power variations
over a period of time. This instrument was built by General Electric
Co., Vallecitos, U.S.A.

The above equipment, when fully proven and operational, could be
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employed to complement the present inspection procedures to help ensure
that diversion has not taken place during the interval between visits by
the inspection team.

This equipment could then be used in the following manner:

- Filin in film cameras would be replaced, processed and reviewed. Video-
tapes would be reviewed in place and the original or a copy could be
taken for reference. The photographs from the surveillance cameras in
the reactor area would show if fuel bundles have been taken from the
reactor core and moved to any location other than the spent fuel bay.
The photographs from surveillance cameras in the bay would record the
activities that have occurred in the storage bay since the last
inspection. Any abnormal activities which might involve diversion could
then be investigated.

- The bundle counting instruments would determine che number of fuel
bundles that have been removed from the reactor core and placed in the
spent fuel bay. The inspector would co'nt the number of fuel bundles
in storage in the bay and confirm that it corresponds to this instrument
count.

- The radiation measuring instruments (bundle monitor) would be used to
verify that the fuel bundles in the spent fuel bay have been irradiated
and are not- dummies that have been substituted for irradiated bundles.

- The covers and seals would be placed on a stack of baskets containing
large numbers of fuel bundles. This would allow the inspector to check
the integrity of the previously verified fuel bundles in the storage bay
and detect if any bundles have been removed.

- The Track-Etch power monitor would provide data on the operation of the
reactor. This could be used as a follow-up of the operator's report
of operations.

Redundancy is provided within this system. If any piece of equipment
should not function in the period between inspections, the remaining
instruments are adequate to detect diversion. A measure of redundancy can
also be obtained by cross-correlation of all data.

THE 600 MW CANDII REACTOR

As mentioned earlier, it was intended that the safeguards system being
developed at Douglas Point should be applicable, with only minor modifi-
cation, to other CANDU reactors. To test this adaptability, KC have been
examining a design for the 600 M1V CANDU reactor now beine built in Canada,
Argentina and Korea.

These modifications relate principally to the placement of equipment.
We found it was possible to locate the cameras and counters in positions
where thev can provide the same surveillance and counting of spent fuel
bundles sent to the spent fuel bays as we have in Douglas Point. Since
these reactors are still in the construction stage, we are arranging that
the positions for the safeguards equipment will be incorporated in the
buildings.



Although these modifications have involved a significant amount of
engineering effort, they have not altered the basic safeguards concept.
The basic scheme fits the 600 MW reactor as well as it does the Douglas
Point reactor.

FUTURE ACTION PROGRAM

Although it appears that the instruments we have developed work well,
we anticipate that with improved technology and with further operating
experience, we will be able to improve their performance and reliability.
Such instruments and techniques, when fully operational, could be adapted
for most other types of CANDU reactors.

CONCLUSIONS

In this paper we have outlined the proposed techniques by which
safeguards can be applied to the CANDU reactor. These are now being
tested at Douglas Point. While we still have some testing and modifi-
cation work to perform, the evidence so far indicates that these safe-
guards techniques together with the established accounting practice
can provide effective safeguards for this type of reactor.
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